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	 In this paper, we propose a method based on improved perturbation and observation (I-P&O), 
which when used in conjunction with voltage and current sensors, enables the maximum power 
point tracking (MPPT) of the photovoltaic module array (PVMA), thereby increasing the power 
generation performance of the PVMA. The change in the maximum power output of the PVMA 
with varying sunlight intensities and temperature differences leads to a prolonged tracking time 
if the traditional perturbation and observation (P&O) method with small step-size tracking and a 
fixed value were adopted to find the maximum power point (MPP). Conversely, the adoption of a 
large step-size and a fixed value, even though the tracking speed is improved, causes a high 
amplitude oscillation around the point when tracked to the MPP, reducing the overall output 
power of the PVMA. Thus, an I-P&O method is proposed to solve this problem and to increase 
the output power of the PVMA. First, we set the initial voltage of the MPPT to 0.8-fold the 
voltage Vmp of the MPP for the PVMA under standard test conditions. At the same time, we 
auto-adjust the tracking step-size according to the slope value of the P–V characteristic curve for 
the PVMA. Then, we use 62050H-600S, a programmable DC power supply manufactured by 
Chroma ATE Inc., to simulate the output characteristics of a 5-series and 2-parallel PVMA, 
followed by tracking its MPP by the traditional P&O and I-P&O methods. Finally, from the 
experimental results, we proved that the proposed I-P&O method yields both a better tracking 
dynamic response and steady-state performance under different sunlight and temperature 
conditions.

1.	 Introduction

	 A photovoltaic power generation system is mainly composed of a photovoltaic module array 
(PVMA), power conditioner, and transmission and distribution system, wherein the power 
conditioner is also capable of tracking the maximum power point (MPP).(1–4) Because the output 
power of the PVMA varies on the basis of the insolation intensity and temperature, the PVMA 
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should be controlled by the MPP tracker to ensure that the maximum power is delivered by the 
PVMA regardless of the insolation intensity or temperature.
	 A corresponding power–voltage (P–V) characteristic curve is generated by the PVMA on the 
basis of the ambient temperature and sunlight intensity, and the commonly used traditional 
maximum power point tracking (MPPT) techniques include the voltage feedback method, 
constant voltage method,(5) power feedback method,(6) perturbation and observation (P&O) 
method,(7) and incremental conductance (INC) method.(8) The voltage feedback method allows 
PVMA to work at the MPP by adjusting the output voltage of the PVMA. Its structure is simple 
and does not need complex calculations; however, since the method requires finding the voltage 
at the MPP in advance for the PVMA under a certain temperature and sunlight intensity, if the 
weather changes too quickly, this method will be unable to quickly and accurately track to the 
MPP. Furthermore, when the photovoltaic system ages or malfunctions, the voltage of its MPP 
changes and thus requires revisions be made to the parameters before tracking to the MPP. 
	 The constant voltage method uses the measured voltage at the MPP of the PVMA under 
different temperature and sunlight intensity as the reference value, and adjusts the output voltage 
of the PVMA under different temperature and sunlight intensity so that it matches the reference 
value for achieving the maximum power tracking. Therefore, this method is easy to implement, 
highly reliable, easy to control, and highly stable. However, it lacks precision, and when weather 
conditions change considerably, the system is unable to track to the new MPP. 
	 The power feedback method is similar to the voltage feedback method, except that its control 
method is more complex, where the rate of change of the output power to the output voltage 
dP/dV is used as the judgment logic. When dP/dV = 0, it means that it has tracked to the MPP, but 
the chances of the system working at slope zero of the P–V curve is extremely low. Moreover, the 
structure of the power feedback method is more complex than that of the voltage feedback 
method, and the sensors within the circuit are also unable to make very precise measurements. 
However, there is less energy loss, and thus the overall efficiency is higher than that of the 
voltage feedback method. 
	 The P&O method is used to make perturbations with minor voltage increments or decrements 
while measuring the output power; if the power increases, then we continue to adjust the voltage 
in the same direction. Conversely, if the power decreases, then we adjust the voltage in the 
opposite direction. The structure of the P&O method is simple, requires few parameters, and is 
easier to implement; it is also the most commonly used type of traditional tracking method. 
However, when tracked to the MPP by this method, because the system has tracked continuously, 
output power oscillates around the two sides of the MPP. 
	 The INC method is derived from the power feedback method, where dP/dV = 0 is used as the 
condition for judging the system working at MPP. It is then derived into dI/dV = −I/V to be used 
as the condition for judging the system working at MPP, in which Gs = −I/V is static conductance 
and Gd = dI/dV is dynamic conductance. By comparing the values of Gd and Gs, the location of 
the present working point to the left or right side of the MPP can be found. Although the INC 
method can improve the tracking accuracy and dynamic response of the P&O method in 
changing weather, the choice of the perturbation amount affects the overall tracking efficiency. 
If the value of the perturbation amount is set too large, the tracking speed will be high, but it can 
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easily cause the oscillation value under the steady-state to become too large. Conversely, if the 
value of the perturbation amount is set too small, the tracking speed will decrease, but the 
oscillation value under the steady-state will become smaller.
	 On the basis of the above advantages and disadvantages of the traditional MPPT techniques, 
the P&O method was chosen for this study to carry out the tracking of the MPP for the PVMA 
for the following reasons: few parameters, simple structure, easy-to-understand principles, and 
ease of control. Meanwhile, the traditional P&O method is used in this study as the basis to 
develop an improved perturbation and observation (I-P&O) method and to allow the 
characteristic curve of the PVMA to change according to the sunlight intensity and temperature, 
so that when a different output P–V characteristic curve is generated, its MPP tracker can 
achieve a better tracking speed response and steady-state performance.

