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National Taiwan University, Taipei, Taiwan
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Location : Asia
Area : 36,000 square I
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Population : 23million

Capital : Taipei City
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Product Rating:6 W Corner Shaded: Half-Shaded:
3.5 W (58%) 0.3 W (5%)
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Outline

 Solar Photovoltaic Basics

* Emerging Solar PV Applications

* Exploring Parallel Converter Architectures

* Measuring Solar PV Profiles for Wearables

* Maximum Power Point Tracking for Low Power Consumption
* Conclusion

N s

I S PEARSLAB



Photovoltaic (PV) Materials

* Crystalline Si
« Monocrystalline
* Polycrystalline

« Thin-Film Technologies
« Copper indium gallium selenide (CIGS)
« Cadmium telluride (CdTe)
« Amorphous silicon (a-Si)

.. . [} S
o MU|t|'JunCt|On bR [Source: http://www.cleanenergyreviews.info/]

. Double-junction
* Triple-junction
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Photovoltaic (PV) Materials

« Emerging PV
» Dye-Sensitized Cells
 Perovskite Cells
 Organic Cells

[Source: http://www.solarisnano.com/]

[Source: www.electronicsweekly.com]
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Photovoltaic Electron-Hole Generation

p-n junction solar cell

space charge

E-field

—

—3 anode
Er;:B{F] ?

photon Ecsln)

Evslp) —
cathode €«— ©
Evs(n)
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Photovoltaic Cell Basics

(back)
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ldeal PV Model

ideal PV cell qV
P . I=15v cell — do,cell |€XD o ) =
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||||||I||||||]|I|||I| National  Villalva, Gazoli, and Filho, "Comprehensive Approach to Modeling and Simulation of Photovoltaic Arrays," IEEE Trans. Power Elec., 2009
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PV |-V Characteristics
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PV Panel Curves

I-V Curve P-V Curve
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-V Curve Under Varying Conditions

Irradiance (G) Variations Temperature (T) Variation
5 I I L L] 1 ! 5
G = 1000 W/m?
4 4
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PV Voltage (V) PV Voltage (V)
Irradiance directly proportional to Temperature inversely proportional to
short-circuit current open-circuit voltage
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PV Mismatch: Cell Characteristics

Normal

Degraded
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PV Mismatch: String Characteristics

(a)
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PV Cell Binning Panel Cleaning
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Research Objective

Question:

« How can we embrace solar photovoltaic cell mismatch while
maximizing output power?

Solutions:
 Rethink the system and power converter architecture
 Use intelligent control at the converter level
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Outline

 Solar Photovoltaic Basics

* Emerging Solar PV Applications

* Exploring Parallel Converter Architectures

* Measuring Solar PV Profiles for Wearables

* Maximum Power Point Tracking for Low Power Consumption
* Conclusion

N s

I S PEARSLAB



https://ev-database.org/car/1166/Lightyear-One

Emerging PV Power Applications




Solar Electric Cars

Toyota (2019) Lightyear One (2021)

[Source: https://www.greencarre ports.com/news/l1239270_7t70yota-coverg—prius- [Source:https://lightyear.one/lightyear-one]
prime-with-solar-panels-to-test-mileage]
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Photovoltaic Solar-Powered Drone ECIE

Video: https://youtu.be/-gvolbj536¢ atial -Ln Unvrsity
ECIE Lab: http://ecie.tech/
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Is the Future Wearable?

se.engadget.com/fitbit-charge-5-ecg-eda-gps-
heart-rate-monitor-fitness-tracker-130036648.html

https://chine:

Wearable
activity monitor
* Step count

* Heart rate

* Oxygen rate

* GPS and etc.

