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ABSTRACT

The photovoltaic (PV) system is a highly popular renewable energy source due to its

energy-friendly environment. However, because of its high costs, it may result in difficulties in

development and experiments of laboratory photovoltaic converter systems.

This thesis was designed and based on a real time PV model. The design was divided into

two main parts. The first part was a mathematical modeling of a PV cell from SOLAREX MSX-60

series using MATLAB/Simulink program. It was utilized into a study of the characteristics of the

PV cell  and  the  effects  of  any  variables  to  the  behavior  of  the  PV itself.  The  second part  was  to

build a DC buck converter with a switching frequency of 5.5 kHz.  The converter could provide a

suitable output voltage and current in practice according to a PV that modeled in the

MATLAB/Simulink program using a proper interfacing board, such as STM32F4.

This paper presented the simulation of PV panels in the current and output voltage caused

by changing of parameters such as ambient temperature, solar irradiance, etc. by using the

MATLAB/Simulink program. The solar cells were typically of non-linear behavior. The research

was conducted to analyze the solar system to create a simulation of practical in-time (Real-Time PV

Simulator) by applying DC converter (DC Buck Converter) with the property of a voltage source.

Therefore it is necessary to have a feedback control. Additionally, the model of the solar cell was

created using a mathematical equation to consider the electrical characteristics of the solar cell.

Then, it was examined how feedback control system model and characteristic of I-V curve altered

the ability to work effectively and closely to the reference of the I-V curve. The input method could

be applied to both methods of the PID controller.

Keywords: photovoltaic module, solar irradiance, value of environmental temperature
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LiLImaxL,I                                                       (2.24)

TD1
L
oV

2
1

LImaxL,I                                     (2.25)

L
TD1

2
oV

R
oV

maxL,I                                        (2.26)

2
LiLiminL,I                                                       (2.27)

TD1
L
oV

2
1

LIminL,I                                       (2.28)

R
oV

oILI (2.29)

L
TD1

2
oV

R
oV

minL,I                                 (2.30)

(2.30)
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0
2Lf

D1
R
1

oVminL,I                                        (2.31)

0
2Lf

D1
R
1

2Lf
D1

R
1

2.f
RD1

minL                                                                  (2.32)

min

1
2

D R
f

L
                                                             (2.33)

2.7.4

2.18
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 2.18

oVCQ

C
Q

oV                                                                            (2.34)

8
LiT

2
Li

2
T

2
1Q

(2.35)

2.35 2.34

8C
LiT

oV                                                                      (2.36)

2.20 2.36
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TD1
L
oV

8C
T

oV                                                     (2.37)

D1
L
1

8C

2T
oV

oV
                                                      (2.38)

28LCf

D1
oV

oV
                                                                   (2.39)

D 

2.8  PID (Proportional-Integral-Derivative)[10]

 (Control System) 

 (Feedback Theory) 

 (Process)

 (Block)  2.25 

 2.
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 2 

 (Open loop Control System)  

(Closed Loop or Feedback Control System)

 (Open loop Control System)

 (Controller)  (Control Actuator)

 2.20

 2.20

 (Feedback Control System)

 2.21
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 2.21

 (Multivariable Control System)  2.22

 2.2

 (Mathematical Model of System)

 (Nonlinear System)

(Linearization) (Laplace

Transform)
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(Transfer

Function)

1
1 1

1
1 1

...

... ,

n n
o n n

m m
o m m

a y a y a y a y

b x b x b x b x n m

1
1 1

1
1 1

...
...

Zero initial condition

m m
s o m m

n n
o n ns

L output
Transfer function G s

L input

Y b s b s b b
X a s a s a s a

 (Transfer Function)  Buck converter

2

1

1
P SG s V

LLC s S
R

             (2.40)

 (Proportional control, P-control)

 (u)  (e)

 2.29

 2.23

E(s) U(s)Kp
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pu t K e t (2.41)

 Kp

 (Proportional Controller) 

 (Integral Control)

( ) ( )Iu t K e t dt (2.42)

 KI

 2.24

 2.24

 u(t)

 e(t)

 (past value) 

 (Integral Controller) 

E(s) U(s)KI

S
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 (Derivative Control)

( )( ) D
de tu t K

dt
(2.43)

 KD

 (PD-

controller)  2.25 

 (PI-controller) 

 (PID-controller)

 2.25

 (damping)

 (fluctuate)  (  (slope)

)

E(s) U(s)Kp + KD S
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 (PID controller)

 2.26

PID controller  3  Proportion, Integral  Derivative ,

( )( ) ( ) ( )p i D
de tu t K e t K e t dt K

dt
(2.44)

( ) ( ) ( )e t r t c t (2.45)

4

( ) ( ) ( )I
p D

KU S K K s E s
s

(2.46)

2( )( ) ( ) ( )
( )

I D P I
p D

K K s K s KU sG S K K s E s
E s s s

(2.47)

G(S)GC(S) U(S)E(S)
R(S) C(S)

-
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 PID 

 PID

PID

Rise time Overshoot Settling time Error at

equilibrium

Kp

Ki

Kd

(

)

 Ziegler–Nichols  Ki  Kd 

 Kp  Kc (Critical Gain)  Pc 

 Gain

 Ziegler–Nichols

Ziegler–Nichols

Control Type Kp Ki Kd

P 0.50 Kc – –

PI 0.45 Kc 1.2 Kp / Pc –

PID 0.60 Kc 2 Kp / Pc Kp Pc / 8

 Gain  Gain 
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2.9 MATLAB/Simulink

MATLAB/Simulink

MATLAB

 ,  ,

Simulink

block Diagram

Building Blocks Simulink Library Browser 2.32

 2.27  Simulink Library Browser

Simulink (Simulation Diagram)

 block  block

Oscilloscope Display

Sink 2.28 2.29
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 2.28  Simulink

 2.29  block Simulink

2.9.1 block Simulink

.  (Source) (Sinks)

Source

(Constant), (Pulse Generator),

(Sine Wave) (Clock)

2.30 Sinks (To

Workspace) (Scope, Display) 2.31
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 2.30  block Source

 2.31  block Sinks
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. (Math Operations)

Math Operations

(Add) (Math Function)

(Gain)

 2.32  block Math Operations

. (Signal Routing)

 2.33  block Signal Routing
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block

GOTO, FROM, Multiplexing 2.33

2.9.2  (Parameters Configuration)

10 1

Step Size  (Variable Step Size) Step Size

Step Size  (Fixed Step Size)

 2.34

 2.
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2.10  (STM32F407VGT6)

MATLAB/Simulink  block sets

A/D, D/A, PWM, Digital

I/O  Encoder

Analog to Digital Convertor (ADC)

Digital to Analog Convertor (DAC)

 STM32F407VGT6

STM32F4 

- (real-time)  USB 

 Mini USB 

-  STM32F407VGT6  32 bit  1 Mb 

SRAM  192 Kb  LQFP  100 

-  ST-Link  Download  Debug 

 Jumper

-  USB  3.3V  5V 

-  LED  4 

. LD3  PD13

. LD4    PD12

. LD5    PD14

. LD6  PD15

-  2 

.  Reset  STM32F4

.  User ( )  PA0

- (GPIO)  CPU  Header 
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 2. STM32F407VGT6

2.36 STM32F407VGT6
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2.37 (STM32F407VGT6)
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(STM32F407VGT6) ST-

Link

 MICROCONTROLLER  32 BIT 

 ST  STM32 ARM CORTEX-M4F  2 

 ST-LINK/V2  DOWNLOAD  DEBUG  MCU TM32F407VGT6

 PORT USB

 ST-LINK/V2  MCU  STM32F103

 PC  USB PORT

-  IN-CIRCUIT DEBUG  PROGRAM  MCU

STM32F4

-  6 PIN SWD  DEBUG  PRGRAM 

 STM32F4

-  MCU  STM32F407VGT6, 32 BIT ARM CORTEX-M4F 1MB

FLASH, 192KB RAM, LQFP100 TYPE

-   +5V  USB  POWER 5V 

-  3-AXIS ACCELEROMETER  LIS302DL 

-  DIGITAL MICROPHONE  MP45DT02 

- USB OTG FS  MICRO-AB

-  PIN HEADER  PCB 25 x 2  2 

Waijung Blockset  Blockset  MATLAB/Simulk 

 STM32F4 

Simulink Blockset 
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2.38 Directories  MATLAB
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2.39 Target Setup block STM32F4

2.40 Model Sample Time Block
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Build mode ( Compile Download) STM32F4

Ctrl+B Matlab Simulink Source Waijung compile

source C Compiler Binary Hex Compile Waijung

download Binary STM32F4 ST-Link Waijung

Track Build process 2.41

  1

Build Download

2.41  LED 4

ST-Link Auto Compile and Download

Simulink Library browser File -> new model

model Current Directory

 “Target Setup Block” STM32F4 model (Target

Setup Block Simulink library: Waijung Blockset/STM32F4 Target/Device Configuration
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  2 Target Setup Simulink Library Browser

- model Update model Ctrl+D (2 ) 

Waijung Sample time Block

Build model Update model

- Model

- Update Diagram, Incremental Build model FiO2

 STM32F4
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2.11

, 

2.11.1  “A Hybrid Control Strategy for Photovoltaic Simulator”  Yuan. Li1, Taewon

Lee, Fang. Z. Peng, and Dichen Liu[11]

(PV)  (PV array) 

 I-V

 PV 

IV  PV

 PV 

 TMS320LF2407 DSP 

 PV

IV

 PV 3
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2.43  PV

2.44 PV
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2.11.2 “A Fuzzy PD-PI Control Strategy to Track the Voltage References of Photovoltaic

Arrays” Nilton E. M. Moçambique, Ricardo Q. Machado, Vilma A. Oliveira [12]

PD PI

P&O (perturb and observe)  (MPPT)

 P & O MPPT

 ( ) 

 P & O MPPT  PV

DC to DC

2.45 step up converter with control 2.46

2.45 P & O MTTP
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2.46 step up

2.11.3 “Real-time Simulation of a Photovoltic Cell/Module Under the Single Diode

Model”, D. Impreeda and W. Subsingha [13]

(Real-times)
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  (i-v curve) 

 output i-v

MATLAB/Simulink dSPACE

DS1101

I-V

2.47
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2.11.4 “Design and Simulation of Digital PV Simulator Based on Push-Pull Forward

Converter” Zhang Jike, Wang Shengtie [14]

2.48

 (PV) 

Push-Pull forword converter (PPF)

PV

PV

 MATLAB/ Simulink

PV  PV

PV
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digital PV digital control

 IV curve  IV curve

2.11.5 “A Study on the PV Simulator using Equivalent Circuit Model and Look-up Table

Hybrid Method” Zheng Guo Piao, Shu Juan Gong, Yue Heng An, Geum Bae Cho[15]

2.49

DC-DC converter

DSP

PV

PV

(I-V curve)
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 PV

feedback  PID control  hardware 

 IV curve  IV curve

 2

 3 



3

  (

 I-V curve  

MATLAB/Simulink

 PWM IGBT 

 2 

3.1

3.1  
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3.1

 3.2

1 :

 MATLAB/Simulink 

2 :  MATLAB/Simulink 

(PV Module)

3 :

4 :  (signal condition)

5 : 

 : PWM

: 

 : 
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3.2

3.2 MATLAB/Simulink

 (PV  cell)

MATLAB R2012a

M-File, Simulink, GUI

MATLAB/ Simulink

(Real-time) Block

Simulink 3.3
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 3.3

 SolarEx  MSX60 60W Open

circuit voltage (VOC) 21.1V, Short circuit current (ISC) 3.8A, Temperature coefficient of

Short circuit current (KI) 3mA/°C, Temperature coefficient of Open circuit voltage (KV) -

73mV/°C 3.1  (Ideal factor  Reverse saturation current of

diode), (Solar irradiance), (Series

resistance), (Shunt resistance) (Cell Temperature)
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3.1  SolarEX  MSX 60[3]

SolarEx MSX60 Specifications (1kW/m2, 25°C)

Characteristics Spec.