2.	 MPPT Structure for PVMA

	 The PVMA developed in this study uses the Kyocera KS20 photovoltaic module (PVM), a 
PVM manufactured by the Japanese company Kyocera Co.,(9) with specifications as listed in 
Table 1. The current-voltage (I–V) and P–V characteristic curves of the Kyocera KS20 PVM 
under sunlight intensities of 1000 and 500 W/m2 are shown in Fig. 1.

Table 1
Specifications of Kyocera KS20 PVM.
Open-circuit voltage Voc (V) 21.5
Short-circuit current Isc (A) 1.24
Voltage at MPP Vmp (V) 16.9
Current at MPP Imp (A) 1.2
Maximum power Pmp (W) 20.28

Fig. 1.	 (Color online) (a) I–V and (b) P–V characteristic curves of PVM under sunlight intensities of 1000 and 500 
W/m2.
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	 Figure 2 shows the MPPT structure proposed in this study, among which the two subsystems 
include the (1) boost converter circuit and (2) I-P&O method. When carrying out the test, the 
voltage and current of the PVMA are fed back through the differential amplifier, and the digital 
signal processor TMS320F2809 is used to implement the I-P&O principle to control the switch 
conduction and cut-off time and to proceed to the MPPT of the PVMA.

3.	 Boost Converter Design

	 Figure 3 shows the circuit architecture of the boost converter,(10) in which its circuit structure 
is composed of the power switch, fast diode, energy-storage inductor, and filter capacitor. The 
power switch conductance and cut-off can be controlled through pulse width modulation control 
signals. The following five hypothesis need to be made before analyzing the circuit: (1) the 
circuit is being operated under steady-state; (2) the switch cycle is defined as T, the switch 
conduction time as DT, and the switch cut-off time as (1−D)T, for which, D is the duty cycle 
defined as /onD t T  and ton is the switch conduction time within a cycle; (3) the inductor 
current is operated under the continuous conduction mode; (4) the capacitor value is extremely 
large so that the output voltage Vo is fixed; and (5) the circuit components are all ideal 
components.

Fig. 2.	 Structural diagram of MPPT system for the proposed I-P&O method.

Fig. 3.	 Circuit architecture of boost converter.
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	 When the switch SW is turned on, the diode (D) cuts off as a result of reverse bias. The 
equivalent circuit is shown in Fig. 4. At this time, the path of the current loop is composed of the 
voltage source (Vs), inductor (L), and switch (SW). Thus, the Eq. (1) can be derived from the 
Kirchhoff circuit law.