N
Taiwan
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= SQ_;Lr_ce::b,t_t_p_s_://wearnotCh.q{d

Wearable 3D
motion tracker

Jyy o9y

Index Finger Middle Tap Quotes Out Tap Thumb Finger
Down/Right Return/Back Lock/Unlock Enter/Select Up/Left

https://www.youtube.com/watch?v=edJXcigkEPU

Wearable gesture sensor
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Solar Powered Applications

https://www.riken.jp/en
/pr/2017/20170919_

Wearable Solar Coat Solar Backpack Solar Ski Helmet

https://design-milk.com/wearable-solar- https://inhabitat.com/ecouterre/ralph- https://www.izm.fraunhofer.de/en/news_e
clothing-charges-smartphone/ lauren-launches-800-solar-powered- vents/tech_news/solarhelm_liefertstromauf
waterproof-backack/ derskipiste.html
Flexible Solar Cells
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Product Rating:6 W Corner Shaded: Half-Shaded:
3.5 W (58%) 0.3 W (5%)
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Power System Design Solutions
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* Exploring Parallel Converter Architectures

* Measuring Solar PV Profiles for Wearables

* Maximum Power Point Tracking for Low Power Consumption
* Conclusion

N s

I S PEARSLAB



Challenges for Solar-Powered Wearables

PV Powered Bag Potential Problems

movement

o — auses Direct Sunlight

different
& amounts
of light

— changes
m;cy erTaII J: PV Cells,
cells . receiving

Hand Bag
frequent (TOp V|eW)
shading of
some cells

Back Side of Bag

Solution:

Efficient converter design
+
Independent maximum power power
tracking (MPPT) of each panel
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Initial Approach: SEPIC in Parallel DPP Architecture

SEPIC
YY\ |1
L, I, >
b (‘! o
Qi1 G5
L,
: T llnml =
\ L \ L l +
\ \
\| PV, \ | PV, PV,
\ \
v v/
1 J+ J*
ppp, |* DPP, DPP,
2 [ 2 2\ -
—_—

SEPIC: Single-ended primary-inductor
converter

Coupled inductor is used to reduce
magnetics size

Utilized parallel DPP system
architecture

PV panel voltage is above DPP
converter output for the ease of
sensor and controller implementation

F. Selin Bagci, et. al. “Low-Power Photovoltaic Energy Harvesting With Parallel Differential Power Processing Using a SEPIC,” IEEE Applied Power Electron. Conf., 2019.
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SEPIC DPP Operation

to load to load
+ o + e
, PV, , PV,
_________________ DPP SEPIC o Lo DPPSEPIC
’ ' - me ' ' - Vbuq
Ll Cl Cbus Ll Cl : Cbus
Ci Ql_] Co C; Ql_] Co
L, ) L, _

Switch O Switch Off

F. Selin Bagci, et. al. “Low-Power Photovoltaic Energy Harvesting With Parallel Differential Power Processing Using a SEPIC,” IEEE Applied Power Electron. Conf., 2019.

alilllindln - National s

I Snvery . PEARSLAB



Testing with Two DC-DC Power Converters

Incandescent
DPP

Converter for
small PV

Mather ine A Kis, Fo Selin Bagc
April 208

@

(+]
©
o
=]
o
(=]
©
(o]
o
[®]

B
mo

connector
(load)
Converter
for big PV

F. Selin Bagci, et. al. “Low-Power Photovoltaic Energy Harvesting With Parallel Differential Power Processing Using a SEPIC,” IEEE Applied Power Electron. Conf., 2019.
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Converter Operating Waveform

MPP Operation After Load
MPP Operation of One PV Panel Connection
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|F. Selin Bagci, et. al. “Low-Power Photovoltaic Energy Harvesting With Parallel Differential Power Processing Using a SEPIC,” IEEE Applied Power Electron. Conf., 2019.
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Solar Powered Bag: Initial Prototype

A

|F. Selin Bagci, et. al. “Low-Power Photovoltaic Energy Harvesting With Parallel Differential Power Processing Using a SEPIC,” IEEE Applied Power Electron. Conf., 2019.
illnillinlly - National s
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PV-Powere

Bag

Kather#w A. Kim
F. Selih Bagci

F. Selin Bagci, et. al. “Low-Power Photovoltaic Energy Harvesting With Parallel Differential Power Processing Using a SEPIC,” IEEE Applied Power Electron. Conf., 2019.
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Wearable PV Bag Prototype

