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Abstract 
 This paper presents a Photovoltaic Simulator Simulation using Buck Converter with analysis using bode diagram. A 

state space simulator model is derived to provide a detail non-linear model. The PV Static Model is modified by adding a low 
pass filter in order to avoid an algebraic loop problem and able to analyze easier. PV simulator is realized by controlling buck 
converter’s current using PI Controller with reference from PV model. Then the model is linearized which is used for analysis 
purpose. The system is analyzed using bode diagram for its output voltage against its inputs of solar irradiance and cell’s 
temperature. The Load, Proportional Gain Kp, and Integral Gain Ki are varied to observe their effects into the system stability. 
It is noticed that the limits of gain stability system are so high at all values of load and gains so the Buck-Converter Photovoltaic 
Simulator, which is proposed here, can be declared as a robust system.  
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1. Introduction  

Solar cell is a solid state device that converts the energy of sunlight directly into electricity by the 
photovoltaic effect. Solar cell has a few advantages such as pollution-free, low maintenance costs, as well as low 
operating costs. However, the efficiency of the solar cell itself is still very small. Many factors affect the 
performance of the solar. Therefore simulation is needed to find out how much these factors affect the performance 
of the solar cell [1]~[5]. 

A Photovoltaic (PV) Simulator can be found in many different ways. Some simulators are implemented 
using experimental PV equivalent circuit with diodes [6], some with DSP Controller [7], and others are simulate 
only the I-V curves of PV characteristics [8]. However, the simulator using experimental PV equivalent circuit with 
diodes [6] uses the short circuit current to be its input, not the real inputs of the solar cell: solar irradiance (λ ) and 
cell’s temperature (cT ). The PV equivalent circuit should be replaced with the derived equation from simulation of 

I-V curves of PV characteristics [8]. This model is called PV Static Model, since it use a straight mathematic input-
output relation to make the simulator resembles the actual solar cell. With using the PV Static Model, one could has 
an algebraic loop problem since the output is looped back to calculate the output itself. Furthermore, this problem 
also cause a difficulty to derived the model for simulation and analysis purposes. In order to overcome this problem, 
a low pass filter is added to cut the algebraic loop, and then the model is easy to be realized and analyzed. Here, the 
modified model is called the PV dynamic model. The PV simulator is realized by a buck converter, with PI 
controller and PWM generator. 

In this paper, a simulation of photovoltaic is designed with using a DC-DC converter. A buck converter 
will be used and is current controlled by PI controller with PWM generator to regulate the power switch [10]-[11]. 
The PV characteristics are implemented using PV Static Model and uses a Low-Pass Filter to turn the static model 
into a dynamic model of photovoltaic characteristics. The inputs for the system are solar irradiance and cell’s 
temperature. The system then will be analyzed with bode diagram for its voltage output against its two inputs: solar 
irradiance (λ ) and cell’s temperature (cT ). 

 
 

2. Research Method  
The purpose of research is to find an easy way to simulate and analyze a PV simulator system. A modified 

PV model is proposed by adding a low pass filter into a PV static model. The research method is devided into three 
steps. First, the modified PV simulator model is derived. The model is a detail non-linear state space model which is 
used for simulation. The second step is to linearized the model since then it can be used for analysing the system 
using a classic method such as Bode plot analysis. In the last step, the whole system of PV simulator is analyzed 
using a Bode plot.  

  
2.1. Simulator Model 

The designed circuit is buck converter which outputs a voltage source with the output current is controlled to 
create current as its reference determined by the PV model. Figure 1 shows the PV simulator block diagram. As 
shown in the figure, the PV static model requires voltage and current information inputs to calculate the current 
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reference Iref.  If Iref is used for this purpose and with a low pass filter is inserted, there will be an algebraic loop. 
Although, one can use the current information from the buck converter (I), it will cause degradation in the dynamic 
behavior of the system since this current is also used as the feedback for current PI controller. Therefore, inserting a 
low pass filter between PV Static Model output and its feedback will overcome the problem. 
 
 

 
Figure 1.  PV simulator block diagram. 

