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This paper describes a solar energy power regulation system using solar power detectors.
The system developed comprises a cubic solar power detector, DC—DC converter, three-phase
inverter, and a single-chip control module. The cubic solar power detector is composed of five
facets installed with front, rear, left, right, and horizontal photo sensors. By detecting solar power
coming from different orientations, the solar orientation and solar power can be optimized based
on a geometric transformation principle, which evaluates the relationship between photo-power
and solar orientation for each sensor. Because the output power of a solar cell can significantly
affect the generating capacity of the cell, a solar energy power regulation system was developed to
regulate the electricity generated. The solar generating power is monitored by a cubic solar power
detector and regulated by a three-phase pulse width modulation inverter. This paper describes
the realization and implementation of a solar power regulation system, and experiments have been
carried out to validate the performance. Measurements reveal that the system is definitely effective
in regulating solar power output and can successfully boost solar power generating capacity.

1. Introduction

From the viewpoint of the photovoltaic industry, enhancing conversion efficiency means
lowering the cost of generating solar electricity. Recently, among laboratory-developed silicon-
based solar cells, the mono-crystalline cell has roughly 25.0% efficiency; the multi-crystalline
cell, 20.4% efficiency; the copper indium gallium selenide (CIGS) thin film cell, 19.8% efficiency;
and the CdTe thin film cell, 19.6% efficiency, while the amorphous silicon thin film solar cell can
achieve only 10.1% efficiency. Apart from progress in solar cell fabrication, the alternative and
immediate effort is focused on improving the power conversion control and solar panel orientation
regulation to promote conversion efficiency in solar electricity generation."” This is well-known
as maximum power point tracking (MPPT) of solar energy control systems.

Considerable literature relating to solar cell MPPT has appeared. According to published
principles and realization methodologies, the work can be summarized as the voltage feedback
method, the power feedback method, the disturbance observer method, the incremental
conductance method, the line approximation method, and the practical measurement method. The
associated MPPT methods in literatures are discussed and analyzed as follows:
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1. Voltage feedback method:** By achieving a magnitude of MPPT voltage corresponding to
certain illumination and temperature in advance, the terminal voltage of a solar cell module
may be controlled to match with a predetermined quantity to achieve the MPPT effect.
However, two great drawbacks exist, namely, failing to automatically track any additional
maximum power point and consuming energy when the atmospheric conditions drastically
change, leading to energy loss.

2. Power feedback method:>® Because the voltage feedback method cannot cope with abrupt
changes and perhaps fails to reach MPPT, the power feedback method is used which introduces
an output power change with respect to a voltage change. When dP/dV = 0, the MPPT is
accomplished. Compared to the voltage feedback method, this method is complicated and
requires more computations. However, it can reduce energy loss and enhance total efficiency.

3. Disturbance observer method:”) In the disturbance observer method, the terminal voltage and
output power are changed according to the continuous load variation. By comparing output
powers following load variations, the load is adjusted accordingly. When the atmospheric
conditions change slowly, the energy consumption worsens. However, due to the simplicity
of the method and the few parameters required, the disturbance observer method is still very
popular in MPPT applications. Despite that a higher disturbance frequency or disturbance
deviation can accelerate the MPPT response, the oscillating problem may be aggravated when
the maximum power point is approached. Therefore, the choice of parameters plays a key role
in this method.

4. Incremental conductance method:®” The concept of the incremental conductance method is
basically similar to that of the power feedback method. It is based on the equation dP/dV = 0
and can be written as:

dP _d(VD) . _dl
v av V=0

By rearranging this equation, the following equation can be written:

dl 1
av v

where dI is the current deviation and dV is the voltage deviation. The mismatch of this
equation determines the disturbance needed. The MPPT is reached when the incremental
conductance (dl/dV) becomes identical with the instantaneous conductance (//V) of the solar
cell with no additional disturbance needed. The incremental conductance method makes MPPT
possible under abrupt changes of atmospheric conditions. The major drawbacks include the
predetermined V—/ characteristics of the solar panel and the need for a larger number of sensing
devices, and thereby the requirement for a more complicated circuit to accomplish MPPT.

5. Line approximation method: The line approximation method is the emerging one among MPPT
methods. It employs a sliding line to approximate the maximum power point according to
various illuminations at a specific temperature. Thus, tracking along the sliding line means
realizing MPPT. However, the maximum power point sliding line is established on the basis of
a mathematical derivation. The accuracy of various parameters determines the effectiveness
of this method. In addition, the aging and deterioration of solar cells and electronic devices
probably decrease the precision of this method.
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According to the discussion and analysis of the latest solar tracking methods, merits and
drawbacks exist in each method. No superior method exists or is recommended. This paper
presents a method to improve the power output of solar cell modules by utilizing solar energy
sensors to detect incident solar power. Through a reference table built into a single chip, a three-
phase inverter is employed to adjust the load. Therefore, the terminal voltage of a solar cell module
can be controlled to achieve the maximum power output of a solar cell. Furthermore, the inherited
problem of oscillating disturbance losses while approaching the maximum power point resulting
from the MPPT methods described can be avoided.

