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	 In this paper, a method based on modified incremental conductance with intelligence 
predication was proposed as an application on a photovoltaic module array (PVMA) for the 
purpose of maximum power point tracking (MPPT), which served to improve the power 
generation performance of PVMA. Since PVMA is affected by solar irradiance and temperature 
change, the output maximum power point (MPP) changes accordingly. In addition, owing to the 
fixed length of tracking pace for the conventional incremental conductance method (ICM), the 
time required for tracking MPP may take longer. Therefore, the modified ICM with step size 
predication was proposed in this paper. The length of tracking pace could automatically adapt to 
the gradient of the power–voltage characteristic curve for PVMA. The 0.8 times voltage for the 
MPP of PVMA under standard test conditions would serve as the initial voltage for MPPT, 
which would be utilized to increase the output power of PVMA. In this study, the 62050H-600S 
programmable DC power supply produced by Chroma ATE Inc. was applied to simulate the 
output characteristics of a 4-series-3-parallel PVMA. In contrast, the conventional and modified 
ICMs were applied for MPPT purposes. The actual test results proved that the modified ICM 
proposed in this paper provided a better response in terms of both tracking speed and steady-
state performance than the conventional ICM under different solar conditions.

1.	 Introduction 

	 Along with the continuous increase in the awareness of climate change and environmental 
protection globally, using photovoltaic power generation systems as a clean and renewable 
energy format has attracted increasing attention. However, with the progressive severity of 
global warming, the enhancement of power generation efficiency with photovoltaic power 
generation systems has become a pressing issue. Among photovoltaic power generation systems, 
the maximum power point tracking (MPPT) is a critical technology that mainly focuses on 
maximizing the output power of photovoltaic module arrays (PVMAs). As the application of 
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photovoltaic power generation systems continues to expand, the research and application of 
MPPT technology have been valued progressively. Conventional MPPT methods include the 
perturb and observe method,(1–3) incremental conductance method (ICM),(4–6) power feedback 
method,(7) and constant voltage method.(8) However, these methods can only achieve good 
tracking performance under specific solar and temperature conditions. Among them, the 
advantages of a conventional ICM are simple structure, ease of implementation, lower cost, and 
fast-tracking response. The algorithm is simple and easy to understand and implement, and 
requires no complex calculations or controllers. Moreover, the hardware cost is relatively low, 
making it suitable for low-cost applications. However, under fixed working conditions, the 
conventional ICM can ensure stable system operation and achieve fundamental MPPT. In 
practical applications nevertheless, the conventional ICM may present certain shortages such as 
poor adaptability to environmental changes and slower convergence. Therefore, the modification 
of the conventional ICM to improve its MPPT performance has become one of the key items 
among researchers in photovoltaic power generation systems. In addition, more advanced 
approaches have also been developed, such as fuzzy logic algorithm(9,10) and particle swarm 
optimization,(11,12) which are capable of providing improved global tracking performance under 
partial shading or rapidly changing irradiance conditions. However, these methods must choose 
the appropriate iteration constant. Otherwise, it may cause system instability, and the operation 
is complicated.
	 On the basis of the above, the modified ICM with a change in pacing length was proposed in 
this paper for the MPPT of PVMA. This allowed higher self-adaptability, faster convergence, 
better stability, and stronger scalability. Furthermore, the power generation performance of the 
photovoltaic power generation system can be enhanced effectively. Therefore, the objective of 
this study was to explore the MPPT technology with ICM under variable pacing lengths. First, 
the initial voltage of MPPT was set at 0.8 times the MPPT voltage for PVMA under standard test 
conditions (STCs) and served as the starting voltage for tracking. At the same time, a better 
response was achieved in terms of both tracking speed and steady-state performance.

2.	 Architecture of MPPT for PVMA

	 The module adopted in this paper for the 4-series-3-parallel PVMA was a Kyocera KS20 
photovoltaic module produced by Kyocera Corporation in Japan.(13) The specifications are 
shown in Table 1. The simulation results of current–voltage (I–V) and power–voltage (P–V) 
characteristic curves of the Kyocera KS20 photovoltaic module with solar irradiance at 500 and 
1000 W/m2, respectively, are shown in Fig. 1.

