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PV Solar System

COMSOL Simulink



1. Perovskite Module : Electrical Conductor Model

Perovskite Layer L5 T 21X A 25X
Semiconductor Module 5%}

X|ulf 2784 Mol HEA N Zo| HAIS ALE5l0{ PDEZ 9|
V-] = Qgenr J=—0oVV
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COMSOL /21 £Al. l \

—0 * (Vx x test(Vx) + Vy x test(Vy) + Vz = test(Vz)) + Q_gen * test(V)




1. Perovskite Module : Electrical Conductor Model

Single Diode Model Equation2 A2
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COMSOL Settings

Select Space Dimension

2D

Axisymmetric = Axisymmetric

<Study>
3D - Weak Form PDE (w), Heat Transfer in solids — Stationary

(Semiconductor Module 21l £ 215 Weak Form2 £ 1)

Added study:

Stationary

Added physics interfaces:

[ Weak Form PDE (w)
B Heat Transfer in Solids (ht)

Start



COMSOL Settings

Material Height [nm]
TABLE I
VALUES OF SELECTED SEMICONDUCTOR PARAMETERS AND ALL THE Ail" 500
THERMAL PARAMETERS

FTO 100
3x 10 TiO2 50
2x10"™ 5x10® .. .
31 48 0.5 Perovskite 330
5560 3900 4000 "
343 683 58 Spiro-MeOTAD |350
3.1x108 9.6x107 1.5x 106 Au 33

Geometry & Materials Setting



COMSOL Settings

hics  Convergence Plot 1

O

w Weak Form PDE 1
] —

m Zero Flux 1

I:I e i —_

w® |nitial Values 1

m Dirichlet Boundary Condition 1

s Dirichlet Boundary Condition 2
& Weak Contribution 1

test(Vi) + Vy*test(Vy) + VzFtest(Vz))

Weak Form



COMSOL Settings

v Weak Form PDE (i)
W@ Weak Form PDE 1
= Zero Flux 1
W® Initial Values 1

m Dirichlet Boundary Condition 1
m Dirichlet Boundary Condition 2
I Weak Contribution 1

Weak Form



COMSOL Settings

ics . Convergence Plot 1

Label: Weak Contribution 1

[+ Weak Form PDE (i)
#® Weak Form PDE 1

O —
m Zero Flux 1

Selection: Manual

D HE LW} -
W Initial Values 1
s Dirichlet Boundary Condition 1

m Dirichlet Boundary Condition 2

I Weak Contribution 1 —

Quadrature Settings

Weak Form



COMSOL Settings

Graphics  Convergence Plot 1
Q Q@@ | L D=z

H &1 m
Label: Heat Flux 1

B Heat Transfer in Solids .j".'LI'." S
W@ Heat Transfer in Solids 1 ——
W@ Initial Values 1 lE
‘= Thermal Insulation -

Active

— H EI at Fl LLI:I:: 1 QOverride and Contribution
I. H E'r:"lt IEI ':I I._l rl.: E' 1 Equati

¥ Heat Flux

m Boundary Heat Source 1

I Heat Source 3 ; |
Wilm2K) ’ L’ "
| temperature:

Ted 293.15[K] K

Heat Transfer in Solids



COMSOL Settings

Graphics  Convergence Plot 1

Q Q QA & H L~ w [
B E& -

B Heat Transfer in Solids (A .
@ Heat Transfer in Solids 1 selecton: | Manua
@ Initial Values 1 Sl
'm Thermal Insulation 1
m Heat Flux 1
B Heat Source 1

¥ Heat Source

m Boundary Heat Source 1
I Heat Source 3

9 General source

) Overall heat transfer rate

]

Heat Transfer in Solids



COMSOL Settings

Graphics  Convergence Plot 1

Label: Boundary Heat Source 1

B Heat Transfer in Solids (# i St
W@ Heat Transfer in Solids 1 socion. | anual
W@ Initial Values 1
‘= Thermal Insulation 1
= Heat Flux 1
B Heat Source 1

¥ Boundary Heat Source

m Boundary Heat Source 1
I Heat Source 3

@ General source
(o8 User defined
15

) Overall heat transfer rate

Heat Transfer in Solids



COMSOL Settings

hics Convergence Plot 1

Label: Heat Source 3

B Heat Transfer in Solids (# e
W@ Heat Transfer in Solids 1 Selecton: [ Manua
W@ Initial Values 1 =8
‘= Thermal Insulation 1
m Heat Flux 1 o
@ Heat Source 1 otion

m Boundary Heat Source 1

2] * (J_diode / J_sc)*2) / {I_fto + |_tio2 + |_pero)

) Overall heat transfer rate

Heat Transfer in Solids



Results

1= Analytical Simulation X}
J_diode (A/m?) Power (W/m?)

