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Supplementary Note S1. Derivation of the voltage-to-spool-displacement transfer function, Eq. (18)
The derivation combines the motor electromechanics, Eqs. (14)–(16) of the main article, with the reduced-order spool dynamics, Eq. (12), through the rigid coupling of radius r. The coupling kinematics relate the rotor angle θm to the spool displacement:
	xv = rθm,    Ωm(s) = sXv(s)/r	(S1.1)
Taking the Laplace transform of the armature circuit, Eq. (14), at zero initial conditions gives
	(Las + Ra) Ia(s) = Va(s) − KbΩm(s)	(S1.2)
Let Fc denote the force transmitted through the coupling to the spool. The rotor balance, Eq. (16), with Tm = Kmia from Eq. (15), yields
	Fc(s) = [KmIa(s) − (Jms + Bm) Ωm(s)] / r	(S1.3)
For the plant transfer function with respect to armature voltage, the hydraulic disturbance input in Eq. (12) is set to zero and the coupling force drives the spool:
	(Meffs2 + Beffs + Keff) Xv(s) = Fc(s)	(S1.4)
Substituting Eqs. (S1.1) and (S1.3) into Eq. (S1.4) and collecting terms in Xv reflects the rotor inertia and friction into the translational coordinate:
	(M′s2 + B′s + Keff) Xv(s) = (Km/r) Ia(s),    M′ = Meff + Jm/r2,    B′ = Beff + Bm/r2	(S1.5)
Solving Eq. (S1.2) for the armature current with the back-EMF expressed through Eq. (S1.1),
	Ia(s) = [Va(s) − (Kb/r) sXv(s)] / (Las + Ra)	(S1.6)
and substituting into Eq. (S1.5) gives, after rearrangement, the third-order plant of Eq. (18) of the main article:
	xv(s)/Va(s) = (Km/r) / {(Las + Ra)(M′s2 + B′s + Keff) + (KmKb/r2)s}	(S1.7)
Two structural observations follow. First, the term (KmKb/r2)s is the back-EMF coupling; at frequencies well below the electrical corner Ra/La it acts as an additional electrically induced viscous damping of magnitude KmKb/(r2Ra) added to B′, which is why the direct-drive stage is well damped without a dedicated dashpot. Second, the polynomial is third order: a fast electrical pole near Ra/La multiplies the dominant mechanical–hydraulic pair governed by M′, B′, and Keff. The numerical response characteristics quoted in the main article (DC gain, natural frequency, damping ratio, and bandwidth) are experimentally identified values obtained by closed-loop system identification as described in Sections 4.4.4 and 6.4; Eq. (S1.7) provides the model structure used for that identification.
Supplementary Note S2. Linearization and coordinate projection of the Reynolds-transport flow force
The total axial fluid force on the spool, Eq. (6) of the main article, comprises a steady jet-momentum term and a transient fluid-column term. Writing the jet velocity as vjet = Q/Ac, with Ac the contracted (vena contracta) jet area, the steady term is Fsteady = ρQ2 cos θ / Ac. Perturbing about the operating point (Q0, θ0, Ac,0), with the jet angle and contraction area frozen at their operating values (their perturbations enter only at second order for small signals), gives
	δFsteady = KFQ δQ,    KFQ = 2ρQ0 cos θ0 / Ac,0	(S2.1)
which is Eq. (8) of the main article. The transient term is already linear in the flow perturbation:
	δFtrans = ρLe d(δQ)/dt	(S2.2)
The flow perturbation itself follows the small-signal metering relation, Eqs. (9)–(10):
	δQ = Kq δxv + Kc δΔP,    Kq = ∂Q/∂xv,    Kc = ∂Q/∂ΔP	(S2.3)
Substituting Eq. (S2.3) into Eqs. (S2.1)–(S2.2) decomposes the flow force into four channels:
	δFx = KFQKq δxv + ρLeKq δẋv + KFQKc δΔP + ρLeKc d(δΔP)/dt	(S2.4)
The four channels map onto the reduced-order coefficients as follows. The first term is proportional to displacement and is stiffness-like; in the identified model it is absorbed into the effective stiffness together with the dominant hydraulic stiffness Kh. The second term is proportional to spool velocity and is the direct flow-force contribution to the damping coefficient Kf. The third and fourth terms act through the pressure perturbation: when the chamber continuity equation and the line impedance, Eq. (17), are appended, δΔP itself contains components proportional to δẋv and δẍv, so these channels return additional velocity-proportional damping and, importantly, an acceleration-proportional contribution. The acceleration-proportional part is what the reduced-order model lumps as the equivalent transient inertia Mt.
Because the coefficients of these pressure-mediated channels depend on installed quantities (trapped chamber volumes, line inertance and compliance, and the operating-point metering gradients), Kf and Mt are identified experimentally as described in Section 4.3.3 rather than evaluated by substitution. In particular, the distributed transient-inertia coefficient ρLe = 12.9 kg/m2 multiplies dQ/dt and carries units of kg/m2; it is not numerically interchangeable with the lumped inertia Mt = 0.013 kg, which is defined in the spool coordinate after the projection above and identified from the measured frequency response.