FRONT VIEW P-V SWEEP OF THE PANEL (Simulated)

16
1.4 X 4 0
Y 1.2
12 - . W/mZ i
P 1ir
=3
2 08 X 3.977 -
& Y 0.6027
06 [ . 4
04r
X 3.767
02 Y 0.1156
Ll 1 kW/m
0(/ 1 1 A 1 1 L _!\K i -
0 0.5 1 1.5 2 2.6 3 3.5 4 4.5 5
Voltage (V)
* 4 identical panels. * Best case scenario:
il National Total input power=1.2Wx4=4.8W \

aiwan
HH‘HH ‘HHH” University F.S. Bagci, et. al. “Power Profile Measurement and System Design Analysis for a Wearable Photovoltaic Application,” PEARS LAB
EvE=¥- P N--} International Power Electronics and Motion Control Conference — ECCE Asia, Nanjing, China, Dec. 2020, pp. 1469-1474.



Power Profile Measurement

Video During Experiment

Measurement Device Hardware

>

1. PV terminals were shorted to get short-circuit current (/)
2. |, data was saved on the SD card

3. Irradiance (G) is calculated since it’s proportional to /.

| _ * Taken on a bright day, with no direct shading

il National s
Taiwan
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Power Profile Measurement

Case 1: Unshaded (no direct shading)
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Taiwan
F.S. Bagci, et. al. “Power Profile Measurement and System Design Analysis for a Wearable Photovoltaic Application,” PEARS L n B

University
HH‘HH H‘HH” International Power Electronics and Motion Control Conference — ECCE Asia, Nanjing, China, Dec. 2020, pp. 1469-1474.
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Power Profile Measurement
&

Case 2: Partially Shaded (Hypothetical case where PVs were obscured in turn)

PEARSLAB *

1500
m:' 1000
2 500
0 ——
0 3 10 15 20 25 30 35 40 45 2k 5 1 i 1 1 1 I L L
time (s) 0 3 10 s 20 25 30 35 40 45
time (s)
il National
Taiwan
F.S. Bagci, et. al. “Power Profile Measurement and System Design Analysis for a Wearable Photovoltaic Application,”
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System Configuration Comparison

Series PV configuration + Buck converter Parallel PV configuration + Boost

converter

Discrete
I_PV

1e-07 s.
I_PV 4 ¥ »D P
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4y o
o . MPPT Algorithm
MPPT Algorithm — \ 7,
s : = AT e
: D1
Ipv_string| ¢~ Mp
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[
L 1
o
a1 s1 —’é} 2 %
c1 _
Vpv_string T ‘E’
b g
N s
Taiwan
F.S. Bagci, et. al. “Power Profile Measurement and System Design Analysis for a Wearable Photovoltaic Application,” PEAR LAB
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System Configuration Comparison

il

Parallel DPP

.

V_PVA
1LPV1
V_PV2

I_Pv2

V_PV3gen

iy

1_PV3
V_PV4
I_PV4

» D PWM1 Vpv_1F
di J_LL
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DPP 1
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d2 J_LL
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DPP 2
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b Vbus Ground I—ll J_LL
DPP 3
D > PWM4 Vpv_4F >
d4 J-LL
e T o
¢dvbus  Groundp—g el [
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Discrete C1
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MPPT Algorithm

PWM4

DPP 4 !

e AN
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25

>

Ground
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Augmented Boost Converter

F.S. Bagci, et. al. “Power Profile Measurement and System Design Analysis for a Wearable Photovoltaic Application,”
International Power Electronics and Motion Control Conference — ECCE Asia, Nanjing, China, Dec. 2020, pp. 1469-1474.
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Output Power Comparison

Case 1: Unshaded

1500

500

1000 [

Irradiance over time

10 15

]

Series Mean=3.20W
Parallel Mean = 3.40 W
Parallel DPP Mean=3.44 W

Case 2: Partially Shaded
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1000 &
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Lad
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= Paralle] Mean = 3.051 W o
Paralle] DPP Mean= 3.069 W

