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Abstract

This paper presents a Photovoltaic Simulator Satioth using Buck Converter with analysis using bodgmm. A
state space simulator model is derived to providietnil non-linear model. The PV Static Model isdified by adding a low
pass filter in order to avoid an algebraic loop ptem and able to analyze easier. PV simulator &ized by controlling buck
converter’s current using Pl Controller with referenfrom PV model. Then the model is linearized wisalsed for analysis
purpose. The system is analyzed using bode diadpariis output voltage against its inputs of solaradiance and cell’'s
temperature. The Load, Proportional Gain Kp, ancefital Gain Ki are varied to observe their effect®ithe system stability.
It is noticed that the limits of gain stability g are so high at all values of load and gainsh&eoBuck-Converter Photovoltaic
Simulator, which is proposed here, can be declaged eobust system.
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1. Introduction

Solar cell is a solid state device that converes ¢émergy of sunlight directly into electricity biet
photovoltaic effect. Solar cell has a few advansagech as pollution-free, low maintenance costsyelsas low
operating costs. However, the efficiency of theasatell itself is still very small. Many factors faft the
performance of the solar. Therefore simulationgéseded to find out how much these factors affecp#érormance
of the solar cell [1]~[5].

A Photovoltaic (PV) Simulator can be found in matifferent ways. Some simulators are implemented
using experimental PV equivalent circuit with disdé], some with DSP Controller [7], and others simulate
only the I-V curves of PV characteristics [8]. Hoxge, the simulator using experimental PV equivalgrduit with
diodes [6] uses the short circuit current to benjmit, not the real inputs of the solar cell: sdfeadiance @ ) and
cell's temperatureT,). The PV equivalent circuit should be replacechwite derived equation from simulation of

I-V curves of PV characteristics [8]. This modetalled PV Static Model, since it use a straighthaeatic input-
output relation to make the simulator resemblesatiteal solar cell. With using the PV Static Modale could has
an algebraic loop problem since the output is loopack to calculate the output itself. Furthermaings problem
also cause a difficulty to derived the model fonglation and analysis purposes. In order to oveecthis problem,
a low pass filter is added to cut the algebraip)and then the model is easy to be realized aalyzed. Here, the
modified model is called the PV dynamic model. TP¢ simulator is realized by a buck converter, with
controller and PWM generator.

In this paper, a simulation of photovoltaic is desid with using a DC-DC converter. A buck converter
will be used and is current controlled by Pl colgrowith PWM generator to regulate the power stift0]-[11].
The PV characteristics are implemented using PWcSkéodel and uses a Low-Pass Filter to turn tlagicsimodel
into a dynamic model of photovoltaic characteristidhe inputs for the system are solar irradianug eell’'s
temperature. The system then will be analyzed bdttie diagram for its voltage output against its tmputs: solar
irradiance (@ ) and cell’s temperaturer().

2. Research Method

The purpose of research is to find an easy waynalate and analyze a PV simulator system. A medifi
PV model is proposed by adding a low pass filtés en PV static model. The research method is devit® three
steps. First, the modified PV simulator model isivdeel. The model is a detail non-linear state spaodel which is
used for simulation. The second step is to linearithe model since then it can be used for anaytsia system
using a classic method such as Bode plot analysithe last step, the whole system of PV simulécanalyzed
using a Bode plot.

2.1. Smulator M odél

The designed circuit is buck converter which outpatvoltage source with the output current is abietl to
create current as its reference determined by thenBdel. Figure 1 shows the PV simulator block diag. As
shown in the figure, the PV static model requiretage and current information inputs to calcultte current
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reference L. If | is used for this purpose and with a low passrfikeinserted, there will be an algebraic loop.
Although, one can use the current information fitke buck converter (1), it will cause degradatiarthe dynamic
behavior of the system since this current is alduas the feedback for current PI controller. &toge, inserting a
low pass filter between PV Static Model output #adeedback will overcome the problem.

Buck Converter

|" with LC Filter Load L

T SRR
PWM <J —TT L
1 I V,::I* DA C_— R
PI - Low-Pass ] PV Static | T
Controller et Filter Model Irradiation
Temperature Figure 2. Buck Converter Circuit

Figure 1. PV simulator block diagram.