2. System Structure

Figure 1 shows the system developed, which comprises a cubic solar power detector, a DC—DC
converter, a three-phase inverter, and a single-chip control module. The push—pull type of DC-DC
converter is employed to boost the voltage, and closed-loop control is used to stabilize the voltage.
In fact, the cubic solar power detector receives photo-power from all orientations and utilizes the
single chip module to determine the magnitude of the solar power, thus effectively enhancing the
delivered power of the solar cell system.

3. Principle and Design
3.1 DC-DC converter

As the solar power system operates under conditions of maximum power, the solar cell output
voltage is around 30 V. This voltage is not large enough to supply the three-phase inverter with the
voltage required by the load. As shown in Fig. 2, the solar cell output voltage is boosted by a DC—
DC converter, and a voltage closed-loop controller is used to feed the inverter with a voltage of 200 V.

Cubic Solar Power Detector

Fig. 1. (Color online) Circuit diagram of the solar power regulation system developed with a solar power
detector.
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Fig. 2. The proposed push-pull type of DC-DC Fig. 3. Diagram of three—phase inverter.
converter.

3.2 Three-phase inverter

Figure 3 shows the circuit structure of a three-phase inverter. In this solar power system, the
six-step square-wave mode is used with three phase legs of inverter-generating square waves at
a mutual phase displacement angle of 120°. In addition, the PWM technique is introduced into
the modulating scheme as well. Therefore, the three-phase inverter modulates the duty-cycle
according to the solar power absorbed and then regulates the output power on the load.

3.3 Cubic solar power detector

The cubic solar power detector is composed of five facets installed with front, rear, left, right,
and horizontal photosensors. Coming from different orientations, the incident sunlight can be
decomposed into four quadrants. As shown in Fig. 4, five sensors are placed on horizontal, right,
left, rear, and front facets, respectively, where the front, right, and horizontal sensors can absorb
incident sunlight coming from the first quadrant; the front, left, and horizontal sensors can absorb
incident sunlight coming from the second quadrant; the rear, left, and horizontal sensors can
absorb incident sunlight coming from the third quadrant, and the rear, right, and horizontal sensors
can absorb incident sunlight coming from the fourth quadrant.

To take one corner of the cubic solar power detector as the origin of the Cartesian coordinate
system, the position of the light source is located at coordinate (X, Y, Z). As shown and defined in
Fig. 5, the distance between the horizontal sensor and the sun is 7, the incident angle of sunlight is ¢,
and the orientation angle is a.

Based on coordinate transformation, the three-dimension parameters can be expressed as Eq. (1):

X =rsingcosa
The coordinate of lighting source {y = rsin¢sina, (D

Z=rcos¢

where ¢ is the angle between the normal line (Z-axis) of the horizontal facet and incident sunlight,
a is the angle between X-axis and the projection of the sun on XY plane, and r is the distance
between the sun and the origin.
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Fig. 4. (Color online) Schematic model of cubic Fig. 5. (Color online) Definition of parameters in
solar power detector. space.

Indeed, the incident angles of sunlight are different for sensors located at different facets. Since
the defined parameters are based on the horizontal sensor, the incident power on the horizontal
sensor can be described by Eq. (2), wherein Pp is the measured upright direct incident power.
Thus, the incident power on the horizontal sensor is proportional to cosg.

PHD = PDCOS¢ (2)

For sensors located on different facets, the corresponding coordinates for different sensors can
be achieved based on coordinate transformation.!”” To describe the absorption of solar power by
each sensor, many mathematical derivations must be made, and they reveal the power calculations
on the five sensors. By referring to the coordinate correspondence expressed in Eq. (1) and the
definitions of incident horizontal angle ¢ and vertical angle a, the absorption power of the sensors
on the five facets of a cubic detector can be derived accordingly.

For the horizontal sensor, the sunlight incident angle ¢y is equal to ¢. The measured solar
power on the horizontal sensor includes the upright direct incident power Pp and the horizontal
scattering and diffuse solar power Pyyy. Thus, the relationship between the measured solar power
on horizontal sensor Py and the upright maximum power Pp can be written as Eq. (3).

Py = Ppcos¢p + Pgyn = Ppcosgpy + Py ?3)
Similarly, the incident angle of sunlight on the right-facet sensor is equal to ¢g.
¢r = cos\(singsina)
P = Ppsingsina + Pyiyy = Ppcosgr + Pgiyr )

Likewise, the incident angle of sunlight on the left-facet sensor is equal to ¢, and Eq. (5) can
be written as
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¢ = cos”\(—singsina),
Py = —Ppsingsina + Py = Ppcosgy + Pyl ®)
By denoting the incident angle of sunlight on the front sensor as ¢r, Eq. (6) can be derived.
¢r= cos“l(—singbsina)
Pr = —Ppsingcosa + Pyyr = Ppcos¢r + Pgyr 6)

