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At the present, the grid-tied solar power system is the most promising as a renewable energy 
technology for replacing the fossil energy sources. The usage efficiency of the power conditioner 
system (PCS) in the grid-tied solar power system is not high because the electricity generation 
from solar panels depends on the weather. The utilization rate of the PCS can be improved by 
adding the small scale wind turbine to the existing grid-tied solar power system because the 
small scale wind turbine can operate the PCS at night and it also can utilize the remaining 
capacity of the PCS during the daytime. However, the small wind turbine is not controlled in an 
optimal way by the PCS in the solar power system because of the difference of the output 
characteristics between the small wind turbine and the solar panel. Thus, a technical design is 
investigated in this study by which the small scale wind turbine can be connected to the grid-tied 
PCS of the solar power system by emulating characteristic of the solar panel. The research 
results confirm that the photovoltaic (PV) cell emulating system using the small scale wind 
turbine can connect with the solar array in series and it can operate the PCS of the grid-tied 
solar power system under real solar irradiation conditions.  
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1. Introduction 

Nowadays, the cost of the solar power systems is reduced and so the PV systems are 

widely installed in many countries in the world [1, 2]. However, the utilization rate of the 

power conditioner system (PCS) in the solar power system as can be seen in Figure. 1 is 

low because the operation of the photovoltaic cells depends on the solar irradiation which 

becomes weakly in the cloudy and rainy weather. 

The utilization rate of the PCS can be improved by using a hybrid power system with the 

small scale wind turbine and the solar panel because the small scale wind power generating 

system can operate the PCS at night as well as using the remaining capacity of PCS during 

the daytime. The typical small grid-tied solar-wind hybrid power system as shown in  

Figure 2 including the small wind power generator and the PV array can supply the 

continuous maximum power from the wind and solar energy sources by using the 

maximum power point (MPP) control techniques [4, 5, 6, 7]. However, the small wind 

turbine is not controlled in an optimal way by the PCS in the solar power system because of 

the difference of the output characteristics between the small wind turbine and the solar 

panel. Therefore, the connection of the small scale wind power generating system to the 

PCS of the solar power system for residential applications by emulating technical 

characteristics of the solar panel is an important research topic and the configurations of 

this novel hybrid power system were proposed in our  previous studies [3, 8, 9, 10].  
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Figure 1. The utilization ratio of the PCS in the PV system [3] 

 

 

Figure. 2. The typical small solar-wind hybrid power system 

 The operation of proposed small solar-wind hybrid power system in Figure 3 using 

the PV cell emulating system in series connection mode under stable solar irradiation 

condition was preliminary designed by studying the modeling method [9], but the research 

results were not verified by the experimental study. In this paper, the experimental 

investigation of the grid-tied PV cell emulating system in series connection mode under 

real solar irradiation condition is executed to confirm the activity efficiency of this system 

and the operation modes of the system is analyzed in detail by using the improved 

simulation results. 

 First, the configuration and the current - voltage characteristic of the grid-tied PV cell 

emulating system in series connection mode is described in section II. Next, the section III 

introduces the control method of this system. In section IV, the operation modes of the 

system are analyzed by the improved simulation results. Finally, the effectiveness of the 

proposed hybrid power system is confirmed by the results of experimental investigation as 

mention in section V.   

2. Configuration of PV cell emulating system in series connection mode  

Figure 3 presents the configuration of the grid-tied PV cell emulating system in series 

connection mode which comprised of the small scale wind turbine, a battery and the power 

converter circuit [9]. In this mode, the small scale wind turbine is able to connect with the 

solar panel in series with the help of the battery and the power converter circuit. First of all, 

the battery is fully charged by the small scale wind turbine and then it is disconnected from 
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the small scale wind turbine. In the next step, the current flowing into the PCS is detected 

by the power converter circuit. The PCS is used to convert DC power to AC power with 

maximum power point tracking (MPPT) technique and generate the power to the utility 

grid by the boost type DC/DC converter and the grid-tied DC/AC inverter.  

