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The economic efficiency of PV energy generation should be improved to put such new 

energy in practical use and to disseminate the utilization of new energy sources. This 

research takes the advantages of the contemporary research technologies in developing the 

performance of the PV energy sources. The ultimate goals of this research are essentially 

two: 1. Optimal solar energy harvesting: Development of PV panels’ orientation strategies 

to achieve the maximum incident radiation at a reasonable cost. 2. Efficient power 

conditioning and smart integration: Proposing new algorithms and techniques–to enable 

higher energy conversion efficiency at low-complexity for cheap fabrication. 

 

Keywords: Renewable energy systems, Photovoltaic, Power conditioning, Voltage Source 

Inverters, Energy Efficiency. 

 

INTRODUCTION 

 

Energy is a basic human need for both human development and economic growth. An 

international priority is to ensure secure, reliable, affordable, clean, and sustainable energy 

supply. Both Japan and Egypt are relatively modest in their resources of conventional energies 

(oil and gas). To ensure sustainability of energy supply in the long term, it is clear that we 

need to exploit additional sources other than oil and gas.  

The direct conversion of sunlight into electricity is a very elegant process to generate 

environment-friendly renewable energy. This branch of science is known as “photovoltaics” 

or “PV”. PV technology is modular, operates silently and is therefore suited to a broad range 

of applications and can contribute substantially to our future energy needs. The economic 

efficiency of solar energy generation should be improved to put such new energy in practical 

use and to disseminate the utilization of new energy sources [1]. 

A stable supply of energy is a lifeline for Japan, as the country relies on imports to 

fulfill more than 80% of its energy demands. Furthermore, Japan plays a global leadership 

role in global efforts to tackle greenhouse emissions, to elaborate the degree of social 

cognition and credibility over green power (wind power generation, PV power generation, and 

so on), and to improve the energy and the environmental problems in Japan [2].  
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Renewable energy investment in Africa is led by Egypt [3]. Moreover, Egypt is now 

adopting a national energy strategy. It includes setting clear energy efficiency and 

conservation policies and plans, and upgrading contribution of renewable energies in the 

energy mix to levels compatible with the Egyptian natural potentials. The installed capacity 

needed by the year 2020 from renewable energy, in the light of forecasted growth, is 

estimated to be between 8 to 10 GW [4]. 

Most of developed countries boosted the production of photovoltaic power and have 

contributed towards annual market growth rates between 20 and 40% since the early 1990s. 

The global efforts in photovoltaic technology are aimed at reducing the cost of PV devices 

and systems by improving their efficiencies, life expectancy, and reliability [5]-[6]. Increasing 

energy efficiency has a potential to save 20% of the primary energy [7]. Everyone's small step 

forward is essential for the sustainable future through revolution [8]. 

This paper is organized in the following manner. An investigation of different 

orientation strategies for optimum solar energy harvesting is addressed in section II. Section 

III presents an efficient single-stage three-phase grid-connected photovoltaic power 

conditioner. Finally, conclusions are presented in section IV. 

 

INCREASING ENERGY-EFFICIENCY IN PV PANELS 

 

Solar radiation varies over the earth’s surface due to the weather conditions and the 

location. For each location, an optimum orientation of the PV cells is desired to obtain the 

maximum possible incident radiation over the surface of the cells [9]. Great efforts have been 

done in reducing the required PV cells through developing the solar tracking systems [9]-[18].  

A. Investigation Methodology 

 

The energy generated from solar cells is proportional to the amount of incident light. It 

reaches its maximum value when the solar cell is perpendicular to the sun’s rays [18]. The 

solar radiation on an inclined surface is a function of the sun’s ray (IN), and some related 

angles, as described in Fig. 1 [19]. The incident solar energy over tilted surfaces is estimated 

as in the following steps: 

The conventional orientation strategies imply to tilt the PV panels with a monthly-based 

angle (S=0, S=Φ, or S=Φ-δ), where δ can be calculated using the following equation [20]: 

                                             )/365]+4sin[360(28°23.45= nδ    (1) 

where; S denotes the angle of the surface from horizontal, Φ denotes the latitude angle, δ 

denotes the solar declination angleIall in degreesIand n denotes the order of the day in the 

year. 

This research proposes an improved strategy for best solar energy harvesting. In this 

strategy, the tilt angle has been calculated for each month to achieve the maximum incident 

solar energy over the PV panels during this month for the site under study. Then, these angles 

have been formulated in an empirical formula for easy and efficient use of the proposed 

strategy at different sites. 

The average daily radiation on a tilted surface ( ΤΗ ) is calculated, as addressed in [20]-

[21], at different tilted angles: S is swept to identify the value that achieves the maximum 

collected ΤΗ  every month: Sweeping of S starts from -90º up to 90º—including S=0, S=Φ, 

and S=Φ-δ. Then the yearly energy (E) is calculated at the studied cases as follows:  
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Then comparative investigations of the results have been achieved and addressed in the 

following sections. 

