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PATUMPORN WONGYAI : SOLAR ENERGY CONTROL SYSTEM WITH
MAXIMUM POWER POINT TRACKING USING PERTURBATION AND
OBSERVATION METHOD. THESIS ADVISOR : ASSOC. PROF.

KONGPAN AREERAK, Ph.D., 165 PP.

SOLAR ENERGY/ POWER ELECTRONICS/ AUTOMATIC CONTROL

Energy conservation and renewable energy is very important. Solar energy is
interesting because this energy is sustainable and endless. This thesis focuses on the
control system with maximum power point tracking for stand-alone solar cell to
achieve the maximum power for each irradiance. The thesis presents two maximum
power point tracking techniques. The first technique is an open circuit voltage method
in which the prototype of this technique is called MPPT VOC charger. However, this
charger depends on the constant ratio that can be determined by testing the solar
panels, As a result, the use of MPPT VOC is not useful for engineering. Hence, the
thesis also presents the second technique is perturb and observe method in which the
prototype of this technique is called MPPT P&O charger. This charger depends on
two values that are the error and duty cycle. Therefore, MPPT P&O charger is more
general than MPPT VOC charger. The results show that the MPPT P&O charger can
provide power from solar cell for charging the battery in which the high efficiency in

terms of energy and economic can be achieved via the proposed charger.
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A15199 6.2 Hansnaaelganaael MPPT VOC

ANMANLAIW/M) | Vo (V) | 1,(A) | Poy W) | Vo V) | T (A) | Py W)

200 27.64 0.253 6.993 12.5 0.39 4.845
400 27.65 0.414 11.447 12.54 0.639 8.013
600 27.81 0.548 15.240 12.55 0.818 10.266
800 27.83 0.664 18.479 12.7 0.915 11.621

1000 28.32 0.756 21.409 12.85 1.195 15.356
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ANUTAIWM) | Vo, (V) | (A | P W) | Vi V) | 1o (A) | P (W)
200 326 | 0247 8.05 127 | 0.461 5.85
400 298 | 0.409 12.19 13 0.679 8.83
600 305 | 0542 16.53 132 | 0865 11.42
800 302 | 0611 18.45 132 | 0991 13.08
1000 298 | 0732 | 2181 12.9 1218 15.71

31471 6.4 HAMINATOUYATIIY Com. without MPPT

ANUTIAIWm) | Vo, (V) | 1 (A) | P W) | Vi V) | 1o (A) | P (W)
200 1287 | 0.096 1.24 1235 | 0.096 1.19
400 13.55 | 0261 3.54 1244 | 0.261 3.25
600 1447 | 0521 7.54 1252 | 0521 6.52
800 17.54 | 0.751 13.17 126 | 0.751 9.46
1000 1849 | 0.875 16.18 12.66 | 0.875 11.08

31471 6.5 HAMTNATOUYAII NI MPPT Com.

AIAIAI(Wm) | Vo V) | (A | Py W) [V V) | 1o (A) | B W)
200 13.10 | 034 4.44 1210 | 029 3.50
400 13.40 | 055 7.38 1210 | 0.52 6.23
600 1320 | 077 10.12 1210 | 073 8.83
800 1290 | 095 12.19 1210 | 0.90 10.85
1000 12.80 1.01 12.93 1210 | 095 11.54
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600 | 27.81 | 054 | 15.24 1255 | 0.81 10.26 305 | 054 | 1653 | 132 | 0.865 | 11.42 | 1447 | 0.521 7.54 | 1252 | 0.521 6.52 1320 | 0.77 | 1012 | 12.10 | 0.73 | 8.83
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1000 | 2832 | 075 | 21.40 12.85 1.19 1535 208 | 073 | 21.81 | 129 | 1218 | 1571 | 1849 | 0.875 | 16.18 | 12.66 | 0.875 | 11.08 | 12.80 | 1.01 | 1293 | 12.10 | 0.95 | 11.54
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30.5,30.2 az 29.8 V awaau uazma Wiihveaumassaduaseinag P, 92AUNIAY 8.05,
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Abstract

The paper presents the maximum power point
tracking for stand-alone photovoltaic to achieve the
maximum power for each irradiance. The open-circuit
voltage techmque is used in the paper because it is
simple and easy for implementation via an analog
device. This method is operated with a buck converter to
determine the maximum power point. The simulation
results show that the system with the proposed algorithm
can provide the maximum power from the stand-alone
photovoltaic compared with the system without the
maximum power point tracking control.