25 § % 25 W -
& 4 [ 5 .
L5F A 15 F i
l b 1k "
L L Below 0.5 W
3T Output power ranges from 1.5 to 4.5 05F .
by A A When shaded
U 1 1 L L 1 L L L
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Taiwan
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EvE=¥- P N--} International Power Electronics and Motion Control Conference — ECCE Asia, Nanjing, China, Dec. 2020, pp. 1469-1474.
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Burst-Mode MPPT Algorithm

Vov, max > 1. 1fV,,> Vy

| I | | N | 9 d = 0!5
VW Prgrt=VouX Ly

2. IfVy<Vy ¢
va, min > 9 3\':0 f

Pleft - va X Ip\;

l Prignt & Pen

1. IfPygnt> Pien .
0.5 d=0 —> Increase V ref

2. IfPgyt<Ppes
- Decrease V

PWM

Q
]

* Target is to reduce active switching time and overall losses

il National . o : X
Taiwan F. S. Bagci and K. A. Kim, “Performance Comparison of Burst-Mode MPPT and Perturb and Observe MPPT

HH‘HH ”Hm” University Algorithms for Photovoltaic Energy Harvesting Applications,” IEEE ECCE, Vancouver, BC, Canada, Oct. 2021. PEARS LAB
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Burst-Mode MPPT Algorithm Core Concept

L5 ‘: P .:.
? g Eo g
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il National s
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Burst-Mode MPPT Algorithm Core Concept

z =
e i
g =
= o
At MPP s 2
1.4 L] T L] : Ll
1.2
1
2,08
o
z
L 0.6
0.4
0.2
0 1 1 1 L
0 1 2 3 4 5
il #qfional Voltage [V] X
HH‘HH HHHH’ U%li\:’v:rr;iw F.S. Bagci and K. A. Kim, “Performance Comparison of Burst-Mode MPPT and Perturb and Observe MPPT PEARS LAB
Algorithms for Photovoltaic Energy Harvesting Applications,” IEEE ECCE, Vancouver, BC, Canada, Oct. 2021.
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Augmented Boost Converter Topology

to load
>
+
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Size: 4.5x 4.3 cm

- PV voltage - increases when the converter is off. - Hardware implementation

decreases when the converter is on.
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Conventional P&O MPPT vs. Burst-Mode MPPT

Conventional P&0O MPPT at MPP: Burst-Mode MPPT at MPP:

Gate |

Signal
- Duty ratio is incrementally adjusted - Actively switching ONLY when V,, =V,
- Switch is constantly ON - Reduced ON time
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Simulation Setup

Single-PV/Single-Converter System:
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- Converter Switching Frequency = 500 kHz

High switching frequency = Smaller passive components
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3-PV/3-Converter System:
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- Parallel configuration
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P&O vs. Burst-Mode MPPT (with 3-PV/3-Converter System)
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Tracking Efficiency Comparison
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With burst-mode MPPT:
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- PV current and voltage mean closer to the real MPP values

- Narrower power fluctuation range
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Outline

 Solar Photovoltaic Basics

* Emerging Solar PV Applications

* Exploring Parallel Converter Architectures

* Measuring Solar PV Profiles for Wearables

* Maximum Power Point Tracking for Low Power Consumption
* Conclusion
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Future Directions:
One DPP Converter Per Panel & Flexible PV/PCB

converters
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Conclusion

* Future PV applications include: vehicles, drones, wearables, and many more
» Solar PV characteristics change with irradiance (light intensity) and temperature

* |n emerging solar applications, the inherent challenge is that PV characteristics
are uneven
» Parallel connection and individual converters can optimize output power
* In wearable applications, the incoming light varies quickly
* Individual MPPT control algorithms are needed to maximize power under various conditions
* Controllers/algorithms for the converters must have low power consumption
* Boost-mode MPPT algorithms have potential for small-sized converters
* Future work on flexible converters will be key to enabling wearable PV applications

* With more research, various applications can be powered with solar
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