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@ Propose an integrated soft elastomeric capacitor (SEC) based dense sensor network for When deployed in a network configuration the SEC’s additive strain measurement can be

the real-time structural health monitoring of wind turbine blades. decomposed into unidirectional strains using an assumed shape function, enforced boundary o ‘ ‘monitored fiberglass
conditions and the least squares estimator (LSE) [2]. The strain decomposition algorithm as- : | substrate
@® Dcmonstrate the capability of the SECs to operate in the electromagnetically noisy envi- sumes a p™ order polynomial shape function with deflection in the x-y plane written as: :
ronment of a wind tunnel, showing that the SEC would be capable of operating inside the . | B L L damae m— .
similarly noisy environment of a wind turbine blade. » g e | P * -‘
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@ Evaluate a data fusion data algorithm that fuses the data from a dense sensor network into 1=1y=1 momtorebd fiberglass [§ CHERESEES
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a single damage deteetlon feature and show that the SEC—based dense sensor network is here b; ; are regression coefficients. Considering a dense sensor network with m sensors, the o
capable of detecting and tracking damage that is not directly monitored by an SEC. displacement values at sensor locations can be collected in a displacement vector, W, such that:
T
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where matrix H contains sensor location information and 1s defined as H = |H,|H,| where
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H, and H, account for the SEC’s additive strain measurements. B contains the f regression Figure 3. Experimental setup: (a) wind turbine blade model mounted in the wind tunnel showing the
model's monitored fiberglass substrate; (b) monitored fiberglass substrate with labeled bolts along the

leading edge (righthand side) of the substrate to be removed; (c) interior surface view of the SEC-based
dense sensor network.

coefficients B = [ by -+ by ]T. The components of matrix H can be developed from the
previously defined polynomial equation, for each sensor location k£, as:

Damage in wind turbine blades frequently manifests in the form of strain-field anomalies.
However, local detection of damage over the global surface of a blade 1s difficult due to the