Table 1
Specifications of Kyocero KS20 photovoltaic module.(13)

Open-circuit voltage (Voc) 21.5 V
Short-circuit current (Isc) 1.24 A
Voltage at maximum power point (Vmp) 16.9 V
Current at maximum power point (Imp) 1.2 A
Maximum power (Pmp) 20.28 W
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	 The architecture of MPPT mentioned in this paper is shown in Fig. 2, which mainly consisted 
of boost converter circuits(14,15) and a modified ICM controller. By controlling the on-off 
duration of the power semiconductor switch of the boost converter, the MPPT of PVMA was 
implemented.

3.	 Boost Converter Design

	 Figure 3 shows the architecture of the boost converter circuit. The circuit structure consisted 
of fast diodes, a power inductor, filter capacitors, and a switch, where the switch on-off function 
is controlled by pulse width modulation. Prior to the circuit analysis, five assumptions were 
made as below: (1) The circuit was operating under a steady state; (2) the switch cycle was 
defined as T, the switch on-time as DT, and the switch off-time as (1 − D)T. Among them, D was 
the duty cycle defined as D = ton/T, while ton was the switch-on duration in one cycle; (3) the 
inductor current was operating in continuous conduction mode; (4) the capacitance was 
extremely large, making the output voltage Vo constant; and (5) all circuit components were 
ideal.
	 Equation (1) can be derived according to the volt-second balance of the storage inductor L.(16)
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Fig. 1.	 (Color online) Simulation results of P–V and I–V characteristic curves for photovoltaic module.
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	 Among them, Vo was the output voltage, Vs was the input voltage, and D was the duty cycle. 
Since the duty cycle satisfies 0 < D < 1, the input voltage Vs is less than the output voltage Vo, 
which confirms that the converter operates as a boost converter.
	 When the boost converter is operated at a higher switch frequency, the volume of the power 
inductor and filter capacitor can be reduced. Therefore, 25 kHz was used as the switch frequency 
of the boost converter in this paper. After calculation, the boost converter’s inductance and 
capacitance can be derived,(16) and the specifications of relevant components are shown in Table 
2.

4.	 Incremental Conductance Method of MPPT

	 ICM is a common technique used for MPPT in photovoltaic systems. By monitoring the 
voltage and current of PVMA, the method calculates the dynamic (i.e., the rate of change in 

Fig. 2.	 Architecture of MPPT system with modified ICM.

Fig. 3.	 Architecture of boost converter circuit.
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current against voltage) and static conductance values to confirm the maximum power point 
(MPP). The equivalence between the dynamic and static conductance values represented that 
PVMA was operating at MPP. ICM is the MPPT technique extensively applied with excellent 
performance. The features include high efficiency, fast response, good stability, and simple 
implementation.

4.1	 Conventional ICM

	 Such ICM utilizes the rate of change dP/dV in output power and voltage of the photovoltaic 
module array as zero at MPP to serve as the basis for determination; thus,

	 ( )
0.

d IVdP dII V
dV dV dV

= = + = 	 (2)

From Eq. (2), Eq. (3) can be derived as

	 dI I
dV V

= − .	 (3)

	 Among them, /sG I V−  was the static conductance and /dG dI dV  was the dynamic 
conductance. The dynamic conductance being higher than the static conductance indicated that 
the current work point is on the left of MPP. Hence, the duty cycle for the converter needs to be 
reduced, so that the work point can shift to MPP on the right. Alternatively, the dynamic 
conductance being lower than the static conductance indicated that the current work point is on 
the right of MPP. Hence, the duty cycle for the converter needs to be increased, so that the work 
point can shift to MPP on the left until the dynamic conductance is equivalent to the static 
conductance, reflecting that the MPP has been tracked. The working characteristics are shown 
in Fig. 4. Figure 5 shows the flow chart of MPPT for PVMA utilizing ICM.

4.2	 ICM with fixed initial tracking voltage

	 To improve the tracking speed of the conventional ICM, a fixed voltage was utilized as the 
initial tracking voltage Vstart for the improvement of the conventional ICM. Vstart was set at 0.8 

Table 2
Component specifications for boost converter.(16)

Components Specifications
Filter capacitor C1 220 μF, withstand voltage at 400 V
Filter capacitor C2 470 μF, withstand voltage at 450 V
Power inductor L 1.67 mH, withstand current 7.4 A
Fast diode D Withstand voltage 600 V, 
Diode IQBE60E60A1 withstand current 60 A

Switch Q IREP460B Withstand voltage 500 V, 
withstand current 20 A
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times the MPP voltage Vmp for PVMA, i.e., Vstart = 0.8Vmp; thus, each tracking starts from Vstart. 
From that, the modified ICM with fixed initial tracking voltage can track MPP faster.