 

 
 

 
Figure 2.  Buck Converter Circuit 

 

 
On the blocks, there are several blocks which have own function. The buck converter is characterized by 

buck converter with LC filter block and load block. A single stage LC filter will be used so only one inductor and 
one capacitor exist in the circuit. A 21Fµ capacitor and a 3mH inductor are used in the circuit. Figure 2 shows the 

buck converter circuit with its load. The voltage generated from the buck converter will be detected and input to PV 
Static Model to generate the current reference of PV Static Model by following the low pass filter. Voltage that’ll be 
referenced to the PV Static Model is the output voltage measured at load R. Then, a low-pass filter is used to get the 
response time for the current reference before it works in its own steady state. This turns the PV Static Model into a 
dynamic model. The output from low-pass filter will be used for reference to control the buck’s current. 
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Figure 3.  Photovoltaic equivalent circuit. 

 
 

Figure 4.  PV characteristics 
 

 
Figure 3 shows the equivalent circuit of photovoltaic. Most of photovoltaic simulation was made to 

simulate the characteristics of the relationship between the current and the voltage of photovoltaic. Figure 4 shows 
the characteristic graph of relationship between current and voltage of the photovoltaic, and the power generated 
from these two relationships. With the increase of the voltage, then the current will be reduced until a condition of 
open circuit (I=0). From these relationship, there will be a point where the value of voltage and current that will 
generate the maximum power, or known as MPP (Maximum Power Point). The technique, used in order to maintain 
the power to always be at the maximum point, is commonly known as MPPT (Maximum Power Point Tracker). The 
MPPT is not implemented and simulated in the system, since the purpose of this research is only for the PV 
simulator. 

The voltage from buck converter will be used as input to the PV model to simulate the characteristic of 
photovoltaic. Because the input is a voltage, the one that will be controlled is the current and it will be controlled by 
PI controller and generate PWM pulse on the next block. PV Static model is needed to create the reference current. 
It contains equations with the solar irradiance and cell’s temperature as inputs. From the equivalent circuit in Fig. 3, 
the characteristics equation for PV Static Model derived as: 

= Current

= Power

V
a
lu
e
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where: 

PHI  =  photovoltaic current 

DI  =  diode’s current 

shI  =  shunt resistor’s current 

RSI  =  dark saturation current 

q  =  electron = 191.6 10 C−×  

V  =  voltage 

sR  =  series resistance 

n  =  ideal factor 

k  =  Boltzmann’s constant = 231.38 10 /J K−×  

cT  =  cell temperature 

shR  =  shunt resistance  

sN  =  number of series solar cells 

 
From Eq. (1), a block of PV Static Model is derived with inputs of voltage reference from buck converter, 

solar irradiance, and cell’s temperature, and the current to output a current. It uses a current to calculate the current 
(algebraic loop).  By adding a low pass filter, the current reference used to control the buck’s current is obtained 
without an algebraic loop problem. 

The PV Static Model needs to be converted into a dynamic model by added a low-pass filter. The transfer 
function of low-pass filter is as follow: 

 

( )
( )

1

1
LPF

PV

I soutput
k

input I s Ts
= =

+
 

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

exp 1       (2)
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 (2) 

where: 

LPFI   = low-pass filter’s current. 

 
This characteristic equation is completed by the following equations: 

 
( )OC OC STC refV V T Tβ−= + −
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where: 
λ  = solar irradiance 

refλ  = solar irradiance’s reference=1000 W/m2 
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α  = temperature coefficient of Isc 

RSI  = dark saturation current 

SCI   = short circuit current 

OCV   = open circuit voltage 

q   = electron= 191.6 10 C−×  

n   = ideal factor 

k   = Boltzmann’s constant= 231.38 10 /J K−×  

refT   = temperature reference=250C=298 K 

SC STCI −  = short circuit current at Standard Test Condition 

OC STCV −  = open circuit voltage at Standard Test Condition 

SI  = solar cell’s saturation current 

 
The other parameters those have not been defined in above equations, are adopted from parameters of 

KC50T Kyocera solar cell and listed in Table 1. The value of series and shunt resistances (sR = 0.691 ohm and shR

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

 
After the system has been designed, the system is then modeled to the mathematical. The block diagram of 

the whole system with including the Modified PV model is shown in Fig. 5, and its transfer function block diagram 
is in Fig. 6. 
 