 

Figure 1. Solar radiation tracking concepts. 

 

B. Application and Results 

 

The calculation of the tilted radiation has been programmed in MATLAB and has been 

applied to the selected Egyptian and Japanese sites: Al-Kharijah site (latitude angle 25.45° N, 

located at the southwest of Egypt) and Fukuoka site (latitude angle 33.57° N, located at 

southwest of Japan). These two sites have different climate conditions (solar radiation, and 

ambient temperature); which makes them suitable, as sites under study, to evaluate the 

robustness of the proposed strategy.  

 

B.1 Required Data 

- The hourly solar radiation on horizontal surface, at the selected sites, has been 

collected over the last five years by the Egyptian Meteorological Authority [22], and the 
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Japanese Meteorological Authority [23]. Then the average values of these data are calculated. 

Samples of these data are drawn in Fig. 2 and Fig.3.  

- The ambient temperature for the selected sites.  

- The recommended average day for each month [20]. 

- Using the monthly average daily extraterrestrial radiation at different latitudes; [20], 

and by the interpolation method, the monthly average daily extraterrestrial radiation for Al-

Kharijah site and Fukuoka site has been calculated. 
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Figure 2. Sample of the solar radiation on 

horizontal surfaces at Al-Kharijah site. 
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Figure 3. Sample of the solar radiation on 

horizontal surfaces at Fukuoka site. 

B.2 Results and Discussion 

 

The change of ΤΗ  versus the variation of S is plotted at all months at the sites under 

study (A sample is shown in Fig. 4 and Fig. 5). Moreover, the values of the S that achieves 

the maximum collected ΤΗ  have been identified (circled in Fig. 4 and Fig. 5; ● points). 

It can be noticed that: 

1. Although the horizontal orientation of the PV panels (at S = 0) attains a good performance 

in some months (see July in Fig. 4 and Fig. 5); which is close to the calculated maximum 

(circled point on the curve), it is far away from the calculated maximum in most of the other 

months.  

2. Although the conventional orientation strategy at S = Φ attains a good performance in some 

months (see October in Fig. 4 and Fig. 5); which is close to the calculated maximum (circled 

point on the curve), it is far away from the calculated maximum in most of the other months.  

3. The orientation strategy at S = Φ-δ attains better performance than other conventional 

strategies in most of the months (see the squared points (■) in Fig. 4 and Fig. 5, they are 

always close to the calculated maximum points (●)). However, this strategy still needs 

improvement. Such improvement targets at moving the operating states from the current ■ 

points to the ● points. 

The above discussion leads to our proposed orientation strategy; i.e. the tilt angles that 

achieve the calculated maximum collected ΤΗ  have been formulated as follows: 

                                                        S=Φ-ζδ                                                     (3) 

where 

                                               
)  (-cos= 2-1 δξ                                   (4) 

This proposed new formula attains very close values to the target: ● points (see Fig. 6 

and Fig. 7). It proved its applicability to different sites with their different solar radiation and 
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temperature. 

To estimate the effect of the proposed strategy on the collected solar energy on the 

tilted surfaces, the yearly incident energy on a unit area has been calculated at both of the 

sited under study with different orientation strategies (S=0, S=Φ, S=Φ-δ, S=Φ-ζδ). Then the 

results have been compared. Fig. 8 illustrates the solar radiation, and the yearly-collected 

solar energy, respectively, when the surfaces are tilted at S=0, S=Φ, S=Φ-δ, and S=Φ-ζδ for 

Al-Kharijah site. In addition, Fig. 9 illustrates the similar results for Fukuoka site. 
 

Figure 4. Sweeping of the tilt angle to identify 

the value that achieves the maximum collected 

ΤΗ  every month at Al-Kharijah site. 
 

 

 

 

Figure 6. Curve fitting for the calculated tilt 

angles that achieve the maximum collected ΤΗ  at 

Al-Kharijah site. 
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Figure 8. Effect of the orientation strategy on the 

yearly-collected solar energy at Al-Kharijah site. 

 

 

 

 

Figure 5. Sweeping of the tilt angle to identify 

the value that achieves the maximum collected 

ΤΗ  every month at Fukuoka site. 
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Figure 7. Curve fitting for the calculated tilt 

angles that achieve the maximum collected ΤΗ  at 

Fukuoka site. 
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Figure 9. Effect of the orientation strategy on the 

yearly-collected solar energy at Fukuoka site. 

 

 

 

 

 

 

Figure 10. A generator connected to the power grid. 