4.3	 ICM with fixed initial tracking voltage and adjusted pacing length at the same time

	 Although ICM with fixed initial tracking voltage provided higher tracking speed, the same 
duty cycle variation was still adopted as the pacing length for tracking. If the pacing length was 
set too little, the tracking speed of the system would be affected. However, if the pacing length 
was set too large, the tracking time could be reduced, but there would be extensive oscillation 
near MPP and power loss. Thus, to improve system stability and reduce oscillation amplitude, as 

Fig. 4.	 Working characteristics of ICM.

Fig. 5.	 Flow chart of ICM.
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well as shorten the time required for tracking MPP, a fixed initial tracking voltage at 0.8Vmp was 
proposed in this paper. In addition, automatic adjustment on the variation of the duty cycle 
according to the work point was also proposed, so the variation of the duty cycle decreasd when 
the work point became closer to MPP, i.e., the pacing length decreased. When the work point 
moved further away from MPP, the variation of the duty cycle increased, i.e., the pacing length 
increased.
	 Figure 6 shows the illustration of a modified ICM with pacing length for tracking (i.e., the 
variation of duty cycle) automatically adjusted according to the gradient of the P–V characteristic 
curve. Among them, m was the gradient of the P–V characteristic curve,(17) which was defined 
as 

	 1
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	 Therefore, besides setting the initial tracking voltage to 0.8 times the MPP voltage Vmp for 
PVMA under STC, the duty cycle variation Δd is also adaptively regulated in accordance with 
Eq. (5).

	 3
1 115 0k kd m−
+ +× ×=∆ 	 (5)

	 The gradient m greater than zero indicated tracking the left of MPP. Then, the tracking 
should be directed to MPP on the right. The gradient m less than zero indicated tracking the right 
of MPP. Then, the tracking should be directed to MPP on the left. When MPP and the gradient m 
were closer to zero, the variation Δd was also closer to zero.

Fig. 6.	 (Color online) Illustration for gradient of P–V characteristic curve.
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5.	 Actual Test Results

	 The 62050H-600S programmable DC power supply produced by Chroma ATE Inc. was used 
to simulate the output characteristics of the 4-series-3-parallel PVMA, while three different 
methods were used for actual tests on MPPT. The ambient temperature was maintained at 25 ± 2 
℃, and irradiance profiles were reproduced according to STC. Voltage and current were sampled 
at 25 kHz with resolutions of 0.01 V and 0.01 A using a digital oscilloscope and a data acquisition 
system. The measurement uncertainties of voltage and current sensors were within ±1%. These 
conditions ensured that the experimental results were both accurate and reproducible. Figures 7 
and 8 show the measured I–V and P–V characteristic curves from the actual test on the 4-series-
3-parallel PVMA, respectively. For the actual hardware circuit to implement MPPT, the software 

Fig. 7.	 (Color online) I–V and P–V characteristic curves from actual test on the 4-series-3-parallel PVMA under 
solar irradiance at 500 W/m2.

Fig. 8.	 (Color online) I–V and P–V characteristic curves from actual test on the 4-series-3-parallel PVMA under 
solar irradiance at 1000 W/m2.

(a) (b)

(a) (b)
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“Altium Designer” was used to complete the wiring and component configuration. The 
appearance of the hardware circuit is shown in Fig. 9.
	 First, the actual test on MPPT was carried out with the conventional and modified ICMs. 
Figures 10 to 12 show the results from the actual test utilizing the conventional ICM, the ICM 
with fixed initial tracking voltage, and the ICM with fixed initial tracking voltage together with 

Fig. 9.	 (Color online) Appearance of actual hardware circuit.

Fig. 10.	 (Color online) Actual test results of MPPT utilizing conventional ICM under solar irradiance at 500 W/m2 
and temperature of 25 ℃.
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adjusted pacing lengths under solar irradiance at 500 W/m2 and a temperature of 25 ℃, 
respectively. Figures 13 to 15 show the results from the actual test utilizing the conventional 
ICM, the ICM with fixed initial tracking voltage, and the ICM with fixed initial tracking voltage 
together with adjusted pacing lengths under solar irradiance at 1000 W/m2 and a temperature of 
25 ℃, respectively.

Fig. 11.	 (Color online) Actual test results of MPPT utilizing modified ICM with fixed initial tracking voltage under 
solar irradiance at 500 W/m2 and temperature of 25 ℃.

