Flexible PV-cell Modeling for Energy Harvesting in
Wearable loT Applications

Jaehyun Park, Hitesh Joshi, Sayfe Kiaei, Umit Y. Ogras Hyung Gyu Lee

EMBEDDED
SYSTEMS

ﬂ!kﬂ)

Arizona State University Daegu University
Motivation Model Validation
= A flexible PV-cell can power wearable loT devices " PV-cell parameter extraction O — Messared
. A Measured MPP
*+ 10-100 mW/cm? @ outdoor 100 yW/cm? @ indoor * Use commercial PV-cell: FlexSolarCells SP3-12 8F "G Modeled MPP
= s DC-DC converter - Radiation intensity: 100~1000 W /m? Ea
Vhar'vest ~ ("'T'r) | ‘/loa,d . . E
© (Lh « Maintain the temperature of PV-cell constant 54
i TR Nl i « The relative percentage error of the Py pp < 5.3% ’
' n . 0 ! : t - AR\
= Flexible PV-cell model validation Cob M ety L R4S
wrable ToT deM |
AN « Relative percentage error of Pypp < 10.5%
- Bendlng C ﬂeXIbIe PV'Ce" has a SIinflcant ImpaCt on the harveSted power — Flat measured @ = - R =40 mm estimated without partial shading consideration
— R =40 mm measured -- R =40 mm estimated with partial shading consideration
* R =40 mm radius of curvature leads to 57% degradation in maximum generated power 10+ 10 - 10
S — a =90° a=70° a = 50°
-A-Flat §8‘ L §8- §8-
§ 6 -V-Bent with R =40 mm E 6fF E 6 E 6
= 5 5 5
: 4 E 41 E 4 E 4
>
= =7 7| R o) =2 )
Qa-q 2 0 ] ] ] ] ] ] ] ] 0 ] ] ] - | 0 ] w1
0 05 10 15 2.0 25 3.0 35 40 45 %0 05 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 %0 0.5 1.0 15 2.0 2.5 3.0 3.5 40 4.5
0 Voltage (V) Voltage (V) Voltage (V)
. . . . . _ 2
Voltage (V) Radiation intensity G = 1000 W /m
G = 1000 W/m? and elevation angle = 50° = Comparison to Sharma et al. model _ =~ = 'ojorene oshamad GRS @ Proposed appoach
= We proposed the first analytical model that quantifies this behaviour [1]  Sharma et al. model shows high errors ; sb R=40mm | =l
when elevation angle changes i;, N on N o
RN e Bl RIRt e BT R BT SN R Rl phd i f Rt b Er et b
- No consideration of elevation angle = 05
- Rely on regression analysis to fit a :
nonlinear model = 07600 700 800 9001000 600 700 800 9001000 600 700 800 900 1000
Intensity (W /m?)

= f_ fOWGSm<a+ﬁ>dwdl Improved Fractional Open-Circuit Voltage MPPT

N N . . 0.90 o = 90° R =40 mm
X »,.c* The radiation received by the bent PV-cell is = FOCV MPPT assumes V ypp/Voc does X o= 70° Yoo o
7 2 s Z / . . gn . . . B o = 50° 'O X
R T expressed as: not vary significantly with radiation 3 0 =50 o
O:|—==,==| >~o N _d+o’ 7 n = )
[ 2R ZR] \\:\\\{—Q:._l\}e,// R 5 W IntenSIty E . o X
7 Apent = | R | Gsin(a + B + 8) dwde . . . S X i A
llustration of bending bent j__L fo (@ +pB+06) * Vupp/Voc increases linearly when a flexible PV S 0. b e A
. IS bent ore bendin
= Parts of the PV-cell can be shaded from the light source 0.70] . e,
O, Uy 0, » The rate of increase is a function of elevation T 77 S T
—/O\— / —/O\— / —/O\— angle Q;g o =90° o= 70° Mo = 50°
/ | | / | ] &
/ / / / / / Consider Vypp/Voc changes to set the £ 7
m/ // L // I L /’ operating point %6 10 I H
. . . S 5
SRR = e e « Accounting for bending increases the = oL O I — H
B9 Ry Ry™ harvested energy up to 25.0% 0.250z 037 ~s00r
Case 1: single-side shadin Case 2: no shadin - ' ' _
g g g g Case 3: both side shading Importance of accurate model _ Sharma et al.[23] model’s MPP I? Proposed model
—— w L . . i operating point
Apent 1 = “h R4 f G-sinfa+f+0)dwdd =W -G - R4 (1 — oS (a + B+ ﬁ)) » Improved FOCV MPPT gain according to the £ Conventional FOC operating point | ¥
_(EH',B) 0 1 VMPP mOdel E E T R
! Actual MPP ©
2R L _ : 0 : |
Apont.s = f R, j G -sina + § + ) dwdg = 2W - G - Ry sin(a + ) sin(; sharma el al. model: 4.6 % L Lt
2

- Proposed model: 18.8% Voltage (V)
G =1000 W/m ,R =40mm

2

n—(a+pf) w
Abent3 = j R3J G-sin(la+ B+ 60)dwdl =2W -G - Ry
—(a+p) 0

= Partial shading has significant impact on the harvested energy Runtlm? Operatlon and Overhead AnaIySIS
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Current-Voltage Modeling of PV-cells

= An equivalent circuit model for a PV-string

Vyvpp Compute and set Vypp 277.8 us 100 ms

Elevation Get time/location from BLE 2.4 ms 10 min

angle «a

» Using a single diode equivalent circuit model considering recombination losses Calculate a 1.0ms 10 min

* A ssingle diode equivalent circuit model is not enough to consider partial shading

- The equivalent circuit consists of multiple single diode equivalent circuits connected in series

Conclusions

= Energy harvesting is the one of most important problems in wearable loT devices
= Bending has a dramatic impact on the harvested energy
= We presented a Flexible PV-cell modeling for energy harvesting

= We achieve 1.8% and 4.8% estimation error for V,,pp and Pypp, respectively

= Qur analytical model leads up to 25.0% increase in harvested energy when used with
MPPT algorithm

= The details can be found in [1]
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