 

λ
 

 
Figure 5.  The modified PV simulator. 
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Figure 6.  Transfer Function Block Diagram of Buck 
Converter PV-Simulator. 
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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 (V/oC) 28.21 10−− ×  

Temp. coefficient of Isc (A/oC) 31.33 10−×  

Temp. coefficient of Vpm (V/oC) 29.32 10−− ×  
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The PWM generator is assumed as ideal gain system. In this paper, the duty cycle of the PWM output will 
be multiplied with gain Kv (value of DC voltage in buck converter). The buck converter with a PI control systems 
model are easily derived based on the block diagram in Fig. 6. After the system’s been modeled, the differential 
equation of the whole system can be obtained. The non-linear model of the system is described in differential 
equations of Eqs. (4)~(7). 
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2.2. Linearization 

For analysis purpose, those non-linear equations are needed to be linearized. The Euler method is used for 
linearization. The linearized model of PV simulator are written in Eqs. (8)~(11). 
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2.3. Bode plot 
Bode plot is a sinusoidal transfer function which consists of two separate graphs. One is a diagram of 

sinusoidal logarithmic transfer function (magnitude) and another is the phase angle. Both graphs are drawn versus 
frequency in logarithmic scale. From the linearized model of Eqs. (8)~(11), the state space model can be obtained in 
the general model: 
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with four states of PIX∆ , I∆ , V∆ , and LPFI∆ , and inputs are solar irradiance (λ ) and cell’s temperature (cT ). The 

matrix A, B, C, and D for state space is as follows: 
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To be able to create bode plot from state space, it is necessary to convert it into a closed loop transfer 

function with using the following equation: 
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Then the closed loop transfer function is converted into open loop transfer function by the following equation: 
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The bode plot of open loop transfer function is then used to analyze the stability of PV simulator. The 

effect of the value of gain’s controller against the load on the buck converter will be analyzed. The best value of Kp 
and Ki are needed to be obtained first through a trial and error method. Then the load will be varied and the system 
can be analyzed. 
 
 
3. Results and Analysis 

In this section, the system will be analyzed. First of all, the system is verified if it resembles the actual solar 
cell by varying the value of load. If the graph resembles the characteristic of photovoltaic, so the designed 
simulation is well made. It uses 15 units of solar cells arranged in series with load change from 50 ohm to 150 ohm.  
 
 

 

 
Figure 7.  Photovoltaic Characteristic derived from 

simulation: current vs voltage, and power vs voltage. 
 

Figure 8.  The ideal characteristic of solar cell Kyocera 
KC50T 
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Table 2. Simulation Results of the System with Load Changes 
Load 

(Ohm) 
Voltage (Volt) 

Current 
(Ampere) 

Power 
(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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The steady state values of voltage, current, and Power of PV simulator with variation on load are listed in 
Table 2. The I-V and P-V characteristics are plotted and can be viewed in Fig. 7. The ideal graph of solar cell 
Kyocera KC50T, calculated using Eq. (1), is shown in Fig. 8. From Fig 7, it can be seen that the graph is similar to 
Fig 8, so the simulation resembles the ideal solar cell Kyocera KC50T.  

The effect of input solar cells to the output current will be analyzed. In this simulation, there are two inputs, 
namely solar irradiance and temperature of solar cells. The solar irradiance will be dropped from 1000 W/m2 to 600 
W/m2 and the cell’s temperature will be dropped from 400C to 270C. The simulation results can be viewed in Fig. 9. 

 

 

 
From Fig. 9, when the solar irradiance drops from 1000 W/m2 to 600 W/m2, the output’s current will be 

dropped about 1.5A while with the dropped cell’s only about 0.1A. From this point of view, it can be concluded that 

 
Figure 13.  Bode plot of voltage against cT∆  which 

Kp is varied 
 

-500

-400

-300

-200

-100

0

M
ag

ni
tu

de
 (

dB
)

10
0

10
2

10
4

10
6

10
8

10
10

-90

0

90

180

P
ha

se
 (

de
g)

 

 

Bode Diagram

Frequency  (rad/sec)

 Kp = 1

 Kp = 10

 Kp = 20

 Kp = 50

 Kp = 100

 Kp = 500

 Kp = 1000

10
2

-13

-12

-11

-10

 
Figure 11.  Bode plot of voltage against cT∆  which 

load is varied. 
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Figure 12.  Bode plot of voltage against λ∆  

which Kp is varied 
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Figure 9.  Simulation results of PV current when solar irradiance and cell’s temperature are changed. 
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Figure 10.  Bode plot of voltage against λ∆  

which load is varied. 
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the solar irradiance’s changes will affect the current’s output more significant than the cell has. 
In order to analyze the system stability then bode diagram of the open loop system is plotted with the 

varied value of load and constant values of Kp=20 and Ki=10. The load is varied from 50 ohm to 110 ohm with the 
increase of 10 ohm.  Figures 10 and 11 show the bode plot of V∆ with solar irradiance and cell’s temperature as 
inputs respectively.  

