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Conventional three-blade wind turbines shut down around 25 m/s to protect blades and
drivetrains, idling precisely when the atmosphere holds extraordinary energy (power ~ vA3). We
propose and analyze a storm-only, ratcheted, drag-based harvester: a short, stout arm driving a
generator through a one-way device (freewheel/sprag/pawl). The canopy at the arm tip remains
fully inflated; the ratchet harvests torque on the power stroke and freewheels on reset,
optionally aided by a light torsion return and damper. This architecture targets microclimates
with fat wind tails—gap winds, foehn/bora jets, and coastal headlands—where turbines are
frequently curtailed or parked. Using Weibull site models with shape k in [1.8, 2.2] and scale c in
[12, 14] m/s, we show that 10-38% of annual vA3 energy can lie at or above typical turbine cut-
out. A storm-only device operating in 25—40 m/s with effective Cp ~ 0.20 can recover roughly
+30% (+10%) of a same-area turbine’s annual energy at optimal sites, entirely from hours when
turbines generate zero. We detail mechanical layouts (ratchet + compliance), control policies
(storm-gated deployment), siting methods (tail-first scouting), and a prototype plan. The result
is a complementary technology that turns extreme, gusty hours from a liability into a
dispatchable resource.
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1. Motivation and Background

1.1 Cut-out behavior of conventional turbines

Modern 3-blade, lift-based turbines are optimized for a wide mid-wind band and protected

against extremes by staged controls:

Key speeds (10-min mean):

cut-in = 3-5 m/s; region Il (ramp to rated) = 6-12 m/s; rated = 11-14 m/s (power clipped
at nameplate); cut-out = 25 m/s (some designs 25—-34 m/s); survival often specified to
~50-60 m/s gusts.

Above cut-out, blades feather and the machine parks (power = 0) to avoid excessive
loads and overspeed.

Why they park:

1. Aero-elastic loads scale superlinearly with wind; extreme shear and yaw
misalignment raise flapwise/bending moments.

2. Drivetrain limits (gearbox, generator, converter) are sized for rated power;
sustained >rated wind forces curtailment or shut-down.

3. Certification envelopes (IEC classes) define allowable turbulence intensity and
extremes; operators obey SCADA rules to protect assets and warranties.

Operational curtailments beyond wind speed: icing events, wildlife windows (e.g., bats),
grid faults, and storm procedures also drive zero output periods in otherwise energetic

air.

Implication: conventional fleets systematically leave energy in the very high-wind tail on the

table—by design.

1.2 Power ~ v*3 and why gust tails matter

The fundamental aerodynamic scaling is:

Flow power density: P_flow/A = (1/2) rho v/3.

Device power: P_device = (1/2) rho A C_p(v) v*3 * eta_chain, with C_p bounded (Betz
limit for ideal rotors; lower but robust for drag devices), and eta_chain for
mechanical/electrical efficiencies.



Three consequences:

1. Cubic leverage of rare hours. Even if few hours sit at high v, their contribution to annual

energy is disproportionately large because v*3 weights the tail. In Weibull climates with
shape kin [1.8, 2.2], the fraction of annual v*3 above a threshold can be sizable (e.g.,
0(10-30%) above 25 m/s in storm-fat sites).

Rated clipping masks the cubic. Turbines flatten at rated; additional wind does not raise
output. A storm-harvester that still scales with v (within structural limits) can tap extra
energy precisely where turbines are power-limited or parked.

Gusts vs. means. Real storms are unsteady. Gust factor G = v_gust / v_mean (often 1.4—
1.8 in passes/headlands) produces short pulses of very high instantaneous v. A ratcheted
mechanism that engages only on positive work can convert these pulses, while
freewheeling through lulls, without needing continuous steady flow.

Implication: targeting the tail (e.g., 22—40 m/s) is rational: small duty, big energy.

1.3 Niche: harvesting when others idle

The proposed architecture—short, stout arm + fully inflated canopy + one-way ratchet—is
designed for the exact windows where lift rotors are curtailed:

Operating contrast
o Turbine: high C_p in mid-winds, then rated clipping, then cut-out (P=0).

o Ratcheted drag harvester: modest C_p (0.1-0.25) but keeps working in very high
winds; ratchet harvests on the power stroke, freewheels on reset, optionally with
a light torsion return and damping.

Engineering fit to extremes

o Loads at low RPM: Drag surface on a short lever keeps tip speeds and gyros low;
components can be massively overbuilt for shock.

o Control is binary and fail-safe: Deploy above a V_deploy threshold (e.g., 22-25
m/s). Cap via reef/vent or automatic furl at structural limit. No precision
pitch/yaw system is required.

o Compliant drivetrain: Ratchet + torsional spring or hydraulic damper spreads gust
impulses over milliseconds; a flywheel on the generator side buffers power.



Siting logic

Microclimates with “fat tails”: gap/pass jets (Venturi speed-ups), downslope
foehn/bora flows, coastal headlands, trade-wind channels between islands.

Metrics to screen: hours per year with mean v >=V_deploy; distribution of gust
factors; share of annual vA3 in 25-40 m/s; turbulence intensity and coherence.

System complementarity

Fleet perspective: Pairing storm harvesters with conventional turbines converts
cut-out hours from outages into production, raising park-level AEP and resilience.

Grid value: Extreme-wind events often coincide with stressed systems; even
pulsed kW captured and buffered (flywheel/supercaps) has high marginal value.

Realistic year-average gain (area-normalized)

o

In storm-fat sites (e.g., Weibull k=1.8, cx14 m/s), the tail at >=25 m/s can hold
~30-40% of total v*3. With device C_p ~0.20 vs turbine ~0.45, a storm-only unit
can add roughly +30% (+10%) of a same-area turbine’s annual energy—entirely
from hours when the turbine is at zero.

During those cut-out windows the instantaneous factor is effectively infinite
(turbine=0), but the practical worth is the annual recovery of tail energy.

Implication: there is a clear, engineering-natural niche: harvest the tail others must abandon.
The device does not compete with turbines in their sweet spot; it complements them by
converting rare, violent air into useful work with simple kinematics, robust materials, and storm-

gated control.

2. Concept and Operating Principle

2.1 Arm + canopy as a drag actuator

Physical picture. A short, stout moment arm of length r carries a high-drag canopy/vane
at its tip. The wind produces drag force

F D=(1/2) *rho * C_d * A * vA2,

yielding shaft torque T_aero = F_D * r. Here, rho is air density, A effective area, C_d the

drag coefficient.

Low RPM, high torque. Unlike lift rotors (high tip-speed ratio), this actuator runs slow
and strong. Structural sections can be thick; bearings are large-diameter, low-speed.



e Kinematics. The arm traverses a bounded angular sector [theta_min, theta_max]. Within
that sector, positive aerodynamic work occurs over a “power stroke” sub-arc where
T_aero exceeds internal returns and losses; elsewhere the arm “resets.”

e Why drag (not lift). In extreme winds (cut-out regime for turbines), drag elements are
yaw-tolerant, mechanically simple, and survive misalignment and gust asymmetry with
fewer aeroelastic failure modes.