 

Figure. 3. Configuration of grid-tied PV cell emulating system in series connection mode 

 

Figure. 4. I-V characteristic in series connection mode 

 

Figure. 5. I - V curve of PV under the various levers of solar irradiation [11]  

Figure 4 shows the current - voltage characteristic in the series connection mode of the 

solar panel and the PV cell emulating system. The output current value of the emulating 

system matches the maximum power point current value of the solar panel in this mode 

since the solar panel connects with the PV cell emulating system in series [9]. Thus, the 

input power of the PCS can be controlled to become the maximum power. Moreover, the 
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input voltage and the input power of the PCS are enhanced to correspond the total of output 

voltages and the output powers of the PV cell emulating system and the solar panel, 

respectively.   

 When solar irradiation is changed, the output voltage vpv of PV array varies slightly for 

different levels of solar irradiation, as it can be seen in Figure 5. In contrast, the output 

current io of the PV array is very linearly dependent on the solar irradiation [11].  

 Thus, the reference voltage value Vref in Figure 6 is adjusted in accordance with the 

changing values of the PV array output current io and the constant value of the reference 

battery output power Pb.  

 

Figure. 6. I - V characteristic in series connection mode under different levels of solar 

irradiation 

3. Control method of the system 

3.1. Control system of the PV cell emulating system 

Figure 7 describes the control method of the PV cell emulating system in series 

connection mode. In this research, the bi-directional chopper circuit is used as the power 

converter circuit to decrease the battery voltage [9] because the input voltage value of the 

PCS is limited and the total of the output voltages of the PV array and the power converter 

circuit supplied to the input terminal of the PCS can not exceed the rated voltage of the 

PCS. The input filter with the inductor L1 and the capacitor C1 suppresses the ripple at the 

input terminal. The control system structure of the PV cell emulating system comprises a 

voltage control loop and a current control loop. In the first stage, the reference voltage 

value Vref is calculated as follows: 

0i

P
V b

ref =                                                              (1) 
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where, Pb is reference battery output power and io is the output current of the solar array. 

 

Figure. 7. Power converter circuit with control design 

After that, the PV cell emulating system output voltage v2 is regulated to match the 

reference voltage value Vref by the voltage control loop. The emulating system output 

current i2 is controlled to be the similar value with the output current io of the PV array by 

the current control loop because they are connected in series as shown in Equation (2).  

20 ii =                                                                (2) 

where, i0 is the MPP output current of the solar array and i2 is the output current of the PV 

cell emulating system.  

In the real operation condition, the output current value io of the PV array and the output 

current value i2 of the PV cell emulating system are dependent on the changing of the solar 

irradiation value S. Finally, the switches of the bi-directional chopper circuit are regulated 

by the output gate signal from Pulse Width Modulation (PWM) system.  

3.2. MPPT control system 

 

Figure. 8. Diagram of the MPPT control system 

In the function of the PCS, the maximum power point tracking (MPPT) [11, 12, 13] as 

illustrated in Figure 8 is performed by the boost type DC/DC converter. The Perturb and 

Observe (P&O) method is used as the MPPT algorithm in this study to generate the 

reference voltage V’ref because the implementation is simple and it is widely utilized in the 

actual PCS equipments. The P&O method perturbs the voltage at the operating point, and 

then this method observes the increasing power of the system to determine the direction of 
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the next perturbation. By which, the operating point is moved to the maximum power point 

and oscillates around it in the steady state.  

The proportional-integral (PI) controller compares the input voltage vinPCS of the PCS 

with the constant reference voltage V’ref and minimizes the voltage error between the 

reference voltage V’ref and the input voltage vinPCS. The switches of the DC/DC converter in 

boost mode are controlled by the output gate signal from the PWM modulator. 