Typical peak power (Pm) 60 W

Voltage at peak power (Vmp) 17.1 V

Current at peak power (Imp) 3.5 A

Short-circuit current (Isc) 3.8 A

Open-circuit voltage (Voc) 21.1 V

Temperature coefficient of open-circuit voltage ( ) - 73mV/°C

Temperature coefficient of short-circuit current ( ) 3mA/°C

Approximate effect of temperature on power - 0.38W/°C

2.1  2.7 2 

 m file  MATLAB/Simulink 

5 

 (Iph)  Ideal factor (N)  1  2

 (Is) 

  (Rs) 

 P-N junction

 (Rsh)   MATLAB  Simulink

Block Block 

3.2
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3.2  Block  Simulink

 2  1 

1 

 2  1 

MATLAB

 Simulink 

 Simulink Coder
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3.4

3.4 block MATLAB/Simulink

PV module

, , ,
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3.3   MATLAB/Simulink

0.5-0.8V

 (PV Module) 

 (nS)  36  (nP)  1 

 (Rs)  (Rsh)

2.1  2.7

MATLAT/Simulink 3.4  3.5 -

 (I-V Curve)  (P-V Curve) 

(Pm),  (Vmp)  (Imp)

Standard Testing Condition (STC;  1000W/m2  25°C) 

 Solarex  MSX60 3.1

3.5 

(Real-time) 
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3.5

3.4

(Current Transducer; CT)

(analog)

(digital) (Duty cycle)

(IGBT)

,

,

3.6
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3.6

3.4.1

3.3

3.3

Parameter Value

Input Voltage 25 V

Output Voltage 7V - 22V

Switching freq. 5.5 kHz

Load Resistance 3  - 61

Power  Output 60 W

Ripple ratio 1%
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 7V  (Vin= 25V) 7V  (Duty Cycle) 

7 0.28
25

o

in

VD
V

22V  (Duty Cycle) 

22 0.88
25

o

in

VD
V

0.28  0.88

(Lmin )

min

3

1
2

1 0.28 10
0.65

2 5.5 10

D R
L

f

mH

 Lmin  L =  6.5 mH R = 10

)
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1%

2

23 3

1

8

1 0.28

8 6.5 10 5.5 10 0.01

45.77

o

o

DC VLf
V

F

 µF

 470µF

7V 3

,max

4

3

1
2

1 0.28 107 7 3.538
2 2 6.5 10

O O
L

D TV VI
R L

A

,min

4

3

1
2

1 0.28 107 7 3.461
2 2 6.5 10

O O
L

D TV VI
R L

A

 (Continuous Current Conduction Mode)



81

 60W 25V

A IRG4BC40K ultra-fast IGBT  n-channel

600V  25A 

VGE=15V

 3.5A  25V

2.0 3.5x2.0 = 7A 

MUR460 Super-Fast Recovery Rectifier Diode  40A

3.4.2  

(Current Transducer)

 IGBT

 (Current Sensor)  ACS712  Allegro

VCC V  5.5V  8V 

 (AC  DC)  Vout  output sensitivity

 mV/A  185 mV/A  Vout  VCC/2 

 Vout VCC/2  Vout

 VCC/2  IC  filter

 (low-pass RC filter) 
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3.7  ACS712-05

3.5

 STM32F4 (Duty Cycle)

7.5kHz

2

STM32F4  5.5kHz 

 PA8 

STM32F4

 (A/D) 

 (D/A)  4.7k 3  TL494

5

8  TL494  2

TLP250  15VDC
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6 TLP250

3.8

E1
9

OC
13

GND

7

RT
6

C2
11

CT
5

Vref
14

DT
4

C1
8

Feedback PWM
3

E 2
10

-
2

-
15

+
1

+
16

Vcc

12

4. 7k

12k

0.01 µF

200

330 NC
1

Vo
7

Vcc

8

Anode
2

Vo(output)
6

Cathode
3

NC
4

GND

5

39

1N4001

0. 1 µ F

15  V

TLP250
VGE

TL494

DACH4

From dSPACE

3.8

3.9 10% 10 kHz

90 S10 S
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3.9 TLP250 2.8V

10kHz STM32F4

TL494

TLP250 2.8V 10kHz

3.6

3.10

3.11

STM32F4

3.12 3.13

3.10 (Buck Converter)
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3.11  

3.12 STM32F4 
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3.13

3

MATLAB/Simulink

4

Power Supply

DC Supply Voltage

STM32F4 Controller

Buck Converter

Signal Condition

Output



4

5 

. 

-   (Ideal factor and Reverse saturation current of diode)

-   (Series Resistance)  (Shunt

Resistance)

-  (  :  Solar irradiance and T : Cell Temperature)

2. 

- 

-  SolarEx  MSX60

3. 

 - 

 - 

4.1  

 MATLAB/Simulink

3.4
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4.1.1 (Ideal factor and Reverse

saturation current of diode)

4.1 N

4.2 IS

N Is  N

1 2 N

1.0, 1.5  2.0
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4.1

Is 100nA, 1µA 10µA 4.2

4.1.2 (Series Resistance)  (Shunt

Resistance)

Rs

[22] Rs 0.001 0.01

 (I-V Curve)

Rs 1 I-V Curve

4.3

4.3 RS

Rs Rsh

 P-N junction

 [22]  Rsh 1 , 0.01  0.001

[15] -

PV module

 (  Rs,

Rsh)[6] 2.6
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4.1.3 ( :  Solar irradiance)  (T : Cell

Temperature)

4.4

Isc

3.8A  STC ( 1000W/m2 , 25°C AM 1.5)

1.00SUN, 0.75 SUN 0.50 SUN (T= 25°C)

I-V 4.4  P-N

25°C  35°C  45°C ( =1000W/m2 )

 I-V curve 4.5



91

4.5 (T)

4.2

 36 1  I-V curve

4.6 P-V curve 4.7

4.1

Solarex MSX60

0.78%

0.12% 0.57% 
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4.6 I-V Curve

4.7 P-V Curve
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4.8

4.1 SolarEx MSX60

Value MSX-60 Simulation Error

Pmax (W) 60.0 60.47 0.78%

Vmp (V) 17.1 17.08 0.12%

Imp (A) 3.5 3.48 0.57%

4.3

STM32F4 controller

(BUCK Converter)

STM32F4 controller
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4.3.1

. Power Supply (25Vdc, 15Vdc, 5Vdc) 6 

. STM32F4 Controller Broad 1 

. Converter N2 Controller Broad 1 

. Computer (Note Book) 1

. 1 

.  325  , 1.2A 1 

.  170 , 1.7A 1 

.  15 , 5.5A 1 

.  500 , 6A 1 

. 1

. 2

4.3.2 

.

.

.  MATLAB/Simulink  folder STM32F4  file

 Update  Built  STM32F4

.

.

.

.
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.9

.10

Power

Supply

•

STM32F4

• Buck Converter

• Gate IGBT

•  0-3 V Signal Condition

Signal

Condition

•  0-3V STM32F4

•  0-5 V Buck Converter

Buck

Converter

•  0-5 V

• Analog STM32F4

duty-cycle     (0-100%)

STM32F4

Controller A4

A1 A3

In Out Duty Cycle

V sensor

I sensor

Signal Condition Buck Converter

Power Supply Power Supply Power Supply



96

4.11  

4.12

4.3.3 250W/m2  25 C

 7 -27

 MATLAB/Simulink (  STM32F4 controller)

4.2



4.2 =250W/m2, T= 25 C

(Simulation)

(Error) (Error)

V(V) I(A) P(W) V(V) I(A) P(W) V(V) I(A) P(W) V(%) I(%) P(%) V(%) I(%) P(%)

7.0 0.95 6.65 7.15 0.92 6.58 7.03 0.95 6.68 2.14 3.16 1.08 0.43 0.00 0.43

7.5 0.95 7.13 7.50 0.92 6.90 7.51 0.95 7.13 0.00 3.16 3.16 0.13 0.00 0.13

8.0 0.95 7.60 8.00 0.92 7.36 8.02 0.95 7.62 0.00 3.16 3.16 0.25 0.00 0.25

8.5 0.95 8.08 8.52 0.92 7.84 8.49 0.95 8.07 0.24 3.16 2.93 0.12 0.00 0.12

9.0 0.95 8.55 9.05 0.92 8.33 9.01 0.95 8.56 0.56 3.16 2.62 0.11 0.00 0.11

9.5 0.95 9.03 9.59 0.91 8.73 9.52 0.95 9.04 0.95 4.21 3.30 0.21 0.00 0.21

10.0 0.95 9.50 9.93 0.91 9.04 10.03 0.94 9.43 0.70 4.21 4.88 0.30 1.05 0.76

10.5 0.95 9.98 10.48 0.91 9.54 10.52 0.94 9.89 0.19 4.21 4.39 0.19 1.05 0.86

11.0 0.95 10.45 11.05 0.91 10.06 11.03 0.94 10.37 0.45 4.21 3.78 0.27 1.05 0.78

11.5 0.95 10.93 11.39 0.91 10.36 11.50 0.94 10.81 0.96 4.21 5.13 0.00 1.05 1.05

12.0 0.95 11.40 11.97 0.91 10.89 11.99 0.94 11.27 0.25 4.21 4.45 0.08 1.05 1.14

12.5 0.95 11.88 12.32 0.91 11.21 12.53 0.94 11.78 1.44 4.21 5.59 0.24 1.05 0.82

97



4.2 =250W/m2, T= 25 C ( )

(Simulation)

(Error) (Error)

V(V) I(A) P(W) V(V) I(A) P(W) V(V) I(A) P(W) V(%) I(%) P(%) V(%) I(%) P(%)