2.2 Ratchet (freewheel/sprag/pawl): harvest-on-pull, freewheel-on-reset

e Core mechanism. A one-way device sits between the arm shaft and the
gearbox/generator:

o Pawl-and-ratchet wheel: simplest, visible detents; rugged at low RPM.
o Bicycle freewheel hub: compact, off-the-shelf; good for prototypes.

o Sprag/roller one-way bearing: smooth engagement, high torque density, ideal for

serious loads.
e Operating logic.

o Power stroke: When T_aero >T_return + T_losses, the one-way device locks; the
arm’s motion drives the gearbox/generator (harvest).

o Reset stroke: When wind weakens or geometry reduces leverage so T_aero <=
T return, the one-way device overruns; the arm returns without back-driving the
generator (near-zero electrical load).

e Protection & controllability. Place a torque limiter (friction or magnetic) in series to cap
shock loads; add a gear ratio that keeps generator speed within its thermal envelope
during gusts. Engagement angle can be delimited by hard stops to avoid hunting.

2.3 Return bias and damping for smooth cycles
e Return bias. To ensure reliable reset with an inflated canopy:

o Gravity offset: Mass eccentricity on the arm shaft creates a constant restoring

torque T_g.

o Torsion spring: A calibrated spring on the shaft supplies T_s(theta) that rises
smoothly through the stroke.

o Hydraulic (or elastomeric) preload: Provides both bias and inherent damping.



e Damping (jerk control). Gust fronts produce steep dT/dt. Add:

o Torsional damper (viscous or eddy-current) between arm and gearbox to spread
impulses across milliseconds.

o Flywheel on the generator side to buffer pulsed input and improve power quality.
¢ Tuning objective. Choose T_return (from gravity + spring) such that:
o Onthe power arc, T_aero - T_return > 0 with margin for drivetrain losses.

o Ontheresetarc, T_aero-T_return < 0 so the ratchet overruns and the arm
reliably returns.
A practical target is T_return = 5-10% of typical harvested torque at deploy wind
(e.g., 25 m/s), increasing toward the end of stroke to avoid end-stop impacts.

2.4 Optional depower: feathering, vents, reefing (no full collapse required)

e Goal. Achieve a high drag ratio between power stroke and reset without needing a full
canopy collapse.

e Plate-like vanes (panels/disks). Add a feathering hinge at the root with two stops:

o Power: vane held at high angle (broadside).

o Reset: hinge flips vane edge-on, cutting projected area (A_eff ~ A * |cos theta]).
o Textile or 3D canopies (parachute, shallow cone, ribbed frame).

o Reefing line/cuff: Temporarily reduces diameter or camber on reset; simple
elastic or passive cam can automate this with arm angle.

o Spill vents/slits: Overpressure pop-open vents dump most drag when line tension
falls.

o Yoke weathercocking: A plain swivel yoke allows the canopy to align with flow
and present minimal effective area during reset (with geometric bias).

e Binary hardware options.

o Flip-bucket/clamshell: Concave surfaces that invert/close on reset into a
streamlined form.

o Louvered panel: “Venetian-blind” slats rotate to low C_d on reset, broadside on
power.



¢ Fail-safe priority. All depower mechanisms should bias to low-drag if anything jams. Peak
capping (reef/furl) above a structural dynamic-pressure threshold protects the frame
during extreme gusts while the ratchet decouples the generator.

Summary. The device turns extreme wind into energy via a drag actuator that couples through a
one-way ratchet. A modest return bias guarantees reset, while damping and optional depower
tame gust shocks. The result is a simple kinematic cycle—harvest on the pull, glide on the
reset—engineered to thrive exactly when conventional turbines must stand still.

3. Mechanics and Control
3.1 Torque paths, stops, and deadbands

Torque path:

1
Taero(ei U) = E p Cd (9) A UZ r= Tshaft = Taero - Treturn - Tdamp

Coupling elements map T;,,to generator torque Tythrough gear ratio Gand one-way device:

Tiock
Wy = G Wshafts Tg =NmMNyg %

where T\« = Tiharif the ratchet locks, else 0.

Stops & stroke: Choose a bounded stroke [0yin, Omax] (€-8., £25—40° around a neutral). Use
conformal stops (polymer-on-steel) to avoid point impacts.

Deadbands:

e Engagement deadband Af,: a small angle zone before the power stop where the ratchet
is allowed to phase-in; reduces tooth/ sprag shock.

e Reset deadband A#f,.: slack zone near the reset stop to guarantee overrun before
contact.

e Torque deadband AT: controller ignores micro-oscillations of | Ty .¢ 1< AT to prevent
chatter.

Target relationships (rule-of-thumb):

o Set Tiepymat the mid-stroke = 5-10% of the expected T, at deploy wind v = Vyepio,-



e Choose Af,, Af,= 2-5° each to ensure clean lock/unlock windows.

o Keep B.x — Ominsuch that tip translation < 0.7 r; larger strokes raise peak jerk.

3.2 Compliance: torsional springs, hydraulic/magnetic dampers, flywheel buffering

Why compliance: Gust fronts create large dT /dt. Compliance spreads impulses over 7, ~10—
100 ms, cutting peak tooth/sprag stress and generator current spikes.

Torsional spring (shaft or series-spring coupler):

Pick k; so the torsional natural period 2mt,, is 5-10x shorter than a typical gust rise time (i.e.,
T, = 10-30ms), avoiding resonance with gust energy.

Hydraulic damper (rotary vane or linear crank):
Viscous model T; = ¢; 6. Select ¢; to keep engagement jerk j = ‘Z—? below bearing/sprag limits.

Practical band: ¢, such that the time constant 74 = Joq/c; is 20—-80 ms.

Magnetic eddy damper:
Non-contact, T; « 6 with weak temperature dependence; good for salt/sand sites.

Flywheel (generator side):
Adds J; so Awg under a torque pulse is small:

(T =T,)dt
Aa)g = —] ny,
gen f

Size Jf so a 100 ms, 2x rated torque pulse yields | Awy 1< 15% of nominal. Often a steel rim on

the generator fan is sufficient.
Combined tuning sequence:

1. Pick k;—> set t,,.

2. Add ¢~ set Tand cap jerk.

3. Add Js—> smooth electrical power and DC bus ripple.

10



3.3 Protection: torque limiters, peak capping, fail-safe furl
Torque limiter (series):
e Friction disk (settable slip), or magnetic hysteresis (non-wear).

o Setslip at ® 1.2-1.4 Xthe maximum continuous torque at ,,(e.g., 35-40 m/s). This
clamps shock while preserving harvest.

Peak capping of aero loads:

e Reef/vent trigger: open spill vents or reduce area when dynamic pressure q = %pv2
exceeds qcap-
 Binary depower (flip-bucket/louver close) above q,, plus a 5-10% hysteresis on closure.

Fail-safe furl:

¢ Mechanical bias to low-drag. If control power is lost, springs or elastic cuffs pull the
canopy to a depowered geometry.

o Over-torque cam: If Tgp,¢ > Ty (€.8., 1.6x design), a cam lifts the canopy to edge-on
regardless of command.

e Electrical crowbar / DC dump: Diverts excess generator power to a resistor bank to avoid
overvoltage during transient lock-ups.

Stops and retainers:
End-stops are backed by elasto-bumpers; add lanyard retainers preventing canopy overshoot
into the arm.

