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Abstract 

Currently, many countries in the world are finding the suitable solutions to reduce 

the dependence on fossil fuels such as coal, oil and natural gas because these 

traditional energy sources have been limited and they cause environmental 

pollution in the process of usage. 

Renewable energy is considered as an important solution that can improve 

energy security, protects the environment, and develops economy. At the present, 

the solar power which is a semiconductor technology that converts sunlight 

directly into electricity is the most promising as a future renewable energy 

technology, but solar power generation is dependent on sunlight to effectively 

collect solar energy. Thus, the utilization rate of the power conditioner system 

(PCS) including DC/DC converter and DC/AC inverter in the photovoltaic (PV) 

system is very low in the case where the solar array cannot receive the sunlight, 

especially the night time. The maximum power point tracking (MPPT) is 

performed by the boost-type DC/DC converter while the power at the output 

terminals of the solar array is supplied into the utility grid by the grid-tied DC/AC 

inverter.  

We can add the small scale wind power system to the existing solar power 

generation system to improve the utilization rate of the PCS because the small 

scale wind turbine utilizes possibly the PCS at night and also can use the 

remaining capacity of the PCS during the daytime. The grid-connected hybrid 

power system with the wind generator and the PV array can provide the continuous 
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maximum power from the wind and solar energy sources by studying the 

maximum power point (MPP) control technique.  

On the other hand, the PCS of the PV system cannot control optimally the 

small wind turbine in the grid-tied solar-wind hybrid power systems since the 

output characteristics of the small wind turbine and the PV array are not the same. 

Therefore, the novel design is proposed in this study by which the small scale wind 

turbine could be connected to the grid-tied power conditioner of the solar power 

system by emulating characteristic of the solar panel. The topology of the PV cell 

emulating system comprises the small scale wind turbine, a battery, and the power 

converter circuit. The small scale wind turbine charges the battery in the first stage. 

After that, the power converter circuit detects the current flowing into the PCS and 

operates it with the help of the control system.  

The novel design is composed of technical solutions of the PV cell cooperating 

system as below: 

- The grid-tied PV cell emulating system in stand-alone mode:  

When the solar array cannot receive sunlight, only the small scale wind turbine 

operates the PCS and this operation mode is called in stand-alone mode. In this 

mode, the solar array is bypassed in order to avoid the situation that it becomes the 

load. The PV cell emulating system can connect to the DC/DC converter to 

perform the MPPT control because the power converter circuit emulates the 

technical characteristic of the actual solar panel and the technical characteristic of 

the solar panel is modeled by two and three linear equations. 

- The grid-tied PV cell cooperating system in connection mode:  

When sunlight appears, both the small scale wind power generating system 

and PV cell can operate the PCS. In this mode, the solar array can be connected to 

the PV cell cooperating system in series and parallel to generate the power into the 

utility grid with the support of the PCS.  
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In this thesis, the simulation and experimental results show that PV cell 

emulating system in the stand alone mode can connect and transmit the power to 

the utility grid by the grid-tied power conditioner in case of the PV array cannot 

receive sunlight and the PV cell cooperating system also can connect to the solar 

array in the series/parallel connection mode in the case of the solar irradiation 

becomes weakly in the cloudy and rainy weather. Therefore, the utilization rate of 

the grid-tied PCS of the solar power system is enhanced.  
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Chapter 1 

Introduction 

1.1. Background and purpose 

At the present, the solar power systems are quickly developing [1, 2, 3] in many 

countries to replace the fossil power sources and mitigate the environment 

pollution. Up to now, the global annual installed solar power capacity is about 

80GWp [1], but the solar power generation is dependent on sunlight to effectively 

collect solar energy. So, it makes lower the utilization rate of the power conditioner 

system (PCS) in the photovoltaic (PV) system as can be seen in Figure 1.2.  

 

Figure 1.1. Solar power installation from 2010 to 2017 [1] 
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Figure 1.2. Utilization ratio of the PCS in the PV system 

 

Figure. 1.3. The typical small solar-wind hybrid power system 

We can supplement the small scale wind power system to the existing solar 

power generation system to improve the utilization rate of the PCS because the 

small scale wind turbine utilizes possibly the PCS at night and also can use the 

remaining capacity of the PCS during the daytime. The typical grid-connected 

hybrid power system with the wind generator and the PV array as shown in  

Figure 1.3 can provide the continuous maximum power from the wind and solar 

energy sources by studying the maximum power point tracking (MPPT) control 

technique. The MPPT control methods [4, 5, 6, 7] for solar power generation 

mainly include the conventional methods such as the perturbation and observation 

method (P&O), the fixed duty cycle method, constant voltage (CV), the 
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incremental conductance (IC), and the novel intelligent methods such as optimum 

gradient method, fuzzy logic control (FLC), neural networks (NN). Previous 

research papers [4, 6] have analyzed the traditional maximum wind power control 

types such as namely tip speed ratio (TSR) control, power signal feedback (PSF) 

control and hill-climb searching (HCS) control as well as the novel method such as 

neural networks (NN). In general, the conventional MPPT control methods of solar 

power and wind power are successfully demonstrated in actual systems with easier 

application and better price, but lower accuracy in comparison with the novel 

intelligent control methods. 

On the other hand, the PCS of the PV system cannot control optimally the 

small wind turbine in the grid-tied solar-wind hybrid power systems since the 

output characteristics of the small wind turbine and the PV array are not the same. 

Therefore, we can use solution that the small scale wind turbine connects to the 

grid-tied power conditioner of the solar power system by emulating characteristic 

of the solar panel.  

 

Figure. 1.4. Configuration of the PV cell emulating system [8] 

The PV cell emulating system is studied by many researchers in the world and 

most of their research purpose is to manufacture the PV cell emulating system as a 

power source for the experimental test of the solar power system [8]. In general, 

the configuration of the PV cell emulating system includes three parts as can be 
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seen in Figure 1.4.  

Firstly, the PV model system is used to make the I-V characteristic of the solar 

panel signal. The PV model types and the method which performs the PV model 

are displayed in Figure 1.5. After that, the control methods as presented in            

Figure 1.6 establishes the operating point of the PV cell emulating system to 

connect the PV model with the power converter system.  

 

Figure. 1.5. PV model type & implementation method [8] 

Finally, the function of the power converter system is to convert the I-V 

characteristic of the PV module into the useful I-V characteristic for generating 

power because the PV model only supplies the signal and cannot generate power. 

Figure 1.7 shows the types of power converter which are used in the application of 

the PV cell emulating system.  
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Figure 1.6. Control method of the PV cell emulating system [8]  

 

Figure 1.7. Types of power converter in the PV cell emulating system [8]  

In this study, the proposed novel technical design solutions of the PV cell 

emulating system which can connect to the PCS in the solar power system are the 

grid-tied PV cell emulating system in the stand-alone mode and the grid-tied PV 

cell cooperating system in connection mode as can be seen in Figure 1.8 and                      

Figure 1.9. 
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Figure 1.8. Proposed grid-tied PV cell emulating system in stand-alone mode  

 

a. Series connection mode 

 

b. Parallel connection mode 

Figure 1.9. Proposed grid-tied PV cell cooperating system in connection mode  
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- The grid-tied PV cell emulating system in the stand-alone mode:  

When the solar array cannot receive sunlight, only the small scale wind turbine 

operates the PCS and this operation mode is called in the stand-alone mode. In this 

mode, the solar array is bypassed in order to avoid the situation that it becomes the 

load. The PV cell emulating system can connect to the DC/DC converter to 

perform the MPPT control because the power converter circuit emulates the 

technical characteristic of the actual solar panel and the technical characteristic of 

the solar panel is modeled by two and three linear equations. 