V. 1.05V 1.1V ~4.76%

Max 253W/m2 274.7W/m2 ~8%
Power

nkT =[] ..
Ve = Tln ]— + 1 | (Open-_Circuit Voltage)
0

_ qVpe _ 1105 .
Voc = o = Toooo0s 27.0 (Normalized Voltage)

v,. — In(v,. + 0.72
FF ==& (o ) ~ 0.846 (Green Model)

Voo + 1

Poax = Voc - Jsc - FF;deal ~ 1.05 - 285 - 0.846 ~ 253W /m?

I-V & Power Curve



Resulit

T Analytical Simulation X} V_app(21)=1 Surface: Temperature (degC)

Temperat _ 294 . 49.358 °C ~0.08% x107
Ure Tourg = 20 + —o- = 49.4°C

w107

Temperature (degC)

w
=1
rar]
o]
o
=

=

Temperature



2. Perovskite Cell : Safety Assessment

A et BE0| ol A ZuS HIE MEZ CIE GUE A+E 71X U= S50| E0{US ml e
Input Energy = 1,000/ /m? &fEh
Electrical Output = 274.7 W /m? €, = aAT(BHYE)

Heat Loss = 1000 - 274.7 = 725.3W /m?




COMSOL Settings

Select Space Dimension

: EI - 1 EI Elm D)
Axisymmetric =D Axisymmetric J - <Stud y>

3D - Solid Mechanics(solid), Heat Transfer in solids -
Stationary

Multiphysics
Added study: Thermal Expansion

Stationary

Added physics interfaces:

- Multiphysics

B Heat Transfer in Solids (ht)

Solid Mechanics (solid)

! Thermal Expansion 1 {tel)

Start



COMSOL Settings

Table 1. Thermal parameters for the PV materials, extracted from [3].

k (W/(mK)) p(kg/m*) G, (J/KgK) £

1.8 2700 750 0.!
0.32 960 2090

Material =0|
Glass 3.2[mm]
EVA 0.5[mm]
Perovskite 500[nm]
EVA 0.5[mm]
Glass 3.2[mm]

Geometry & Materials Setting



COMSOL Settings

s Convergence Plot 1 Convergence Plot 2

Solid Mechanics (soliq)

W@ Linear Elastic Material 1
‘™ Free 1

W@ Initial Values 1

- Prescribed Displacement 1

e System Selection

- Prescribed Displacement .
: Prescribed Displacement 3

Prescribed in y direction
Ugy 0

Prescribed in z direction von Mises stress (MPa)

Uo: 0 65.716

Solid Mechanics



COMSOL Settings

nvergence Plot 2

Label: Presc splacement 2

Solid Mechanics {sofid)

W@ Linear Elastic Material 1

= Free

D =acr L —
w® |nitial Values 1

Override and Contribution

* Prescribed Displacement 1 R
* Prescribed Displacement .

Global inate system

al r.l L-:I E 'nj [.‘I .l E"FJ | r:"l I-: E r-ﬂ EI r'lt -:. ¥ Prescribed Displacement

@) Standard notation

Prescribed in z direction von Mises stress (MPa)
Upz: 0 65.716

Solid Mechanics



Solid Mechanics {sofid)

W@ Linear Elastic Material 1
O
m Free

D =acr L —
w® |nitial Values 1

* Prescribed Displacement 1
- Prescribed Displacement .

scribed Displacement 3

COMSOL Settings

Prescribed Displacement 3

Equation

dinate System Selection

Prescribed in x direction
Prescribed in y direction

Prescribed in z direction

von Mis

65.71

Convergence Plot 1

Convergence Plot 2

Solid Mechanics



COMSOL Settings

Convergence Plot 1T Convergence Plot 2

[ . w Xy Yz E. |j
Label: Boundary Heat Source 1
Boundary Selection

4 ' M) Selection: | Manual
W@ Heat Transfer in Solids 1
W@ Initial Values 1
= Thermal Insulation 1

= Boundary Heat Source 1
N HE'r:".It Fl |._.|::':: 1 Frame Selection

E quation

G_sun * {1 - Eff)

) Cverall heat transfer rate

Heat Transfer in Solids



COMSOL Settings

hics Convergence Plot T Convergence Plot 2

- L =

4 \I[B Heat Transfer in S¢
O - .
w® Heat Transfer i
O _— . -
w® |nitial Values 1

O .
N T}-'I E' r rr‘l a | | r-'| '5 |__.I | a-t I I:I r-'| 1 Override and Contribution