13.0 0.95 12.35 13.27 0.91 12.08 13.02 0.94 12.24 2.08 4.21 2.22 0.15 1.05 0.90

13.5 0.94 12.69 13.62 0.91 12.39 13.51 0.93 12.56 0.89 3.19 2.33 0.07 1.06 0.99

14.0 0.94 13.16 13.98 0.90 12.58 14.00 0.93 13.02 0.14 4.26 4.39 0.00 1.06 1.06

14.5 0.94 13.63 14.60 0.90 13.14 14.49 0.93 13.48 0.69 4.26 3.60 0.07 1.06 1.13

15.0 0.93 13.95 14.97 0.90 13.47 15.02 0.92 13.82 0.20 3.23 3.42 0.13 1.08 0.94

15.5 0.92 14.26 15.70 0.90 14.13 15.53 0.91 14.13 1.29 2.17 0.91 0.19 1.09 0.90

16.0 0.90 14.40 16.16 0.88 14.22 16.00 0.89 14.24 1.00 2.22 1.24 0.00 1.11 1.11

16.5 0.87 14.36 16.62 0.85 14.13 16.52 0.86 14.21 0.73 2.30 1.59 0.12 1.15 1.03

17.0 0.83 14.11 17.14 0.80 13.71 17.02 0.82 13.96 0.82 3.61 2.82 0.12 1.20 1.09

17.5 0.76 13.30 17.48 0.71 12.41 17.48 0.75 13.11 0.11 6.58 6.69 0.11 1.32 1.43

18.0 0.66 11.88 17.90 0.60 10.74 17.99 0.65 11.69 0.56 9.09 9.60 0.06 1.52 1.57

98
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4.2 

( =250W/m2, T= 25 C) 

 14.40W 16.0V  0.90A

 14.22W 16.16V  0.88A

 1.24%  1.0%  2.22%

 14.24W

16.00V  0.89A

 1.11%  0.0% 

 1.11%

4.13  I-V Curve  (250W/m2, 25 C)
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4.14  P-V Curve  (250W/m2 ,25 C)

 4.2 

7V–18V

 (Simulation) 

4.13 4.14 

0.00
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4.15  (250W/m2, 25 C)
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A

250W/m2 5 C

4.3.4 500W/m2  25 C

 3 -61

4.3 

 29.75W 17V  1.75A ( =500W/m2

,T=25 C)

28.20W 16.99V  1.66A

 5.20%  0.06%  5.20%

29.60W

17.01V  1.74A

0.51%  0.12% 

 0.57%



4.3 =500 W/m2 ,T=25 C

(Simulation)

(Error) (Error)

V(V) I(A) P(W) V(V) I(A) P(W) V(V) I(A) P(W) V(%) I(%) P(%) V(%) I(%) P(%)

7.0 1.90 13.30 7.09 1.83 12.97 7.10 1.89 13.42 1.29 -3.68 -2.45 1.43 -0.53 0.89

7.5 1.90 14.25 7.43 1.83 13.60 7.45 1.89 14.08 -0.93 -3.68 -4.58 0.27 -0.53 -1.19

8.0 1.90 15.20 8.01 1.82 14.58 8.03 1.89 15.18 0.12 -4.21 -4.09 0.25 -0.53 -0.15

8.5 1.90 16.15 8.58 1.81 15.53 8.54 1.89 16.14 0.94 -4.74 -3.84 -0.47 -0.53 -0.06

9.0 1.90 17.10 8.97 1.81 16.24 8.89 1.89 16.80 -0.33 -4.74 -5.05 -0.89 -0.53 -1.74

9.5 1.90 18.05 9.51 1.81 17.21 9.55 1.88 17.95 0.11 -4.74 -4.64 0.42 -1.05 -0.53

10.0 1.90 19.00 9.99 1.81 18.08 10.01 1.88 18.82 -0.10 -4.74 -4.83 0.20 -1.05 -0.95

10.5 1.90 19.95 10.50 1.80 18.90 10.49 1.88 19.72 0.00 -5.26 -5.26 -0.10 -1.05 -1.15

11.0 1.90 20.90 11.05 1.81 20.00 11.03 1.88 20.74 0.45 -4.74 -4.30 -0.18 -1.05 -0.78

11.5 1.90 21.85 11.40 1.78 20.29 11.54 1.88 21.70 -0.87 -6.32 -7.13 1.23 -1.05 -0.71

12.0 1.90 22.80 11.97 1.75 20.95 12.00 1.88 22.56 -0.25 -7.89 -8.12 0.25 -1.05 -1.05

12.5 1.90 23.75 12.42 1.72 21.36 12.49 1.89 23.61 -0.64 -9.47 -10.05 0.56 -0.53 -0.61

13.0 1.90 24.70 13.00 1.79 23.27 13.20 1.89 24.95 0.00 -5.79 -5.79 1.54 -0.53 1.00

13.5 1.89 25.52 13.35 1.76 23.50 13.35 1.87 24.96 -1.11 -6.88 -7.91 0.00 -1.06 -2.16
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4.3 =500 W/m2 ,T=25 C ( )

(Simulation)

(Error) (Error)

V(V) I(A) P(W) V(V) I(A) P(W) V(V) I(A) P(W) V(%) I(%) P(%) V(%) I(%) P(%)

14.0 1.89 26.46 14.14 1.76 24.89 14.13 1.87 26.42 1.00 -6.88 -5.95 -0.07 -1.06 -0.14

14.5 1.88 27.26 14.58 1.73 25.22 14.52 1.87 27.15 0.55 -7.98 -7.47 -0.41 -0.53 -0.39

15.0 1.87 28.05 14.94 1.70 25.40 14.97 1.87 27.99 -0.40 -9.09 -9.45 0.20 0.00 -0.20

15.5 1.86 28.83 15.59 1.68 26.19 15.45 1.85 28.58 0.58 -9.68 -9.15 -0.90 -0.54 -0.86

16.0 1.84 29.44 16.00 1.67 26.72 16.02 1.84 29.48 0.00 -9.24 -9.24 0.12 0.00 0.12

16.5 1.80 29.70 16.73 1.66 27.77 16.44 1.80 29.59 1.39 -7.78 -6.49 -1.73 0.00 -0.36

17.0 1.75 29.75 16.99 1.66 28.20 17.01 1.74 29.60 -0.06 -5.14 -5.20 0.12 -0.57 -0.51

17.5 1.67 29.23 17.45 1.57 27.40 17.51 1.66 29.07 -0.29 -5.99 -6.26 0.34 -0.60 -0.54

18.0 1.54 27.72 18.07 1.50 27.11 18.02 1.52 27.39 0.39 -2.60 -2.22 -0.28 -1.30 -1.19

18.5 1.36 25.16 18.55 1.27 23.56 18.47 1.35 24.93 0.27 -6.62 -6.37 -0.43 -0.74 -0.90

19.0 1.11 21.09 19.04 1.14 21.71 19.01 1.09 20.72 0.21 2.70 2.92 -0.16 -1.80 -1.75

19.5 0.76 14.82 19.52 0.64 12.49 19.50 0.75 14.63 0.10 -15.79 -15.70 -0.10 -1.32 -1.32

20.0 0.32 6.40 19.85 0.25 4.96 19.92 0.32 6.37 -0.75 -21.88 0.00 0.35 0.00 -0.40

104



105

4.17  I-V Curve  (500W/m2, 25 C)

4.18  P-V Curve  (500W/m2, 25 C)
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4.17 4.18 

4.19  (500W/m2, 25 C)
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4.19

 Simulation

4.20 

A

500W/m2  25 C

4.3.5 250W/m2  50 C

 3 -27

4.4 

 14.4W 16.0V  0.99A ( =250W/m2

,T=50 C)

14.22W 16.16V  0.88A

 1.24%  1.0%  2.22%

29.60W

17.01V  1.74A

 1.11%  0.0% 

 1.11%



4.4 =250W/m2 ,T=50 C

(Simulation)

(Error) (Error)

V(V) I(A) P(W) V(V) I(A) P(W) V(V) I(A) P(W) V(%) I(%) P(%) V(%) I(%) P(%)

7.0 0.97 6.79 7.29 0.93 6.78 7.03 0.97 6.82 4.14 -4.12 -0.15 0.43 0.00 0.43

7.5 0.97 7.28 7.57 0.93 7.04 7.52 0.97 7.29 0.93 -4.12 -3.23 -0.66 0.00 0.27

8.0 0.97 7.76 8.06 0.93 7.50 8.00 0.97 7.76 0.75 -4.12 -3.40 -0.74 0.00 0.00

8.5 0.96 8.16 8.59 0.93 7.99 8.51 0.96 8.17 1.06 -3.12 -2.10 -0.93 0.00 0.12

9.0 0.96 8.64 9.16 0.93 8.52 9.01 0.96 8.65 1.78 -3.12 -1.40 -1.64 0.00 0.11

9.5 0.96 9.12 9.48 0.93 8.82 9.48 0.96 9.10 -0.21 -3.12 -3.33 0.00 0.00 -0.21

10.0 0.96 9.60 10.07 0.91 9.16 10.01 0.96 9.61 0.70 -5.21 -4.54 -0.60 0.00 0.10

10.5 0.96 10.08 10.42 0.91 9.48 10.49 0.96 10.07 -0.76 -5.21 -5.93 0.67 0.00 -0.10

11.0 0.96 10.56 10.99 0.91 10.00 11.01 0.96 10.57 -0.09 -5.21 -5.29 0.18 0.00 0.09

11.5 0.96 11.04 11.59 0.91 10.55 11.49 0.95 10.92 0.78 -5.21 -4.47 -0.86 -1.04 -1.13

12.0 0.95 11.40 11.97 0.89 10.65 12.00 0.95 11.40 -0.25 -6.32 -6.55 0.25 0.00 0.00

12.5 0.95 11.88 12.60 0.89 11.21 12.52 0.94 11.77 0.80 -6.32 -5.57 -0.63 -1.05 -0.89
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4.4 =250W/m2 ,T=50 C )

(Simulation)

(Error) (Error)

V(V) I(A) P(W) V(V) I(A) P(W) V(V) I(A) P(W) V(%) I(%) P(%) V(%) I(%) P(%)

13.0 0.94 12.22 13.00 0.87 11.31 13.02 0.94 12.24 0.00 -7.45 -7.45 0.15 0.00 0.15

13.5 0.92 12.42 13.47 0.86 11.58 13.54 0.90 12.19 -0.22 -6.52 -6.73 0.52 -2.17 -1.88

14.0 0.90 12.60 14.15 0.83 11.74 14.00 0.89 12.46 1.07 -7.78 -6.79 -1.06 -1.11 -1.11

14.5 0.87 12.62 14.61 0.82 11.98 14.52 0.86 12.49 0.76 -5.75 -5.03 -0.62 -1.15 -1.01

15.0 0.83 12.45 15.14 0.78 11.81 15.02 0.80 12.02 0.93 -6.02 -5.15 -0.79 -3.61 -3.49

15.5 0.76 11.78 15.42 0.71 10.95 15.52 0.76 11.80 -0.52 -6.58 -7.06 0.65 0.00 0.13

16.0 0.65 10.40 15.95 0.61 9.73 16.00 0.65 10.40 -0.31 -6.15 -6.45 0.31 0.00 0.00

16.5 0.51 8.42 16.50 0.48 7.92 16.50 0.50 8.25 0.00 -5.88 -5.88 0.00 -1.96 -1.96

17.0 0.31 5.27 16.88 0.28 4.73 17.03 0.30 5.11 -0.71 -9.68 -10.31 0.89 -3.23 -3.06
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4.21  I-V Curve  (250W/m2 ,50 C)