Keywords: stand-alone photovoltaic, maximum power
point tracking, open voltage algorithm
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ABSTRACT

Recently, the solar photovoltaic sources have become a
useful renewable energy for a power generation.
Normally. the solar cell is operated with the power
electronic devices. For analysis and design of such
system. the mathematical model s required.
Unfortunately, dynamic models of power converter are
time-varying in nature because of their switching actions.
As a result, the system analysis and design via the time-
varying model is very complicated. Therefore. this paper
presents the mathematical model of buck converter fed by
the PV array. The proposed model is denived from the
generalized state-space averaging method. This method is
used to eliminate the switching behavior to achieve the
time-invariant model suitable for a system analysis and
design via the conventional control theory. The intensive
time-domain simulations show that the resulting model
can provide high accuracies in both transient and steady-
state responses with fast simulation time compared with
the exact topology model.

1. INTRODUCTION

Generally. dynamic models are very mmportant for
system analysis and design. Unfortunately. the models of
power electronic based systems are time-varying in
nature in which the system analysis and designs via these
time-varying models are very complicated. Therefore,
several approaches are commonly used for eliminating
the switching actions to achieve the time-invaniant model.
Then, the classical linear control theory can be easily
applied. This paper presents how to derive the dynamic
model of the example system, a solar photovoltaic
feeding a buck converter with a resistive load, by using
the generalized state-space averaging (GSSA) method
[1]-[4]. The derived model is validated by the intensive
time-domain simulation via the exact topology model
from  SimPowerSystems™ (SPS™) of MATLAB.

The results show that the reported models provide high
accuracies in both transient and steady-state responses.
Moreover, the fast simulation time can be obtained.
Hence, the reported model in the paper can then be
applied as the objective function for the optimal
controller design using the artificial intelligence
techniques in the future works. However, the aim of this
paper is focus on only how to derive the time-invariant
model of the considered power system.

The paper is structured as follows. In Section 2. the
considered system is illustrated. In Section 3, deriving the
dynamic model of the considered system using the GSSA
methods 1s explained. In Section 4. the model validation
using the small-signal simulation 1s illustrated. Finally.
Section 5 concludes and discusses the advantages of
proposed model derived from the GSSA method.

2. STUDIED SYSTEM

The considered system is depicted in Fig. 1. It consists
of a PV array. buck converter. and resisuve load. It is
assumed that the buck converter is operated under a
continuous conduction mode (CCM). In Section 3, the
model derivation using a GSSA method to achieve the
time-invariant model due to eliminating switching actions
of switch S; will be explained.

Buck Converter

Fig. 1 The studied system
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3. DYNAMIC MODEL
In this paper, the GSSA method is used Lo derive the
dynamic model of buck converter in which the switching
function under the CCM condition is lirstly deflined in (1).

. O<r<dT,
u([)= (1)
0, dI <t<T,

where ¢ is the duty cycle of the swilch §; as shown in
Fig. 1.
Applying the KVL and KCL to Fig. 1. the time-varying
model of the studied system is given by (2).

1

. . [
1-‘!7‘;251',,\.—5[,1((1)
(2)
[ 1
Vg =——ip — ,
(e 1. R,

By using the GSSA method. the zero and the first order
components of the [unction u(r} can be expressed as

1 d%; 1 » |

<u>“ :FL Ied :?M:ﬁ)[' =d 3)
o ey, Sin{2ﬂz/) _ _sinz(,m’)

{u), = T I: le a'af__LT = “)

Based on the complex [Fourier series, the (irst-order
approximations of the actual states are denoted as

_ — jkent , | L Tkeo,r )
e _<Vf’“> Le o Jr<}1”">0 +<‘J"‘>1( '
ip = (i) o (i), + (i) e (5)

The Fourier expansion Teads (o 9 state variables denoted
by x; as follows:
<th>| = X5+ fXg