 

ENERGY-EFFICIENT POWER CONDITIONER 

 

Grid-connected Photovoltaic power conditioners usually employ two stages: The first 

stage is a dc-dc boost converter for boosting the PV voltage, and achieving MPPT; and the 

second stage is a dc-ac inverter for conditioning the output power and synchronizing with the 

power grid. However, such systems have drawbacks as higher part count, lower efficiency, 

lower reliability, higher cost, and larger size [24]–[25]. 

On the other hand, single-stage grid-connected systems provide many advantages such 

as simple topology, high efficiency, high power density, and lower cost. However, achieving 

MPPT, while conditioning the output power and synchronizing with the power grid, is a big 

challenge in such systems [25]–[26]. 

The inverters must guarantee that the PV module(s) is/are operated at the MPP, which is 

the operating condition where the most energy is captured. MPPT is an essential part of any 

PV system. In recent years, a large number of peak-power tracking methods have been 

proposed and implemented [25]–[27]. This section investigates two MPPT schemes for 

single-stage three-phase grid-connected photovoltaic voltage-source inverters. 

 

A. Power Injection Principle 

 

In the case of a connection of an alternate current (AC) generator to the power grid, the 

generator output voltage is equal to the grid voltage and the generator is the source of active 

. 
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power (Pge) and reactive power (Qge). Fig. 10 shows an equivalent diagram of a grid-

connected generation system, and a simplified vector diagram [28]. The active power, 

provided by the generator can be calculated as follows: 

       Pge = Ege Vgr sin (δL) / Xg                  (5) 

and the reactive power: 

       Qge = [(Vgr)
2
 –Ege Vgr cos (δL)] / Xg          (6)           

where the voltages are expressed in rms values. 

If we have a system as shown in Fig. 11, the Photovoltaic output power can be 

calculated as follows: 

       PPV = VPV × IPV                    (7) 

Considering a fixed hardware setup (Xg = constant), and for the purpose of maximizing 

the PV output power, we have two control variables: 1- The inverter modulation index (mi) 

that directly controls the magnitude of the inverter ac output voltage (Ege). 2- The load angle 

(δL); the phase angle of the sinusoidal pulse-width modulation (SPWM) control signal (w.r.t. 

the power grid voltage phase angle). 

The load angle (δL) usually has a small value. In such band of angles, the sine function 

has a sharp slope, and the cosine function has a flat slope. Therefore, the active power (Pge) is 

deeply affected by changing δL than by changing the generator output voltage (Ege; by 

changing mi). However, the reactive power (Qge) is deeply affected by changing Ege (by 

changing mi) than by changing δL. Yet the fact that either/both of δL or/and mi affects both of 

Pge and Qge. 

The above principle is usually used in case of conventional power generation systems. 

Moreover, it is applicable to grid-connected PV systems. 

 

 
 

Figure 11. Schematic diagram of the proposed single-stage grid-connected PV system. 

 

B. Brief Description of a Single-Stage Grid-Connected PV System 

 

Figure 11 presents a schematic diagram of the proposed single-stage grid-connected PV 

system. This system can be briefly described in the following points: 
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- Both of δL and/or mi are employed to achieve MPPT: Extract the maximum available 

power from the PV panels. 

- The control signals generator generates the reference signals at the desired δL and the 

desired mi. 

- The digital pulse-width modulator generates the gate signals corresponding to the 

reference signals and the internally-generated triangular wave. 

- The synchronizing unit is used to connect to the power grid only when the 

synchronization conditions are fulfilled. 

 

C. Conventional Incremental Conductance MPPT 

 

Incremental-conductance (INC) method [29] is based on the fact that the slope of the 

PV array power curve versus voltage is zero at the MPP. The INC MPPT algorithm usually 

has a fixed iteration step size determined by the requirements of the accuracy at steady state 

and the response quickness of the MPPT. Thus, a tradeoff between dynamic and steady-state 

responses has to be investigated at the corresponding design.  

The primary rules for INC MPPT algorithm are deduced as follows: the power curve of 

the PV module shows that the derivative of the PV module power PPV with respect to its 

voltage is positive before reaching the MPP, zero at the MPP, and negative after passing the 

MPP as shown in Fig. 12. The derivation of PPV is given in (8), which leads to the actuating 

error (e) in (9). 
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Figure 12. Basic fundamentals of the incremental conductance MPPT. 
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(a) Tracking with δL at constant mi 

0 1 2 3 4 5 6 7 8 9 10
0

50

100

Time (S)

P
V
 V
o
lt
a
g
e
 (
V
)

0 1 2 3 4 5 6 7 8 9 10
0

1

2

3

Time (S)

P
V
 C
u
rr
e
n
t 
(A
)

0 1 2 3 4 5 6 7 8 9 10
0

100

200

300

400

Time (S)

P
V
 P
o
w
e
r 
(W
)

 
    (b) Tracking with mi at constant δL 

 

Figure 13. Simulation results: starting waveforms using the proposed MPPT at different 

schemes. 