4.22  P-V Curve  (250W/m2 ,50 C)
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4.21 4.2

4.23  (250W/m2, 50 C)
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4.23

 Simulation

4.24 

A

250W/m2  50 C

4.3.6 500W/m2  50 C

 3 -45

4.5 

 26.33W 15.0V  1.76A ( =500W/m2

,T=50 C)

25.49W 15.64V  1.63A

 1.53%  0.9%  2.4%

26.23W

14.99V  1.75A

 0.37%  0.07% 

 0.57%



4.5 =500W/m2, T= 50 C

(Simulation)

(Error) (Error)

V(V) I(A) P(W) V(V) I(A) P(W) V(V) I(A) P(W) V(%) I(%) P(%) V(%) I(%) P(%)

7.0 1.93 13.5 6.76 1.85 12.51 7.02 1.93 13.55 -3.43 -4.15 -7.36 0.29 0.00 0.36

7.5 1.93 14.47 7.33 1.85 13.56 7.51 1.93 14.49 -2.27 -4.15 -6.29 0.13 0.00 0.17

8.0 1.93 15.43 8.14 1.85 15.06 8.02 1.92 15.40 1.75 -4.15 -2.40 0.25 -0.52 -0.20

8.5 1.93 16.4 8.70 1.85 16.10 8.50 1.92 16.32 2.35 -4.15 -1.86 0.00 -0.52 -0.49

9.0 1.93 17.36 8.82 1.85 16.32 9.04 1.92 17.36 -2.00 -4.15 -6.01 0.44 -0.52 -0.02

9.5 1.93 18.32 9.41 1.85 17.41 9.48 1.91 18.11 -0.95 -4.15 -4.98 -0.21 -1.04 -1.16

10.0 1.93 19.27 10.01 1.82 18.22 10.03 1.91 19.16 0.10 -5.70 -5.46 0.30 -1.04 -0.58

10.5 1.93 20.22 10.35 1.82 18.84 10.53 1.91 20.11 -1.43 -5.70 -6.84 0.29 -1.04 -0.53

11.0 1.92 21.15 10.96 1.82 19.95 10.98 1.91 20.97 -0.36 -5.21 -5.69 -0.18 -0.52 -0.84

11.5 1.92 22.08 11.57 1.82 21.06 11.48 1.91 21.93 0.61 -5.21 -4.63 -0.17 -0.52 -0.69

12.0 1.92 22.98 12.19 1.82 22.19 12.02 1.91 22.96 1.58 -5.21 -3.46 0.17 -0.52 -0.09

12.5 1.91 23.84 12.37 1.80 22.27 12.48 1.90 23.71 -1.04 -5.76 -6.60 -0.16 -0.52 -0.54
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4.5 =500W/m2, T= 50 C )

(Simulation)

(Error) (Error)

V(V) I(A) P(W) V(V) I(A) P(W) V(V) I(A) P(W) V(%) I(%) P(%) V(%) I(%) P(%)

13.0 1.90 24.65 12.99 1.80 23.38 12.94 1.90 24.59 -0.08 -5.26 -5.14 -0.46 0.00 -0.26

13.5 1.88 25.35 13.59 1.77 24.05 13.47 1.89 25.46 0.67 -5.85 -5.11 -0.22 0.53 0.43

14.0 1.85 25.93 14.01 1.77 24.80 14.11 1.85 26.10 0.07 -4.32 -4.37 0.79 0.00 0.67

14.5 1.81 26.29 14.51 1.75 25.39 14.47 1.80 26.05 0.07 -3.31 -3.41 -0.21 -0.55 -0.93

15.0 1.76 26.33 15.07 1.69 25.47 14.99 1.75 26.23 0.47 -3.98 -3.27 -0.07 -0.57 -0.37

15.5 1.67 25.89 15.64 1.63 25.49 15.53 1.66 25.78 0.90 -2.40 -1.53 0.19 -0.60 -0.43

16.0 1.55 24.77 15.98 1.46 23.33 16.01 1.54 24.66 -0.12 -5.81 -5.81 0.06 -0.65 -0.46

16.5 1.37 22.67 16.39 1.29 21.14 16.52 1.39 22.96 -0.67 -5.84 -6.74 0.12 1.46 1.29

17.0 1.13 19.28 17.08 1.07 18.28 17.02 1.13 19.23 0.47 -5.31 -5.21 0.12 0.00 -0.25

17.5 0.81 14.22 17.81 0.77 13.71 17.49 0.80 13.99 1.77 -4.94 -3.56 -0.06 -1.23 -1.60

18.0 0.40 7.13 18.00 0.35 6.30 18.03 0.40 7.21 0.00 -12.50 -11.64 0.17 0.00 1.15
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4.25  I-V Curve  (500W/m2 ,50 C)

4.26  P-V Curve  (500W/m2 ,50 C)
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4.25 4.2

4.27  (500W/m2, 50 C)
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4.27

 Simulation

4.28 

A

500W/m2  50 C

 4 

1) 250W/m2  25 C

2) 500W/m2  25 C

3) 250W/m2  50 C

4) 500W/m2  50 C

-



  5

 (Solar Irradiance)

 (Cell Temperature), Ideal Factor,

 (Reverse Saturation),  (Diode Current), 

 (Series Resistance),  (Shunt Resistance)  

 m file  MATLAB/Simulink 

4 

 (STM32F4 controller)

5.1

5.1.1   

 MATLAB/Simulink 

Ideal Factor (N)  Reverse

Saturation Current of Diode (IS)

 (N, IS) Series
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Resistance (RS)  Shunt Resistance (RSh) 

 1 %

 Solar Irradiance ( ) 

 (Cell Temperature) 

5.1.2   

 (Buck Converter) 5.5 kHz

 MATLAB/Simulink STM32F4 

(set point) 

 Converter N2 

(real time) 
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5.1

(W/m2) ( oC)

*

 Current Control Loop

Voltage

(%)

Current

(%)

Power

(%)

Voltage

(%)

Current

(%)

Power

(%)

250 25 0.32 -3.93 -3.62 0.11 -0.83 -0.72

250 50 0.51 -5.57 -5.09 -0.21 -0.73 -0.64

500 25 0.06 -6.77 -5.88 0.06 -0.72 -0.65

500 50 -0.07 -5.09 -5.10 0.07 -0.36 -0.23

* Measurement accuracy for current up to 5A at Range 5kHz up to 20kHz  3.5% refer to CTL Decision sheet no. DSH254E

5.2 



1

1.1  

.2558 2.8

 3.0

 11  2558 

 69.7

 [1]

5°

 22°  96°  106° 

18.2MJ/m2

(5.05kWh/m2 ) [2]

 8 [1]
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1. MATLAB/Simulink

2.

3.

  

  (Solar Irradiance)

 (Cell Temperature)

  

 (Pyranometer)  ,  

  (Solar Irradiance) (Cell Temperature) 

 (Open circuit voltage; VOC )  (Short circuit current;

ISC )  (number of parallel cells and number of

series cells) 
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1.4  

1.  60W  MATLAB/Simulink

2.

 (STM32F4)

3. 

1.5

1.5.1  

1.5.2

.

, , , 

 MATLAB/Simulink

 (STM32F4) 

 (DC to DC Convertor) (Real-time) 

1.5.3  

.

 MATLAB/Simulink

.

1.5.4
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.

  (Typical Electrical Characteristic of PV Module)

.
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2.9 MATLAB/Simulink

MATLAB/Simulink
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2.10  (STM32F407VGT6)

MATLAB/Simulink  block sets
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I/O  Encoder

Analog to Digital Convertor (ADC)

Digital to Analog Convertor (DAC)

 STM32F407VGT6

STM32F4 

- (real-time)  USB 
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(STM32F407VGT6) ST-
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 PORT USB

 ST-LINK/V2  MCU  STM32F103

 PC  USB PORT

-  IN-CIRCUIT DEBUG  PROGRAM  MCU

STM32F4

-  6 PIN SWD  DEBUG  PRGRAM 

 STM32F4

-  MCU  STM32F407VGT6, 32 BIT ARM CORTEX-M4F 1MB

FLASH, 192KB RAM, LQFP100 TYPE

-   +5V  USB  POWER 5V 

-  3-AXIS ACCELEROMETER  LIS302DL 

-  DIGITAL MICROPHONE  MP45DT02 

- USB OTG FS  MICRO-AB

-  PIN HEADER  PCB 25 x 2  2 

Waijung Blockset  Blockset  MATLAB/Simulk 

 STM32F4 

Simulink Blockset 
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2.38 Directories  MATLAB
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2.39 Target Setup block STM32F4

2.40 Model Sample Time Block
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2.11

, 

2.11.1  “A Hybrid Control Strategy for Photovoltaic Simulator”  Yuan. Li1, Taewon

Lee, Fang. Z. Peng, and Dichen Liu[11]

(PV)  (PV array) 

 I-V

 PV 

IV  PV

 PV 

 TMS320LF2407 DSP 

 PV

IV

 PV 3
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2.11.2 “A Fuzzy PD-PI Control Strategy to Track the Voltage References of Photovoltaic

Arrays” Nilton E. M. Moçambique, Ricardo Q. Machado, Vilma A. Oliveira [12]

PD PI

P&O (perturb and observe)  (MPPT)

 P & O MPPT

 ( ) 

 P & O MPPT  PV

DC to DC

2.45 step up converter with control 2.46

2.45 P & O MTTP
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2.46 step up

2.11.3 “Real-time Simulation of a Photovoltic Cell/Module Under the Single Diode

Model”, D. Impreeda and W. Subsingha [13]

(Real-times)
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 output i-v

MATLAB/Simulink dSPACE
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2.11.4 “Design and Simulation of Digital PV Simulator Based on Push-Pull Forward

Converter” Zhang Jike, Wang Shengtie [14]

2.48

 (PV) 

Push-Pull forword converter (PPF)

PV

PV

 MATLAB/ Simulink

PV  PV

PV
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digital PV digital control

 IV curve  IV curve

2.11.5 “A Study on the PV Simulator using Equivalent Circuit Model and Look-up Table

Hybrid Method” Zheng Guo Piao, Shu Juan Gong, Yue Heng An, Geum Bae Cho[15]

2.49

DC-DC converter

DSP

PV

PV

(I-V curve)
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 MATLAB/Simulink
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 MATLAB/Simulink 

 SolarEX  MSX-60

 SolarEX  msx60

function Ia = msx60(Va,Suns,TaC)

k   =  1.38e-23;

q   =  1.60e-19;

A   =  1.2;

Vg  =  1.12;

Ns  =  36;

T1   =  273 + 25;

Voc_T1  =  21.06 /Ns;

Isc_T1  =  3.80;

T2   =  273 + 75;

Voc_T2  =  17.05 /Ns;

Isc_T2  =  3.92;

TaK  =  273 + TaC;

TrK   =  273 + 25;

Iph_T1  =  Isc_T1 * Suns;

a   =  (Isc_T2 - Isc_T1)/Isc_T1 * 1/(T2 - T1);