- The grid-tied PV cell cooperating system in connection mode:  

When sunlight appears, both the small scale wind power generating system and 

PV cell can operate the PCS. In this mode, the solar array can be connected to the 

PV cell cooperating system in series and parallel to generate the power into the 

utility grid with the support of the PCS.  

1.2. Composition of the thesis 

There are 6 chapters in this thesis: 

Chapter 1 introduces general background, purpose, and the contribution of the 

thesis. 

In chapter 2, the configuration and the operation of the solar power system are 

analyzed. Moreover, the MPPT control system and the grid-tied control system in 

the PCS are also described in detail.  

In chapter 3, the operation, linear equations, and the control system of the 

grid-tied PV cell emulating system in stand alone mode are introduced. The 

simulation and experimental test results verify the control method of the grid-tied 

PV cell emulating system in the stand-alone mode.  

In chapter 4, the configuration, the I - V characteristic, and the control system 

of the grid-tied PV cell cooperating system in series connection mode are 

described. Next, the operation modes of the system are analyzed by the simulation 

results. Finally, the effectiveness of the proposed hybrid power system is 
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confirmed by the results of experimental investigation.  

In chapter 5, the operation, the I - V characteristic, and the control system of 

the grid-tied PV cell cooperating system in parallel connection mode are analyzed. 

The simulation results are used to verify the operation modes of the system.  

In chapter 6, the summary of this thesis and the future works are presented. 

1.3. Contributions 

In this thesis, I have proposed the novel design of the PV cell emulating system 

using the small scale wind turbine in order to improve the work efficiency of the 

PCS in the grid-tied solar power system. 

The research results show that the PV cell emulating system in the stand alone 

mode can connect and transmit the power to the utility grid by using the grid-tied 

PCS in the case of the PV array cannot receive sunlight. Besides, the PV cell 

cooperating system also can connect to the solar array in the series and parallel 

connection mode in the case of the solar irradiation becomes weakly in the cloudy 

and rainy weather. Hence, the utilization rate of the PCS is increased because the 

PV cell cooperating system can use the remainder of the capacity of the PCS by 

day regardless of altering solar irradiation as well as in the case where the solar 

array cannot receive the sunlight, especially the night time. 

There are some main materials of this thesis have been presented as below: 

Vu Minh Phap, N. Yamamura, M. Ishida, J. Hirai, and K. Nakatani, 

“Development of Novel Connection Control Method for Small Scale Solar -Wind 

Hybrid Power Plant,” International Journal of Engineering Research, vol. 5, no. 8, 

pp. 730-734, 2016.                                  

Vu Minh Phap, N. Yamamura, M. Ishida, J. Hirai, K. Yubai and Nguyen Thuy 

Nga, “Modeling and Experimental Test of Grid-Tied Photovoltaic Cell Emulating 

System in the Stand-alone Mode,” Journal of Electrical Systems, vol. 13, no. 2,                  

pp. 387-397, 2017. 

Vu Minh Phap, N. Yamamura, M. Ishida, K. Nakatani, and Nguyen Thuy Nga, 
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“Experimental Study on Photovoltaic Cell Emulating System in Series Connection 

Mode,” Journal of Electrical Systems. (Accepted) 

Vu Minh Phap, N. Yamamura, M. Ishida, J. Hirai, and N. T. Nga, “Design of 

Novel Grid-tied Solar - Wind Hybrid Power Plant Using Photovoltaic Cell 

Emulating System,” Proceeding in IEEE 4th International Conference on 

Sustainable Energy Technologies (ICSET), Hanoi, Vietnam, 2016, pp. 168-171.  

Vu Minh Phap, N. Yamamura, M. Ishida, and N. T. Nga, “Impact of Solar 

Irradiation on PV Cell Emulating System in Series Connection Mode,” Proceeding 

in IEEE International Conference of High Voltage and Power System (ICHVEPS), 

Bali, Indonesia, 2017, pp. 282-285.  

Kirian Guiller, Vu Minh Phap, N. Yamamura, M. Ishida, J. Hirai, “Study on 

new control system design of PV cell emulating system in the stand alone mode,” 

Proceeding in International Conference on Engineering, Science, and Application 

(ICESA), Tokyo, Japan, 2017, vol.1, no.1, pp. 153-161. 

 Vu Minh Phap, N. Yamamura, M. Ishida, I. Mizoguchi, T. Yamashita and N. T. 

Nga, “Efficiency Enhancement of PV Cell Emulating System in Connection Mode,” 

Proceeding in IEEE International Conference on Industrial Technology (ICIT), 

Lyon, France, 2018.  
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Chapter 2 

Solar Power System Fundamentals  

2.1. Basics of PV cell 

2.1.1. Electrical circuit model 

Semiconductor materials which are operated by the photoelectric effect [9] form 

PV cells. When sunlight comes to the PV cell, the solar photons break the bonds of 

valence electrons and move the electron up to higher energy in the conduction 

band of semiconductor [9] as displayed in Figure 2.1. The movement of these 

electrons in the external circuit can transmit the electricity. 

 

Figure 2.1. Operation principle of PV cell [9] 
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As a result, the solar module which is composed of many connected PV cells 

can generate the direct current (DC) after absorbing the sunlight. The PV cell is 

modeled by the equivalent electrical circuit as shown in Figure 2.1: 

 

Figure 2.2. The electrical model of PV cell 

The equation [10] that describes a PV cell is: 

sh

spvpvnKT

Rivq

Lpv
R

Riv
eiii

spvpv 


















1

)(

0              (2.1) 

where the parameters are listed in table 2.1 as below 

Table 2.1. PV cell parameters 

Variable Parameter 

vpv output voltage of PV cell (V) 

ipv output current of PV cell (A) 

Rs Cell series parasitic resistance (Ω) 

Rsh Cell shunt parasitic resistance (Ω) 

q Electronic charge: 1.6×10
−19

 (Coulombs) 

K Boltzmann constant: 1.38×10
−23

 (J/K) 

T Absolute temperature in unit Kelvin 

i0 Cell reverse saturation current: 10
-12 

(A/cm
2
) 

iph Cell photocurrent 

n Ideality factor of diode 
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2.1.2. I-V characteristic 

Operation of the current and voltage a solar panel under different conditions of 

solar irradiation and temperature is presented by I–V characteristic curve in               

Figure 2.3. 

 
Figure 2.3. I-V characteristic of solar panel [11] 

The output voltage of the solar panel changes slightly while the output current 

is strongly influenced [11] by the various values of solar irradiation. In contrast, 

the output current of the solar panel alters slightly while the output voltage is 

significantly affected by the changing of the temperature.  

In the I–V characteristic curve, there is a special combination point of current 

and voltage of the solar panel, by which the power achieves the maximum value.  

The point at which the solar panel can supply maximum electrical power is the 
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maximum power point (MPP). This maximum power point value changes in the  

I–V characteristic curve of the solar panel in accordance with the impact of the 

solar irradiation and temperature at different times. 