	 L s
Ldiv V L

dt
= =  or sL Vdi

dt L
= 	 (1)

	 Since the rate of change of the inductor current is a positive value, when the switch is 
conducted, the inductor current increases linearly, and during the switch conduction period, the 
variation value of its inductor current is

	 sL L Vi i
t DT L

∆ ∆
∆

= = .	 (2)

	 From Eq. (2), the variation value of inductor current can be derived as

	 ( ) s
L closed

V DTi
L

∆ = .	 (3)

	 When the switch (SW) changes from conduction to cut-off, it can be derived from Lenz’s law 
that the inductor current cannot change instantly, so the inductor induces a negative voltage, 
enabling the diode (D) to be in forward bias and form a loop with the inductor. Its equivalent 
circuit is shown in Fig. 5, and the voltage at the two terminals of the inductor at this time is

	 L
L s o

div V V L
dt

= − =  or s oL V Vdi
dt L

−
= .	 (4)

	 Since the rate of change of the inductor current is a negative value, when the switch is cut off, 
the inductor current decreases linearly, and during the switch cut-off period, the variation value 
of its inductor current is

Fig. 4.	 Equivalent circuit when boost converter switch SW is conducted.
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	 From Eq. (5), the variation value of its inductor current can be derived as

	 ( ) ( ) ( )1s o
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V V D T
i

L
∆

− −
= .	 (6)

	 Under steady-state operation, since the net change of the inductor current is zero, the 
following is derived.

	 ( ) ( ) 0L Lclosed openi i∆ ∆+ = 	 (7)

	 ( ) ( )1
0s os V V D TV DT

L L
− −

+ = 	 (8)

	 ( ) ( )1 0s s oV DT V V D T+ − − = 	 (9)

	
1

s
o

VV
D

=
−

	 (10)

When 0 ≤ D ≤ 1, Vs ≤ Vo ≤ ∞ is derived, this converter is called the boost converter.
	 When the boost converter is operating at high switching frequencies, the volumes of the 
energy storage inductor and filter capacitor can be shrunk. Therefore, the switching frequency 
of 25 kHz was selected for the boost converter in this study. Based upon design, the component 
specifications(10) for the boost converter are listed in Table 2.

Fig. 5.	 Equivalent circuit when boost converter switch SW is cut off.
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4.	 Proposed P&O Method

	 The traditional P&O method is the most commonly used among the traditional MPPT 
methods; its structure is simple and requires few parameters. The traditional P&O method 
compares the output power before and after the perturbation by increasing or decreasing the 
output voltage of the PVMA in a fixed cycle. If the output power increases after the perturbation, 
then we continue to perturb in the same direction. Otherwise, we perturb in the opposite 
direction. If the output voltage for the PVMA needs to be increased, then we reduce the duty 
cycle of the converter. Conversely, if the output voltage needs to be decreased, then we increase 
the duty cycle of the converter until it tracks to the MPP. Then, we generate an oscillation around 
the left and right sides of the MPP. Figure 6 shows the flow chart of the traditional P&O method 
being applied to the MPPT for the PVMA.

4.1	 P&O method with fixed initial tracking voltage

	 Although the traditional P&O method is the most commonly used traditional tracking 
method, there is no significant difference in the tracking time between the traditional P&O 
method and other traditional tracking methods. Therefore, on the basis of the traditional P&O 
method, we propose to set the fixed initial tracking voltage Vst to 0.8-fold the voltage Vmp for the 
PVMA at MPP, that is, Vst = 0.8Vmp. Only one extra step is involved in the tracking process, but 
the tracking time is improved, and when the tracking time is shortened, the power generation 
efficiency of the photovoltaic power generation system is increased.