Equation

m Boundary Heat Source 1
m Heat Flux 1

Frame S

Wylm2K)

Heat Transfer in Solids



Resulit

1= Analytical Simulation X}

Surface: Temperature (degC)

T 57.661 °C ~2.47%
Ttheory = Tamp t+ gg.e;: ~ 56.27 °C °

QK| 2Ql:
Analytical Solution2 SX{&S FA|et HH 2 (Surface Temp)

71E

Simulation2 Conductive Thermal ResistanceZ} Sl L&
10| 2 O|LC}.

Temperature



Results

Surface: von Mises stress (MPa)

= Analytical Simulation Difference

Stress oth =~ 50.9MPa 58.57 MPa ~15.1%

och = Epero/(l — V)(apero — asub)AT

QX &2l

O|2 Alo| A AELTL Jl{HbEl 2X|2l WH S=4Z A|Akot 20| X[t

18| AlZEg|0|Moj|M MEQ|X| 22| 3XI2ie] 14 F1fe} MLt 2240]
Ui £|0] X}0|7} LI A|Z2{|o|M HLC} M<tst ZH0|Ct.

Ol2{3t gt ot 220 HA AH= TXHOE QKNS HAS SolE 4

| i |

QULE, Scale Factor: 168

Solid Mechanics



Simulink: MPPT Controller




Click the Hyperlink First!
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o|2 HME, dashboard & It2t0|E{ =%} oHE



Dashboard

LT L
\ f |I'-_|'I II III,-.l'l |

277.7875

Solar PV Power (kW)

Solar PV Power (kW) 3 . 042 9

DC Bus Voltage (V)

393.8025

Load Power (kW)

gain

L oad Power (kKW )
DC Bus Voltage (V) 3 ; O 04 ?

DC Bus Voltage Vo (V)

Solar PV Current Ipv (A)

Solar Power{W)

Solar Panel Voltage Vpv (V)

Solar Power (kW)

oSt
p
1IN
kl
N
1|0
>
>
N
0
H
fot
0

Simulation &!

=i01 31 Debugging= ¢|et Dashboard(Logging®= ZIH)



-ontrol Panel

Control Panel

Solar Irradiance W/m2:Gain

| { I I | I { I I | | [ I I | { I I | I { I I | | [ I | | { I I | I [ I | |
FeTala [l e 1=l8 Pt d = e O e QEn a=E 4 AMn
800 825 850 875 900 925 950 975 1000

Simulation 23 = W= Oj2f0|E HE Sl |7 | HEZ ?[et Control Panel



Electrical Circuit



Converter

Solar Cell

rarge

. Labeling
| .
. b vV : H

Solar Irradiance Wim2




Solar Irradiance W/m2:Gain

800 825 850 875 900 925 950 975 1000

3kW Bt 7P M3 AtE2F Target System 22F AH
Panel Configuration: 280s 4p(Vmpp:280V, Impp:11.42A, Pmpp: 3.11kW) from COMSOL Analysis




2018 2019 2020
47,810 47,167 45,788
10,049 10,011 9,911 9,73 9,668
3,896 3,982 4,099

(kwh/H) 4,758 4,712 4,620 4,858

(Gwh/4) 167 13,499 3,982 14,656

(kWh/€) 289

3kW 2t 7 T2 AF22F Target System £2F AHH
3kW % 4hr = 12kWh (Conservative value)
285kWh _ 9.5kwh

month day

12kWh > 9.5kWh

49,219

9,639

4,298

2024

50,352


https://energyinfo.seoul.go.kr/energy/energyConsumption?menu-id=Z111000

Simscape Eletrical 7|9F Boost Converter Topology ¢4
Why Boost Converter? Microgrid, DC grid 400V 750V

DC Bus Capacitor

Boost Converter

Ra
[0
S~
S~
4
Ot



Electrical Circuit

Electrical Circuit: Boost Converter




1)

-C-
Labeling

Load Power (kW):Gain
1. 9 AL /22

%25 (Averags, DC Voltage)2 . > “

)

Labeling .’% (/2

O
«

[T b R

Load Power (kW)

R

VZ
R = 3 (V:target voltage 400, P: load power gain)




Constant Voltage MPPT:P&O MPPT.ESC

[VoltCtrl]

MPFT PnQ MFPT ESC

Constant Voltage



EZ2 AQXIER ZEE H{EAH| U =X|, Logic gateZ 28 AX|= Al dIX[RICH= LHE

ConstantVolt

ey [MPPTPNO]

ESC

[MPPTESC]
Controller Selector

ConstantVolt vs MPPT MPPT:PNO vs ESC | wepToN >

E
MPPT_Maode

s
/- s
{ [MPPTON] [MPPTON] 3
\

PV Mode:Value
MPPT ON

MPPT_Mode:Gain

ESC PnO

Voltage Control

(1)

ConstantVolt

‘\1.