When the solar panel connects with a passive load, the I–V curve of the load 

will intersect the I–V characteristic curve of the solar panel and determine the 

power transmitted by the solar module, but it is not the MPP value in the I–V 

characteristic curve of the solar panel. To resolve this technical problem, a DC–DC 

or DC–AC power converter can be used to adjust the load curve characteristic and 

intersect the solar panel I–V characteristic curve at the MPP, this content will be 

discussed in next parts. 

2.2. Solar power system   

2.2.1. Stand alone PV system 

Stand alone PV system is the power source that works independently and this 

system does not connect to the utility grid. Figure 2.4 illustrates the configuration 

of a  stand alone PV system system consisting of one or more PV modules, 

charge controller, battery, DC-DC or DC-AC power converter and loads.  

 

Figure 2.4. Diagram of the stand alone PV system [12] 

The solar system generates electricity to charge batteries with the help of the 

charge controller during the day for utilization in the rainy day and night time. The 
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DC electricity from the battery can supply to the DC load or it is converted to AC 

power for AC appliances by using DC-AC inverter. The stand alone PV systems 

are mostly used for demands in rural area, remote area such as islands or villages 

on the mountain. The size of the sand alone PV system depends on the demand 

requirement. 

2.2.2. Grid-tied solar power system 

A grid-tied solar power system is an electricity generating solar power system that 

is connected to the utility grid. The size of this system from small residential and 

commercial rooftop systems to large utility-scale solar power stations.  

 

Figure 2.5. Small grid-tied solar power system 

Figure 2.5 displays the configuration of the small scale grid-tied solar power 

system [13] with the PCS, including the DC/DC converter and the grid-tied 

DC/AC inverter. The solar panel generates the DC power to the PCS, in which the 

maximum power point tracking (MPPT) is performed by the boost-type DC/DC 

converter while the power at the output terminals of the solar array is supplied into 

the utility grid by the grid-tied DC/AC inverter. At any time of the day, a 

customer's solar system may produce more or less electricity than they need for 

their home or business. When the system's production exceeds the customer 

demand, the excess energy generation automatically goes through the electric 

meter into the utility grid, running the meter backwards to credit the customer 

https://en.wikipedia.org/wiki/Electricity
https://en.wikipedia.org/wiki/Photovoltaic_system
https://en.wikipedia.org/wiki/Utility_grid
https://en.wikipedia.org/wiki/Rooftop_photovoltaic_power_station
https://en.wikipedia.org/wiki/Photovoltaic_power_station
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account with the support of Net-metering policy [14]. At other times of the day, the 

customer's electric demand may be higher than the renewable energy system is 

producing, and the customer relies on additional power needs from the utility grid. 

Switching between solar system's power and the utility grid power is instantaneous 

and customers never notice any interruption in the flow of power. 

Figure 2.6 shows a typical configuration of a large scale grid-tied solar system. 

The solar modules are connected in series to form strings, and in parallel to form 

an array connected to the grid-tied DC/AC inverter. The DC/AC inverter performs 

the MPPT of the solar array by controlling the DC-link voltage to maximum power 

point voltage, and synchronizing the AC grid currents with the grid voltage for 

active and reactive power control [11]. Then, the DC/AC inverter is connected to 

the grid via an inductive grid filter and a transformer to increase the voltage from 

low voltage (LV) to medium voltage (MV) of a few thousand volts (LV/MV) to 

decrease losses in supplying electricity to the utility grid. 

 

Figure 2.6. Large scale grid-tied solar power system [11] 

In addition, with the support of a feed-in tariff policy [15], eligible solar farm 

investors are paid a cost-based price for the electricity from solar farms 

transmitting to the utility grid. 

2.2.3. Hybrid power system 

Hybrid power systems [16, 17, 18, 19] are used to combine the PV system with 

https://en.wikipedia.org/wiki/Hybrid_power
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other power generating energy sources such as wind power, hydro power, fuel cell 

diesel generator, etc. Other renewable power sources and diesel gensets can 

constantly fill in the gap between the present load and the actual generated power 

by the PV system because the operation of the PV system is strongly impacted by 

the sunlight.  

 

Figure 2.7. Hybrid solar-wind power system [16] 

Configuration of a hybrid power system includes renewable energy sources,  

battery storage, power conditioning equipment, diesel generators and/or power grid 

as shown in Figure 2.7. Hybrid power systems can be connected to the power grid, 

but they can also work independently feeding separated receivers, from one or 

several homes/farms, small industrial plants to large local communities, in the 

mining sector and on remote areas.   

https://en.wikipedia.org/wiki/Energy_source
https://en.wikipedia.org/wiki/Mining
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2.3. Power conditioner system 

2.3.1. DC/DC converter 

The main function of the DC/DC converter in the PCS is to convert the power 

from solar modules to the highest power by using maximum power point tracking 

(MPPT) method. There are some typical types of DC/DC converter such as boost 

converter, buck converter, buck-boost converter, and bi-direction converter can be 

used in the solar power systems. 

a. Boost converter 

Boost converter [20, 21, 22] is used to increase the input voltage and the output 

voltage is always larger than the input voltage. When the switch is on, the diode is 

reversed biased, and it is isolating the output stage. The input generates energy to 

the inductor. When the switch is off, the output stage receives energy from the 

inductor and from the input. 

 

Figure 2.8. Boost converter [23] 

The relationship among input voltage Vin, output voltage Vout and duty cycle D 

of switch in boost converter in the steady-state is shown in the equation as below: 

DV

V

in

out




1

1
                       (2.2) 

b. Buck converter 

The function of Buck converter [20, 24, 25] is to lower the input voltage and 
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the output voltage is smaller than the input voltage. When the switch is on, the 

diode is reversed biased, it is supplying the load with current and this initially 

current is also stored in the inductor. When the switch is off, the energy stored in 

the inductor is released back to the output stage as shown in Figure 2.9. 

 

 

Figure 2.9. Buck converter [23] 

Equation 2.3 presents the relationship of input voltage Vin, output voltage Vout 

and duty cycle D of switch in buck converter in a steady-state .  

D
V

V

in

out                         (2.3) 

c. Buck-boost converter 

Buck-boost converter [20, 26, 27] is used to control DC power supplies and the 

output voltage can be regulated to be higher or lower than the input voltage. In  
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other words, the buck-boost converter combines the operation modes of either the 

buck converter and the boost converter. In Figure 2.10, when the switch 1 are on 

and off while switch 2 is off, this converter works in buck mode. In contrast, when 

the switch 1 is on while switch 2 are on and off, this converter operates in boost 

mode.  

   

i. Operation in Buck mode 

     

ii. Operation in Boost mode 

Figure 2.10. Buck-boost converter [23] 

In a steady-state condition, the relationship of input voltage Vin, output voltage 

Vout and duty cycle D of switch in buck - boost converter is:  

D

D

V

V

in

out




1
                       (2.4) 

d. Bidirectional converter 

A bidirectional converter [28, 29, 30] can transmit current in both directions, 

but can support the voltage in only one direction. There are two-quadrant switches 
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in the bidirectional converter, by which energy can move in both directions. 

In boost mode, bidirectional converter operates in accordance with the 

principle of a typical boost converter. In this mode, the switch S2 behaves as a 

diode by sending zero to its gate. 