Iph   =  Iph_T1 * (1 + a*(TaK - T1));

Vt_T1  =  k * T1 / q;

Ir_T1  =  Isc_T1 / (exp(Voc_T1/(A*Vt_T1))-1);

Ir_T2  =  Isc_T2 / (exp(Voc_T2/(A*Vt_T1))-1);

b   =  Vg * q/(A*k);

Ir   =  Ir_T1 * (TaK/T1).̂ (3/A) .* exp(-b.*(1./TaK - 1/T1));

X2v   =  Ir_T1/(A*Vt_T1) * exp(Voc_T1/(A*Vt_T1));
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dVdI_Voc  =  - 1.15/Ns / 2;

Rs   =  - dVdI_Voc - 1/X2v;

Vt_Ta  =  A * 1.38e-23 * TaK / 1.60e-19;

f(Ia)  =   Iph - Ia - Ir.*( exp((Vc+Ia.*Rs)./Vt_Ta) -1) = 0;

Vc   =   Va/Ns;

Ia   =   zeros(size(Vc));

for j  =  1:5;

Ia   =   Ia - (Iph - Ia - Ir.*( exp((Vc+Ia.*Rs)./Vt_Ta) -1))./ (-1 - (Ir.*(

exp((Vc+Ia.*Rs)./Vt_Ta) -1)).*Rs./Vt_Ta);

end

______________________
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   m file  SOLAREX  msx60 

 (BP Solar’s  SX60  SUNSTORE  Sunstore 60/12)

 SOLAREX  msx60 

, 

 5 V  0.8 Sun  30 

Ia = msx60(5,0.8,30)

1 Sun (1000 W/m2)

function Ia = msx60(Va,Suns,TaC)

- Ia  (array current)

- Va  (array voltage)

- Suns  (num of Suns: 1 Sun = 1000 W/m2)

- Tac 

k Boltzman’s = 1.38e-23

q = 1.60e-19

% 1000 W/m2

A = 1.2; %  2

  crystaline  amorphous  2

Vg = 1.12; %  band gap voltage,  1.12 V

crystaline,  1.75 V

amorphous

Ns = 36; %  (number of series connected cells

(diodes))
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T1 = 273 + 25; %

Voc_T1 = 21.1 /Ns; %  (open circuit voltage per

cell at temperature T1)

Isc_T1 = 3.80; %  (short circuit current per cell

at  temp T1)

T2 = 273 + 75; %

Voc_T2 = 17.05 /Ns; %  (open circuit voltage per

cell at  temperature T2)

Isc_T2 = 3.92; %  (short circuit current per cell

at  temp T2)

TaK = 273 + TaC; %  (array working temp)

TrK = 273 + 25; %  (reference temp)

%  (Va)  0  (Iph_T1) 

% a 

Iph_T1 = Isc_T1 * Suns; %

a = (Isc_T2 - Isc_T1)/Isc_T1 * 1/(T2 - T1); %

Iph = Iph_T1 * (1 + a*(TaK - T1)); %

Vt_T1 = k * T1 / q; % Boltzman’s

Ir_T1 = Isc_T1 / (exp(Voc_T1/(A*Vt_T1))-1);

Ir_T2 = Isc_T2 / (exp(Voc_T2/(A*Vt_T1))-1);

b = Vg * q/(A*k);

Ir = Ir_T1 * (TaK/T1).̂ (3/A) .* exp(-b.*(1./TaK - 1/T1));

X2v = Ir_T1/(A*Vt_T1) * exp(Voc_T1/(A*Vt_T1));

dVdI_Voc = - 1.15/Ns / 2; %  dV/dI
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% %

Rs = - dVdI_Voc - 1/X2v; % (series

resistance per cell)

Vt_Ta = A * 1.38e-23 * TaK / 1.60e-19; %  = 

 * Boltzman’s *

  /

%  Ia  f(Ia) f(Ia) = Iph - Ia - Ir.*( exp((Vc+Ia.*Rs)./Vt_Ta) -1) = 0;

% Newton’s method  Ia2 = Ia1 - f(Ia1)/f’(Ia1)

Vc = Va/Ns;

Ia = zeros(size(Vc));

for j=1:5;

Ia = Ia - (Iph - Ia - Ir.*( exp((Vc+Ia.*Rs)./Vt_Ta) -1))./ (-1 - (Ir.*( exp((Vc+Ia.*Rs)./Vt_Ta) -

1)).*Rs./Vt_Ta);

end
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1.  BP Solar’s  SX60  Silicon

 BP Solar’s  SX60

Electrical Characteristics BP Solar’s model SX 60

Maximum power (Pmax) 60W

Voltage at Pmax (Vmp) 16.8V

Current at Pmax (lmp) 3.56A

Guaranteed minimum Pmax 55W

Short-circuit current (Isc) 3.87A

Open-circuit voltage (Voc) 21.0V

Temperature coefficient of Isc (0.065±0.015)%/°C

Temperature coefficient of Voc -(80±10)mV/°C

Temperature coefficient of power -(0.5±0.05)%/°C

NOCT3 47±2ºC



132

2.  SUNSTORE  Sunstore 60/12  Silicon

Monocrystalline

 SUNSTORE  Sunstore 60/12

Electrical Characteristics Sunstore model 60/12

Maximum power (Pmax) 60W

Voltage at Pmax (Vmp) 17.64V

Current at Pmax (lmp) 3.40A

Guaranteed minimum Pmax 58.2W

Short-circuit current (Isc) 3.60A

Open-circuit voltage (Voc) 21.16V

Temperature coefficient of Isc 0.05A%/°C

Temperature coefficient of Voc - 0.35V%/°C

Temperature coefficient of power - 0.45W%/°C

NOCT 46±2ºC

m file  MatLab/Simulaink

Specification

 m file  MatLab/Simulaink

A :  2

crystalline  amorphous  2

Voc_T1  :

Isc_T1  :

Voc_T2  :

Isc_T2  :

Rs : 

T1 , T2  : ,
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Specifications of Solar cell (1kW/m2, 25°C)

Parameters
SolarEx

MSX60

BP Solar’s model

SX 60

Sunstore

model 60/12

Typical peak power (Pm) 60 W 60 W 60 W

Voltage at peak power (Vmp) 17.1 V 16.8 V 17.64 V

Current at peak power (Imp) 3.5 A 3.56 A 3.40 A

Short-circuit current (Isc) 3.8 A 3.87 A 3.60 A

Open-circuit voltage (Voc) 21.1 V 21.0 V 21.16 V

Temperature coefficient of open-circuit voltage ( ) - 73mV/°C -(80±10)mV/°C - 0.35V%/°C

Temperature coefficient of short-circuit current ( ) 3mA/°C (0.065±0.015)%/°C 0.05A%/°C

Approximate effect of temperature on power - 0.38W/°C -(0.5±0.05)%/°C - 0.45W%/°C
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INSTRUMENT ACCURACY LIMITS
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.1  Solarex-MSX-60
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.2 BP Solar’s  SX60
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.3  SUNSTORE  Sunstore 60/12
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.4 CTL DECISION SHEET DSH251E FOR INSTRUMENT ACCURACY LIMITS (DSH251E)
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.  Real-time Photovoltaic Simulator using current feedback control
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.2
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.

(Real-time Photovoltaic Simulator using PID and Fuzzy Logic Control)
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3

  (

 I-V curve  

MATLAB/Simulink

 PWM IGBT 

 2 

3.1

3.1  
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3.1

 3.2

1 :

 MATLAB/Simulink 

2 :  MATLAB/Simulink 

(PV Module)

3 :

4 :  (signal condition)

5 : 

 : PWM

: 

 : 
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3.2

3.2 MATLAB/Simulink

 (PV  cell)

MATLAB R2012a

M-File, Simulink, GUI

MATLAB/ Simulink

(Real-time) Block

Simulink 3.3
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 3.3

 SolarEx  MSX60 60W Open

circuit voltage (VOC) 21.1V, Short circuit current (ISC) 3.8A, Temperature coefficient of

Short circuit current (KI) 3mA/°C, Temperature coefficient of Open circuit voltage (KV) -

73mV/°C 3.1  (Ideal factor  Reverse saturation current of

diode), (Solar irradiance), (Series

resistance), (Shunt resistance) (Cell Temperature)
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3.1  SolarEX  MSX 60[3]

SolarEx MSX60 Specifications (1kW/m2, 25°C)

Characteristics Spec.

Typical peak power (Pm) 60 W

Voltage at peak power (Vmp) 17.1 V

Current at peak power (Imp) 3.5 A

Short-circuit current (Isc) 3.8 A

Open-circuit voltage (Voc) 21.1 V

Temperature coefficient of open-circuit voltage ( ) - 73mV/°C

Temperature coefficient of short-circuit current ( ) 3mA/°C

Approximate effect of temperature on power - 0.38W/°C

2.1  2.7 2 

 m file  MATLAB/Simulink 

5 

 (Iph)  Ideal factor (N)  1  2

 (Is) 

  (Rs) 

 P-N junction

 (Rsh)   MATLAB  Simulink

Block Block 

3.2
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3.2  Block  Simulink

 2  1 

1 

 2  1 

MATLAB

 Simulink 

 Simulink Coder
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3.4

3.4 block MATLAB/Simulink

PV module

, , ,
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3.3   MATLAB/Simulink

0.5-0.8V

 (PV Module) 

 (nS)  36  (nP)  1 

 (Rs)  (Rsh)

2.1  2.7

MATLAT/Simulink 3.4  3.5 -

 (I-V Curve)  (P-V Curve) 

(Pm),  (Vmp)  (Imp)

Standard Testing Condition (STC;  1000W/m2  25°C) 

 Solarex  MSX60 3.1

3.5 

(Real-time) 
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3.5

3.4

(Current Transducer; CT)

(analog)

(digital) (Duty cycle)

(IGBT)

,

,

3.6
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3.6

3.4.1

3.3

3.3

Parameter Value

Input Voltage 25 V

Output Voltage 7V - 22V

Switching freq. 5.5 kHz

Load Resistance 3  - 61

Power  Output 60 W

Ripple ratio 1%
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 7V  (Vin= 25V) 7V  (Duty Cycle) 

7 0.28
25

o

in

VD
V

22V  (Duty Cycle) 

22 0.88
25

o

in

VD
V

0.28  0.88

(Lmin )

min

3

1
2

1 0.28 10
0.65

2 5.5 10

D R
L

f

mH

 Lmin  L =  6.5 mH R = 10

)
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1%

2

23 3

1

8

1 0.28

8 6.5 10 5.5 10 0.01

45.77

o

o

DC VLf
V

F

 µF

 470µF

7V 3

,max

4

3

1
2

1 0.28 107 7 3.538
2 2 6.5 10

O O
L

D TV VI
R L

A

,min

4

3

1
2

1 0.28 107 7 3.461
2 2 6.5 10

O O
L

D TV VI
R L

A

 (Continuous Current Conduction Mode)
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 60W 25V

A IRG4BC40K ultra-fast IGBT  n-channel

600V  25A 

VGE=15V

 3.5A  25V

2.0 3.5x2.0 = 7A 

MUR460 Super-Fast Recovery Rectifier Diode  40A

3.4.2  

(Current Transducer)