[MPPTON]




Current controller

DC  PWM

Veoonst

\Voltage control Current control PWM Generator
(2 >—‘

Vo

Pl Controller Gain

fsw =25kHz

H&H 07| CHHS:

o
LIO|FAE = % $l&0o 7 nE{5to

fsw/20

HetIof7| thel=:

HRrECH =2|A Tot 3

fi/10

Voltage: PI Controller / Current: Pl Controller(anti-wind up)

rn



Variant Irridance: 1000 initial value
1s step function 1000->800
2s step function 800->1000

~ctrical
A feuit
lost Converter

Irridance Test

L o,

Solar Irradiance W/m2

Dashboa

Test Scenario

Variant Load: 3kW initial value
1s step function 3kW*0.8 = 2.4kW
2s step function 2.4kW->3kW

(Average DC Voltage)"2



W Vpv(V) W DC Bus Voltage (V) Solar PV Power (kW) M Load Power (kW)

Variant Irridance



™ Vpv(V) M DC Bus Voltage (V) M Solar PV Power (kW) M Load Power (kW)

Load H=2}A| Constant voltagOQ|7|0f| output voltage= SXI,

Solar PanelZ &t &3} Load H2tA|, & 5= = & &4 (not mppt)
olar PanelZ F¢t HHs

Variant Load



Global: [wWim?)

What is MPPT (Maximum Power Point Tracking)
ENSEX|= M F2 (HHE{2])0] OfL|2t, Y-/ I4

I_V7} H|M%Q1 AXjrt.
M2 p =Vl

£|cH7} Sict,

0]11, o] =41 20j|A] St HojjAfot

I

pv

ENSEX|7t 2 2K 0f|M SESHES MY/ REIE ZE0t=

il E 0} A{ = Perturbation and Observationa}
Extremum Seeking ControlO|2t= = 71X| H[0{7|E
22510 Lodet




Controller

Controller: MPPT Boost

Solar Panel /| Boost Converter/ Load0j|Af
Boost Converter0|AM Hf2H2 &gt

. __ Vmpp
Solar Panel: Rmpp = Impp

Load: R = Vo
Io

R; = (1—D?)* Rypaq

H|0of 7I= €tZd DutyH|, O] Duty H|E 6l output M2 LHSHA| |FX|6t= 20

[y —

PV 0|l 20l S7hM3E HeHU= MPPTUIA2| X

| -

£|C) 22 QXIS 9I8t YL|HAH|E x=H




For both PNO and ESC

280 volt, comment out MPPT and connect it to subtract(+terminal) before the voltage
control loop, setting targeting MPPT Voltage as 280 constant value o check outer loop
voltage controller and inner loop current controller are ok

Confirmed.(2025.12.07)

<

Vmpp

r e N -
Vmpp +_ - N @
Gmpp
Voltage control Current control PWM Generator
IL
ESCMPPT 3

solarPlant.statMPP TValue

Voltage: PI Controller / Current: Pl Controller
VmppZE Constant(280)2 £ X35t MPPT Controllergi0| Test



J_LL DC PWM
— set

Voltage control PWM Generator

MPPT PNO




Perturbation & Observation
EfQF2 mfj'de| TiX} Mtat MEE FI|HoE £H

P(k) =V(k) - I1(k)E =t 43 AlM

Measure V(k) & 1(k)

]

-
o
| S

Calculate power, P(k) = V(k) * I(k) M M= 1 '
S FE V()b EHE Y V(k - DE H|W
P(k) > P(k) - 1 Ves HYS SEX| LHEX| 9| ekt A
HHS S7HAZl gero|H
V() > V(k) - 1 V(k) > V(i) - 1 Vyof(k) = Vypf(k — 1) £ C
2 Zeustoz 3 A [ 0|5
HHS A2AZ L0|H H S HHY M Hich WSO = 0|F
(C= 280|H 2 B Ripple, 15| Z2ZE 2 noise |2 & £ FH)
Vref(k)=Vrefik-1)-C Vref(k)=Vref{k-1)-C O|ZA| UH2SIH P /dv 7t O0f| 7ML XX

0

Z Maximum Power Point ZX{0f|A| 2tC} ZXC} Sf= AEf = +HSILC}.