 

Figure 2.11. Bidirectional converter in boost mode 

2.3.2. MPPT control system 

 

Figure 2.12. Operating point of a PV module with different resistive load [31] 

When a solar array is directly connected to a load, the system's operating point will 

be at the intersection (A or B) of the I–V curve of the PV array and load line is 

shown in Figure 2.12 [31]. In general, this operating point is not at the MPP so the 

solar array must usually be oversized to ensure that the load's power requirements 
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can be supplied. However, this will increase the system cost and energy losses. 

In order to solve this problem, a DC–DC or DC–AC power converter can 

control the load curve characteristic and intersect the PV curve at the MPP. The 

control techniques for the power converter are maximum power point tracking 

(MPPT) methods. 

a. Impedance matching  

A DC/DC converter which interface between load and module, serve the 

purpose of transferring maximum power from PV module to the load. According to 

the impedance matching principle [32, 33], the power output of a circuit is 

maximum when the source impedance matches with the load impedance. 

When PV is connected directly to a load, the working point of PV will be 

determined by load characteristic. Load resistance is defined as follows: 

out

out
load

I

V
R                         (2.5) 

where Vout is output voltage, Iout is output current 

The maximum load of solar panel is: 

MPP

MPP
MPP

I

V
R                        (2.6) 

where VMPP is maximum voltage, IMPP is maximum current 

When the value of the largest load matches the value of Rmax, the transmission 

power from PV to load will be the largest capacity. So, MPPT will match the 

impedance of the load with the largest load impedance of solar panel with the help 

of the DC-DC converter. 
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Figure 2.13. PV system with DC/DC converter 

 

With Boost converter according to Equation (2.2) as mentioned above: 

DV

V

in

out




1

1
 

where Vout is output voltage, Vin is input voltage, D is duty cycle 

To assume     

Pin = Pout                                       (2.7) 

where Pout is output power, Pin is input power 

Then: 

in

out
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V

V

I

I
                          (2.8) 

where I0 is output current, Ii is input current 

D

I
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                       (2.9) 

So: 
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in RD
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I

V
R 22 )1()1(              (2.10) 

Thus, the value of Rin is adjusted in accordance with RMPP by modifying the 

value of D. Rin varies from Rload to 0 as D varies from 0 to 1 correspondingly. 

b. Perturb and Observe (P&O) algorithm  
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Vref = Vref (n-1) ±△V 

Figure 2.14. Flowchart of P&O algorithm 

There are many MPPT methods [5, 6, 7, 24, 34] but the Perturb and Observe 

(P&O) algorithm [35] is selected for the PV system in this study because it is the 

most commonly used in practice and the implementation is easy. Perturb and 

Observe (P&O) consisting of a continuous reference voltage search process to 

reach the MPP. The search is performed by perturbing the reference voltage and 

then measuring the system response (observing) to determine the direction of the 

next perturbation. The reference voltage perturbations are performed in the 

direction in which the power should increase. 

The perturbation in the reference voltage is always of the same magnitude 
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while the sign is determined by the power variation. If the power has increased 

from the last sample, the sign of the perturbation is maintained. If the power has 

decreased, the sign is reversed. 

c. MPPT control structure with DC/DC converter in boost mode 

 

Figure 2.15. Diagram of the MPPT control system [35] 

Figure 2.15 shows a block diagram of a classic control system used to perform 

MPPT in the solar system with a DC/DC converter in boost mode. The PV system 

current iPV and voltage vPV measurements are required for the P&O MPPT 

algorithm which generates the reference voltage Vref. MPPT technique will 

compare the PV array voltage vPV with a constant reference voltage Vref, which 

corresponds to the maximum power point voltage.  

A linear proportional-integral (PI) controller is used to reduce the error 

between reference voltage Vref and the PV system voltage vPV by varying the duty 

cycle of the DC/DC converter, which is modulated using carrier-based PWM. The 

gate signal controls the switch of the DC/DC converter. 

2.3.3. DC/AC inverter 

In the PCS, the DC/AC inverter will convert direct current (DC) into an alternating 

current (AC) and transmit the power from the solar array to the utility grid with the 

https://en.wikipedia.org/wiki/Direct_current
https://en.wikipedia.org/wiki/Alternating_current
https://en.wikipedia.org/wiki/Alternating_current
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support of grid-tied control system.  

There are many types of grid-tied DC/AC inverter, but the H-bridge or 

full-bridge (FB) inverter is widely used in actual systems because this topology is 

very versatile, low-cost, can be used for both DC–DC and DC–AC conversion and 

also be executed in full-bridge form (with two switching legs) or in half-bridge 

form (with one switching leg) [11, 36]. Some typical H-bridge inverter topologies 

are presented in Figure 2.16, Figure 2.17 and Figure 2.18. 

 

Figure 2.16. H-bridge topology with low-frequency isolation transformer [11] 

 

Figure 2.17. H-bridge topology with high-frequency isolation transformer                  

in DC–DC stage [11] 

 

Figure 2.18. H-bridge topology with DC/DC boost converter [11] 
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2.3.4. Grid-tied control system 

a. Introduction 

The control system of a typical grid-connected solar power system is illustrated in 

Figure 2.19. The solar array is connected to the DC-DC converter in boost mode, 

which is used to perform the MPPT. The electrical energy from the solar array is 

injected into the grid by using the DC/AC inverter. A low-pass filter allows only 

the fundamental and some minor voltage harmonics to appear at the connection 

point with the utility grid [37].  

 

Figure 2.19. Control system of grid-tied solar power system [36] 

The output current of the DC/AC inverter is regulated to synchronize with the 

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

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

control system of the DC/AC inverter.  

Figure 2.20 shows the equivalent circuit of a single phase grid-tied DC/AC 

inverter while Fig 2.21 displays the phasor diagram of grid voltage, output voltage 

and output current of the DC/AC inverter. The magnitude of the inverter output 

voltage (Vinv) should be larger than the grid voltage (Vgrid) to allow the inverter 

output current (Iout) to be transmitted to the utility grid [38, 39]. In addition, the 
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inverter output voltage (Vinv) has to conduct the grid voltage (Vgrid) with the   

angle  in order to get the inverter output current (Iout) in phase with the grid 

voltage in order to obtain the unity power factor. 

 

Figure 2.20. Equivalent circuit of the grid-tied DC/AC inverter [38] 

 

Figure 2.21. Phasor diagram 

b. Grid-tied control system 

The grid-tied control system is composed of the Phase Locked Loop (PLL) 

method [40, 41, 42] to generate a synchronizing signal which is in phase 

synchronized with the grid voltage and the hysteresis band method [37, 43, 44, 45] 

by which the instantaneous output current Iout of the DC/AC inverter can follow the 

reference current as shown in Figure 2.22.  
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Figure 2.22. Diagram of the grid-tied control system 

Firstly, the grid voltage Vgrid comes through the PLL system as the input 

signal. A PLL (Phase Locked Loop), including three general blocks – a phase 

detector (PD), a loop filter (LF) and a voltage-controlled oscillator (VCO), works 

as a filter regardless of the presence of noise, disturbances or harmonics. In which, 

the VCO produces a sinusoidal signal whose phase angle is proportional to the 

integral of the input of the VCO [41]. 