3.4 Storm-gated deployment: thresholds, gust factor, hysteresis

Purpose: Only operate when the tail is energetic and structural margins exist; otherwise stay
parked.

Sensed signals:
e 10-min mean wind ¥;,(from cup/ultrasonic).
o Gust vg,i(1-3 s peak).
» Gust factor G = vg,6/V10-

e Turbulence intensity Tl = 0, /V4,.
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e Internal: 0,6, Ty Ty, Tiim-
Thresholds (typical starting values):
o Deploy when 715 = Vyepioy (€.8.,22-25 m/s) and G = Gy, (€.8., 1.4-1.6).

o Cap when vy, = Viyp (€.8., 38-42 m/s) or Tt = Tiyip-

e Stand-down if TI > Tl,;,.x (excessive rotor-scale turbulence) or structural health monitor

flags a fault.
Hysteresis (to prevent chatter):
e Deploy ON at ;g = Vgepioy; Deploy OFF only when ©1g < Vyepioy — 2 M/s.
o Cap ON at vy = V5p; Cap OFF when vy < Vi, — 3 m/s.

e Gust-factor hysteresis: require G = G, for N = 3 consecutive gust windows before
enabling; disable only after M = 5 windows below threshold.

Control pseudocode (high level):
loop at 10 Hz:

read v_mean_10, v_gust, G, Tl, theta, Tshaft, alarms

if alarms or TI > Tl_max: furl_low_drag(); continue

if state == PARKED:
if v_mean_10 >=V_deploy and G >= Gmin:
arm_to_ready(); engage_ratchet(); state = HARVEST
else:

furl_low_drag()

if state == HARVEST:
if v_gust >=V_cap or Tshaft >=T_trip:

reef_or_edge_on(); state = CAPPED

12



elif v_mean_10<=V_deploy - V_hyst:
furl_low_drag(); disengage_ratchet(); state = PARKED
else:

manage_damper_spring(); regulate_DC_bus()

if state == CAPPED:
if v_gust <=V_cap - V_hystand v_mean_10 >=V_deploy:
restore_area(); state = HARVEST
elif v_mean_10<=V_deploy - V_hyst:
furl_low_drag(); state = PARKED

Grid/interface smoothing:
Maintain DC bus within limits via buck/boost or a dump load. If grid-tied, a small supercap or
flywheel buffer (seconds-scale) can shape ratcheted pulses into inverter-friendly profiles.

Design summary: Define clean torque windows with stops and deadbands; install compliance
(spring + damper + flywheel) to tame gust shocks; enforce protection layers (torque limiter,
peak capping, fail-safe furl); and operate via storm-gated logic with thresholds and hysteresis so
the machine wakes only when the tail is rich and sleeps when it isn’t.

4. Site Selection and Microclimates
4.1 Gap/pass accelerators, downslope jets, coastal headlands, trade-wind channels

Objective: Find places where the wind-speed tail (> 22—-25 m/s) is frequent and coherent
enough to drive a ratcheted drag device, while conventional turbines are curtailed or parked.

e Gap/Pass accelerators (Venturi): Air accelerates through constrictions—ridges, saddles,
canyon throats.

o Clues: Persistent directional channeling, strong pressure gradients across the
divide, recurring high-wind advisories.

o Micro-siting: Throat or slightly windward-shoulder of the gap; avoid lee-
separation eddies immediately leeward.
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e Downslope jets (Foehn/Bora/Chinook/Zonda): Cold dense air surges over a crest and
catabatically accelerates; gust factors are high.

o Clues: Warm/dry jumps (foehn), sudden surges, strong stability aloft.

o Micro-siting: Foot of slope on a gently inclined outflow plain; keep clear of rotor
zones behind sharp breaks in slope.

e Coastal headlands/capes: Synoptic storm tracks plus headland speed-up; long marine
fetch yields smoother, coherent gusts.

o Clues: Recurrent severe-weather wind maxima at points/capes; wave setups
aligned with prevailing wind.

o Micro-siting: Nose of the headland on the upwind edge; set back from cliff lips to
avoid vertical recirculation.

e Trade-wind channels (island gaps): Persistent channeling between land masses.

o Clues: Bimodal/trimodal wind roses, narrow directional scatter, daily diurnal
reinforcement.

o Micro-siting: Channel constrictions, saddles between volcanic cones, passes with
clean upwind fetch over water.

Exclude: Complex urban canyons (high turbulence and debris), deep lee rotors, forested
roughness transitions without adequate fetch, and ridge crests with severe vertical separation
bubbles.

4.2 Tail-first metrics: hours 2 V_deploy, gust factor, coherence vs. rotors
We are tail hunters. Evaluate sites by the v3-weighted tail, not the mean.
e Primary thresholds
o Deploy speed Vyepioy: 22—25 m/s (10-min mean).
o Cap speed V,,: 3842 m/s (1-3 s gust; or structural torque trip).
o Gustfactor G: G = Vg /71, Target frequent G = 1.4—1.6events.
¢ Tail quantity
o Hours at tail: Hszep|oyper year. Target > 200-500 h/yr.

o Tail energy share (empirical):

14



_ 2(1713) 1(vi 2 Vdeploy)

tail — 3
Xv;

using 1-10 Hz bins or 1 s peaks

Good sites: f,;= 0.15; excellent: 0.25-0.40.

Coherence vs. rotors

o Directional spread (std dev of wind direction over 10 min): < 15-20° preferred for

consistent loading; ratcheted device tolerates more than rotors but coherence
improves reset reliability.

o Turbulence intensity Tl = o,,/7;4: 0.05-0.15 acceptable. Sustained Tl > 0.2
reduces net harvest and raises fatigue.

o Shear (power-law exponent a) between two heights: 0.08-0.20 is typical;
extreme shear (>0.3) implies structural conservatism and lower duty.

Event structure (useful for control tuning)

o Rise time (10%—->90%) of gusts: aim for 100500 ms; informs spring/damper
selection.

o Inter-gust spacing: median 3—30 s; drives reset bias and hysteresis design.

4.3 30-day field kit: sensors, mast placement, 10 Hz logging

Goal: Rapid, low-cost tail characterization before committing hardware.

Sensors (minimum viable)

Ultrasonic anemometer (20-50 Hz capable, log at 10-20 Hz): wind speed & direction, g,

Tl, gusts.

Secondary anemometer at half height (cup or sonic): shear estimate, redundancy.
Inclinometer/IMU on mast top: detect mast whip (filter false gusts).
Pressure/temperature (optional): diagnose density pand stability.

Portable torque rig (optional but valuable): 1 m arm with freewheel ratchet, torsion
spring, rotary damper, encoder - logs 6(t), 8(t), proxy Ty (t)-

Mast & placement

Height: 10-20 m AGL; if constrained, 22x local roughness height.
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e Fetch: > 20-30 x mast height of unobstructed upwind exposure in prevailing storm
direction.

e Offset from edges: On headlands/ridges, set back 1-3 mast heights from cliffs/lips to
reduce separation bubbles; in gaps, centerline or slight windward shoulder.

e Anchoring: Guyed tripod with screw anchors; damp guy wires (rope isolators) to avoid
eolian tones corrupting sonic data.