The input voltage vinPCS of the PCS is considered to be similar with the reference voltage 

V’ref which corresponds to the voltage at the maximum power point and can be computed 

by the equation as below: 

PVinPCS vvv += 2
                                                      (3) 

where, v2 is the output voltage of the PV cell emulating system and vPV is the output voltage 

of the PV array.  

3.3. Grid-tied control system 

The output current Iout of the DC/AC inverter in Figure 9 can be synchronized with the 

grid voltage vgrid to supply the active power into the utility grid by the support of the Phase 

Locked Loop (PLL) method and the hysteresis band method in the grid-tied control system 

[14]-[20] of the DC/AC inverter.  

 

Figure. 9. Diagram of the grid-tied control system 

4. Simulation results 

The control method of the grid-tied PV cell emulating system in series connection mode 

is confirmed by using PSIM electronic circuit simulation software with the simulation 

circuit structure as shown in Figure 10 and the system parameters for the simulation are 

listed in Table 1. 

Table 1. Parameter of the system 

Power of solar array in solar radiation of 600 W/m2 490 W 

Power of battery 50 W 

Inductor L1, L2 5 mH, 20 mH 

Capacitor C1, C2 13.2 µF, 15 µF 

Capacitor C3, C4 500 µF, 300 µF 

Inductor L3 2 mH 

RMS grid voltage 230 VAC 

Grid frequency 50 Hz 
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Figure. 10. Simulation circuit in PSIM program 

Figure 11 illustrates the simulation results of the output current i2 and the output voltage 

v2 of the PV cell emulating system in series connection mode. These results describe three 

operation modes of the PV cell emulating system as shown in Figure 12. 

 

Figure. 11. Output current and output voltage of the PV cell emulating system 

In the operation mode 1, only the PV array generates the output current io and operates 

the grid-tied PCS which also performs the MPPT control. The PV cell emulating system 

does not work in this mode and the value of the current iD3 which flows to diode D3 equals 

the value of the output current io of the solar array. 

In the operation mode 2, the value of the diode D3 current iD3 is controlled to reduce to 

zero while the PV cell emulating system generates output current i2 and starts to connect to 

PV array in series. The output current i2 of the PV cell emulating system is regulated to 

match the PV array output current io in this mode.  

 In the operation mode 3, when the value of the diode D3 current iD3 becomes to be zero, 

the output voltage v2 of the PV cell emulating system is controlled to follow the reference 

voltage value Vref which is achieved by dividing the reference battery output power Pb by 

the output current io of the solar array. Hence, the PV cell emulating system can connect to 

the PV array in series in the steady state and both the output power of the PV cell emulating 

system and the output power of the PV array can be supplied to the grid-tied power 

conditioner.  
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Figure. 12. Operation modes of the PV cell emulating system 

 Figure 13 and Figure 14 present the simulation results of the input voltage Vinpcs and the 

input power Pinpcs of the PCS. The results show that the input voltage Vinpcs of the PCS 

equals output voltage sum of the PV cell emulating system (v2) and PV array (vpv) after the 

PV cell emulating system connects to solar panel in series mode from approximately 19th 

second. As a result, it causes the increasing of the input power Pinpcs of the PCS.  

 

Figure. 13. Input voltage of the PCS 
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Figure. 14. Input power of the PCS 

5. Experimental results 

 

Figure. 15. Configuration of experimental system 

The experimental system of the grid-tied PV cell emulating system in series connection 

mode is shown in Figure 15. Firstly, only the PV array including 7 solar panels 125Wp 

operates the grid-tied power conditioner SUNVISTA JH-S402 when receiving the sunlight. 