 

Figure 2.23. Diagram of a single phase PLL 

The output of the PLL system is a sinusoid with unity amplitude and in phase 

with the fundamental component of the grid voltage Vgrid. This sinusoid is then 

multiplied by √2 x Pmpp/Vgrid(rms) to create the reference current as can be seen in 

Figure 2.24, where Pmpp is the maximum power of the PV cell emulating system 
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and Vgrid(rms) is root mean square grid voltage. The hysteresis band method forms a 

narrow band around the instantaneous reference current.  

 

Figure 2.24. Hysteresis band form 

 

Figure 2.25. Hysteresis band control block diagram 

The switches of the DC/AC inverter are adjusted [37] by comparison of the 

values of the upper limit and the lower limit of this narrow band with the output 

current Iout of the DC/AC inverter.  

A large switching frequency and small current harmonic distortion can be 

created by a very narrow band and the width of this narrow band equals to 5% [37] 

of the peak value of the nominal inverter current. Finally, the gating pulses of the 

switches are produced by the flip-flop.  

2.4. Conclusion 
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The configuration and the operation of the solar power system were analyzed 

in Chapter 2. Besides, the MPPT control system and the grid-tied control system in 

the PCS were also described in this chapter.  
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Chapter 3 

PV Cell Emulating System                                

in Stand Alone Mode 

3.1. System configuration 

Figure 3.1 displays the grid-tied solar power system with the PCS, including the 

DC/DC converter and the grid-tied DC/AC inverter. The maximum power point 

tracking (MPPT) is performed by the boost-type DC/DC converter while the power 

at the output terminals of the solar array is supplied into the utility grid by the 

grid-tied DC/AC inverter.  

 

Figure 3.1. Grid-tied solar power system 

The topology of the PV cell emulating system as illustrated in Figure 3 

comprises the small scale wind turbine, a battery, and the power converter circuit. 

The small scale wind turbine charges the battery in the first stage. After that, the 
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power converter circuit detects the current flowing into the PCS and operates it 

with the help of the control system.  

 

Figure 3.2. PV cell emulating system in the stand-alone mode 

When the solar array cannot receive sunlight, only the small scale wind turbine 

operates the PCS and this operation mode as shown in Figure 3.2 is called in the 

stand-alone mode. In this mode, the solar array is bypassed in order to avoid the 

situation that it becomes the load.  

3.2. Model equation of Stand-alone mode 

In the stand-alone mode, the PV cell emulating system can connect to the DC/DC 

converter to perform the MPPT control because the power converter circuit 

emulates the technical characteristic of the actual solar panel as displayed in  

Figure 3.3. The technical characteristic of the solar panel is modeled by two linear 

equations in Figure 3.4. The maximum power point current Imax is determined by 

dividing generated power from the small scale wind turbine by the maximum 

power point voltage Vmax while the maximum power point voltage Vmax is 

calculated considering the operating voltage of the PCS. The open voltage and the 

short current are computed by multiplying correlative constant factors by the 

maximum power point voltage and the maximum power point current respectively. 
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Figure 3.3. Technical characteristic of an actual PV cell 

 

Figure 3.4. Model equation of solar panel technical characteristic 

The technical characteristic of the solar panel is determined by two linear 

model equations (3.1) and (3.2) as follows:  
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with Vmax and Imax are the maximum power point voltage and the maximum power 
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point current respectively; Vopen is the open voltage; Ishort is the short current; Vref 

calculated by the linear model equations is the reference voltage to PI controller; io 

is the output current of the PV cell emulating system. 

The author uses an example of linear model equations in Figure 3.5 with the 

parameters as listed in table 3.1. 

Table 3.1. Parameter for example of linear model equations 

Parameter Value 

Maximum power point voltage Vmax 85 V 

Maximum power point current Imax 4 A 

Open voltage Vopen 102 V 

Short current Ishort 4.4 A 

3.3. Power converter circuit in the stand-alone mode 

The small scale wind turbine charges the battery at the first stage and then the 

small wind turbine is disconnected from the battery when the battery is fully 

charged. Thus, the grid-tied PCS is operated by the power converter circuit and the 

battery. 

The topology of power converter circuit in the stand-alone mode is presented 

in Figure 3.5. In this mode, a bi-directional chopper circuit in boost mode is used 

as the power converter circuit in order to increase the battery voltage up to the 

operating voltage of the grid-tied PCS. First of all, the output current io flowing 

into the grid-tied PCS is detected by the current sensor. Secondly, the used model 

equation is determined to calculate the reference voltage v* by comparing the 

output current value with the current value of the intersection of the model 

equations with the help of the comparator. A PI controller is used to reduce the 

error between the output voltage vo and the reference voltage v* by varying the 

duty factor. Finally, the switches of the bi-directional chopper circuit are regulated 

by the output gate signal. The output filter with the inductor L2 and the capacitor 

C2 suppresses the ripple at the output terminal while the inrush current flowing 
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into the capacitor C2 and the internal capacitor of the grid-tied PCS is impeded by 

the resistor R. 

 

Figure 3.5. Power converter circuit in the stand-alone mode 

3.4. Modeling in PSIM program 

3.4.1. MPPT control for DC/DC converter 

The diagram of the MPPT control system of the PV cell emulating system with a 

DC/DC converter in boost mode is presented in Figure 3.6. The MPPT algorithm 

with the Perturb and Observe (P&O) method is used to measure the output current 

i0, the output voltage v0 of the PV cell emulating system and generate the reference 

voltage V’ref which is similar to the output voltage at the maximum power point.  

The proportional-integral (PI) controller compares the output voltage v0 with 

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

reference voltage V’ref and the output voltage v0. The switches of the DC/DC 

converter in boost mode are controlled by the output gate signal from the PWM 

modulator. 
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Figure 3.6. Diagram of the MPPT control system  

3.4.2. Grid-tied control for DC/AC inverter 

The DC/AC inverter supplies the active power from the PV cell emulating system 

into the utility grid with the support of the grid-tied control system. The output 

current Iout of the DC/AC inverter must be synchronized with the grid voltage vgrid 

and so the switches of the grid-tied DC/AC inverter can be controlled to inject the 

active power into the utility grid.  

The grid-tied control system is composed of the Phase Locked Loop (PLL) 

method to generate a synchronizing signal which is in phase synchronized with the 

grid voltage and the hysteresis band method by which the instantaneous output 

current Iout of the DC/AC inverter can follow the reference current as shown in 

Figure 3.7.  
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Figure 3.7. Diagram of the grid-tied control system 

3.4.3. Simulation result 

Figure 3.8 shows the circuit of the grid-tied PV cell emulating system in the 

stand-alone mode. A DC/AC power inverter is required to convert the DC voltage 

from the PV cell emulating system into AC voltage. The single phase grid voltage 

is of 110Vrms (root mean square) and the output voltage of the PV cell emulating 

system is around 85 V. The DC voltage is increased to around 200V by the DC/DC 

bi-direction converter in boost mode before inverting the DC voltage to AC 

voltage of 155Vp (peak voltage) which is equivalent to 110Vrms. The PV cell 

emulating system is connected to the utility grid by a DC/AC full-bridge inverter 

with an L-type filter. 