<"u>u i3

(iﬂ)I =3+ X4

<ii,>n =Xy

<vm>l =3+ %

<vyr>0 =*7

. d ) -
For k=1, one can obtain E< >‘ and (Qu({))] as follows:

Vo

d 1 1
R )

<f1r“(r)>| = (if )\ <”('r)>n +<.r',, >o<u(t)>|

Therelore,
i,y

W, =
drt

By substitution, the following relations for x, and %, can
be obtained

. d sinl2md
X| =@, —(—‘L.xj _E(T'l)xg (7)

d  sin’(md)

Xy =~ — — Xy +
acy

g x (®)

S d 7 . o
Considering the terms — {5, }, and L(v ), - in a similar
di /AN

manner one ¢an obtain Xy, &, , ¥sand i, cxpressed as

. d 1 sin(2mit)

Fy =X WXy —— Xg Ty [C)]

P L w7

. d | Sinz(?w']

Xy =— Xy =Xy —— Xy ————— X 10

4= N O T 2 (10)
1 |

X Ny ——— X5 + @ X, 11

ST T R, T an

X, X, — @ *L‘C (12)

No = Ma T O R(.‘th

For £=0, ;—3;(\‘ >“ and (iw(l))o can be derived and

expressed by

d [ 1.
E(Vf" ><‘v = a(fi”’>u 7a<’]‘u([)>0
{1t = (i), (140,
Therefore,

d 1.
k=l

Hence, i; can be obtained by substitution as

C%((h.)o(u(r))o) (13)

Sy =i g (14)

. o d d
In a similar manner, considering—{i, }_and —({v,)} . the
gd’<L>o (1'/( t)O

terms xgand x, can be derived and expressed by

2l 1

X5 =—X; ——X 15
A A 1
. 1 1

Xg = ——Xg ———X, 16
9 I ST 2 9 (16)

Let x:[x, Xo o xa]' be the state vector, u:[if,‘,]

and )":[.\'L Xy xp] be the input and the output,
respectively, Hence, the obtained lincar time-invariant
model in the form of
X = Ax+Bu|

. (17)
v=Cx+ Dzif

The details of A, B, € and D arc show as follow:
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0 o, -— 0 0 0 0
G
d
o, 0 0 - 90 0 0
G
[4 o o o, ) . 0o |
2 L 2d
o L ow 0 0 1 sin’ (=) N
L ' L .
A=l 0 0 L 0 - o, 0 0 0
« RC,
0o 0 o . o, -— 0 0 0
« RC
o 0 0o o 0 0 0 & 0o |
(.l |
[ 0 0 0 g 0 =1
L L
o 0 0o o 0 0 0 ] |
| C RC, |
\ T
B=[0 00000 = 0 0] C=lyy D=0y,
1

Based on the first-order approximation (k=1), the output
waveforms can then be calculated by the resulting state
variables as follow:

Ve = X3 + 2, cos(ax) - 2x, sin(ax)

ip = xg +2x; cos(ax)—2x, sin(ex)

v, = Xg + 2X5 COS(eX ) = 2x, sin(ax )

where i, is the output current from the PV array. This

current depends on irradiance (/rr) and temperature (7)
[5] in which it can be calculated by

. i e
L_ (i,,.+K,(T-T,4 )IL- "'_n [L,:Un_ll (18)
G, Irr, D oe.

eCkn |

where

i,. = short circuit current

V', = open circuit voltage .
K, = current proportionality constant (2.2x107)
T = panel temperature(Kelvin)

Irr = irradiance (W/m’)

g = electronic charge(1.6x10™" coulombs)

C = number of cells in 1 module .

k = Boltzmann’s constant (1.3805x10™ j/K)
n = diode factor (Silicon diode=1.2)

Standard Test Conditions (STC) : Irr,=1000W/m’,

T,4=25°C, AM=1.5

The dynamic model in (17) is called the first-order
approximation of GSSA model. If the considered
waveforms can be assumed that they do not have the
ripple, the zero-order approximation can be applied. As a
result, only ¥; xgand ¥;are remained in the dynamic
model as shown in (19).

=4 o 1,
% . G x5 EI'"
i l=|= 0 e x5 [+ 0 (19)
X, E i X 0
Xy 0 __l_ i 1 9
C RC,

It can be seen in (19) that when k is equal to 0 for the
zero-order approximation, ¥; ¥gand ¥, are equal to

Vs ipand v, respectively.

