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Abstract. this paper presents an emulation of PV modules based on the 
buck DC/DC converter as a replacement of actual solar electricity generation 
sources for laboratory experiments for testing the conditioners and MPPT 
algorithms. The buck converter was designed in constant current control 
mode and the output current of the buck converter is referred to lookup tables 
constructed based on I-V curves of product datasheets or mathematical 
equations.  Dynamic performance of the current control loop was 
investigated. To validate the performance simulation and experiment as 
carried out and a comparison between simulated and practical results 
obtained from laboratory test with actual sources is performed. It is 
confirmed the buck converter-based PV simulator is a simple, safe, versatile, 
and effective way of physically representing of real solar source.  

1 Introduction 
The demand for solar energy electricity generation system has been continuously increasing 
due to the improvement of technology of solar panel and power conversion, particularly with 
growing demand for renewable energy across the world. PV inverters constructed using 
power semiconductor devices and microcomputer-based control circuit are always required 
to control the PV system so that the connected PV system can always capture the maximum 
possible energy by operating it at its maximum power point (MPP) under a given solar 
irradiance. It is important to adequately evaluate the inverter’s efficiency, reliability, and 
performance to reduce the development time of PV inverters and therefore repeatable test is 
required for the development PV inverters and MPPT algorithms.  Using a real PV array to 
test PV inverters is known as an efficient method as it would take up more space and not able 
to carry out repeat test conditions during the continuous variation of solar irradiance. PV 
emulator-based testing method has been proved a low-cost solution and independent of the 
weather conditions [1-9].  

Various PV emulators have been developed over the years, among these, analog 
technique-based PV emulator has the advantage of high bandwidth, and it can provide fast 
response for testing high frequency MPPT algorithms [1], [2], [3], [7], [8]. However, this 
type of PV emulator suffers the disadvantages of low efficiency and large physical size and 
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higher manufacturing cost.  To overcome the disadvantages of analog technique-based PV 
emulator, switching mode power electronic converter-based PV emulators have been 
implemented [10-17]. 
   This paper presents a low coat buck converter-based PV emulator. Lookup table approach 
is adopted for storing current-voltage characteristics of the PV array to be emulated. 
Proportional & Integral (PI) controller is used for controlling the buck converter to emulate 
the PV array’s electrical characteristics. Detail analysis of the controller performance was 
analysed in the paper. Simulation results shows the buck converter is controlled well to 
emulate a PV array.  

2 Mathematical Model of PV Array  
The equivalent circuit of a conventional PV panel is shown in Fig. 1. It is represented by a 
current source in parallel with a diode and a parallel resistor, as well as a series connected 
resistor at the output. 
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Fig. 1. Equivalent circuit of a photovoltaic panel. 

The general I-V characteristic is expressed by (1): 
 

             𝐼𝐼pv = 𝐼𝐼ph − 𝐼𝐼0(𝑒𝑒
𝑉𝑉pv+𝐼𝐼pv𝑅𝑅𝑠𝑠

𝑁𝑁𝑠𝑠𝑉𝑉𝑇𝑇 − 1) − 𝑉𝑉pv+𝐼𝐼pv𝑅𝑅𝑠𝑠
𝑅𝑅sh

        (1) 

 
where, VT:  represents the thermal voltage, Iph:    represents the photo current, I0:   

represents the dark saturation current, Rs: is the series resistance of the PV panel that   
represents the effect of voltage drop across the semiconductor and contacts, Rsh: is the shunt 
resistance representing the effect of  the surface current dispersion of the PV panel Ns  is the 
number of cells connected in series. The photo-generated current is proportional to the solar 
irradiance reaching the solar panel. In dark or indoor conditions, no current is generated from 
PV panels and the I-V characteristics of the panel is determined by the diode characteristics 
Ipv =0, and ∞=shR , 

3 Buck converter-based PV emulator 
Fig.2. shows the block diagram of a single buck converter PV emulator. It consists of a dc 
power supply, a dc chopper, and a microprocessor-based control circuit. The dc voltage input 
to the chopper should be larger enough than the open-circuit voltage of the PV array to be 
emulated.  To emulate a real PV array, PV emulator is usually required to have a high 
switching frequency to allow real-time emulation of the PV array. Therefore, high-speed 
microprocessors and fast control algorithms are required [10-17]. 
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Fig. 2. Buck converter circuit-based PV emulator. 