Sampling & logging

e Rate: 10 Hz (minimum) for wind components; 1 Hz for met. Keep precise UTC
timestamps.

e Duration: = 30 stormy days (or the local storm season).
e Quality control:
o Remove spikes via Hampel filter (window 1-2 s).

o Flag mast-motion contamination using IMU; discard segments with large tilt
rates.

o Record instrument status (voltage, temp).
Derived metrics (daily and campaign summaries)
L Hayyo hours with ¥;9 = Vyeploy-
2. Gust factor histogram: distribution of G; compute fraction of time with ¢ > 1.4.
3. Tail share f,,;: from v3-weighting (use 1 s maxima to approximate gust energy).
4. Tland directional spread during tail hours.
5. Gust rise-time distribution (10-90%) for spring/damper tuning.

6. Empirical AEP (storm device):

1
AEPy = ZEPACp,d Ul?, Atfor v; € [Vdeploy' Vcap]

with €, ; nominal 0.15-0.25, and availability only in deployed state.

7. Comparative turbine AEP (sub-tail):
1 3
AEP; = ZEpACp’t v; Atfor v; < 25 m/s
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with C, ; 0.35-0.45 and optional rated clipping factor § (0.7-1.0).
Annual factor: AEP; /AEP,.

Pass/fail gates for an “optimal” micro-site

o Huyy,,, = 300 h/yr(seasonally scaled)

fiail = 0.25

Median G = 1.5 during tail hours

Tl £ 0.18 during tail hours; directional spread < 20°

Practical access & anchoring; corrosion/abrasion protection feasible
Deliverables after 30 days

e Tail map: intervals of deploy/cap with v3 contribution.

e Control thresholds: recommended Vyepioys Veap) Gmin, hysteresis bands.

e Mechanical setpoints: spring rate k;, damper c;, limiter torque, flywheel inertia.

. AEP ..
e Go/No-Go: projected de factor and structural margin in the measured extremes.
t

This tail-first, 30-day program gives you hard numbers on whether a microclimate can sustain a
ratcheted, storm-only harvester—and exactly how to tune mechanics and control to thrive
there.

5. Annual Energy Factor vs. Turbines
5.1 Weibull framework (k, c) and v*3-weighted energy

Let site wind speeds vfollow a Weibull distribution with shape kand scale c:

k v
Fwik,c) = E(E)k_le‘(”/c)k,v > 0.

Because device power scales as v3, annual energy is proportional to the v3-weighted
expectation:

E[v3] = foo vif(w)dv=c3Tr(1 +%).
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For any speed band v € [a, b], the tail share of v3energy is

[° vfydv T(A+3 @/ =T (1+3(b/))
¢[a,b] - ]E[Ug] = 3
M1+

)

with I'(+,-) the upper incomplete gamma. We will use these shares to apportion energy between
sub-tail (< 25 m/s) and storm tail (25 — 40 m/s, or = 25m/s).

5.2 Tail shares for 25-40 m/s bands (k€[1.8,2.2], c€[10,14])

lllustrative v3energy fractions (rounded) for the storm band 25-40 m/s:
k¢ (m/s) ¢rzs,40]
1.810 0.166
1.812 0.345
1.814 0.496
2.010 0.085
2.012 0.242
2014 0.417
2210 0.038
2212 0.159
2214 0.334

Interpretation:

e Windier (larger c¢) and more “tail-fat” (smaller k) sites put a larger fraction of annual
v3 into 25-40 m/s.

e Inthe storm-fat regime (e.g., k = 1.8, ¢ = 14), ~50% of v3 sits in 25—-40 m/s—exactly
where many turbines are power-limited or parked.
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5.3 Year-averaged factor: AEP; /AEP,with clipping/availability
We compare, per equal frontal area A:

e Turbine (lift rotor): captures the sub-tail (<25 m/s), with effective C, ; and a rated
clipping/availability factor f € [0.7,1.0] accounting for time at rated, curtailments,

outages.
1 3
AEP; EPA Cp.t ro25) E[v7] X B
e Storm device (ratcheted drag): operates only in the storm band (here 25-40 m/s), with

effective C,, 4 (typically 0.15-0.25 for a robust drag-based, low-RPM system).

1
AEP; « EPA Cp,a Pl25,40] E[v?]

The year-average factor beyond the turbine is then

AEP;  Cpaq Pl2s40] l
AEP,  Cp: dpopzs) B

With @25y = 1 — P25 0 1 — P2540] — P40 if you account for > 40m/s capping.
Nominal coefficients for comparison:

o Cp: ~ 0.45 (sub-tail average, before clipping),

o (Cpaq =020,

e B =0.7 — 1.0 (site/operator dependent).

5.4 Case study: storm-fat site (k = 1.8, ¢ = 14)-> ~+30% (£10%) annual uplift per area
For (k = 1.8,c = 14), from §5.2:

[ ¢[25'40] = 0.4’96.

Taking a conservative cap at 40 m/s (reef/furl above this), let ¢~ .o = 0.05(illustrative),
o)
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Plugging into the factor:

AEP; 020 0496 1 _ 0444 - 1.093 1
AEP, 045 0454 ' B

e Optimistic turbine (f = 1.0) - factor = 0.49 (+49% of turbine AEP).
e More realistic (f = 0.8) - factor = 0.61 (+61%).
e Conservative (f = 0.7) - factor = 0.70 (+70%).

To remain conservative and align with engineering derates (controls, mechanical caps,
availability of the storm device itself), we report a rounded planning range:

Year-averaged uplift per equal area at a storm-fat site:
| AEP;/AEP, ~ +30%to + 60% |

with the central estimate ~+30% (+10%) when including additional practical losses for the storm

device (e.g., non-ideal engagement, downtime during extreme seaspray/icing, partial depower
during peaks).

Notes & sensitivities

o [Ifthesite is less extreme (e.g., k = 2.0, ¢ = 12, p[540] = 0.242), the factor drops to
~10-30%.

 If your storm device achieves C,, ; = 0.25 and maintains availability through most
events, the factor shifts upward by ~25%.

e Accounting explicitly for the > 40m/s band (which the turbine also cannot use) gives
additional upside if the device can safely harvest a portion of it.

Bottom line: In the storm-fat tail your ratcheted device converts hours of turbine-zero into
energy. Over a year, at optimal microclimates, that contribution is credibly tens of percent of a
same-area turbine’s AEP—without competing for the mid-wind band where turbines excel.

6. Environmental, Siting, and Regulatory Considerations
6.1 Wildlife and curtailment windows

o Different risk profile than rotors. The device presents a small frontal area, low tip speeds,
and limited stroke, reducing strike and barotrauma risks that trigger curtailment in rotor
fleets. Emphasize this in permitting.
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Avian/bat pathways. Avoid ridge-crests used as flyways, raptor nesting cliffs, and
wetland—headland corridors. Favor windward shoulders with clean fetch and minimal
foraging habitat.

Adaptive operations. Encode biological curtailment windows (e.g., seasonal bat
migration, dawn/dusk raptor peaks) into the storm-gate logic:

o Override: do-not-deploy during sensitive windows unless an event exceeds a
“public safety” threshold (e.g., grid emergency).

o Acoustic deterrents or ultrasonic bat deterrents may be added; test effectiveness
at your micro-site.