 IGBT

 (Current Sensor)  ACS712  Allegro

VCC V  5.5V  8V 

 (AC  DC)  Vout  output sensitivity

 mV/A  185 mV/A  Vout  VCC/2 

 Vout VCC/2  Vout

 VCC/2  IC  filter

 (low-pass RC filter) 
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3.7  ACS712-05

3.5

 STM32F4 (Duty Cycle)

7.5kHz

2

STM32F4  5.5kHz 

 PA8 

STM32F4

 (A/D) 

 (D/A)  4.7k 3  TL494

5

8  TL494  2

TLP250  15VDC
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6 TLP250

3.8

E1
9

OC
13

GND

7

RT
6

C2
11

CT
5

Vref
14

DT
4

C1
8

Feedback PWM
3

E 2
10

-
2

-
15

+
1

+
16

Vcc

12

4. 7k

12k

0.01 µF

200

330 NC
1

Vo
7

Vcc

8

Anode
2

Vo(output)
6

Cathode
3

NC
4

GND

5

39

1N4001

0. 1 µ F

15  V

TLP250
VGE

TL494

DACH4

From dSPACE

3.8

3.9 10% 10 kHz

90 S10 S
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3.9 TLP250 2.8V

10kHz STM32F4

TL494

TLP250 2.8V 10kHz

3.6

3.10

3.11

STM32F4

3.12 3.13

3.10 (Buck Converter)
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3.11  

3.12 STM32F4 
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3.13

3

MATLAB/Simulink

4

Power Supply

DC Supply Voltage

STM32F4 Controller

Buck Converter

Signal Condition

Output



175

–

 2543

 TUV SUD (THAILAND) LIMITED . 2546 

081 268 9596

lee_eei@hotmail.com

mailto:lee_eei@hotmail.com


4

5 

. 

-   (Ideal factor and Reverse saturation current of diode)

-   (Series Resistance)  (Shunt

Resistance)

-  (  :  Solar irradiance and T : Cell Temperature)

2. 

- 

-  SolarEx  MSX60

3. 

 - 

 - 

4.1  

 MATLAB/Simulink

3.4
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4.1.1 (Ideal factor and Reverse

saturation current of diode)

4.1 N

4.2 IS

N Is  N

1 2 N

1.0, 1.5  2.0
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4.1

Is 100nA, 1µA 10µA 4.2

4.1.2 (Series Resistance)  (Shunt

Resistance)

Rs

[22] Rs 0.001 0.01

 (I-V Curve)

Rs 1 I-V Curve

4.3

4.3 RS

Rs Rsh

 P-N junction

 [22]  Rsh 1 , 0.01  0.001

[15] -

PV module

 (  Rs,

Rsh)[6] 2.6
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4.1.3 ( :  Solar irradiance)  (T : Cell

Temperature)

4.4

Isc

3.8A  STC ( 1000W/m2 , 25°C AM 1.5)

1.00SUN, 0.75 SUN 0.50 SUN (T= 25°C)

I-V 4.4  P-N

25°C  35°C  45°C ( =1000W/m2 )

 I-V curve 4.5
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4.5 (T)

4.2

 36 1  I-V curve

4.6 P-V curve 4.7

4.1

Solarex MSX60

0.78%

0.12% 0.57% 
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4.6 I-V Curve

4.7 P-V Curve
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4.8

4.1 SolarEx MSX60

Value MSX-60 Simulation Error

Pmax (W) 60.0 60.47 0.78%

Vmp (V) 17.1 17.08 0.12%

Imp (A) 3.5 3.48 0.57%

4.3

STM32F4 controller

(BUCK Converter)

STM32F4 controller
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4.3.1

. Power Supply (25Vdc, 15Vdc, 5Vdc) 6 

. STM32F4 Controller Broad 1 

. Converter N2 Controller Broad 1 

. Computer (Note Book) 1

. 1 

.  325  , 1.2A 1 

.  170 , 1.7A 1 

.  15 , 5.5A 1 

.  500 , 6A 1 

. 1

. 2

4.3.2 

.

.

.  MATLAB/Simulink  folder STM32F4  file

 Update  Built  STM32F4

.

.

.

.
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.9

.10

Power

Supply

•

STM32F4

• Buck Converter

• Gate IGBT

•  0-3 V Signal Condition

Signal

Condition

•  0-3V STM32F4

•  0-5 V Buck Converter

Buck

Converter

•  0-5 V

• Analog STM32F4

duty-cycle     (0-100%)

STM32F4

Controller A4

A1 A3

In Out Duty Cycle

V sensor

I sensor

Signal Condition Buck Converter

Power Supply Power Supply Power Supply
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4.11  

4.12

4.3.3 250W/m2  25 C

 7 -27

 MATLAB/Simulink (  STM32F4 controller)

4.2



4.2 =250W/m2, T= 25 C

(Simulation)

(Error) (Error)

V(V) I(A) P(W) V(V) I(A) P(W) V(V) I(A) P(W) V(%) I(%) P(%) V(%) I(%) P(%)

7.0 0.95 6.65 7.15 0.92 6.58 7.03 0.95 6.68 2.14 3.16 1.08 0.43 0.00 0.43

7.5 0.95 7.13 7.50 0.92 6.90 7.51 0.95 7.13 0.00 3.16 3.16 0.13 0.00 0.13

8.0 0.95 7.60 8.00 0.92 7.36 8.02 0.95 7.62 0.00 3.16 3.16 0.25 0.00 0.25

8.5 0.95 8.08 8.52 0.92 7.84 8.49 0.95 8.07 0.24 3.16 2.93 0.12 0.00 0.12

9.0 0.95 8.55 9.05 0.92 8.33 9.01 0.95 8.56 0.56 3.16 2.62 0.11 0.00 0.11

9.5 0.95 9.03 9.59 0.91 8.73 9.52 0.95 9.04 0.95 4.21 3.30 0.21 0.00 0.21

10.0 0.95 9.50 9.93 0.91 9.04 10.03 0.94 9.43 0.70 4.21 4.88 0.30 1.05 0.76

10.5 0.95 9.98 10.48 0.91 9.54 10.52 0.94 9.89 0.19 4.21 4.39 0.19 1.05 0.86

11.0 0.95 10.45 11.05 0.91 10.06 11.03 0.94 10.37 0.45 4.21 3.78 0.27 1.05 0.78

11.5 0.95 10.93 11.39 0.91 10.36 11.50 0.94 10.81 0.96 4.21 5.13 0.00 1.05 1.05

12.0 0.95 11.40 11.97 0.91 10.89 11.99 0.94 11.27 0.25 4.21 4.45 0.08 1.05 1.14

12.5 0.95 11.88 12.32 0.91 11.21 12.53 0.94 11.78 1.44 4.21 5.59 0.24 1.05 0.82
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4.2 =250W/m2, T= 25 C ( )

(Simulation)

(Error) (Error)

V(V) I(A) P(W) V(V) I(A) P(W) V(V) I(A) P(W) V(%) I(%) P(%) V(%) I(%) P(%)

13.0 0.95 12.35 13.27 0.91 12.08 13.02 0.94 12.24 2.08 4.21 2.22 0.15 1.05 0.90

13.5 0.94 12.69 13.62 0.91 12.39 13.51 0.93 12.56 0.89 3.19 2.33 0.07 1.06 0.99

14.0 0.94 13.16 13.98 0.90 12.58 14.00 0.93 13.02 0.14 4.26 4.39 0.00 1.06 1.06

14.5 0.94 13.63 14.60 0.90 13.14 14.49 0.93 13.48 0.69 4.26 3.60 0.07 1.06 1.13

15.0 0.93 13.95 14.97 0.90 13.47 15.02 0.92 13.82 0.20 3.23 3.42 0.13 1.08 0.94

15.5 0.92 14.26 15.70 0.90 14.13 15.53 0.91 14.13 1.29 2.17 0.91 0.19 1.09 0.90

16.0 0.90 14.40 16.16 0.88 14.22 16.00 0.89 14.24 1.00 2.22 1.24 0.00 1.11 1.11

16.5 0.87 14.36 16.62 0.85 14.13 16.52 0.86 14.21 0.73 2.30 1.59 0.12 1.15 1.03

17.0 0.83 14.11 17.14 0.80 13.71 17.02 0.82 13.96 0.82 3.61 2.82 0.12 1.20 1.09

17.5 0.76 13.30 17.48 0.71 12.41 17.48 0.75 13.11 0.11 6.58 6.69 0.11 1.32 1.43

18.0 0.66 11.88 17.90 0.60 10.74 17.99 0.65 11.69 0.56 9.09 9.60 0.06 1.52 1.57

98
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4.2 

( =250W/m2, T= 25 C) 

 14.40W 16.0V  0.90A

 14.22W 16.16V  0.88A

 1.24%  1.0%  2.22%

 14.24W

16.00V  0.89A

 1.11%  0.0% 

 1.11%

4.13  I-V Curve  (250W/m2, 25 C)
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4.14  P-V Curve  (250W/m2 ,25 C)

 4.2 

7V–18V

 (Simulation) 
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4.15  (250W/m2, 25 C)

4.16

4.15

 Simulation

4.16 
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A

250W/m2 5 C

4.3.4 500W/m2  25 C

 3 -61

4.3 

 29.75W 17V  1.75A ( =500W/m2

,T=25 C)

28.20W 16.99V  1.66A

 5.20%  0.06%  5.20%

29.60W

17.01V  1.74A

0.51%  0.12% 

 0.57%



4.3 =500 W/m2 ,T=25 C

(Simulation)

(Error) (Error)

V(V) I(A) P(W) V(V) I(A) P(W) V(V) I(A) P(W) V(%) I(%) P(%) V(%) I(%) P(%)

7.0 1.90 13.30 7.09 1.83 12.97 7.10 1.89 13.42 1.29 -3.68 -2.45 1.43 -0.53 0.89

7.5 1.90 14.25 7.43 1.83 13.60 7.45 1.89 14.08 -0.93 -3.68 -4.58 0.27 -0.53 -1.19

8.0 1.90 15.20 8.01 1.82 14.58 8.03 1.89 15.18 0.12 -4.21 -4.09 0.25 -0.53 -0.15

8.5 1.90 16.15 8.58 1.81 15.53 8.54 1.89 16.14 0.94 -4.74 -3.84 -0.47 -0.53 -0.06

9.0 1.90 17.10 8.97 1.81 16.24 8.89 1.89 16.80 -0.33 -4.74 -5.05 -0.89 -0.53 -1.74

9.5 1.90 18.05 9.51 1.81 17.21 9.55 1.88 17.95 0.11 -4.74 -4.64 0.42 -1.05 -0.53

10.0 1.90 19.00 9.99 1.81 18.08 10.01 1.88 18.82 -0.10 -4.74 -4.83 0.20 -1.05 -0.95

10.5 1.90 19.95 10.50 1.80 18.90 10.49 1.88 19.72 0.00 -5.26 -5.26 -0.10 -1.05 -1.15