Figures 10 and 11 show that if the load is increased, the magnitude will be higher, and at one point of load, 
it will be the point that has the highest gain margin, and then if load is increased more, the gain margin will be 
decreased. We can conclude that the load changes affect the frequency responses of system significantly. Overall, 
with the load changes, the system is stable because the gain margins are always positive. 

Then the bode diagram is plotted with the system’s conditions: a constant value of load R=85 ohm, the 
varied values of Kp are 1, 10, 20, 50, 100, 500, 1000, and a constant value of Ki=10. Figures 12 and 13 show the 
bode plot for solar irradiance and cell’s temperature inputs respectively. Figure 12 and Figure 13 show how the 
change of Kp affect the frequency responses of system. From both figures, it can be seen that the higher the Kp, the 
gain margin will be reduced although the effect is relative small. So Kp changes only affect the system relatively 
small compared to the load changes. Overall, the system is stable because the gain margins are positive. 

Furthermore, bode diagram is plotted for the varied value of Ki (1, 10, 20, 50, 100, 500, 1000), with the 
constant values of Kp=20 and load R=85 ohm. Figures 14 and 15 show the bode plot of V∆ with solar irradiance and 
cell’s temperature as inputs respectively. From Figs. 14 and 15, for solar irradiance and cell’s temperature inputs, 
with the increases value of Ki, the magnitude’s frequency response of the system are almost same. Overall, the 
system is stable because the phase margins are positive. From bode plot, it can be seen that the changes of load 
affect the system more significant than the changes of Kp and Ki. So the effect of load changes need to be analyzed 
more using root locus method. Using root locus plot, the gain limit of stability can be defined easier than using bode 
plot.    

 

 
 

 
 

Fig 17.  Root locus plot of the system against λ∆
which load is varied  
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Figure 15.  Bode plot of voltage against cT∆  

which Ki is varied 
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Figure 16.  Root locus plot of the system against λ∆

which load is 50 ohm  
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Figure 14.  Bode plot of voltage against λ∆  
which Ki is varied 
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Figure 16 shows the root locus plot of system’s voltage againstλ∆ which load is 50 ohm, Kp=20, and 

Ki=10. It can be seen that the system will be unstable for gain greater than 55.27 10× . But this value of gain is so 
high, so the system can be stated as a stable system. 

Figure 17 shows the root locus plot of system’s voltage against λ∆   which load is varied from 50 ohm 
until 110 ohm. The gain stability limit for each load condition is plot in Fig. 18. It can be seen that the system has 
minimum gain stability limit of about 4.5x105 at the load of around 80 ohm. However, since the gain stability limits 
are so high in order of 105, it can be concluded that in general the system is stable.  
 

 

 
 

Figure 19 shows root locus of the system againstcT∆  which load is 50 ohm, Kp=20, and Ki=10. The 

system becomes unstable for gain greater than 61.34 10× . But this value of gain is so high, so the system can be 

stated as a stable system. Figure 20 shows root locus of the system against cT∆  which load is varied. In this case, the 

gain stability limit are also so high about 61.34 10× , 61.25 10× , and 61.94 10×  for its value of load of 50, 60, and 70 
ohms respectively. If the load is increased more, the system will always be on the left side of imaginary axis that 
means the system should always be stable. 

 
 
4. Conclusion 

A PV simulator’s been designed in order to be simulated and analyzed. PV characteristic graph can be 
plotted from simulation result with the value change of load. The cell’s temperature affects the output system, but is 
less significant compared to the solar irradiance does. The higher the solar irradiance, the greater the output’s 
current.  

The PV dynamic model is proposed which is composed from its static model and a low pass filter. The 
non-linear model of PV simulator has been derived for simulation purpose, and it has been linearized for analysis 
purpose. From bode plot analysis, it is noticed that load’s changes affect the system significantly.  However, The 
constants of PI controller (Kp and Ki) have not effect to the system significantly compared to the load has. Because 

 
Figure 20.  Root locus plot of the system against 

cT∆ which load is varied   
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Figure 19.  Root locus plot of the system against cT∆

which load is 50 ohm  
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Figure 18.  Gain stability limit versus load 
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the gain margins are always positive, the PV simulator c
From root locus, it is noticed that the gain stability limit of system is so high in order of 10

and 106 for cT∆  input, so the proposed PV simulator 
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