 

Therefore tracking the maximum power point is achieved by watching the actuating 

error, then applying the rule (10) in case of tracking with δL, or applying the rule (11) in case 

of tracking with mi. 
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Table 1. Overall system parameters (1000 W/m

2
, 25◦C). 

 

 

 

 

 

 

 

 

 

 

D. Simulation Results and Digital Implementation 

D.1 Simulation Results 

 

To investigate the performance of the proposed schemes using the INC method, a 

simulation model is developed for the overall system. The INC MPPT is designed to track the 

Symbol Description Value 

VOC   Open circuit voltage (V) 120 

Vmpp   Voltage at max power (V) 100 

ISC   Short circuit current (A) 3. 5 

Impp   Current at max power (A) 3.0 

Pmpp   Maximum power (W) 300 

Cin   Input capacitor (uF) 2000 

L1, L2   Filter inductors (mH) 5.3, 1.65 

Cf   Filter capacitor (uF) 4 

Fs   Switching frequency (kHz) 21.6 

Vgr   Grid line voltage (Vrms) 200 
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MPPT using one control variable only (δL or mi) and keeping the other control variable as 

constant. The tracking frequency is 6 Hz that means the tracker updates the control variable 

every 10 ac cycles. Both schemes have been tested under the same condition. A fixed step 

size perturbations for mi, and for δL has been taken as (∆mi = 0.01, ∆δL = 1◦). Table I 

illustrates the overall system parameters. Figure 13 shows the simulated PV voltage, current 

and power during MPP tracking period for both schemes. It is clear that both schemes can 

successfully track the maximum available power of the PV (300W). 

 

D.2 Digital Implementation 

 

The proposed controller is designed and implemented using a digital signal processor 

(DSP). Algorithms have been configured on fixed point DSP TMS320F2812 using MATLAB 

Simulink toolboxes. Then the target has been programmed using code composer 3.1. 

 

E. Experimental Verification 

 

The proposed schemes are experimentally investigated. A PV power simulator Agilent 

E4360 is programmed to simulate the characteristic of the PV panel. The Experimental setup 

for the proposed single-stage grid-connected PV system is described in Fig. 11,  
 

 

(a) Tracking with δL at constant mi 
 

(b) Tracking with mi at constant δL 

 

Figure 14. The experimental starting waveforms using the proposed MPPT at different tracking 

schemes (a 1/50 differential probe was used to measure the voltage). 

 

and the overall system parameters are addressed in Table I. A Lecroy 424 WaveSurfer 

oscilloscope has been used to record the experimental results. The starting waveforms of the 

PV output voltage, current, and power using the proposed MPPT at different tracking 

schemes are presented in Fig. 14.  

It is seen that tracking with δL exhibits steady state oscillations around the MPP.  This is 

consonant with the fact addressed in Section II.A; that is the power is very sensitive to the 

change in δL. To overcome such oscillations, the following may be considered: 

- Increasing the reactance value (Xg) naturally reduces such oscillations. However, 

increasing the inductor size will put burdens on cost, size, and weight of the overall interface 

system. 

- Decreasing ∆δL; which has two features: 1. Small ∆δL leads to slow dynamic 

performance of the tracker. 2. Decreasing ∆δL is limited by the processing clock speed of the 

VPV [25V/div] 

IPV [1A/div] 

PPV [50W/div] PPV [50W/div] 

IPV [1A/div] 

VPV [25V/div] 
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digital controller (constructing the SPWM reference signal depends on such clock; the faster 

the clock, the smaller fractions (∆δL) can be achieved). 

- Tracking with variable size of ∆δL may recover this problem and reduce the steady 

state oscillations 

Tracking with mi has a stable steady state performance. On the other hand, it takes long 

time to go from zero to the maximum power. Thus a hybrid scheme may be a good choice. 

CONCLUSIONS 

This research contributes to the green energy by improving the energy-efficiency of the 

PV sources. It can be concluded that: 

1. The maximum energy harvesting is achieved when the PV panels are tilted with 

the proposed monthly tilt angle (S=Φ-ζδ) during all the year months. An imperial formula 

of the modification parameter (ζ) has been suggested as )  (-cos= 2-1 δξ . 

2. The power is very sensitive to the change in the load angle (δL). Tracking with δL 

exhibits steady state oscillations around the MPP.  To overcome such oscillations, a 

variable step size technique may be applied, and a high speed digital controller may be 

used. 

3. Tracking with mi has a stable steady state performance. On the other hand, it has a 

poor dynamic performance. 

4. A hybrid scheme that employs both of the control variables (δL, and mi) may be a 

good compromise to attain efficient dynamic and steady state performances. 
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