By designating the incident angle of sunlight on the rear-facet sensor as ¢g., Eq. (7) can be
written as

dre = cos”\(singcosa),
Pge = Ppsingcosa + Pgkyre = Ppcosre + Psiyre- @)
Successively, by using Egs. (3)—(7), the parameters ¢, a, and Pp can be obtained as follows.
Prp = Ppcos¢pr = Pp — Pyyp = Ppsingcosa
Prp = Ppcosgpr = Pr — Pgyr = Ppsingsina

Prp  Ppsingsina  sina

P
=tana = @ = tan”! (ﬁ) ®

Prp Ppsingcosa cosa Prp

According to Egs. (3) and (6), the incident horizontal angle ¢ is given as
PHD = PDCOS¢H = PH - PskyH = PDCOSCI,

P —sin ¢ sin @ P
UL ¢ :—tanqﬁcosa/=>¢=tan_1 )
Pup cos ¢ Pypcosa

Next, by substituting ¢ into Eq. (2), the upright direct incident power Pp can be determined
using

, = Lip ©)

~cos¢

4. Experimental Results and Discussion

With further reference to Fig. 1 showing the solar power regulation system, the control stage is
made up of two power converter stages and different solar power detectors. The front power stage
is used for stabilizing the dc link voltage, while the second power stage is employed for power
regulation. In cases of different solar power inputs, the practical measurements are carried out to
validate the availability of the solar power regulation system.



Sensors and Materials, Vol. 29, No. 7 (2017) 881

Figure 6 shows the waveforms of the solar power regulation system in the case of 865 W/m?
solar power. Figure 6(a) displays the waveforms of a push—pull converter. By regulating the duty
cycle of the trigger signals PUSH Vg and PUSH V), the de link voltage V;,; can be controlled
and stabilized, thus providing the inverter with a steady dc voltage. Figure 6(b) shows the
waveforms of the inverter output power and three phase voltages on the load. It is obvious that the
voltage waveforms show 120° duration due to the six-step square wave method being used.

Figure 7 illustrates the waveforms of the solar power regulation system with a solar detector
when the solar power is 572 W/m?. Even under the same solar power, the solar cell can supply
the corresponding power according to the load change. This research utilized a single chip to
regulate the output power by controlling the duty cycle of power switch. Figure 7(a) shows voltage
waveforms and power waveforms when the solar power is 572 W/m?. The push—pull converter
can stabilize the dc link voltage and supply the three-phase inverter with a stable dc voltage. By
inspecting Fig. 7(b), it can be clearly seen that the inverter output power is smaller than that shown
in Fig. 6(b).
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Fig. 6. (Color online) Waveforms of the solar power regulation system in the case of 865 W/m? solar power. (a)
The waveforms of the push—pull DC-DC converter (V;: 50 V/div; PUSH_Vgs1: 20 V/div; Vyo: 200 V/div; P3g: 50
W/div; Time: 10 ps/div); (b) The waveforms of the inverter (P3¢: 50 W/div; Vyy: 100 V/div; Vpy: 100 V/div; Vey:
100 V/div; Time: 5 ms/div).
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Fig. 7. (Color online) Waveforms of the solar power regulation system in the case of 572 W/m? solar power. (a)
The waveforms of the push—pull DC-DC converter (¥;: 50 V/div; PUSH_Vgg: 20 V/div; Vyo: 200 V/div; P3g: 50
W/div; Time: 10 ps/div); (b) The waveforms of the inverter (P3¢: 50 W/div; Vyy: 100 V/div; Vey: 100 V/div; Vey:
100 V/div; Time: 5 ms/div).
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Fig. 8. (Color online) Waveforms of the solar power regulation system in the case of 182 W/m? solar power. (a)
The waveforms of the push—pull DC-DC converter (¥;: 50 V/div; PUSH_Vgg: 20 V/div; Vyo: 200 V/div; P3g: 50
W/div; Time: 10 ps/div); (b) The waveforms of the inverter (P3¢: 50 W/div; Vyy: 100 V/div; Vgy: 100 V/div; Vey:
100 V/div; Time: 5 ms/div).

Figure 8 shows the waveforms of the solar power regulation system in the case of 182 W/m? solar
power. Figure 8(a) displays the waveforms of the push—pull converter. The push—pull converter
can stabilize the dc link voltage and feed inverter with a steady dc voltage. Figure 8(b) shows that
the inverter output power is smaller than those shown in Figs. 6(b) and 7(b).

5. Conclusions

This research integrates a cubic solar power detector, a DC-DC converter, a three-phase
inverter, and a single-chip control module to achieve a solar energy power regulation system with a
solar orientation tracker. The system developed is successful at approaching the maximum power
point and can effectively increase the generating capacity of solar cell modules. A practical solar
energy power regulation system was implemented and measured to validate the performance and
availability of this three-phase energy regulating system. According to the experimental results,
the structure developed for the solar energy power regulation system is effective in regulating the
output power and enhancing the generating power of a solar cell module.
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