lack of scalability of existing sensing methods. A solution to this local-global problem is the - n—1 n—1 _—
deployment of dense sensor arrays fabricated from inexpensive materials capable of discretel g1 b I N E ’ t 1 V 1 d t
ploym ensor array P Is cap y Ho—H, = | g7 syt o by o ) xperimental Validation
monitoring local conditions over a global area. The authors have previously proposed a large Y k ko Kk k
area electronic consisting of a soft elastomeric capacitor (SEC). The SEC 1s highly scalable due L Im ImIm tmoYmoTm . . . .
o ¢ and ease of fabrication. and can. therefore. be used for monitorine laree-scale . . o . . . . no leading edge boundary conditions removed all leading edge boundary conditions removed
to 1ts low cost a ) . - > > o ) g larg Using Kirchhoff’s plate theory, unidirectional strain functions for €, and €, are obtained: | | 40
components. A single SEC is a strain sensor that measures the additive strain over a surface. | S 2
Recently, its application in a dense sensor network configuration has been studied, where a ¢ 0%w(x,y) ¢ 0%w(x,y) ' .
network of SECs is augmented with a few off-the-shelf strain gauges to measure boundary (2, y) = 9 9p2 H, By ey(T,y) = 9 Oy2 = H,B, (4) 3
conditions and decompose the additive strain to obtain unidirectional surface strain maps. These
maps can be analyzed to detect, localize, and quantify faults. Here, we study the performance where ¢ is the thickness of the plate and B = [B4|B,]?. Here, By and B, hold the re- N\ N\
of the proposed SEC-based dense sensor network at conducting condition evaluation of a wind gression coefficients for strain components in the x and y directions, respectively. A vector 3
turbrne blade rnodel 1n.an operational environment. Damage in the form of changing boundary S — [ S e S } containing the signal for each sensor in the dense sensor net- ° °
conditions is induced into the blade. An dense sensor network is deployed onto the interior work is constructed. The regression coefficient matrix B is estimated using an LSE such that o F el
surfac.e.of the substrate, and the blade is excrted In a Wrnd tunnel. Results demonstrate the B — (HTH) 1HTS where the hat denotes an estimation. Therefore: @) ) © @
capability of the dense sensor network and associated algorithms to detect and quantify damage.
These results show promise for the future deployment of a fully integrated SEC-based dense E, = H B, Ey _ HyBy () Figure 4. Reconstructed strain maps: (a) healthy condition ex; (b) healthy condition &y; (c)
sensor network deployed 1nside wind turbine blades for condition evaluation. damage case ex; (d) damage case &y.
where E, and Ey are vectors containing the estimated strain in the x and y directions for sen- I
sors transducing €, (x,y) and €, (x,y), respectively. A damage detection algorithm has been °
k developed that produces trackable features, providing a method for damage detection and quan- 101
SEC'b ased DenSC SGIISOI‘ NetWOI’ tification for the SEC-based dense sensor networks [3]. It works through comparing the signal > ‘| \0\
measured by an individual sensor with the estimated strain map (Equation (5)). An error func- = \‘~\
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foxible substrate low-resolution tion defined as the mean square error (MSE.) between a.sensor S .measured .and estimated strarns S 61 ® o “~-_
DSN/HDSN  wind turbine can be used to associate a feature value with a given increase in the strain map’s complexity. 5 T, @
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dielectric data bus \ }ade The error between the sensors’ measured the LSE derived strains can be calculated as: & 4 ® “~a.
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. conductive Where Visa sealar. FO? a given sensor location ‘k’ Sk 1s the sensor.s1gnal, and 5y, is the €S- Figure 5. Damage detection algorithm results for the changing boundary conditions on the leading edge
plate @ Afireless timated sensor signal using the reconstructed strain maps. Changes in V', defined for a given of the monitored substrate
transmission node shape function complexity, can be combined to form a feature distance (with units of £?). Tem-
wires embedded capacitance-to-digital high-resolution porar changes 1n this feature distance can be tracked to detect and localize damage not directly C on CluSI on
in flexible substrate converter DSN/HDSN monitored by an SEC sensor.
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@ A novel dense sensor network was experimentally investigated for the condition evalua-
| strain decomposition algorithml— ————————————— tion of a wind turbine blades. The critical advantage of the soft elastomeric capacitor 1s

Figure 1. Conceptual layout of a fully integrated SEC-based dense sensor network for a wind turbine
blade: (a) SEC with connectors and annotated axis; and (b) proposed deployment.

shape function w (z, y)] —» | its high scalability, low cost, simple fabrication and ease of installation.
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The SEC, presented n Frgnre 1(a), transduces a change in a rnonrtored substrate $ strain into : Vlﬁtgﬁilﬁznsfgﬁitl{igﬁgn > lelzsz S —> / estimated ¢, / —+>» S(I]I:leaig q — ® Results demonstrated that the SEC-based dense sensor network could be used to detect
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E mgasurable cclilar}ge ﬁn c}a P acrtance.8 I;;Z rnls)/deled fls a capacttor Wl.th. c.apacrta.n CEC delzﬁned ! = : es(tlimator . : eror | >/ eirr(?rc 0 / and track damage through the use of a proposed damage detection algorithm. Here, a
y O = eoer(d - 1)/h where eg = 8.854 pF/m is the vacuum permittivity, e is the polymer : /RSG signal /' ——| (LSE) |—»/estimatede, /—» | (MSE) damage case consisting of sequential bolt removal was successfully tracked.
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relative permittivity, d and [ are the sensor’s width and length, respectively, and h 1s the thickness /SEC p gnal / —»

of the dielectric [1]. Figure 1(b) presents a fully integrated SEC-based dense sensor network Lo = e e e e o ! T @ The high level of data fusion provided by the damage detection algorithm enhances the

with the required electronics for power management, data acquisition, data processing, and : . . . . . . potential of the SEC-based dense sensor network through reducing the amount of data

S - Figure 2. Flow chart for the damage detection algorithm with the strain decomposition algorithm
communications, all mounted onto a flexible substrate (e.g. Kapton). o : i
(e.g. Kapton) enclosed inside the dashed red box. stored for operations and maintenance.
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