Perturbation and Observation £ C}0|{O =2| SEL



+
>=0
~ delPower Vinc

Perturbation and Observation Simulink %4



Test Scenario

Variant Irridance: 1000 initial value Variant Load: 3kW initial value
1s step function 1000->800 1s step function 3kW*0.8 = 2.4kW
2s step function 800->1000 2s step function 2.4kW->3kW

Test Scenario



- M Solar PV Power (kW) M Load Power (kW)
™ Vpv(V) ® DC Bus Voltage (V) ‘ wer (kW) ‘ ver (kW)

Irridance 3} A| £|CHZE2 ZEAZ Q1% Output voltage 24

Variant Irridance



M Vpv(V) M DC Bus Voltage (V)

Load H3IM| T X|CHE=2 K|

Variant Load



280 volt, comment out MPPT and connect it to subtract(+terminal) before the voltage
control loop, setting targeting MPPT Voltage as 280 constant value to check outer loop
voltage controller and inner loop current controller are ok

Confirmed.(2025.12.07)

i

1
Vmpp

I S ‘ PWM

oltage control Current control PWM Generator
IL

ESCMPPT

solarPlant.statMPP TValue




Extremum Seeking Control (ESC)

ENQIZ 2 MEd y = P (0)0] HICH7} £ == (y7} HAl plant)
PV EEX} B9t IEZE 0 = Vi rer S MA|IZtOE XWsH= MPPT
inEIE)

m m ot
=

Low-Pass

Integrator 4

U= dither (Modulation): Szl =2t 6 of] 22 Alelm} b sin(wt)S
sl AN ZME A2 0 = 0 + b sin(wt) 2 HS0| 6 THE A& XS

bsin(wt)

Z8 2|E == (High-Pass Filter): y(t)E HPF0| E3tA|7{ DC M &2
H7{sta 2|E M2 y_HP(t)2F 22].

Modulation Parameter Upﬂﬁ.tE Demodulation

Gradient 2Al (Demodulation): y_HP(t)0l] Z2 Alelnt a sin(wt)2
asin(wt) ';h-al'l ]g&% LHnd y_HP(t) a Sin(wt) o8 df/dB(O) 7|' EIO'I,

ixl| 21X o0llA 2] 7|27|(gradient) £3-37|8 HE £+ AUS.

6 &H|0|E (M Z27]): 0] 2= k-HZ7]0]| '20{ 62 MM HE
- gradient > 0 0|™ 6 37}, < 0 O|H ZA = 0 O|H extremum
=X HRE.

£(O + bsin(wt))

=0 + bsin(wt)



Plant

Vmpp

ESC Simulink 7+



Test Scenario

Variant Irridance: 1000 initial value Variant Load: 3kW initial value
1s step function 1000->800 1s step function 3kW*0.8 = 2.4kW
2s step function 800->1000 2s step function 2.4kW-> 3kW

Test Scenario



Vpv(V) M DC Bus Voltage (V) Solar PV Power (kW) B Load Power (kW)

Irridance H2tA| &3 ZEA0]| [ output voltage &4

Variant Irridance



S [ Power (kW vad Power (kW)
Vpv(V) DC Bus Voltage (V) M Solar PV Power (kW) M Load Power (kW)

06 0.8 1.0

Load ChangeAl & RX| -> Output Mg &5 MPPTO|7|0f| Load ChangeOll= Power= SX|

06 0.8 1.0 12 14 1.6 1.8 2.0 22 24

Variant Load



Desired(COMSOL Analysis) PnO(SS) K=
3.1 3.04(Ripple 0.1) 2.251%

277.65(mean)(RIpple5.5V) 0.839%

Desired(COMSOL Analysis) PnO(SS) i=E
3.11 3.035(Ripple0.1) 2.412%
280 280.2(mean)(Ripple2v) 0.071%
Analysis
ESCII Y =& A 2lE ds2 AN E2 452 B
Powere= & Lt A9 22 4S =395IH

0|=COMSOLON|A TIAot 34410t Simulink LIS RS Tt2t0|E] X[0|2 2ot @ArZ THHE

EZESH= F|0]7|0|2 2 JHE 71 localX|CHE o 2=t

F Ho7| 2= steps 8L 23 Fekds EH
S 25}S M, 7 0| Chid| d5 £2 #0117

Solar Cell 2| P-V Curve(tHE3)
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