 

Figure 3.8. Circuit of grid-tied PV cell emulating system in the stand-alone mode 
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Table 3.2. Parameter of the system 

Parameter Value 

Voltage of battery 52 V 

Inductor L1, L2 10 mH, 2 mH 

Capacitor C1, C2 13.2 μF, 15 μF 

Capacitor C3, C4 400 μF, 300 μF 

Inductor L, L3 1 mH, 2 mH 

Peak grid voltage 155 V 

Grid frequency 50 Hz 

 

Figure 3.9. Simulation result of output voltage and output current of PV cell 

emulating system in the stand-alone mode 

Figure 3.9 presents the simulation result of the output voltage Vo and the 

output current Io of the PV cell emulating system. The internal capacitor of the 

grid-tied power conditioner is charged in about initial 0.2 seconds and then 

grid-tied power conditioner performs the MPPT control to obtain the maximum 

power. The simulation results match with maximum power point characteristics 

(MPP voltage of 85V, MPP current of 4A) of the linear model equations (3.1) and 

(3.2). The output power of the PV cell emulating system is illustrated in                 

Figure 3.10 and the output power can reach the maximum power in the 
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steady-state condition. 

 

Figure 3.10. Output power of the PV cell emulating system in the stand-alone mode 

 

Figure 3.11. AC grid integration result of the PV cell emulating system 

Figure 3.11 shows the AC grid integration result of the PV cell emulating 

system in the stand-alone mode. The output current Iout of the DC/AC inverter is 

sinusoidal and in phase with the grid voltage Vgrid. Hence, the PV cell emulating 

system can connect and inject the active power into the utility grid with the support 

of the grid-tied control method. The total harmonic distortion (THD) of the output 

current Iout of the DC/AC inverter is presented in Figure 3.12 and the THD value of 
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the output current is small because of depending on the width of a very narrow 

band in the hysteresis band method.  

 

Figure 3.12. THD of the output current of the DC/AC inverter  

3.4.4. Experimental test 

 
Figure 3.13. Overall of experiment system 

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

stand-alone mode is displayed in Figure 3.13. The DC source system, including a 

DC power supply device and a power amplifier device, is used to supply DC 

voltage of about 52 V. In this study, a boost type bi-directional chopper circuit is 

made as the power converter circuit and this bi-directional chopper circuit 

increases the DC source voltage up to operating voltage range from 80V to 320V 

of the grid-tied power conditioner SUNVISTA JH-S402. The grid-tied PCS 
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performs the MPPT control and supplies the electrical energy at the output 

terminals of the DC source system into the utility grid. The Graphtec GL900 8 

channel Data Acquisition Data logger is used to measure the output voltage and the 

output current values of this system. 

 

Figure 3.14. Experimental results of the output voltage and the output current of the 

PV cell emulating system in the stand-alone mode  

Figure 3.14 shows the experimental results of output voltage v0 and output 

current i0 of the grid-tied PV cell emulating system in the stand-alone mode. These 
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results verify that the PV cell emulating system in the stand-alone mode can 

operate the grid-tied PCS of the solar power by actual test. Firstly, the grid-tied 

power conditioner charges the internal capacitor in about initial 37 seconds, then it 

performs the MPPT control to achieve maximum power. The output voltage and 

output current values of the PV cell emulating system are operated near the 

maximum power point (MPP voltage of 85V, MPP current of 4A) in the linear 

model equations (1) and (2) with the parameters in Table 3.1. Thus, the utilization 

rate of the power conditioner of grid-tied solar power system increases in the case 

where the solar array cannot receive the sunlight, especially the night time. 

3.5. New model of Stand-alone mode using 3 equations 

3.5.1. Introduction 

The two model equations are connected at the maximum power point in previous 

study. When operating in the steady state, the maximum power point will 

continuously permute between 2 reference equations. Therefore, the output current 

of the PV cell emulating system can strongly fluctuate and it leads to reduce the 

quality of the output power. We propose a new model with 3 equations including 4 

parameters (Figure 3.15) to solve the disadvantage of the old model as the 

operating point will be moving on a linear equation and not fluctuating around the 

intersection of linear equations. The parameters of the new model are: 

The maximum power point Pmax (Vmax, Imax), 

The open circuit voltage (Voc, 0), 

The short circuit current (0, Isc) 

And a voltage width Vh (which will determine the width of the center 

equation). 
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Figure 3.15. 3 model equations of the PV cell technical characteristic  

After resolving the system, we have the following equations: 

 

(3.3) 

 

(3.4) 

 

(3.5) 

Table 3.3. Parameter of the 3 linear model equations 

Parameter Value 

Maximum power point voltage Vmax 85 V 

Maximum power point current Imax 4 A 

Open voltage Voc 102 V 

Short current Ishort 4.4 A 

Voltage width Vh 7 V 
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In this paper, an example of 3 linear model equations is used in Figure 3.15 

with the parameters in Table 3.3. 

 3.5.2. Power converter circuit 

First of all, the small scale wind power generating system is connected to the 

battery and charges it. When the battery is completely charged, it disconnects from 

the small scale wind turbine and connects to the power converter which will 

convert the power suitable for the power conditioner. 

 

Figure 3.16. New control system with 3 model equations  

Figure 3.16 presents the configuration of the power converter circuit in the 

stand alone mode. A bi-directional chopper circuit is used, as a boost chopper, for 

increasing the battery voltage to the operating voltage of the power conditioner. 

The current Io coming into the power conditioner and the voltage Vo are measured 

for the control system.  

The PV emulator control block determines the used model equation to 

calculate the voltage reference Vref by comparing the output voltage value with 

Vmax-Vh or Vmax+Vh. Then, a PI controlled PWM compares the reference voltage 

with the output voltage Vo for determining the duty factor. The power is then 
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converted by the two switches and smoothed by the inductor L2 and the capacitor 

C2. 

3.5.3. Study result 

 

Figure 3.17. State switches of old 2 model equations 

 

Figure 3.18. State switches of new 3 model equations 

In the old topology, the two switches of the power converter circuit were 

permuting continuously in Figure 3.17 but we can see with the new model, the 

state of the switches are more stable as can be seen in Figure 3.18.  
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To validate this new model, we need to compare the value of the output 

characteristics of the PV cell emulating system in both configurations. 

 

Figure 3.19. Fluctuations of the output current for the old 2 model equations 

 

Figure 3.20. Fluctuations of the output current for the new 3 model equations 

Figure 3.19 and Figure 3.20 show that the value of the current of the new model 

equation is more stable than the value of the old model equation. Through the 

calculation of the different gap, we find that there is a fluctuation of the output 

current of about 7.5%Imax for the old model equation and only 1.5%Imax for the new 

model equation. That’s mean the new model is about 5 times more steady than the 

old one. 

Hence, the quality of the output power is increased by using the new model 

equations and the PV cell emulating system also can connect to the PCS. 

3.6. Conclusion 

This chapter presented the configuration and operation of the grid-tied PV cell 

emulating system in the stand-alone mode using 2 and 3 linear model equations. 

The research results confirmed that the utilization rate of the PCS of grid-tied solar 
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power system was improved in the case where the solar array did not receive the 

sunlight, especially the night time.   
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Chapter 4 

PV Cell Cooperating System                    

in Series Connection Mode 

4.1. Configuration of PV cell cooperating system  

Figure 4.1 presents the configuration of the grid-tied PV cell cooperating system in 

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

and the power converter circuit. 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. 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 4.1. Configuration of PV cell cooperating system in series connection mode 
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First of all, the battery is fully charged by the small scale wind turbine and 

then disconnected from the small scale wind turbine. In the next step, the current 

flowing into the PCS is detected by the power converter circuit.  