Lighting & visibility. Use downshielded, motion-activated service lighting; avoid
continuous high-intensity beacons. If FAA/aviation marking is required, prefer low-glare
paints and passive markers.

Monitoring & triggers. Pre-construction camera/radar baselines; post-deployment
mortality surveys focused on storm seasons. Embed wildlife-triggered standdown (e.g.,
thermal camera detects large flock density - temporary idle).

6.2 Icing tolerance vs. rotor fleets

Intrinsic advantages. Short stroke, low RPM, and robust sections make ice shedding less
catastrophic; textile/ribbed canopies can be specified with hydrophobic coatings and
drain/vent features that reduce accretion.

Materials & surface treatments. Use ice-phobic elastomers at hinge lines; PTFE-coated
fabric panels; DRIP edges to keep melt paths off bearings; sealed sprags/bearings with
low-temp grease.

Operational posture in icing.

o Below-freezing fog/freezing rain: prefer parked + depowered; allow ratchet
overrun only (no generation) to avoid shock from uneven shedding.

o Dry, cold storms: device may operate cautiously; set lower cap Ve, iccand higher
trip thresholds for imbalance.

Heating & purge options. Low-watt de-ice wraps on root hinges, DC bus dump
repurposed as de-ice power, and purge ports to clear vents. Keep solutions low-
complexity.
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e Fleet complementarity. Where turbines shut for icing/ice-throw risk, this device can
continue limited operation or at minimum ride through without damage, improving site
capacity factor in winter.

6.3 Noise, visual profile, and maintenance access

e Acoustic footprint. No high-tip-speed blades = low aero noise. Remaining sources: pawl|
clicks/ratchet engagement, damper hiss, generator whine during gusts. Mitigations:

o Sprag/freewheel over pawl-and-ratchet for quiet engagement.
o Elastomeric coupler and viscous damping to blunt impulses.
o Acoustic shrouds around gearbox/generator; mount on isolation pads.

e Visual impact. Compact mast, short arm, low RPM, and non-specular finishes yield a
subdued profile:

o Neutral matte coatings; avoid bright contrast edges.
o Keep stroke envelope below horizon line for nearby dwellings when feasible.
e Access & survivability.

o Footing: overbuild foundations for uplift + torsion from extreme gusts; corrosion
allowances for salt/spray at headlands.

o Serviceability: hinge-down mast or gin-pole for ground-level maintenance;
modular canopy (panelized or quick-pin ribs) for swap in high-wear sites.

o Ingress/egress: all-weather service path; design for storm-season interventions
(vehicle turnouts, winch anchors).

e |Instrumentation & H&S.

o Lock-out/tag-out points at ratchet and canopy hinge; mechanical props to secure
arm during service.

o Embedded sensors: torque, stroke angle, vibration, bearing temperature; traffic-
light status beacon (green/amber/red) for field checks.

o Publicinterface: fencing or boulder berms; clear signage (moving-arm hazard,
ice-shed warning in winter).
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Permitting highlights.

o Submit tail-focused energy & curtailment plan demonstrating reduced wildlife
risk and limited operating hours.

o Provide storm-gated control description, fail-safe furl schematics, and acoustic
estimates under gusty operation.

o Ifin scenic/coastal zones, include visual simulations (stroke envelopes) and night-
sky compliant lighting plan.

Bottom line: This platform’s small swept area, low RPM, and binary storm-gated control can

meet stringent environmental and community constraints, especially where rotor fleets

struggle—so long as siting is tail-first, depower/furl is fail-safe, and maintenance access is

storm-season realistic.

7. Prototype and Test Plan

7.1 Bench rig: 1 m arm, PM generator, freewheel, torsion return, damper

Objective. Validate the harvest-on-pull / freewheel-on-reset cycle, measure torque/jerk, and

tune compliance before outdoor exposure.

Bill of materials (bench-scale).

Arm & hub: 1.0 m aluminum tube (@ 30-40 mm) on a 30—40 mm shaft with two deep-
groove bearings (e.g., 6206 or equivalent). Tip fixture accepts swappable vanes/canopies
(0.1-0.3 m? projected).

One-way device (“ratchet”): bicycle freewheel hub for low-cost trials; upgrade to a
sprag/roller clutch (rated > 3x expected peak torque).

Gear stage: timing belt 1:5-1:10 (arm->generator) with elastomeric spider coupling on
the generator shaft.

Generator: 3-phase PM alternator (e.g., 300—800 W class), rectifier to DC bus with shunt
dump load and current sensor.

Compliance: torsion spring (k_t adjustable, 1-5 N-m/deg), rotary viscous damper (c_t
selectable) or eddy-current brake (non-contact).
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e Sensors (synchronous timestamping required):
o Optical encoder on arm shaft (21,024 CPR) = 6(t), w(t)
o Torque proxy: strain-gauged coupler or reaction torque cell on gearbox plate
o Generator: V_dc, |_dc; RPM; stator temp (PT100/thermistor)
o Optional IMU on arm (jerk, vibration)

e Canopy/vane set: plate vane(s) (0.1-0.3 m?) with root hinge + stops; textile “bucket”
with reefing cuff to compare depower strategies.

e Fixture: Bench frame with end stops (poly bumpers), adjustable stroke window (e.g.,
+25-35°).

Target settings (starting point).
e Stroke: 8 € [-30°, +30°]

e Torsion spring: T_return = 5-10% of expected T_aero at deploy wind (scaled by blower
setting or dyno)

e Damper:t d=J eq/c_t=20-80ms
e Ratchet deadbands: AB_e =3°, A0 r=3°
Measured outputs.

Cycle timing: lock phase (% of stroke), reset duration, chatter incidence

Pulsed power: P(t) to DC bus, ripple %, peak/avg ratio

Jerk: dw/dt at lock; engagement shock (N-m) across ratchet

Thermal rise: generator copper/iron heating under pulsed duty

7.2 Pulsed-torque tests and thermal margins

Goal. Characterize drivetrain survivability and electrical/thermal behavior under gust-like
excitation.

Input emulation.

e Method A (wind bench): variable-speed blower + nozzle; step profiles: v(t) =
[12->25->35 m/s] ramps (100—-300 ms) and plateaus (5-30 s).
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¢ Method B (mechanical pulse): programmable torque motor or brake on the arm shaft
applying T_aero(t) = To + AT-u(t-to) with AT rise times 50—-150 ms; sequences spaced 3—
10ss.

Test matrix (illustrative).

e Springrates: k_t € {low, mid, high} > t_n=10-30 ms

e Dampers: c_t € {none, mid, high} - t_d = 20-80 ms

e Gearratios: G € {5, 8, 10}

e Ratchet types: freewheel vs. sprag (compare chatter and shock)
Metrics & acceptance criteria.

e Ratchet engagement shock: peak AT_engage < 0.6x limiter torque; no tooth skip; chatter
< 2% cycles.

e Jerklimit: |dw/dt| at lock < manufacturer limit; no bearing skid (verify via vib/IMU).

e Reset reliability: > 99% of cycles reset to 6_min without generator back-drive (ratchet
overrun confirmed).

¢ Thermal margins:

o Generator AT_cu £ 60 K over 20-min worst-case pulse train; steady state within
datasheet.

o Rectifier heatsink < 90 °C; dump load within rating.

e Power quality: DC ripple (RMS/avg) < 25% with flywheel; < 40% without; no DC bus
overvoltage with dump engaged.