On the blocks, there are several blocks which leawe function. The buck converter is characterizgd b
buck converter with LC filter block and load blodk.single stage LC filter will be used so only anductor and
one capacitor exist in the circuit. A ZF capacitor and a 3mH inductor are used in the dir&igure 2 shows the

buck converter circuit with its load. The voltagengrated from the buck converter will be detectadiaput to PV

Static Model to generate the current referenceVoSEatic Model by following the low pass filter. \tage that’ll be

referenced to the PV Static Model is the outputag# measured at load R. Then, a low-pass filtesésl to get the
response time for the current reference beforeikwin its own steady state. This turns the P\fiGModel into a

dynamic model. The output from low-pass filter viié used for reference to control the buck’s curren
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Figure 3. Photovoltaic equivalent circuit. |

Voltage VWP Voc

Figure 4. PV characteristics

Figure 3 shows the equivalent circuit of photovioltaviost of photovoltaic simulation was made to
simulate the characteristics of the relationshipwvben the current and the voltage of photovoltiigure 4 shows
the characteristic graph of relationship betweemerit and voltage of the photovoltaic, and the pogenerated
from these two relationships. With the increas¢hefvoltage, then the current will be reduced umtilondition of
open circuit (1=0). From these relationship, thei# be a point where the value of voltage and entrthat will
generate the maximum power, or known as MPP (MaxirRower Point). The technique, used in order tontaai
the power to always be at the maximum point, ismomly known as MPPT (Maximum Power Point Track&éhe
MPPT is not implemented and simulated in the systeimce the purpose of this research is only fer BV
simulator.

The voltage from buck converter will be used auutrp the PV model to simulate the characterisfic o
photovoltaic. Because the input is a voltage, the that will be controlled is the current and itlwe controlled by
PI controller and generate PWM pulse on the nextklPV Static model is needed to create the redereurrent.

It contains equations with the solar irradiance egllls temperature as inputs. From the equivatéctuit in Fig. 3,
the characteristics equation for PV Static Modeivael as:

Buck-Converter Photovoltaic Simulator (F. Yusivar)
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nkT, Ry
where:
o = photovoltaic current
Iy = diode’s current
Iy, = shunt resistor’s current
lss = dark saturation current
q = electron =1.6x10"°C
\Y = voltage
R, = series resistance
n = ideal factor
k = Boltzmann’s constant £.38x 10%°J /K
T, = cell temperature
R, = shunt resistance
N = number of series solar cells

1)

From Eq. (1), a block of PV Static Model is deriweidh inputs of voltage reference from buck congert
solar irradiance, and cell’'s temperature, and tiveeat to output a current. It uses a current toutate the current
(algebraic loop). By adding a low pass filter, tharent reference used to control the buck’s curig obtained

without an algebraic loop problem.

The PV Static Model needs to be converted intoraadhic model by added a low-pass filter. The transfe

function of low-pass filter is as follow:

OUtpUt= | pe (S) =k 1
input 1, (s)  Tstl

With the low-pass filter is used, Eq. (1) becomes:

S

\% \%
q(N+ ILPFRSJ W+|LPFRS
_1 — S

I =15, —lgs| €XP e R
c h

where:
| pr = low-pass filter’'s current.

This characteristic equation is completed by tHiefang equations:

Voc = Voc— stct B(T - Tref)
A

loe =—1
sc SG- STC
A

lrs q—V
exp—2>-1
( nkT J

ref

where:
A = solar irradiance
A = solar irradiance’s reference=1000 V/m

ref

(@)
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a = temperature coefficient ofl

Irs = dark saturation current

lsc = short circuit current

Vo = open circuit voltage

q = electron4..6x 10*°C

n = ideal factor

k = Boltzmann’s constanf=38x 10%°J /K

= temperature reference¢5298 K
lscstc = short circuit current at Standard Test Condition
Voc-stc = open circuit voltage at Standard Test Condition

Is = solar cell's saturation current

The other parameters those have not been definedbdme equations, are adopted from parameters of
KC50T Kyocera solar cell and listed in Table 1. Madue of series and shunt resistancBs=0.691 ohm andR,,

=10850 ohm) are adopted from [11]. Cell's tempamiand solar irradiance will be the inputs for thystem, so
their value can be varied and analyzed then.