11.0 1.90 20.90 11.05 1.81 20.00 11.03 1.88 20.74 0.45 -4.74 -4.30 -0.18 -1.05 -0.78

11.5 1.90 21.85 11.40 1.78 20.29 11.54 1.88 21.70 -0.87 -6.32 -7.13 1.23 -1.05 -0.71

12.0 1.90 22.80 11.97 1.75 20.95 12.00 1.88 22.56 -0.25 -7.89 -8.12 0.25 -1.05 -1.05

12.5 1.90 23.75 12.42 1.72 21.36 12.49 1.89 23.61 -0.64 -9.47 -10.05 0.56 -0.53 -0.61

13.0 1.90 24.70 13.00 1.79 23.27 13.20 1.89 24.95 0.00 -5.79 -5.79 1.54 -0.53 1.00

13.5 1.89 25.52 13.35 1.76 23.50 13.35 1.87 24.96 -1.11 -6.88 -7.91 0.00 -1.06 -2.16

103



4.3 =500 W/m2 ,T=25 C ( )

(Simulation)

(Error) (Error)

V(V) I(A) P(W) V(V) I(A) P(W) V(V) I(A) P(W) V(%) I(%) P(%) V(%) I(%) P(%)

14.0 1.89 26.46 14.14 1.76 24.89 14.13 1.87 26.42 1.00 -6.88 -5.95 -0.07 -1.06 -0.14

14.5 1.88 27.26 14.58 1.73 25.22 14.52 1.87 27.15 0.55 -7.98 -7.47 -0.41 -0.53 -0.39

15.0 1.87 28.05 14.94 1.70 25.40 14.97 1.87 27.99 -0.40 -9.09 -9.45 0.20 0.00 -0.20

15.5 1.86 28.83 15.59 1.68 26.19 15.45 1.85 28.58 0.58 -9.68 -9.15 -0.90 -0.54 -0.86

16.0 1.84 29.44 16.00 1.67 26.72 16.02 1.84 29.48 0.00 -9.24 -9.24 0.12 0.00 0.12

16.5 1.80 29.70 16.73 1.66 27.77 16.44 1.80 29.59 1.39 -7.78 -6.49 -1.73 0.00 -0.36

17.0 1.75 29.75 16.99 1.66 28.20 17.01 1.74 29.60 -0.06 -5.14 -5.20 0.12 -0.57 -0.51

17.5 1.67 29.23 17.45 1.57 27.40 17.51 1.66 29.07 -0.29 -5.99 -6.26 0.34 -0.60 -0.54

18.0 1.54 27.72 18.07 1.50 27.11 18.02 1.52 27.39 0.39 -2.60 -2.22 -0.28 -1.30 -1.19

18.5 1.36 25.16 18.55 1.27 23.56 18.47 1.35 24.93 0.27 -6.62 -6.37 -0.43 -0.74 -0.90

19.0 1.11 21.09 19.04 1.14 21.71 19.01 1.09 20.72 0.21 2.70 2.92 -0.16 -1.80 -1.75

19.5 0.76 14.82 19.52 0.64 12.49 19.50 0.75 14.63 0.10 -15.79 -15.70 -0.10 -1.32 -1.32

20.0 0.32 6.40 19.85 0.25 4.96 19.92 0.32 6.37 -0.75 -21.88 0.00 0.35 0.00 -0.40
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4.17  I-V Curve  (500W/m2, 25 C)

4.18  P-V Curve  (500W/m2, 25 C)
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4.17 4.18 

4.19  (500W/m2, 25 C)
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4.19

 Simulation

4.20 

A

500W/m2  25 C

4.3.5 250W/m2  50 C

 3 -27

4.4 

 14.4W 16.0V  0.99A ( =250W/m2

,T=50 C)

14.22W 16.16V  0.88A

 1.24%  1.0%  2.22%

29.60W

17.01V  1.74A

 1.11%  0.0% 

 1.11%



4.4 =250W/m2 ,T=50 C

(Simulation)

(Error) (Error)

V(V) I(A) P(W) V(V) I(A) P(W) V(V) I(A) P(W) V(%) I(%) P(%) V(%) I(%) P(%)

7.0 0.97 6.79 7.29 0.93 6.78 7.03 0.97 6.82 4.14 -4.12 -0.15 0.43 0.00 0.43

7.5 0.97 7.28 7.57 0.93 7.04 7.52 0.97 7.29 0.93 -4.12 -3.23 -0.66 0.00 0.27

8.0 0.97 7.76 8.06 0.93 7.50 8.00 0.97 7.76 0.75 -4.12 -3.40 -0.74 0.00 0.00

8.5 0.96 8.16 8.59 0.93 7.99 8.51 0.96 8.17 1.06 -3.12 -2.10 -0.93 0.00 0.12

9.0 0.96 8.64 9.16 0.93 8.52 9.01 0.96 8.65 1.78 -3.12 -1.40 -1.64 0.00 0.11

9.5 0.96 9.12 9.48 0.93 8.82 9.48 0.96 9.10 -0.21 -3.12 -3.33 0.00 0.00 -0.21

10.0 0.96 9.60 10.07 0.91 9.16 10.01 0.96 9.61 0.70 -5.21 -4.54 -0.60 0.00 0.10

10.5 0.96 10.08 10.42 0.91 9.48 10.49 0.96 10.07 -0.76 -5.21 -5.93 0.67 0.00 -0.10

11.0 0.96 10.56 10.99 0.91 10.00 11.01 0.96 10.57 -0.09 -5.21 -5.29 0.18 0.00 0.09

11.5 0.96 11.04 11.59 0.91 10.55 11.49 0.95 10.92 0.78 -5.21 -4.47 -0.86 -1.04 -1.13

12.0 0.95 11.40 11.97 0.89 10.65 12.00 0.95 11.40 -0.25 -6.32 -6.55 0.25 0.00 0.00

12.5 0.95 11.88 12.60 0.89 11.21 12.52 0.94 11.77 0.80 -6.32 -5.57 -0.63 -1.05 -0.89

108



4.4 =250W/m2 ,T=50 C )

(Simulation)

(Error) (Error)

V(V) I(A) P(W) V(V) I(A) P(W) V(V) I(A) P(W) V(%) I(%) P(%) V(%) I(%) P(%)

13.0 0.94 12.22 13.00 0.87 11.31 13.02 0.94 12.24 0.00 -7.45 -7.45 0.15 0.00 0.15

13.5 0.92 12.42 13.47 0.86 11.58 13.54 0.90 12.19 -0.22 -6.52 -6.73 0.52 -2.17 -1.88

14.0 0.90 12.60 14.15 0.83 11.74 14.00 0.89 12.46 1.07 -7.78 -6.79 -1.06 -1.11 -1.11

14.5 0.87 12.62 14.61 0.82 11.98 14.52 0.86 12.49 0.76 -5.75 -5.03 -0.62 -1.15 -1.01

15.0 0.83 12.45 15.14 0.78 11.81 15.02 0.80 12.02 0.93 -6.02 -5.15 -0.79 -3.61 -3.49

15.5 0.76 11.78 15.42 0.71 10.95 15.52 0.76 11.80 -0.52 -6.58 -7.06 0.65 0.00 0.13

16.0 0.65 10.40 15.95 0.61 9.73 16.00 0.65 10.40 -0.31 -6.15 -6.45 0.31 0.00 0.00

16.5 0.51 8.42 16.50 0.48 7.92 16.50 0.50 8.25 0.00 -5.88 -5.88 0.00 -1.96 -1.96

17.0 0.31 5.27 16.88 0.28 4.73 17.03 0.30 5.11 -0.71 -9.68 -10.31 0.89 -3.23 -3.06
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4.21  I-V Curve  (250W/m2 ,50 C)

4.22  P-V Curve  (250W/m2 ,50 C)
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4.21 4.2

4.23  (250W/m2, 50 C)
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4.23

 Simulation

4.24 

A

250W/m2  50 C

4.3.6 500W/m2  50 C

 3 -45

4.5 

 26.33W 15.0V  1.76A ( =500W/m2

,T=50 C)

25.49W 15.64V  1.63A

 1.53%  0.9%  2.4%

26.23W

14.99V  1.75A

 0.37%  0.07% 

 0.57%



4.5 =500W/m2, T= 50 C

(Simulation)

(Error) (Error)

V(V) I(A) P(W) V(V) I(A) P(W) V(V) I(A) P(W) V(%) I(%) P(%) V(%) I(%) P(%)

7.0 1.93 13.5 6.76 1.85 12.51 7.02 1.93 13.55 -3.43 -4.15 -7.36 0.29 0.00 0.36

7.5 1.93 14.47 7.33 1.85 13.56 7.51 1.93 14.49 -2.27 -4.15 -6.29 0.13 0.00 0.17

8.0 1.93 15.43 8.14 1.85 15.06 8.02 1.92 15.40 1.75 -4.15 -2.40 0.25 -0.52 -0.20

8.5 1.93 16.4 8.70 1.85 16.10 8.50 1.92 16.32 2.35 -4.15 -1.86 0.00 -0.52 -0.49

9.0 1.93 17.36 8.82 1.85 16.32 9.04 1.92 17.36 -2.00 -4.15 -6.01 0.44 -0.52 -0.02

9.5 1.93 18.32 9.41 1.85 17.41 9.48 1.91 18.11 -0.95 -4.15 -4.98 -0.21 -1.04 -1.16

10.0 1.93 19.27 10.01 1.82 18.22 10.03 1.91 19.16 0.10 -5.70 -5.46 0.30 -1.04 -0.58

10.5 1.93 20.22 10.35 1.82 18.84 10.53 1.91 20.11 -1.43 -5.70 -6.84 0.29 -1.04 -0.53

11.0 1.92 21.15 10.96 1.82 19.95 10.98 1.91 20.97 -0.36 -5.21 -5.69 -0.18 -0.52 -0.84

11.5 1.92 22.08 11.57 1.82 21.06 11.48 1.91 21.93 0.61 -5.21 -4.63 -0.17 -0.52 -0.69

12.0 1.92 22.98 12.19 1.82 22.19 12.02 1.91 22.96 1.58 -5.21 -3.46 0.17 -0.52 -0.09

12.5 1.91 23.84 12.37 1.80 22.27 12.48 1.90 23.71 -1.04 -5.76 -6.60 -0.16 -0.52 -0.54
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4.5 =500W/m2, T= 50 C )

(Simulation)

(Error) (Error)

V(V) I(A) P(W) V(V) I(A) P(W) V(V) I(A) P(W) V(%) I(%) P(%) V(%) I(%) P(%)

13.0 1.90 24.65 12.99 1.80 23.38 12.94 1.90 24.59 -0.08 -5.26 -5.14 -0.46 0.00 -0.26

13.5 1.88 25.35 13.59 1.77 24.05 13.47 1.89 25.46 0.67 -5.85 -5.11 -0.22 0.53 0.43

14.0 1.85 25.93 14.01 1.77 24.80 14.11 1.85 26.10 0.07 -4.32 -4.37 0.79 0.00 0.67

14.5 1.81 26.29 14.51 1.75 25.39 14.47 1.80 26.05 0.07 -3.31 -3.41 -0.21 -0.55 -0.93