Data products.
e Engagement phase plots: 6(t), w(t), T_shaft(t), T_g(t) around lock (+0.5 s).
e Pulsed power envelopes: P(t) over 1-2 min sequences; histograms of P_peak/P_avg.
e Thermal run-up curves: generator and rectifier temps vs. time for each matrix point.
Tuning workflow.
1. Increase k_t until reset fails in lulls, then back off 10-20%.
2. Increase c_t until AT_engage falls below limit with minimal added loss.

3. Size flywheel J_f to halve DC ripple without stalling generator startup.
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7.3 Outdoor pilot at a gap exit; KPI: reset reliability, P(t) under gusts

Site & hardware.

Location: windward shoulder near a gap/pass exit (e.g., saddle throat), clean fetch > 300

m upwind.
Mast: 6-10 m steel mast with hinge-down base; guyed; lock-out props for maintenance.

Prototype scale: r = 1-2 m arm, A = 0.3-0.8 m? canopy; sprag clutch; friction torque
limiter (set at 1.3x worst-case bench torque); reefing cuff or spill vent for peak capping.

Met package: sonic anemometer at mast top (10-20 Hz log), secondary cup at mid-
height; temperature/pressure; rain/icing flag.

Onboard sensing: 8, w, T_shaft (or reaction torque), V_dc, |_dc, generator RPM/temps,
IMU; time-synced to met (GPS or NTP).

Operational policy (storm-gated).

Deploy: 10-min mean ¥;g = Vyepioy = 22-25m/s and gust factor G = 1.5.
Cap/reef: gust >V _cap =40 m/s or T_shaft > T_trip.

Stand-down: Tl > 0.2 sustained; icing precipitation; wildlife curtailment window.

Test window & events.

Campaign length: 30 days in the storm season targeting 2 5 deploy events.

Event definition: continuous period with U1 = Vyepoy for 2 10 min (allow gaps < 2 min).

Primary KPlIs.

1.

Reset reliability: fraction of strokes that reach 8_min with the ratchet overrunning
(target > 98%).

Harvest duty cycle: fraction of event time with ratchet locked and delivering power
(target = 60% within deploy windows).

P(t) vs. gusts: median and 95th-percentile P(t) during deploy; P_ripple (RMS/avg)
with/without flywheel.

AEP_d (empirical): integrate O.SpACp,dv3 over measured v € [V_deploy, V_cap] using
observed electrical efficiency - kWh/event and extrapolated kWh/season.

Mechanical health: engagement shock statistics, vibration spectra, bearing
temperatures; no limit exceedances.
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Secondary KPlIs.

¢ Event latency: time from threshold crossing to first stable harvest (< 30 s).

e False deploys/chatter: < 1 per event.

e Control accuracy: cap engages within 0.5 s of threshold; no DC over-voltage.
Safety & service.

e Fail-safe furl: mechanical bias to depower on loss of power/command.

e E-stop: manual trip to edge-on + dump load.

e Public safety: exclusion zone equal to 1.5x stroke radius; signage; ice-shed warning in
winter.

Go/No-Go criteria for scale-up.

e Meets reset > 98%, harvest duty = 60%, thermal margins maintained, no structural
excursions.

o Demonstrates projected AEP_d consistent within £20% of tail-model estimate (using
measured k, c).

e Noise profile acceptable (no tonal complaints at property line); maintenance cycles
feasible during storm season.

Deliverables.
e Event-by-event plots (v(t), G(t), 6(t), T(t), P(t)), KPI tables, failure logs.
» Tuned parameters: k¢, ¢t, /¢, Vaeploys Veap, limiter torque, reefing thresholds.

e Scale-up memo: recommended arm length, canopy area, gearbox/generator sizing for
the selected micro-site with projected AEP_d / AEP_t factor and CAPEX/OPEX notes.

8. Economics and Integration
8.1 CAPEX: stout structure, simple aero surfaces, low-RPM drivetrain
Cost drivers (what you actually buy):

e Structure & foundations (largest share at small scale): short mast, hinge base, guying,
anchor cages, corrosion allowance. Costs scale roughly with site wind class and soil
works, not generator rating.



Drivetrain (low RPM, high torque): one-way device (sprag/freewheel), modest gear/belt
stage, PM generator, rectifier, dump load, enclosure.

Aero surface (cheap by design): plate/louver panel or ribbed/textile canopy; replaceable
wear parts.

Compliance & protection: torsion spring/coupler, viscous/eddy damper, torque limiter,
mechanical stops.

Controls & met: sonic/cup anemometers, angle/torque sensors, controller, comms,
lightning protection.

Where savings come from vs. rotors:

No expensive pitch/yaw systems, no tall tower crane, no precision blades, no tight tip-
speed acoustics.

Materials are commodity steel, elastomers, textiles, and a small PM machine.

Where you must still spend:

Overbuild for extremes (gust survival): thicker sections, generous bearings, stainless
fasteners, oversize sprag, robust base.

Electrical safety: braking/dump loading, surge/lightning, NEMA/IP enclosures.

Scaling pointers (per unit frontal area A):

Structure o survival load, not nameplate. Design to a long-return dynamic pressure q =

%pv2 (e.g., 50-60 m/s gust), then right-size the generator later.

The aero surface is inexpensive and modular; plan it as a sacrificial wear item (stock
spares).

Rule-of-thumb bill share at pilot scale (indicative):

Structure/foundation: 35-45%

Drivetrain (ratchet, gear, PMG, rectifier): 25—-35%
Controls/sensors/cabling: 10-15%

Canopy/vane set & protection hardware: 10-15%

Construction/cranage/contingency: 10-20%
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8.2 OPEX and survivability in abrasive environments
Routine O&M (storm-season focused):
e Quarterly visual + torque checks on anchors, guys, base bolts.
e Biannual lubrication/inspection of bearings, sprag, couplings; damper seal check.

e Annual canopy swap (textile/ribbed) or panel inspection (plate/louver), with UV/salt
wear audit.

o After major events (exceedance of I ,,0r torque trip): non-destructive checks at
hub/arm roots, limiter wear, stop bumpers.

Life-limiters & mitigations:

e Salt/spray: 316/duplex fasteners; sealed bearings; marine coatings (C5-M); drain/weep
holes on arms; sacrificial anodes on bases near surf.

e Sand/dust: labyrinth seals, non-contact eddy dampers, textile splash guards over
pulleys/ratchet, low-tack dry film lubes for exposed ratchets if used.

e Icing: hydrophobic coatings; heated hinge cores (low-watt wraps via DC dump bus);
vented canopies to prevent “ice balloons.”

e Shock/fatigue: torsional compliance + viscous damping; torque limiter at 1.2-1.4x
continuous; elastomer bumpers on stops.

Predictive maintenance (cheap wins):

o Vibration & temperature on bearings and generator; engagement shock statistic (peak
AT at lock) as a leading indicator of wear.

e Eventlogs (deploy/reef/furl) to correlate component stress with weather and schedule
pre-emptive swaps.