Table 1. Solar Cell KC50T Parameters.

Characteristics Value

Rated Power, Watts (Pmax) 54 +10%
-5%

Open Circuit Voltage (Voc) 21.7

Short Circuit current (Isc) 3.31

Voltage at Load (Vpm) 17.4

Current at Load (Ipm) 3.11

Temp. coefficient of Voc (VC) -8.21x 107

Temp. coefficient of Isc (AC) 1.33x 10°

Temp. coefficient of Vpm (VC) -9.32x 10?

After the system has been designed, the systelneisrhodeled to the mathematical. The block diagrm
the whole system with including the Modified PV neb@s shown in Fig. 5, and its transfer functiondi diagram
is in Fig. 6.

TLPE—~e Buck Vo Buck Converter E
PI 1 !
A Converter 7 I V. H
T Ky +—L 1 1= 5 R o i
S Ls RCs+1
I I i <-|
L P Filter |« PV Static [
Model
L] G U Equation (3)]<
T Ts+1 | q <
PV Dynamic Model A Te T T
PV Dynamic Model A T

Figure 5. The modified PV simulator.
Figure 6. Transfer Function Block Diagram of Buck
Converter PV-Simulator.
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The PWM generator is assumed as ideal gain systethis paper, the duty cycle of the PWM outputl wil
be multiplied with gairK, (value of DC voltage in buck converter). The budkverter with a PI control systems
model are easily derived based on the block diagraffig. 6. After the system’s been modeled, thiéedintial
equation of the whole system can be obtained. Torelinear model of the system is described in diffitial
equations of Egs. (4)~(7).

d
d_ XPI = ILPF -1
t 4)

il = KVKPILPF - KVKPI + KVKIXM _lvo

dt L L L L (5)

EVO - _ivo +i |

dt RC C (6)

a4, ==L+ L

dt “FF T W T @
where:

T, ’ 1 1
\Y c V
) N +R o | sest{.rfj qu(Tf - TJ q(N +1 e RSJ
"= LTl et a(T. -T..) [—— - © ex /| ex s -1
( i sc-stc T a(T, ref)J R, iy p nk p kT,
exp——=--1
nk-l;ef

2.2. Linearization
For analysis purpose, those non-linear equatioms@eded to be linearized. The Euler method is fmed

linearization. The linearized model of PV simulaéoe written in Egs. (8)~(11).

d
St %o = Bl — LM
(8
A a = KKe o~ KKep 4 KVK'AXPI —EAVO
dt L L L L (9)
QAVO = —iAvo NEYN
dt RC C (10)
d 1 1 & q& IRS-I-ﬁ2 a TOIRSA. qu
el e e Y B AT,
dt °F ( T T( Rh [ nkTef3 AlAZ LPF T TTref3 c0 nk Az'% c
2
+1 1 _ qIRS TGZ)3 A,Ag A\/o +1 ISC—STC AA (11)
T Ns &h nk,\LTref T Aref
where:
1 1
A =ex QEQ{T’“ TCOJ
nk
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V,
q( l\])o + ILPFOst
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2.3. Bode plot

Bode plot is a sinusoidal transfer function whiamnsists of two separate graphs. One is a diagram of
sinusoidal logarithmic transfer function (magnituded another is the phase angle. Both graphsrasendversus
frequency in logarithmic scale. From the linearireddel of Eqgs. (8)~(11), the state space modebeaobtained in
the general model:

X = Ax+ Bu (12)

y =Cx+ Du (13)

with four states ofAX,, , Al , AV , and Al .-, and inputs are solar irradiancé Y and cell's temperaturéel(). The

matrix A, B, C, and D for state space is as follows

0 -1 0 1
KK, KK, 1 KK,
A= L L L L
1 1
0 . L
C RC
L 0 0 A43 A44 .
- 0 O_
0 0
B= 0 0 ,
1 ISC—STC
B
T[ /]ref "

where:

1 1 (gl T
AB_?{NS&h [nkNST 3JAAJ

ref

_|_1_ 1R [adR les T
A““"{ T T(F@f( i JMJJ
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T TT.° nk

ref

B, = [£+M(3Tco _E"' AzAij

To be able to create bode plot from state spads, riecessary to convert it into a closed loopsiem
function with using the following equation:

G,(s)=C(sl- A" B+ C (14)

Then the closed loop transfer function is conveiéol open loop transfer function by the followiaguation:
G, (8)=—%"~ (15)

The bode plot of open loop transfer function isnthesed to analyze the stability of PV simulatoreTh
effect of the value of gain’s controller against tbad on the buck converter will be analyzed. bést value oK,
andK; are needed to be obtained first through a tridl @mor method. Then the load will be varied arel ghistem
can be analyzed.

3.  Reaultsand Analysis

In this section, the system will be analyzed. Fafstll, the system is verified if it resembles #wdual solar
cell by varying the value of load. If the graph eetbles the characteristic of photovoltaic, so tlesighed
simulation is well made. It uses 15 units of sakalis arranged in series with load change from&® to 150 ohm.

Table 2. Simulation Results of the System with L@dénges

Load Current Power
(Ohm) Voltage (Volt) (Ampere) (Watt)
50 164.3350 3.2867 540.1198
60 196.8900 3.2815 646.0945
70 228.9560 3.2708 748.8693
80 255.3440 3.1918 815.0069
85 263.6275 3.1015 817.6407
90 269.5320 2.9948 807.1944
100 277.5700 2.7757 770.4510
110 283.0740 2.5734 728.4626
120 287.2200 2.3935 687.4611
130 290.5110 2.2347 649.2049
140 293.2300 2.0945 614.1702
150 295.5300 1.9702 582.2532
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Figure 7. Photovoltaic Characteristic derived from _. "% . - 300/
simulation: current vs voltage, and power vs vatag Figure 8. The ideal crllacgggt_lc?nstm of solar cefbkera
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The steady state values of voltage, current, amdePof PV simulator with variation on load are didtin
Table 2. The I-V and P-V characteristics are ptbtéend can be viewed in Fig. 7. The ideal graphatdirscell
Kyocera KC50T, calculated using Eq. (1), is showrrig. 8. From Fig 7, it can be seen that the giaggimilar to
Fig 8, so the simulation resembles the ideal st#irKyocera KC50T.

The effect of input solar cells to the output caotreill be analyzed. In this simulation, there am® inputs,
namely solar irradiance and temperature of solks.cEhe solar irradiance will be dropped from 1000’ to 600
W/m? and the cell’'s temperature will be dropped frofiGieb 27C. The simulation results can be viewed in Fig. 9.

35A—

) \

3 \

<
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S
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35A—
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3.0AL—
Current (Lamda) — — = Current (Cell's Temperature)

Figure 9. Simulation results of PV current whelasaradiance and cell’'s temperature are changed.
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Figure 10. Bode plot of voltage against Figure 11. Bode plot of voltage against which
which load is varied. load is varied
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Figure 12. Bode plot of voltage against Figure 13. Bode plot of voltage against which
whichK, is varied K, is varied

From Fig. 9, when the solar irradiance drops fraddal W/nf to 600 W/ni, the output’s current will be
dropped about 1.5A while with the dropped cell’sycabout 0.1A. From this point of view, it can bencluded that

Buck-Converter Photovoltaic Simulator (F. Yusivar)
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the solar irradiance’s changes will affect the entis output more significant than the cell has.

In order to analyze the system stability then bdamgram of the open loop system is plotted with the
varied value of load and constant value&gf20 andK;=10. The load is varied from 50 ohm to 110 ohm itk
increase of 10 ohm. Figures 10 and 11 show the Ipbat of AV with solar irradiance and cell’s temperature as
inputs respectively.

Figures 10 and 11 show that if the load is incréadee magnitude will be higher, and at one pofribad,
it will be the point that has the highest gain nmargnd then if load is increased more, the gaimgmawill be
decreased. We can conclude that the load chanfgs #fe frequency responses of system signifiga@iberall,
with the load changes, the system is stable bed¢hasgain margins are always positive.