 

Figure 4.2. I-V characteristic in series connection mode 

 

Figure 4.3. I - V curve of PV under the various levers of solar irradiation [11]  

Figure 4.2 shows the current - voltage characteristic in the series connection 

mode of the solar panel and the PV cell cooperating system. The output current 

value of the cooperating system matches the maximum power point current value 

of the solar panel in this mode since the solar panel connects with the PV cell 

cooperating system in series. Thus, the input power of the PCS can be controlled to 



 

50 

 

become the maximum power. Moreover, the 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 4.3. In 

contrast, the output current io of the PV array is very linearly dependent on the 

solar irradiation. Thus, the reference voltage value Vref in Figure 4.4 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 4.4. I - V characteristic in series connection mode under different levels of 

solar irradiation 

4.2. Control method of the system 

4.2.1. Control system of the PV cell cooperating system 

Figure 4.5 describes the control method of the PV cell cooperating system in series 
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connection mode. In this research, the bi-directional chopper circuit is used as the 

power converter circuit to decrease the battery voltage 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                            (4.1) 

where, Pb is reference battery output power and io is the output current of the solar 

array. 

 

Figure 4.5. Power converter circuit with control design 

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

match the reference voltage value Vref by the voltage control loop. The cooperating 

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 (4.2).  
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20 ii                             (4.2) 

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 cooperating 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.  

4.2.2. MPPT control system 

In the function of the PCS, the maximum power point tracking (MPPT) as 

illustrated in Figure 4.6 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 observes the increasing power of the system 

to determine the direction of the next perturbation. By which, the operating point is 

moved to the maximum power point and oscillates around it in the steady state.  

 

Figure 4.6. Diagram of the MPPT control system 
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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                         (4.3) 

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

output voltage of the PV array.  

4.2.3. Grid-tied control system 

The output current Iout of the DC/AC inverter in Figure 4.7 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 of the DC/AC inverter.  

 

Figure 4.7. Diagram of the grid-tied control system 
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4.3. Simulation results 

The control method of the grid-tied PV cell cooperating system in series 

connection mode is confirmed by using PSIM electronic circuit simulation 

software with the simulation circuit structure as shown in Figure 4.8 and the 

system parameters for the simulation are listed in Table 4.1. 

Table 4.1. Parameter of the system 

Power of solar array in solar radiation of 600 W/m
2
 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 V 

Grid frequency 50 Hz 

 

Figure. 4.8. Simulation circuit in PSIM program 

Figure 4.9 illustrates the simulation results of the output current i2 and the 

output voltage v2 of the PV cell cooperating system in series connection mode. 

These results describe three operation modes of the PV cell emulating system. 

https://www.google.co.jp/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&sqi=2&ved=0ahUKEwjf4O_gofnLAhUBSJQKHRgWB1wQFggbMAA&url=http%3A%2F%2Fpowersimtech.com%2Fproducts%2Fpsim%2F&usg=AFQjCNF4ejvGwynjeFk2B-GI9wjNfgi-FQ&sig2=9iH7x0uc-kAIM9MZQK0OZA&bvm=bv.118443451,d.dGo


 

55 

 

 

 

 

 
Figure 4.9. Operation modes of the PV cell cooperating 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 
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cooperating 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 cooperating 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 cooperating system can connect to the PV array in series in the steady state 

and both the output power of the PV cell cooperating system and the output power 

of the PV array can be supplied to the grid-tied power conditioner.  

 

Figure 4.10. Input voltage of the PCS 

 Figure 4.10 and Figure 4.11 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 cooperating system connects to solar panel in 

series mode from approximately 19
th

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

 

Figure 4.11. Input power of the PCS 

4.4. Experimental results 

 

Figure 4.12. Configuration of experimental system 

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

connection mode is shown in Figure 4.12. 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 



 

58 

 

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 4.13. Output current of the PV cell cooperating system 

Firstly, the grid-tied PV cell cooperating system in series connection mode is 

tested under stable solar irradiation condition. It can be seen in Figure 4.13, 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 cooperating system 

starts to connect with the PV array in series after the PV array generates the output 

current io in the initial 10 seconds.  
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Figure 4.14. Input voltage of the PCS 

As a result of the experimental test in Figure 4.14, after the PV cell 

cooperating system connects completely with the PV array in series from about 

19
th

 second, the voltage control loop regulates the output voltage v2 of the PV cell 

cooperating 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 4.15. Input power of the PCS 
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It is clearly seen in Figure 4.15 that the input power Pinpcs of the PCS is 

increased because the input voltage Vinpcs of the PCS as shown in Figure 4.14 

always equals output voltage sum of the PV cell cooperating system (v2) and PV 

array (vpv) when the PV cell cooperating 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 cooperating 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. 

 

Figure 4.16. Output current of the PV cell cooperating system under changed solar 

irradiation condition 

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

series connection mode under changed solar irradiation condition, the output 

current i2 of the PV cell cooperating system in Figure 4.16 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 cooperating system under the changing of the solar irradiation up 

to about 52
th

 second. When the solar irradiation value becomes very low at the 

point of about 52
th

 second and the value of the PV array output current io is less 

than 1 (A), the operation of the PV cell cooperating system is stopped because the 
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duty ratio of the PV cell cooperating system is controlled to become zero. After 

about 7 seconds, the output current i2 of the PV cell cooperating system continues 

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

 

Figure 4.17. Input voltage of PCS under changed solar irradiation 

 

Figure 4.18. Input power of PCS under changed solar irradiation condition 

The input voltage Vinpcs of the power conditioner in Figure 4.17 always equals 

output voltage sum of the PV cell cooperating system (v2) and PV array (vpv) with 
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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 cooperating 

system can generate the power of 50 W and the input power Pinpcs of the power 

conditioner as can be seen in Figure 4.18 is enhanced according to the changing of 

the solar irradiation except in the time from about 52
th

 second to about 59
th

 second 

because the PV cell cooperating system cannot work in this time period. 

4.5. Conclusion 

In this chapter, the study results verified that the utilization rate of the grid-tied 

PCS was enhanced because the PV cell cooperating system in series connection 

mode could run the grid-tied PCS of the solar power system in the daytime. 

Moreover, the results also indicated that the operation of the PV array in practice 

was not influenced by the PV cell cooperating system in series connection mode in 

the steady state. 

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

of the PV cell cooperating system was stopped because the duty ratio of the PV 

cell cooperating system was controlled to become zero.  
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Chapter 5 

PV Cell Cooperating System                                  

in Parallel Connection Mode 

5.1. Introduction 

The installation of the solar power system develops very quickly all over the world, 

but solar power generation is dependent on sunlight to effectively collect energy 

from the sun. Thus, it decreases the utilization rate of the PCS in the grid-tied solar 

power system. The hybrid power system using the small wind turbine and solar 

array can increase the utilization rate of the power conditioner since the small scale 

wind power generating system can generate the power during the day and night 

time. However, the PCS of the solar power system cannot control optimally the 

small wind turbine because the output characteristics of the wind turbine and the 

solar array are different. We designed the novel method in the previous study in 

Chapter 4 to connect the small scale wind power generating system with the PCS 

of the grid-tied solar power system. So, the utilization rate of the PCS can increase 

by using the PV cell cooperating system in series connection mode. However, this 

enhanced operating efficiency of the PCS is not good in changing solar irradiation 

condition because the maximum input voltage of the PCS is restricted and the 

voltage of the PV alters slightly as can be seen in Figure 5.1. 
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Figure 5.1. I - V characteristic in series connection mode in cloudy and rainy days 

Therefore, we design a novel technical method of the PV cell cooperating 

system in Figure 5.2 which is connected in parallel with the solar panel to increase 

the operating efficiency of the PCS regardless the restricted maximum input 

voltage value of the PCS, especially in the bad weather days. 