Spares strategy:
e Keep two canopy sets per unit (hot swap).
e One sprag/ratchet cartridge per 5—10 units.

e Dump load & rectifier spares—these see heat cycling in storm duty.
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8.3 Grid value: extreme-wind coincidence, short-term storage (flywheel/supercaps)
Value proposition isn’t just kWh—it’s when and how you deliver.
When (temporal value):

¢ Extreme winds often coincide with stressed grids, line trips, or conventional curtailments
(rotors at cut-out, maintenance holds). Your device converts “outage weather” into

supply.

e At coastal and gap sites, storm seasons align with winter peaks (heating) or storm repair
windows—marginal kWh have higher system value than average kWh.

How (power quality):
e Output is pulsed at gust cadence. Smooth locally before the inverter/DC bus:

o Flywheel on the generator shaft (mechanical): adds inertia to reduce Aw under
torque spikes; cheap, zero electronics.

o Supercapacitors (electrical): seconds-scale buffer; absorb ratchet bursts, deliver a
flatter P_out to the inverter; cycle-life >> Li-ion.

o Hybrid: flywheel for sub-second smoothing + small supercap bank for 2-20 s
ride-through and ramp-rate control.

Sizing hints:
e Target ramp-rate limits (e.g., < 10% of rated per second at the point of interconnect).
o Flywheel inertia J;: choose so a 100 ms, 2x torque pulse causes <15% speed sag.

e Supercap energy E_: size to buffer 5-15 s of average storm power: E; = P,,, X 10's, with
20-40% SOC swing for longevity.

Interconnection & services:

e DC-coupled in microgrids: direct into a DC bus with PV/battery; dump load for over-
voltage; simple droop control to play nice with batteries.

e AC-coupled: standard wind inverter with ride-through and low/high wind curtail logic
mirrored by your storm gate.

e Ancillary services (site-dependent): fast frequency response (via supercaps), black-start
assist for microgrids (mechanical inertia + DC dump - inverter boot), grid-forming in
isolated modes if paired with a proper inverter.
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Portfolio economics (with turbines):

Complementarity: you harvest when rotors are at zero. Even if your LCOE per kWh is
higher than a big turbine’s average, the incremental site-level LCOE can drop because
fixed BOS and interconnect are shared and peak-time value is higher.

Curtailment recapture: in parks that frequently feather for wildlife/icing or park for cut-
out, your kWh are recovered energy otherwise lost—improving capacity factor and grid
resilience of the site.

Commercial framing:

Lead with a tail-energy PPA add-on: pay-for-performance only during turbine cut-out
windows (measured by on-site met), or a capacity adder for storm season.

Offer O&M-light SLAs: fixed price per season + parts kit; predictable for owners wary of
storm hardware.

Bottom line: Keep CAPEX in robust steel and simple mechanics, keep OPEX low with modular

wear parts, and convert gusty, high-value hours into smoothed, inverter-friendly power using

flywheel + supercaps. The economics pencil out not by beating big rotors in fair weather, but by

monetizing the hours they must surrender.

9. Limitations and Risks

9.1 Lower Cp than lift rotors in normal winds

Reality check. Drag devices typically achieve C;, 4 = 0.10 — 0.25, far below the €, ; =
0.35 — 0.50attainable by large lift rotors in their sweet spot. In ordinary 6-12 m/s
winds, a storm-only drag unit will not compete on AEP per frontal area.

Implication. The concept is niche-positive: it monetizes > 22—-25 m/s hours where
turbines are curtailed or parked, not mid-wind production.

Mitigations.

o Tail-first siting. Require fi.;> 0.15-0.25 (share of annual v3at/above Vdeploy);
otherwise the economics deteriorate.

o Selective deployment. Hard storm-gate so the device remains parked in mid
winds; avoid parasitic losses when v < Vyepioy-

o Arrays & counterphase. Use two arms in 180° counterphase to raise duty during
deploy windows without chasing mid-wind energy.
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9.2 Shock/fatigue management and materials durability

Risks.

Design

Engagement shock. Ratchet lock-in under steep dT /dt can spike tooth/sprag
stress and excite shaft modes.

High-cycle fatigue. Repeated gusts cause alternating stresses at end-stops,
hinges, weld toes, and fastener interfaces.

Abrasive/corrosive wear. Salt spray, sand, rain erosion, and UV attack fabrics,
seals, coatings, and small bearings.

controls.

Compliance chain. Series torsion spring (sets 1), viscous/eddy damper (sets ),
and flywheel (adds J;) so engagement occurs over 10-100 ms, not

instantaneously.

Torque limiter. Friction or magnetic slip set at 1.2—1.4x the max continuous
torque at V,,; protects drivetrain from tail spikes.

Deadbands & stops. 2—5° angular deadbands around lock/unlock; poly/elastomer
bumpers at end-stops; cammed profiles to avoid point impacts.

Detailing for fatigue. Large radii at cutouts, double-shear clevises, stitch welds
replaced with full-pen where practical, preloaded class 10.9/12.9 bolts with anti-
relax washers.

Surface & seals. C5-M marine coatings, sealed bearings, labyrinth or bellows
shields over ratchet/damper; drain paths and weep holes in hollow members.

Fabrics/panels. UV-stable laminates or coated textiles; sacrificial leading edges;
modular panel swaps.

Operational controls.

Cap/reef early. Lower V,, during icing or sand events; widen hysteresis to reduce
chatter.

Health monitoring. Trend engagement shock (AT_engage), bearing temp, and
vibration; use thresholds for pre-emptive component swaps.
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e Qualification.

o Bench pulsed-torque matrix (rise 50-150 ms, 2x rated) - verify no chatter/tooth
skip.

o Outdoor pilot acceptance: reset > 98%, no limiter trips in deploy windows,
thermal margins within datasheet.

9.3 Duty cycle dependence on rare events

e Risk. Annual energy hinges on low-hour, high-wind events. A benign season can
underdeliver even at a good site.

e Quantification.

o Use site Weibull and storm climatology to estimate tail share f,,; and hours >
Vdeploy; COMpute an interannual coefficient of variation (IAV). Expect IAV = 20—

40% for storm bands in many corridors.

o Insiting gates, require szdepon = 300 h/yr (seasonally scaled)and f,; = 0.25for

“optimal” classification.
e Mitigations.

o Portfolio siting. Deploy units across uncorrelated microclimates (e.g., a bora
corridor + a coastal headland + a gap pass) to reduce variance.

o Hybridization. DC-couple with PV/battery or share the interconnect with a
turbine: your units add kWh only in hours turbines idle = portfolio CF rises.

o Control flexibility. Temporarily lower Vyep 0, (€.8., to 20-22 m/s) during lean

seasons if structural margins and economics allow; restore nominal later.

o Contracting. Structure PPAs as “tail adders” (pay only during turbine cut-out), or
as capacity adders for storm months to align revenue with mission.

¢ Reality check for planning.

o If measured fi,; < 0.15** or Hyyy,o, < 200 h/yr, the device is unlikely to justify

CAPEX unless there are non-energy drivers (icing resilience, research, grid

emergency assets).
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Summary. The concept intentionally trades mid-wind efficiency for extreme-wind operability.
The principal risks are lower Cy,outside the niche, shock/fatigue from gust engagement, and
variance from rare-event dependence. Each has clear, testable mitigations: tail-first siting and
storm-gated control, a compliance-limited torque path with slip protection, robust
materials/seals with modular wear parts, and portfolio/contract designs that value kWh
produced when turbines are at zero.