4.2	 P&O method with both fixed initial tracking voltage and step-size adjustment

	 As the traditional P&O has a long tracking time, and the tracking oscillates near the MPP 
when tracked to the MPP, and although the P&O method with fixed initial tracking voltage can 
shorten the tracking time, an oscillation of large amplitude near the MPP cannot be avoided. 
This leads to power loss, thereby reducing the power generation efficiency. If a smaller step size 
is used to carry out the MPPT, even though oscillation in large amplitude near the maximum 

Table 2
Component specifications for boost converter.
Components Specifications

Filter capacitor C1
Capacitance value 220 μF
Withstand voltage 400 V

Filter capacitor C2
Capacitance value 470 μF
Withstand voltage 500 V

Energy storage inductor L Inductance value 1.66 mH
Withstand current 7.5 A

Fast diode D
Diode IQBE60E60A1

Withstand voltage 600 V
Withstand current 60 A

Power switch-MOSFET
IRF460

Withstand voltage 500 V
Withstand current 20 A
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power can be avoided, it lengthens the tracking time, thereby reducing the power generation 
performance. Therefore, to enhance the steady-state performance of the system, reduce the 
oscillation amplitude, and at the same time shorten the tracking time of the MPP, in addition to 
proposing a fixed initial tracking voltage, a method of making adjustments to the perturbation 
amount according to the work point is also proposed in this paper.(11,12) Since the traditional 
P&O method has already measured the output voltage and output power of the PVMA, these two 
parameters can be used to calculate the slope of the P–V characteristic curve using Eq. (11).

	 1
1

1

k k
k

k k

P Pm
V V

+
+

+

−
=

−
	 (11)

	 Besides setting the fixed initial tracking voltage to 0.8-fold the MPP voltage Vmp for the 
PVMA under standard test conditions, the perturbation amount d∆  of the duty cycle for the 
converter is also adjusted at the same time using Eq. (12).

	 3
1 15 10 *k kd m∆ −
+ += × 	 (12)

Fig. 6.	 Control flow chart of traditional P&O method.
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	 From Eq. (12), it can be seen that the amount of perturbation is proportional to the slope, 
indicating that the closer to the MPP, the closer to zero for the slope of the P–V characteristic 
curve, and the amount of perturbation Δd also becomes closer to zero. Thus, when tracking to 
near the MPP, since the slope of the P–V characteristic curve approaches zero, the perturbation 
amount at this time also approaches zero, thereby increasing the tracking steady-state 
performance and enhancing the power generation efficiency of the PVMA. Figure 7 shows the 
diagram of the amount of change between the slope of the P–V characteristic curve and power 
for the PVMA.

5.	 Experimental Results

	 Figure 8 shows the I–V and P–V characteristic curves(13,14) obtained using a 5-series and 
2-parallel array that is composed of the Kyocera KS20 PVM under sunlight intensities of 1000 
and 500 W/m2.

Fig. 7.	 (Color online) Diagram of the amount of change between the slope of the P–V characteristic curve and 
power for the PVMA.

Fig. 8.	 (Color online) (a) I–V and (b) P–V characteristic curves of the 5-series and 2-parallel PVMA.



2646	 Sensors and Materials, Vol. 35, No. 7 (2023)

	 First, we created a photovoltaic power generation system with the boost converter(15) 
combined with the 5-series and 2-parallel PVMA to carry out the tracking of the MPP. Then, a 
programmable DC power supply (62050H-600S)(16) produced by Chroma ATE Inc. was used in 
this study to simulate the output characteristics of a 5-series and 2-parallel PVMA, followed by 
testing the MPPT by three different methods. Figures 9 and 10 show the resultant test waveforms 
of the I–V and P–V characteristic curves using the 5-series and 2-parallel PVMA under sunlight 
intensities of 1000 and 500 W/m2, respectively. The actual circuit to perform the MPPT is 
obtained with Altium designer software(17) to complete the configuration of the wiring and 
components; the actual appearance of the circuit is shown in Fig. 11. 
	 We proceeded to test the MPPT by the traditional P&O method. Figures 12 to 14 show the 
actual test results by applying the traditional P&O method and I-P&O methods with fixed initial 
tracking voltage and with both fixed initial tracking voltage together with tracking step-size 
adjustment under a sunlight intensity of 1000 W/m2 and a temperature of 25 ℃. Figures 15 to 17 
show the actual test results of applying the traditional P&O method and I-P&O methods with 
fixed initial tracking voltage and with both fixed initial tracking voltage together with step-size 
adjustment under a sunlight intensity of 500 W/m2 and a temperature of 25 ℃.