Fig. 12.	 (Color online) Actual test results of MPPT utilizing ICM with fixed initial tracking voltage together with 
adjusted pacing lengths under solar irradiance at 500 W/m2 and temperature of 25 ℃.



Sensors and Materials, Vol. 37, No. 11 (2025)	 4965

	 The actual test results indicated that under solar irradiance at 500 W/m2, all three tracking 
methods can track MPP at 122 W, together with the MPP voltage at 60 V and the MPP current at 
2.05 A. However, the duration required for the conventional ICM tracking of MPP was 3.9 s, 
whereas the modified ICM with fixed initial tracking voltage only took 0.9 s for tracking MPP. 
On the other hand, the tracking duration required for ICM with a fixed initial tracking voltage 
together with adjusted pacing lengths decreased significantly to 0.6 s. 

Fig. 13.	 (Color online) Actual test results of MPPT utilizing conventional ICM under solar irradiance at 1000 W/m2 
and temperature of 25 ℃.

Fig. 14.	 (Color online) Actual test results of MPPT utilizing modified ICM with fixed initial tracking voltage under 
solar irradiance at 1000 W/m2 and temperature of 25 ℃.
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	 Similarly, under solar irradiance at 1000 W/m2, all three methods can track MPP at 245.6 W, 
together with the MPP voltage at 66.3 V and the MPP current at 3.7 A. However, the duration of 
tracking MPP utilizing the conventional ICM was 4.19 s, whereas the duration of tracking MPP 
utilizing ICM with the fixed initial tracking voltage was reduced to 1.28 s, and the ICM with the 
fixed initial tracking voltage together with adjusted pacing lengths took only 0.8 s for tracking 
MPP. Therefore, the actual test results proved that both modified ICMs proposed took less time 
for tracking MPP than the conventional ICM under different solar irradiances. In particular,  
ICM with the fixed initial tracking voltage together with adjusted pacing lengths did not only 
provide faster dynamic response, but also higher performance in the steady-state response. From 
the above, utilizing the modified ICM for tracking MPP of PVMA could achieve higher power 
generation efficiency.
	 Table 3 shows a performance comparison between the conventional and proposed ICMs 
under different irradiance conditions.

Fig. 15.	 (Color online) Actual test results of MPPT utilizing ICM with fixed initial tracking voltage together with 
adjusted pacing lengths under solar irradiance at 1000 W/m2 and temperature of 25 ℃.

Table 3
Performance comparison between conventional and proposed ICMs under different irradiance conditions.
Irradiance (W/m2) Method Tracking time (s) Efficiency (%) Power ripple (%)

500

Conventional ICM 3.9 91.3 2.1
Modified ICM
(fixed Vstart = 0.8Vmp)

0.9 91.3 2.1

Modified ICM
(fixed Vstart + adaptive pacing) 0.6 92.0 1.0

1000

Conventional ICM 4.19 91.5 2.5
Modified ICM
(fixed Vstart = 0.8Vmp)

1.28 91.4 2.5

Modified ICM
(fixed Vstart + adaptive pacing) 0.8 92.2 0.8
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6.	 Conclusions

	 In this paper, two modified ICMs were proposed for the MPPT of PVMA to enhance the 
tracking performance. By setting the initial tracking voltage of the conventional ICM at 0.8 
times the MPP voltage for PVMA under STC, as well as utilizing the gradient of the P–V 
characteristic curve produced from PVMA as the basis of adjusting pacing lengths for tracking 
simultaneously, practical application was made to PVMA for MPPT. The modified ICMs 
proposed in this paper included the ICM with fixed initial tracking voltage and the ICM with 
fixed initial tracking voltage together with pacing lengths adjusted according to the gradient of 
the P–V characteristic curve. Among them, the ICM with fixed initial tracking voltage together 
with pacing lengths adjusted according to the gradient of the P–V characteristic curve provided 
an optimal response in terms of tracking speed. The modified ICMs proposed not only provided 
a better response in terms of tracking speed than the conventional ICM but also proved from 
actual test results that, upon the variation of solar irradiance, the modified ICMs can promptly 
track MPP  under changing solar conditions. With the addition of pacing lengths for tracking 
adjusted according to the gradient of the P–V characteristic curve, such a method can also 
reduce the amplitude of oscillation after tracking MPP, which enhanced the tracking 
performance under the steady state. 
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