In the next stage, the PV cell emulating system, including DC source system and Power 

converter circuit, is regulated to connect to the solar array in series mode. The DC source 

system which comprises a DC power supply device and a power amplifier device is used to 

generate DC voltage of about 52 V and DC power of 50 W. A bi-directional chopper circuit 

is made as the power converter circuit to decrease the DC source voltage into the 

appropriate value under the changed solar irradiation condition. The grid-tied power 

conditioner SUNVISTA JH-S402 performs the MPPT control and injects the power from 

the PV cell emulating system and the PV array into the utility grid. The Graphtec GL900-8 

channel Data Acquisition Data logger measures the output voltage values and output 

current values of this system. 

 

Figure. 16. Output current of the PV cell emulating system 
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Firstly, the grid-tied PV cell emulating system in series connection mode is tested under 

stable solar irradiation condition. It can be seen in Figure 16, the output current i2 of the PV 

cell emulating system is controlled to follow PV array output current io by the current 

control loop and the PV cell emulating system starts to connect with the PV array in series 

after the PV array generates the output current io in the initial 10 seconds.  

 

Figure. 17. Input voltage of the PCS 

As a result of the experimental test in Figure 17, after the PV cell emulating system 

connects completely with the PV array in series from about 19th second, the voltage control 

loop regulates the output voltage v2 of the PV cell emulating system to match the reference 

voltage value Vref which is obtained by dividing the reference battery output power Pb by 

the output current io of the PV array. 

 

Figure. 18. Input power of the PCS 

It is clearly seen in Figure 18 that the input power Pinpcs of the PCS is increased because 

the input voltage Vinpcs of the PCS as shown in Figure 17 always equals output voltage sum 

of the PV cell emulating system (v2) and PV array (vpv) when the PV cell emulating system 

operates in the steady state. Thus, these results in accordance with proposed idea and the 

simulation results. Additionally, the results also display that the PV cell emulating system 

does not affect the operation of PV array under stable solar irradiation condition when both 

systems work in the series connection mode in the steady state. 
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Figure. 19. Output current of the PV cell emulating system under                                          

changed solar irradiation condition 

In the next experimental test of the grid-tied PV cell emulating system in series 

connection mode under changed solar irradiation condition, the output current i2 of the PV 

cell emulating system in Figure 19 is controlled to match the PV array output current io by 

the current control loop after the PV array generates the output current in about initial         

9 seconds. The electricity is supplied from the PV cell emulating system under the 

changing of the solar irradiation up to about 52th second. When the solar irradiation value 

becomes very low at the point of about 52th second and the value of the PV array output 

current io is less than 1 (A), the operation of the PV cell emulating system is stopped 

because the duty ratio of the PV cell emulating system is controlled to become zero. After 

about 7 seconds, the output current i2 of the PV cell emulating system continues to follow 

the PV array output current io when the solar irradiation increases again.  

 

Figure. 20. Input voltage of PCS under changed solar irradiation 

The input voltage Vinpcs of the power conditioner in Figure 20 always equals output 

voltage sum of the PV cell emulating system (v2) and PV array (vpv) with the help of the 

voltage control loop after the PV cell emulating system is connected successfully to the PV 

array in series mode. By which, the PV cell emulating system can generate the power of              

50 W and the input power Pinpcs of the power conditioner as can be seen in Figure 21 is 

enhanced according to the changing of the solar irradiation except in the time from about 
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52th second to about 59th second because the PV cell emulating system cannot work in this 

time period. 

 

Figure. 21. Input power of PCS under changed solar irradiation condition 

6. Conclusion 

In the present study, the operation modes are analyzed by the improved simulation 

results and the experimental investigation results confirm that the utilization rate of the 

grid-tied PCS is enhanced because the PV cell emulating system in series connection mode 

can run the grid-tied PCS of the solar power system in the daytime. Moreover, the results 

also indicate that the operation of the PV array in practice is not influenced by the PV cell 

emulating system in series connection mode in the steady state. 

However, when the solar irradiation value becomes very weak, the operation of the PV 

cell emulating system is stopped because the duty ratio of the PV cell emulating system is 

controlled to become zero.  
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