Fig. 9.	 (Color online) Tested I–V and P–V output characteristic curves of the 5-series and 2-parallel PVMA 
simulator under a sunlight intensity of 1000 W/m2.

Fig. 10.	 (Color online) Tested I–V and P–V output characteristic curves of the 5-series and 2-parallel PVMA 
simulator under a sunlight intensity of 500 W/m2.
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Fig. 11.	 (Color online) Appearance of actual circuit.

Fig. 12.	 (Color online) Actual test result of MPPT using the traditional P&O method under a sunlight intensity of 
1000 W/m2 and a temperature of 25 ℃.
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Fig. 13.	 (Color online) Actual test result of MPPT using the I-P&O method with fixed initial tracking voltage under 
a sunlight intensity of 1000 W/m2 and a temperature of 25 ℃.

Fig. 14.	 (Color online) Actual test results of MPPT using the I-P&O method with both fixed initial tracking voltages 
and step-size adjustment under a sunlight intensity of 1000 W/m2 and a temperature of 25 ℃.
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Fig. 15.	 (Color online) Actual test results of MPPT using the traditional P&O method under a sunlight intensity of 
500 W/m2 and a temperature of 25 ℃.

Fig. 16.	 (Color online) Actual test results of MPPT using the I-P&O method with fixed initial tracking voltage under 
a sunlight intensity of 500 W/m2 and a temperature of 25 ℃.
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	 It is shown from the actual test results that under a sunlight intensity of 1000 W/m2, all three 
tracking methods can track to the MPP of 205 W, MPP voltage of 81 V, and MPP current of 2.5 
A. However, the time needed to track to the MPP using the traditional P&O method is 2.99 s, 
whereas if the I-P&O method with fixed initial tracking voltage is adopted to track to the MPP, 
the tracking time is only 1.92 s, and if the I-P&O method with both fixed initial tracking voltage 
and step-size adjustment is used, the tracking time is shortened considerably to 0.92 s. Likewise, 
under a sunlight intensity of 500 W/m2, all three tracking methods can track to the MPP of 102 
W, MPP voltage of 72.5 V, and MPP current of 1.4 A. However, the time to track to the MPP 
using the traditional P&O method is 4.01 s, that using the I-P&O method with fixed initial 
tracking voltage is 1.86 s, and that using the I-P&O method with both fixed initial tracking 
voltage and step-size adjustment is only 1 s. The test results prove that both proposed I-P&O 
methods require less time to track to the MPP than the traditional P&O method, especially the 
I-P&O method with both fixed initial tracking voltage and step-size adjustment; it not only has a 
faster dynamic response, it also has a better steady-state response performance. Thus, using the 
I-P&O method to carry out the MPPT for the PVMA achieves better power generation efficiency.

6.	 Conclusion

	 In this study, we proposed two I-P&O methods to carry out the MPPT for the PVMA to 
improve tracking performance. By setting the initial tracking voltage of the traditional P&O 
method to 0.8-fold the MPP voltage of the PVMA under standard test conditions and adjusting 
the tracking step size according to the slope of the output P—V curve for the PVMA, we apply 

Fig. 17.	 (Color online) Actual test result of MPPT using the I-P&O method with both fixed initial tracking voltages 
and step-size adjustment under a sunlight intensity of 500 W/m2 and a temperature of 25 ℃.
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these two I-P&O methods for the actual PVMA to carry out the MPPT. The two I-P&O methods 
are that with fixed initial tracking voltage and that with both fixed initial tracking voltage and 
step-size adjustment. Between the two, the I-P&O method with both fixed initial tracking 
voltage and step-size adjustment has the better tracking dynamic response. The proposed I-P&O 
method not only achieves a better tracking response speed than the traditional P&O method, but 
it can also reduce power loss during the tracking process, thereby improving the power 
generation efficiency. It is proved through actual test results that, when the sunlight intensity 
changes, carrying out the MPPT by the proposed I-P&O method can achieve a better tracking 
dynamic response as well as a steady-state response performance.
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