15.0 1.76 26.33 15.07 1.69 25.47 14.99 1.75 26.23 0.47 -3.98 -3.27 -0.07 -0.57 -0.37

15.5 1.67 25.89 15.64 1.63 25.49 15.53 1.66 25.78 0.90 -2.40 -1.53 0.19 -0.60 -0.43

16.0 1.55 24.77 15.98 1.46 23.33 16.01 1.54 24.66 -0.12 -5.81 -5.81 0.06 -0.65 -0.46

16.5 1.37 22.67 16.39 1.29 21.14 16.52 1.39 22.96 -0.67 -5.84 -6.74 0.12 1.46 1.29

17.0 1.13 19.28 17.08 1.07 18.28 17.02 1.13 19.23 0.47 -5.31 -5.21 0.12 0.00 -0.25

17.5 0.81 14.22 17.81 0.77 13.71 17.49 0.80 13.99 1.77 -4.94 -3.56 -0.06 -1.23 -1.60

18.0 0.40 7.13 18.00 0.35 6.30 18.03 0.40 7.21 0.00 -12.50 -11.64 0.17 0.00 1.15
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4.25  I-V Curve  (500W/m2 ,50 C)

4.26  P-V Curve  (500W/m2 ,50 C)
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4.25 4.2

4.27  (500W/m2, 50 C)
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4.27

 Simulation

4.28 

A

500W/m2  50 C

 4 

1) 250W/m2  25 C

2) 500W/m2  25 C

3) 250W/m2  50 C

4) 500W/m2  50 C

-



  5

 (Solar Irradiance)

 (Cell Temperature), Ideal Factor,

 (Reverse Saturation),  (Diode Current), 

 (Series Resistance),  (Shunt Resistance)  

 m file  MATLAB/Simulink 

4 

 (STM32F4 controller)

5.1

5.1.1   

 MATLAB/Simulink 

Ideal Factor (N)  Reverse

Saturation Current of Diode (IS)

 (N, IS) Series
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Resistance (RS)  Shunt Resistance (RSh) 

 1 %

 Solar Irradiance ( ) 

 (Cell Temperature) 

5.1.2   

 (Buck Converter) 5.5 kHz

 MATLAB/Simulink STM32F4 

(set point) 

 Converter N2 

(real time) 
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5.1

(W/m2) ( oC)

*

 Current Control Loop

Voltage

(%)

Current

(%)

Power

(%)

Voltage

(%)

Current

(%)

Power

(%)

250 25 0.32 -3.93 -3.62 0.11 -0.83 -0.72

250 50 0.51 -5.57 -5.09 -0.21 -0.73 -0.64

500 25 0.06 -6.77 -5.88 0.06 -0.72 -0.65

500 50 -0.07 -5.09 -5.10 0.07 -0.36 -0.23

* Measurement accuracy for current up to 5A at Range 5kHz up to 20kHz  3.5% refer to CTL Decision sheet no. DSH254E

5.2 
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 MATLAB/Simulink
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 MATLAB/Simulink 

 SolarEX  MSX-60

 SolarEX  msx60

function Ia = msx60(Va,Suns,TaC)

k   =  1.38e-23;

q   =  1.60e-19;

A   =  1.2;

Vg  =  1.12;

Ns  =  36;

T1   =  273 + 25;

Voc_T1  =  21.06 /Ns;

Isc_T1  =  3.80;

T2   =  273 + 75;

Voc_T2  =  17.05 /Ns;

Isc_T2  =  3.92;

TaK  =  273 + TaC;

TrK   =  273 + 25;

Iph_T1  =  Isc_T1 * Suns;

a   =  (Isc_T2 - Isc_T1)/Isc_T1 * 1/(T2 - T1);

Iph   =  Iph_T1 * (1 + a*(TaK - T1));

Vt_T1  =  k * T1 / q;

Ir_T1  =  Isc_T1 / (exp(Voc_T1/(A*Vt_T1))-1);

Ir_T2  =  Isc_T2 / (exp(Voc_T2/(A*Vt_T1))-1);

b   =  Vg * q/(A*k);

Ir   =  Ir_T1 * (TaK/T1).̂ (3/A) .* exp(-b.*(1./TaK - 1/T1));

X2v   =  Ir_T1/(A*Vt_T1) * exp(Voc_T1/(A*Vt_T1));
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dVdI_Voc  =  - 1.15/Ns / 2;

Rs   =  - dVdI_Voc - 1/X2v;

Vt_Ta  =  A * 1.38e-23 * TaK / 1.60e-19;

f(Ia)  =   Iph - Ia - Ir.*( exp((Vc+Ia.*Rs)./Vt_Ta) -1) = 0;

Vc   =   Va/Ns;

Ia   =   zeros(size(Vc));

for j  =  1:5;

Ia   =   Ia - (Iph - Ia - Ir.*( exp((Vc+Ia.*Rs)./Vt_Ta) -1))./ (-1 - (Ir.*(

exp((Vc+Ia.*Rs)./Vt_Ta) -1)).*Rs./Vt_Ta);

end

______________________
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   m file  SOLAREX  msx60 

 (BP Solar’s  SX60  SUNSTORE  Sunstore 60/12)

 SOLAREX  msx60 

, 

 5 V  0.8 Sun  30 

Ia = msx60(5,0.8,30)

1 Sun (1000 W/m2)

function Ia = msx60(Va,Suns,TaC)

- Ia  (array current)

- Va  (array voltage)

- Suns  (num of Suns: 1 Sun = 1000 W/m2)

- Tac 

k Boltzman’s = 1.38e-23

q = 1.60e-19

% 1000 W/m2

A = 1.2; %  2

  crystaline  amorphous  2

Vg = 1.12; %  band gap voltage,  1.12 V

crystaline,  1.75 V

amorphous

Ns = 36; %  (number of series connected cells

(diodes))
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T1 = 273 + 25; %

Voc_T1 = 21.1 /Ns; %  (open circuit voltage per

cell at temperature T1)

Isc_T1 = 3.80; %  (short circuit current per cell

at  temp T1)

T2 = 273 + 75; %

Voc_T2 = 17.05 /Ns; %  (open circuit voltage per

cell at  temperature T2)

Isc_T2 = 3.92; %  (short circuit current per cell

at  temp T2)

TaK = 273 + TaC; %  (array working temp)

TrK = 273 + 25; %  (reference temp)

%  (Va)  0  (Iph_T1) 

% a 

Iph_T1 = Isc_T1 * Suns; %

a = (Isc_T2 - Isc_T1)/Isc_T1 * 1/(T2 - T1); %

Iph = Iph_T1 * (1 + a*(TaK - T1)); %

Vt_T1 = k * T1 / q; % Boltzman’s

Ir_T1 = Isc_T1 / (exp(Voc_T1/(A*Vt_T1))-1);

Ir_T2 = Isc_T2 / (exp(Voc_T2/(A*Vt_T1))-1);

b = Vg * q/(A*k);

Ir = Ir_T1 * (TaK/T1).̂ (3/A) .* exp(-b.*(1./TaK - 1/T1));

X2v = Ir_T1/(A*Vt_T1) * exp(Voc_T1/(A*Vt_T1));

dVdI_Voc = - 1.15/Ns / 2; %  dV/dI
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% %

Rs = - dVdI_Voc - 1/X2v; % (series

resistance per cell)

Vt_Ta = A * 1.38e-23 * TaK / 1.60e-19; %  = 

 * Boltzman’s *

  /

%  Ia  f(Ia) f(Ia) = Iph - Ia - Ir.*( exp((Vc+Ia.*Rs)./Vt_Ta) -1) = 0;

% Newton’s method  Ia2 = Ia1 - f(Ia1)/f’(Ia1)

Vc = Va/Ns;

Ia = zeros(size(Vc));

for j=1:5;

Ia = Ia - (Iph - Ia - Ir.*( exp((Vc+Ia.*Rs)./Vt_Ta) -1))./ (-1 - (Ir.*( exp((Vc+Ia.*Rs)./Vt_Ta) -

1)).*Rs./Vt_Ta);

end
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1.  BP Solar’s  SX60  Silicon

 BP Solar’s  SX60

Electrical Characteristics BP Solar’s model SX 60

Maximum power (Pmax) 60W

Voltage at Pmax (Vmp) 16.8V

Current at Pmax (lmp) 3.56A

Guaranteed minimum Pmax 55W

Short-circuit current (Isc) 3.87A

Open-circuit voltage (Voc) 21.0V

Temperature coefficient of Isc (0.065±0.015)%/°C

Temperature coefficient of Voc -(80±10)mV/°C

Temperature coefficient of power -(0.5±0.05)%/°C

NOCT3 47±2ºC
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2.  SUNSTORE  Sunstore 60/12  Silicon

Monocrystalline

 SUNSTORE  Sunstore 60/12

Electrical Characteristics Sunstore model 60/12

Maximum power (Pmax) 60W

Voltage at Pmax (Vmp) 17.64V

Current at Pmax (lmp) 3.40A

Guaranteed minimum Pmax 58.2W

Short-circuit current (Isc) 3.60A

Open-circuit voltage (Voc) 21.16V

Temperature coefficient of Isc 0.05A%/°C

Temperature coefficient of Voc - 0.35V%/°C

Temperature coefficient of power - 0.45W%/°C

NOCT 46±2ºC

m file  MatLab/Simulaink

Specification

 m file  MatLab/Simulaink

A :  2

crystalline  amorphous  2

Voc_T1  :

Isc_T1  :

Voc_T2  :

Isc_T2  :

Rs : 

T1 , T2  : ,
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Specifications of Solar cell (1kW/m2, 25°C)

Parameters
SolarEx

MSX60

BP Solar’s model

SX 60

Sunstore

model 60/12

Typical peak power (Pm) 60 W 60 W 60 W

Voltage at peak power (Vmp) 17.1 V 16.8 V 17.64 V

Current at peak power (Imp) 3.5 A 3.56 A 3.40 A

Short-circuit current (Isc) 3.8 A 3.87 A 3.60 A

Open-circuit voltage (Voc) 21.1 V 21.0 V 21.16 V

Temperature coefficient of open-circuit voltage ( ) - 73mV/°C -(80±10)mV/°C - 0.35V%/°C

Temperature coefficient of short-circuit current ( ) 3mA/°C (0.065±0.015)%/°C 0.05A%/°C

Approximate effect of temperature on power - 0.38W/°C -(0.5±0.05)%/°C - 0.45W%/°C
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INSTRUMENT ACCURACY LIMITS
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.1  Solarex-MSX-60



136



137



138



139

.2 BP Solar’s  SX60
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.3  SUNSTORE  Sunstore 60/12
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.4 CTL DECISION SHEET DSH251E FOR INSTRUMENT ACCURACY LIMITS (DSH251E)
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.  Real-time Photovoltaic Simulator using current feedback control
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.

(Real-time Photovoltaic Simulator using PID and Fuzzy Logic Control)
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 2543

 TUV SUD (THAILAND) LIMITED . 2546 

081 268 9596

lee_eei@hotmail.com
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