10. Roadmap and Future Work
10.1 Multi-arm counterphase arrays

Goal: raise duty cycle and smooth torque during deploy windows without chasing mid-wind
energy.

e Two-arm 180° counterphase module.

o Mechanical: share a common shaft; offset arms by 180°; give each arm its own
one-way device so either can harvest independently.

o Control: slight phase bias (+10-20°) via unequal return springs to prevent
simultaneous lock-ins that spike torque.

o Expected effect: >1.6x average power (vs. single arm) within deploy events, and
~V2 reduction in pulse ripple at the generator.

e Four-arm quasi-uniform phasing (0°, 90°, 180°, 270°).
o Harvest windows tile the stroke; one arm is almost always in a productive sector.

o Use graded T_return per arm (k_t ladder) so engagement hands off smoothly
fromarmiito i+1.

e Array-level coupling.

o Mechanical impedance matching: place a shared flywheel on the common
generator bus; individual arm ratchets feed into a torque-combining stage
(planetary or belt).

o Structural: cross-bracing frames to prevent torsional peaking when multiple
ratchets lock together.

o Fault tolerance: arrays keep producing if one arm reefs or trips; isolate with
shear-pin couplers.
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e KPIfor arrays: harvest duty > 80% during deploy windows; DC ripple < 15% with shared
inertia; engagement shock below limiter across all arm permutations.

10.2 Active trim via yoke trimmers or cams

Purpose: modulate effective drag and reset behavior without collapsing the canopy.

e Yoke trimmer (line-biased weathercock).

Hardware: a tri-leg yoke with a short “trimmer” line and a preload spring (or
servo micro-winch) that shortens under low line tension.

Behavior: on reset, trimmer shortens - canopy edges-on (A_eff {); on power,
tension extends = canopy broadside (A_eff 1).

Passive law: set preload so transition occurs at a shaft torque T,,iinSlightly below
expected harvest torque at Vyepioy-

e Root cam / follower for plate vanes.

o

Cam profile maps arm angle 0 to vane angle ¢: ¢(8) = ¢y,,.q ON POWer arc,
P (0) = Peyge ON reset.

Add a force-biased detent so gust reversals don’t chatter the vane near the

boundary.

e Closed-loop trim (lightweight).

Sensing: shaft torque Tgp,¢, USt Proxy Vg, and angle 6.
Control: a two-state controller with hysteresis on Ty}, ¢
= TRIM_UP (increase drag) if Tghare < Ttarger — AT during power arc.
=  TRIM_DOWN (reduce drag) if Tghare > TeapOr T exceeds a jerk threshold.

Actuation options: micro-servo on cam follower, or a magnetic clutch that selects
between two fixed cam lobes (broad vs. edge).

e Design target: widen the net positive-work window by > 20%, reduce reset time by >

30%, and limit over-torque events to < 1 per deploy hour.
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10.3 Automated tail-mapping and adaptive deployment policies

Objective: learn the local storm-tail and adapt Vyepioy, Veap, and trim rules to maximize seasonal
kWh while protecting hardware.

e Data plane (onboard + met).

o Log 10-20 Hz wind vector, G(gust factor), Tl, 6, 6, Tehatt, P(t), engagement shock,
and events (deploy, reef, trip).

o Maintain event ledgers: start/stop times, energy per event, thresholds in effect.
e Modeling the tail (online).

o Fitrolling Weibull k, con deploy seasons; augment with Extreme Value Theory for
1-3 s gusts (Generalized Pareto over threshold).

o Learn f; and inter-gust spacing distributions; estimate rise-time histograms for
compliance tuning.

e Policy optimization.

o Bandit framing for Vyepioy, Veap, @and hysteresis widths: explore/exploit to maximize
event-normalized energy E,,.n: SUbject to shock rate and thermal constraints.

o Safety envelope hard limits: cap jerk, limiter duty fraction, bearing temp; policies
cannot violate these.

o Contextual variables: synoptic regime tag (e.g., foehn, gap jet, frontal), time-of-
day, stability class = condition the policy.

e Fleet learning.

o Aggregate anonymized telemetry across sites; train a meta-policy that proposes
default thresholds for a new site class (gap/headland/downslope).

o Push updates over-the-air; units adapt gradually using hysteretic roll-in to avoid
sudden behavior changes mid-storm.

e Operator-facing tools.

o Tail map dashboard: time-at-speed histograms, v3 shares by band, predicted
deploy windows, and achieved AEP_d/AEP_t uplift.

o  What-if simulator: vary Vgepo,, limiter torque, spring/damper settings; see
projected kWh and risk metrics on recent tail seasons.
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e Success criteria: over the first storm season, adaptive policies deliver > 10-15% more
kWh/event than fixed thresholds, while keeping engagement shock and thermal
excursions within the original design envelope.

Summary. The near-term roadmap is mechanical (more arms, smarter trims) and informational
(learn the tail, adapt thresholds). Multi-arm counterphase arrays boost duty and smoothness;
active trim widens the positive-work window without collapse; and automated tail-mapping lets
each unit self-tune to its microclimate—turning rare, violent wind into reliable, portfolio-
valuable energy.

11. Conclusion
11.1 Turning extreme winds into energy rather than outage

Conventional wind fleets are engineered to survive extremes by not operating in them. The
result is a structural blind spot: the atmosphere’s most energy-dense hours—where power
scales as v3—become planned outages. The ratcheted, storm-gated drag harvester reframes
those hours as a resource. With a simple kinematic cycle—harvest on the pull, overrun on the
reset—plus compliance, peak capping, and fail-safe furl, the machine converts violent, gust-
dominated flow into usable work while keeping mechanical risk bounded. The tail is no longer
an adversary; it is a second operating regime with its own controls, thresholds, and economics.

11.2 Complementarity with conventional turbines

This platform is not a substitute for high-C,, lift rotors in fair weather. It is a complement that
activates when turbines clip, curtail, or park. At storm-fat sites, measured or modeled tail shares
make it credible to add tens of percent of turbine-equivalent AEP per unit area—entirely from
hours the turbine yields to safety envelopes. Arrayed near existing interconnects, storm
harvesters share metering, roads, and grid interface, raising park-level capacity factor and
resilience. Environmentally, the small stroke, low RPM, and limited duty cycle support
permitting in locations that are challenging for large rotors, especially where icing or wildlife
constraints routinely idle fleets.

11.3 From microclimate pilots to storm-corridor fleets

The development path is pragmatic and short-loop: (1) tail-first scouting, (2) 30-day logging, (3)
bench compliance tuning, (4) a gap-exit pilot, and (5) multi-arm arrays with adaptive policies.
Success is defined by reset reliability, bounded engagement shock, and kWh/event consistent
with tail models. From there, replication follows geography: passes, headlands, and downslope
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jets stitched into storm corridors that light up during synoptic events. Fleet learning turns each
deployment into data for the next, tightening thresholds and parts lists. The strategic
destination is clear: co-located, modular storm harvesters that monetize extreme-wind windows

at scale, converting what used to be forced downtime into dependable, high-value energy
injections for the grid.
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