4. MODEL VALIDATION

The obtained models are coded in MATLAB for
simulation comparisons with SPS™  software. The
simulated circuit as shown in Fig. 2 has the following
components:

Photovoltaic: 7., =273.15+25 Kelvin, Irr,=1000W/m’,
T =273.15+25 Kelvin, In=1000 W/m’, i,=235 A,
1.3V, K=2.2x107 , (=36, k=1.3806504x10" j/K,

Voi
n=1.2

Buck Converter
L=15mH , R=5Q

C,=4704F . C5 =10004F

Simulation results in Fig. 3 to Fig. 5 are the output
voltage waveforms of the PV array, the inductor current
of buck converter, and the output voltage of buck
converter from the zero-order and first-order
approximations compared with the results from topology
model of SPS™ when the d equal t0 0.3.

I l.— =+ Crearows

Fig. 2 Topology model simulated in SPS™ of MATLAB
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Ve V)

to (20). the zero- and first-order GSSA models can
provide %f,,,,, of 95.28% and 78.60%. respectively.
These values indicate that the simulation using the
averaged models requires short computational time
compared with SPS™. Note that, more accurate models
can be obtained by increasing & in the GSSA derivation in
an exchange of more tedious derivation, and
I time i

topoiogy
——— 200 crder
—_r

0 om oo 006 0o 012 0w 0% o1 02

o1
Time (Sec)

Fig. 3 The output voltage of PV array when d=0.3

L

5. CONCLUSION

This paper presents how to derive the dynamic model
of the PV array feeding a buck converter. The GSSA
method is used to eliminate the switching behaviour of
the buck converter. The simulation results show that the
proposed averaging model provide a good accuracy in
both transient and steady-state responses. Moreover, the
proposed model consumes the fast simulation time
compared with those of the exact topology model.
According to the advantages of the resulting model, the
classical control theory can be easily used for the system
analysis and design. In addition, the dynamic model
derived from the paper is suitable for the optimal
controller design using the artificial intelligence
i the fast simulation time can be

achic\‘:d from the proposed model.
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Fig. 4 The inductor current of buck converter when d= 0.3
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Fig. 5 The output voltage of buck converter when d=0.3

The computing times taken by MATLAB coding for
the zero- and first-order models are 0.56 s. and 2.54 s.,
respectively, while SPS™ consumes 11.87 s. for full
topology simulation. The comparison of simulation time
can be illustrated in terms of computational time saving
defined by:

g —lo
Yot —x100% (20)

15
where 7, and 1,, are the simulation times of full topology
and the averaged GSSA models, respectively. According

saving —
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This technique 1z simple. However, it can provide a high performance.
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proposed P&O method 12 improved. Therefore, the maxsmum output
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sk st sfe sfe s sfe s s sfe s sfe s sfe s sfe s sfe s sk sk sk sk st st sk sfe sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk kot sk ko kot ok kol ko kokokokokokokokokokok

TRaTisunsumsnusesgamasgegaaiods P&o 1nlisunsudu$agy SIMULINK
Tu MATLAB Taelduden MATLAB FUNCTION
.
function duty = mppt(deltha,dutyold,t)
//BUnAYDIUADN MATLAB FUNCTION fie mnaaasdas luiwazussdudiniuna
fagudumunaideunt AP <AV aigsasmihiimunaineunth d(k —1) uaz
A t
es=0.005; /MAUAAIANVHANAIN &,
//f Step size Ad
if deltha>=5
dd=0.01;
else
dd=0.001;
end
/TsunsumMsmuseeyaiaIgaganieds P&O
if  t<0.1
duty=0.5;
else
if abs(deltha) <= es
duty=dutyold;
elseif deltha>=0
duty=dutyold-dd;
else
duty=dutyold+dd;
end

end
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sk st sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ko ok