Then the bode diagram is plotted with the systecoisditions: a constant value of load R=85 ohm, the
varied values oK, are 1, 10, 20, 50, 100, 500, 1000, and a constdoe ofK;=10. Figures 12 and 13 show the
bode plot for solar irradiance and cell's tempamtinputs respectively. Figure 12 and Figure 13wshow the
change oK, affect the frequency responses of system. Frorn figaires, it can be seen that the higherKhethe
gain margin will be reduced although the effectaktive small. Sd{, changes only affect the system relatively
small compared to the load changes. Overall, tetenyis stable because the gain margins are pasitiv

Furthermore, bode diagram is plotted for the vasiatlie ofK; (1, 10, 20, 50, 100, 500, 1000), with the
constant values d€,=20 and load R=85 ohm. Figures 14 and 15 showahle plot of AV with solar irradiance and
cell’'s temperature as inputs respectively. FromsFigt and 15, for solar irradiance and cell's terapge inputs,
with the increases value #f, the magnitude’s frequency response of the systmmalmost same. Overall, the
system is stable because the phase margins aev@oBirom bode plot, it can be seen that the cbargf load
affect the system more significant than the chamgé§, andK;. So the effect of load changes need to be analyzed
more using root locus method. Using root locus, dlat gain limit of stability can be defined eagl&an using bode
plot.
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Figure 14. Bode plot of voltage agairst Figure 15. Bode plot of voltage against
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Figure 16. Root locus plot of the system agaimst ~Fig 17. Root locus plot of the system against
which load is 50 ohm which load is varied
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Figure 16 shows the root locus plot of system’stage againsti which load is 50 ohm, Kp=20, and
Ki=10. It can be seen that the system will be uslstdor gain greater th&27x 16 . But this value of gain is so
high, so the system can be stated as a stablersyste

Figure 17 shows the root locus plot of system'sage againstAM which load is varied from 50 ohm
until 110 ohm. The gain stability limit for eachalb condition is plot in Fig. 18. It can be seert tha system has

minimum gain stability limit of about 4.5xX@t the load of around 80 ohm. However, since #ia gtability limits
are so high in order of 20it can be concluded that in general the systestaisle.

8x10°
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6.5x10
6x10°

5.5x 10 /
5x1¢° ‘\ //

4.5x10

4x10

50 60 70 80 920 100 110 (Ohn
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Figure 18. Gain stability limit versus lo.
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Figure 19. Root I_OCUS plo.t of the system aganTst Figure 20. Root locus plot of the system against
which load is 50 ohm AT, which load is varied

Figure 19 shows root locus of the system ag#st which load is 50 ohm, Kp=20, and Ki=10. The
system becomes unstable for gain greater 8x 10. But this value of gain is so high, so the systan be
stated as a stable system. Figure 20 shows roos lofcthe system again&T, which load is varied. In this case, the

gain stability limit are also so high abdud4x 16, 1.25x 16, and1.94x 16 for its value of load of 50, 60, and 70
ohms respectively. If the load is increased mdre,dystem will always be on the left side of imagynaxis that
means the system should always be stable.

4. Conclusion

A PV simulator's been designed in order to be satad and analyzed. PV characteristic graph can be
plotted from simulation result with the value chargf load. The cell's temperature affects the ougystem, but is
less significant compared to the solar irradianoesd The higher the solar irradiance, the gredteroutput’s
current.

The PV dynamic model is proposed which is compdsaah its static model and a low pass filter. The
non-linear model of PV simulator has been derivedsimulation purpose, and it has been linearizedahalysis
purpose. From bode plot analysis, it is noticed tbad’s changes affect the system significantjowever, The
constants of Pl controlleK(, andK;) have not effect to the system significantly corapiato the load has. Because

Buck-Converter Photovoltaic Simulator (F. Yusivar)
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the gain margins are always positive, the PV sitoulean be declared as a stable sysi
From root locus, it is noticed that the gain sigblimit of system is so high in order of ° for A1 input

and 16 for AT, input, so theoroposed PV simulatsystem is a robust system.
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