Supplementary Note S3. CFD campaign design, numerical settings, and grid-convergence methodology
S3.1 Campaign design and solver settings
The production campaign comprises 112 converged steady-state cases spanning orifice openings h = 0.3–3.5 mm and Reynolds numbers Re = 100–5000, obtained by sweeping the pressure-inlet boundary condition for each opening. The domain is the sharp-edged rectangular orifice of Section 4.2.1 (L = 1.0 mm, d = 0.5 mm, w = 10 mm) with upstream and downstream chambers whose reference planes lie at least four hydraulic diameters from the orifice. All cases use the medium mesh (18,000 elements, y+ ≤ 1 inflation layers, fifteen divisions across the throat) selected by the grid-convergence study of Table 3 of the main article. The working fluid is ISO VG 46 oil (ρ = 860 kg/m3, μ = 0.03 Pa·s, isothermal at approximately 25 °C).
Turbulence closure is regime-adaptive: a laminar solution for Re < 500, the γ–Reθ transition model for 500 ≤ Re ≤ 2000, and the k–ε model for Re > 2000, so that each case is solved with the closure appropriate to its regime and no case is solved with overlapping or conflicting closures. Convergence is enforced with all scaled residuals below 10−5, mass-flow-rate stability below 0.1% over the final 500 iterations, and mass imbalance below 0.01%. The full campaign required approximately 48 hours on a 12-core workstation.
S3.2 Richardson extrapolation and Grid Convergence Index
Grid convergence follows the ASME V&V 20 procedure. With f1, f2, and f3 the fine-, medium-, and coarse-mesh values of the observed quantity (here Cd or ΔP) and r the effective grid refinement ratio between successive meshes, the observed order of accuracy is
	p = ln |(f3 − f2) / (f2 − f1)| / ln r	(S3.1)
the Richardson-extrapolated estimate is
	fext = f1 + (f1 − f2) / (rp − 1)	(S3.2)
and the fine-grid convergence index, with safety factor 1.25, is
	GCIfine = 1.25 |(f1 − f2) / f1| / (rp − 1) × 100%	(S3.3)
At the representative transitional condition Re = 1500, the discharge coefficient converges monotonically (0.598 → 0.619) under successive refinement, the observed order is p = 1.87, the fine-grid index is GCIfine = 0.82%, and the asymptotic-range check yields a convergence ratio of 0.94, confirming that the solutions lie in the asymptotic range. The resulting numerical uncertainty is Unum < 1%, and the mesh-level agreement across openings is documented in Table 3 of the main article.
S3.3 Correlation fitting procedure
The 112 (Re, Cd) pairs were fitted to the hyperbolic-tangent form of Eq. (4) by nonlinear least squares (Python SciPy curve_fit, trust-region reflective algorithm) with parameter bounds C0 ∈ [0.3, 0.7], C1 ∈ [−0.3, 0.3], Rec ∈ [500, 3000], and Δ ∈ [0.5, 2.0]. The converged fit is Eq. (5) of the main article, with R2 = 0.978 and RMSE = 0.022, corresponding to a relative error of 3.5% with respect to the mean discharge coefficient. The tanh form was selected because it bridges the laminar and turbulent plateaus while remaining monotonic and continuously differentiable, properties required for its use inside the metering gradients of Eq. (10) and for real-time embedding.
Supplementary Note S4. Measurement-uncertainty budget methodology (ISO GUM)
Uncertainty quantification follows the ISO Guide to the Expression of Uncertainty in Measurement. Type A (statistical) standard uncertainties are evaluated from N = 5 repeated measurements of each quantity,
	uA = s / √N	(S4.1)
where s is the sample standard deviation; for spool displacement the repeat-test standard deviation is σdisp ≈ 0.08 mm, and the main article conservatively quotes this repeat-test scatter itself as the displacement uncertainty. Type B (systematic) standard uncertainties are propagated from instrument specifications assuming rectangular distributions with half-width a:
	uB = a / √3	(S4.2)
For example, the WIKA PS-23 pressure transducer specification of ±0.5% of full scale on the 25 MPa range gives a = 0.125 MPa and uB ≈ 0.07 MPa, the value listed in Table 4 of the main article. Quantization of the 16-bit acquisition system is treated as a rectangular contribution of ±0.5 LSB over the channel span. The combined standard uncertainty and the expanded uncertainty are
	uc = √(Σ ui2),    U = kuc,    k = 2	(S4.3)
with the coverage factor k = 2 corresponding to approximately 95% confidence. Instrument-level standard uncertainties, sampling rates, and the role of each channel in the validation are collected in Table 4 of the main article; all dynamic channels used for bandwidth identification were sampled at or above 1 kHz with hardware synchronization to minimize inter-channel phase drift.

Supplementary tables
Supplementary Tables S1–S3 reproduce, in full, the content of Appendix Tables 5, 7, and 8 of the integrated manuscript version. Citation numbers in square brackets refer to the reference list of the main article.

Table S1. Dynamic model parameters and identified constants.
	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 S2. Model validation summary.
	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 S3. Comparison with published electrohydraulic actuator models.
	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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Appendix A. Dynamic model parameters and identified constants
Table 5. Dynamic model parameters and identified constants.
	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.
Appendix B. Model validation summary and comparison with published models
Table 7. Model validation summary.
	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.
	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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