 

Figure 5.2. Grid-tied PV cell cooperating system in parallel connection mode 
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Figure 5.3. I - V characteristic in parallel connection mode in cloudy and rainy days 

Figure 5.3 presents current - voltage characteristic of the PV cell cooperating 

system in parallel connection mode. The output voltage value of the PV cell 

cooperating system and the MPP voltage value of the solar panel must be identical 

because the PV cell cooperating system is connected to the solar panel in parallel. 

Thus, the input power of the PCS is increased because the input current iinPCS of the 

PCS equals output current sum of the PV cell cooperating system and solar panel.    

5.2. Control of PV cell cooperating system in parallel connection mode 

Figure 5.4 presents the control method of the PV cell cooperating system in 

parallel connection mode. The output current of the PV cell cooperating system is 

regulated to follow the reference current value iref calculated by dividing the 
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reference battery output power Pb by the MPP voltage vpv of the PV array with the 

support of a current control loop. The PI controller reduces the difference between 

the output current io of the PV cell cooperating system and the reference current iref. 

In parallel mode, the output voltage value v0 of the PV cell cooperating system 

matches the MPP voltage value vpv of the PV array. The output gate signals from 

the Pulse Width Modulation (PWM) adjust the switches of the boost DC/DC 

power converter. 

 

Fig 5.4. Control system of power converter circuit 

5.3. Research result 

Circuit of the grid-tied PV cell cooperating system in the parallel mode is 

shown in Figure 5.5. The PV cell cooperating system is connected to the solar 

array in parallel and both systems supply power to the bi-direction DC/DC 

converter in boost mode which is used to perform the maximum power point 

tracking (MPPT) by a current control method. The single phase grid voltage is of 

230 Vrms and the input voltage of DC/DC converter is around 150 V. Before 

converting the DC voltage to AC voltage of 325 Vp (peak voltage) which is 
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equivalent to 230 Vrms, the DC voltage is increased up to around 380 V. The PV 

cell cooperating system is connected to the utility grid by a full-bridge inverter 

through an L-type filter. The four switches of grid-tied DC/AC inverter are 

controlled by the method that the instantaneous output current follows the 

reference current, as closely as possible.  

Figure 5.5. Circuit of the grid-tied PV cell cooperating system in the parallel mode  

The operation of the grid-tied PV cell cooperating system in parallel 

connection mode is simulated by PSIM program and Table 5.1 shows system 

parameters for the simulation. 

Table 5.1. System parameter for simulation 

Parameter Value 

Power of PV system in solar radiation of 580 W/m
2
 400 W 

Power of battery 100 W 

Inductor L1, L2, L3 10 mH, 2 mH, 2 mH 

Capacitor C1, C2, C3 13.2 μF, 500 μF, 300 μF 

Peak grid voltage 325 VAC 

RMS grid voltage 230 VAC 

Grid frequency 50 Hz 

Filter inductor L 10 mH 
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Figure 5.6 illustrates the research results of the output current i0 of the PV cell 

cooperating system in parallel connection mode. The PV cell cooperating system 

does not work in the first stage and only the solar panel generates output current ipv 

with the help of the MPPT control system of the PCS. After about 14.8 seconds, 

the output current i0 of the PV cell cooperating system is adjusted to match the 

reference current value iref calculated by dividing the reference battery output 

power Pb by the MPP voltage vpv of the solar panel. The PV cell cooperating 

system is connected to solar panel in parallel mode in the steady state from about 

18.7
th

 second. 

 

Figure 5.6. Output current of the PV cell cooperating system  

In Figure 5.7, the PV cell cooperating system output voltage v0 is regulated to 

equal the output voltage vpv of the solar panel because the PV cell cooperating 

system connects to the solar array in parallel mode. Therefore, the power of both 

systems can be transmitted to the PCS. 
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Figure 5.7. Output voltage of the PV cell cooperating system  

 

Figure 5.8. Input current of the PCS 

Figure 5.8 and Figure 5.9 display the simulation results of input current Iinpcs 

and input power Pinpcs of the PCS in parallel connection mode. In the first stage, the 

PV array solely supplies power with the support of the MPPT control system and 

the PV cell cooperating system is connected to solar panel in parallel mode in the 

next stage. The input current iinPCS of the PCS always equals output current sum of 

the PV cell cooperating system and the solar panel. Therefore, the PV cell 
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cooperating system output power is injected to the PCS with the output power of 

the solar panel and the input power PinPCS of the PCS is increased. 

 

Figure 5.9. Input power of the PCS 

 

Figure 5.10. AC grid integration result  

Figure 5.10 shows the output current of the DC/AC inverter of the PV cell 

cooperating system in parallel connection mode. The result presents that the output 

current Iout of the DC/AC inverter is sinusoidal and in phase with the grid voltage 

Vgrid. Therefore, the active power of the PV cell cooperating system in parallel 

connection mode can be transmitted into the utility grid by using the grid-tied 
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control system.  

5.4. Conclusion 

This chapter presented the operation, the I - V characteristic, and the control 

system of the grid-tied PV cell cooperating system in parallel connection mode. 

The simulation results confirmed that this system can connect and transmit the 

electrical energy to the power grid. Moreover, the PV cell cooperating system 

which is connected in parallel with the solar panel can work well in the bad 

weather days, regardless the small altering output voltage value of the PV array 

and the restricted maximum input voltage value of the PCS. So, the operating 

efficiency of the PCS is better than the case in the series connection mode.  
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Chapter 6 

Conclusions and Future Work 

The focus of this thesis was on the novel design of the PV cell emulating system 

using the small scale wind turbine in order to increase the utilization rate of the 

PCS in the grid-tied solar power system. 

Firstly, the research results presented that the PV cell emulating system in the 

stand alone mode could connect and transmit the power to the utility grid by using 

the grid-tied PCS in the case of the solar array could not receive sunlight.  

Moreover, the PV cell cooperating system also connected to the solar array in 

the series and parallel connection mode in the case of the solar irradiation became 

weakly in the cloudy and rainy days. However, when the solar irradiation value 

became very weak, the operation of the PV cell cooperating system was stopped 

because the duty ratio of the PV cell cooperating system was controlled to become 

zero. The operating efficiency of the PCS when using the grid-tied PV cell 

cooperating system in parallel connection mode is better than the case in the series 

connection mode.  

Therefore, the working efficiency of the PCS was improved because the PV 

cell cooperating system could use the remainder of the capacity of the PCS by day 

regardless of altering solar irradiation as well as in the case where the solar array 

could not receive the sunlight, especially the night time. 

The future work in this thesis can be extended according to the proposed ideas 
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as follows: 

- Research on the grid-tied PV cell emulating system in stand alone mode and 

PV cell cooperating system in series/parallel connection mode using fuel cell. 

- Research on application of the novel model equation and the intelligent 

control methods for the control systems in the PV cell emulating system to 

improve the accuracy of the system. 
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