Tsunsumsnusoegamaigaganieits P&O
sk st sk sie sk s sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk st sk sk sk sk st sk st sk st sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeoskeoskeoskoskeoskoskeoskosteoskosteoskoskeokoskeokoskokoskokosk

o (% I (% a
fmviuadls dluauaunaiion
float V_k,P_k,Deltha V k,Deltha P _k,Deltha duty,Duty k,Deltha PandV k;
float V_k1=0,P_k1=0,Deltha V_k1=0,Deltha P k1=0,Duty k1=50;
float Voltage Sense,Current Sense,Voltage Actual,Current Actual,Power Actual;

o Yo T o ) @ (% I aa Ay Y
sivualisumyesdyaiu ADCT dmiuulasdyanauueuzasniluatneai lann
1993013299005 9A U Tl
int Voltage Sensor=7;

o Yo R @ ) o (%% I aa A ¥
sivualisumyesdyaia ADCO dmiuuasdyanaueuzasniluatneai lann
/navsasavsunsud lvh

° o I Y ) I
/mvuaandls tluaasiiuuauy
int Current_Sensor=0;
int Read Voltage,Read Current;

ﬁ**************************************************************************

/R FuRaAve eI arduino [void setup()] Lﬁ@ﬁmuﬂﬁﬁ’gﬁ’ﬂﬁwﬁﬁﬁ
ﬁ**************************************************************************
int pwm=11;

void setup()

{

Serial.begin(19200);

Serial.begin(9600);

Serial.flush();

pinMode(pwm,OUTPUT);
TCCR1A=(1<<COMI1A1)|(0<<COM1A0)|(1<<COMI1B1)|(0<<COM1B0);
TCCRI1B=(1<<WGM13)[(0<<WGM12);
TCCRIAJ=(0<<WGMI11)|(0<<WGM10);
TCCRIBJ=(0<<CS12)|(0<<CS11)|(1<<CS10);

TCNT1=0;
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OCR1A=0;
OCR1B=0;
ICR1=800;
b

N**************************************************************************

'
2 o [

/laRFUIUTOUYB D3R ardruio [void loop()] HleIUTOLAIM NI dmsy
MINWTIYAMAIFIZARI0IT P&O
ﬁ**************************************************************************
void loop()
{
while(1)
{
//ﬂ']ﬁ@"]u?i'llﬁ\iﬁ)uﬁ]']ﬂ'lﬁ%ﬁﬁﬁ?ﬂﬁjﬂllﬁﬁﬁu‘lWﬂWLLagLLﬂﬂQﬁWﬁTNﬁNﬂ'ﬁ (5-3)
Read Voltage=analogRead(Voltage Sensor);
Voltage Sense=((float)Read Voltage)/1024*5;
Voltage Actual=10.65*Voltage Sense;
//MIUAINTLUAINIDTATIVIUNTzuA T huazi)asmauaums (5-11)
Read Current=analogRead(Current_Sensor);
Current_Sense=((float)Read Current)/1024*5;
Current_Sense=((float)Read Current)/1024%*5;
Current _Actual=(1.04575* Current _Sense)-0.033;

”**************************************************************************

// TsunsumsauseegamaIgaganieit P&O
ﬁ**************************************************************************
Power Actual=Voltage Actual*Current Actual;
V_k=Voltage Actual;
P_k=Power Actual;
Deltha V_k=V k-V kl;
Deltha P k=P k-P kl;

Deltha PandV_k=Deltha V_k*Deltha P k;
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//Step size Deltha PandV

if(abs(Deltha PandV_k)>=1.00)

{

Deltha duty=1;

}

else if(abs(Deltha PandV_k)<1.00)

{

Deltha_duty=0.01;

H

sususigsnsnihiimwsanesiin Tassmualdmanufanaaniinuo.os

if(abs(Deltha PandV_k)<=0.05)

{

Duty k=Duty kl;

f

else if(abs(Deltha PandV_k)>0.05)

{

Duty k=Duty kl1-Deltha duty;

}

else

{

Duty k=Duty kl+Deltha duty;

}

OCRI1A=ICR1*(Duty_k/100); //ffiﬁ’g,]%’ﬂmﬁwﬁ 0-100
Duty ki=Duty k; JSmanmigsnsvihi
Deltha V_k1=Deltha V k; /emaannaniausau Tnih
Deltha P k1=Deltha P k; /emaaninan1amaa i
V k1=V k; /emannmsaan Tuih

P k1=P k; /emaannad i

f

}
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