In an actual PV system, the PV array voltage is controlled by its connected PV inverter 
therefore in Figure 4 the converter output voltage Vpv is controlled by the connected PV 
inverter, this voltage is then input to a look-up table storing the PV array model as described 
in equation (1), the output of the look-up table will the corresponding PV current of I-V curve, 
this current can be considered as the current reference output current of the buck converter 
[12]. If the characteristics of temperature and solar irradiance effects need to be simulated 
then a 3-D lookup table need to be constructed with input of voltage, temperature, and solar 
irradiance. To simplify the analysis and focus on the design of PV simulator here only 2-D 
lookup table (I-V curve at constant temperature and constant solar irradiance condition) is 
considered as shown in Fig. 3 in which only the voltage is the input variable. In this study, 
two-phase interleaved buck converter power electronics circuit will be used to emulate PV 
array’s electrical characteristics, which is shown in Figure 3.  
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Fig. 3. Two-phase interleaved buck converter-based PV emulator. 

Compared to single-phase buck regulator based PVE, interleaved buck converter-based 
PV emulator offer the advantages of reduction in both input and output capacitance, 
improvement in thermal performance and efficiency, and enhancement in overshoot and 
undershoot during load transients, small ripples in output current and higher output current 
value without increasing the rated current of the components of the converter circuit [18-19]. 
The parameters of the two-phase interleaved buck converter are shown in Table-1. 
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            Table 1. Parameters of the buck converter and the PV module to be emulated. 

     Buck converter                    PV module to be emulated:  
             A10Green Technology A10J-s72-175 

    Vdc       60V            Maximum Power        175.9 W 
     L      2mH            Open circuit voltage        43.99 V 
     C     200µF            Vmmp        36.63 V 
fPWM-sw      20kHz             I mmp          4.78 A 
             Short circuit current          5.17 A 

4 Control loop modelling  
Fig. 4 shows the block diagram of buck converter-based PV emulator. The average switching 
modelling is used to design the current control loop.   
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Fig. 4. Block diagram of buck converter-based PV emulator. 

The transfer function block diagram of a single buck converter PV-simulator is shown in 
Fig. 5. The common PI regulator for the current controller is expressed as:  

 
𝑃𝑃𝐼𝐼 = 𝐾𝐾𝑝𝑝 + 𝐾𝐾𝑖𝑖

1
𝑠𝑠
         (2) 

 
The small signal transfer functions of the buck converter are depending on the load 

condition.  It is found that the zero of the PI controllers is determined primarily by the light 
load condition, while the gain is determined primarily by heavy load condition. A stable 
controller for both light and heavy load conditions can be found by  

 
𝑃𝑃𝐼𝐼 = 𝐾𝐾𝑝𝑝 + 𝐾𝐾𝑖𝑖

1
𝑠𝑠

= 20 + 2500 1
𝑠𝑠
                    (3) 
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Fig. 5. Transfer function block diagram of buck converter PV-simulator. 

The small signal transfer functions of the buck converter are depending on the load 
condition.  It is found that the zero of the PI controllers is determined primarily by the light 
load condition, while the gain is determined primarily by heavy load condition. A stable 
controller for both light and heavy load conditions may be found by  

 
         𝑃𝑃𝐼𝐼 = 𝐾𝐾𝑝𝑝 + 𝐾𝐾𝑖𝑖

1
𝑠𝑠

= 20 + 2500 1
𝑠𝑠
      (4) 
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5 Simulation results 
Figure 6 shows the electrical characteristics of the PV module to be emulated. 

                      
Fig. 6. The electrical characteristics of the PV module to be emulated. 

Based on the proposed two-phase interleaved buck converter, the performance of the PV 
module- A10 Green Technology A10J-S72-175 was emulated at different current points of 
the operation. Fig. 7 shows the emulated PV curent with variable reference current at 
different times (solar irradiance 1000W/m2). The two curves on the top are the emulated 
current from the two individual buck converters, respectively. The bottom one is the total 
emulated current of the interleaved buck converter. It can be seen that the ripple of the output 
current from the interleaved buck converter has been reduced half compared to that from a 
single buck converter.  
  

                         
                                                          Time (Seconds)   

Fig. 7. The emulated PV curents with different reference current (varies at different times) under solar 
of 1000W/m2) 
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In this paper the mathematical model of the proposed interleaved buck converter-based PV 
emulator and simulation circuit were described in detail. PV emulation system with two-
phase interleaved buck converter was simulated. Results show that the current ripple has been 
reduced in half compared to the single buck converter-based PV emulator. All the results 
have verified the proposed PV module is effective in both single-module application and for 
multiple series and parallel connections. 
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