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 In this paper, we describe the research and development of the maximum power point tracker 
(MPPT) for a photovoltaic module array (PVMA) under different sunlight intensities and 
temperatures. In this study, an improved power feedback method (IPFM) is used to track the 
maximum power point (MPP) of the PVMA. Because a traditional power feedback method 
(PFM) is used for maximum power tracking, once the sunlight intensity and temperature change, 
the MPP of the PVMA changes accordingly. Nevertheless, the fixed duty cycle variation of the 
boost converter is used for the tracking step in the traditional PFM, so that it may take a long 
time to track to the MPP. For this reason, an MPPT based on the IPFM is proposed in this paper, 
so that its tracking step is adjusted adaptively according to the slope of the power-voltage (P–V) 
characteristic curve of the PVMA. Moreover, the initial voltage for starting tracking is set to 0.8-
fold the MPP voltage Vmp of the PVMA under standard test conditions (STCs). First, a 
programmable DC power supply (62050H-600S) produced by Chroma ATE Inc. is used in this 
study to simulate the output characteristics of a 4-series and 1-parallel PVMA, and then simple 
voltage and current sensors are used to feed back the voltage and current of the PVMA, followed 
by MPP tracking by the IPFM. From the experimental results, it is proved that the proposed 
IPFM yields a better tracking speed response and steady-state performance than the traditional 
PFM under different working environments.

1. Introduction 

 A photovoltaic power generation system is composed of a photovoltaic module array (PVMA) 
and a power conditioner including a DC/AC converter, a DC/DC converter, a system controller, 
and a parallel protection device. In the photovoltaic power generation system, if the PVMA is 
connected to a load directly, the output power of the module array is determined by the load, so 
that the maximum output power of the PVMA is unavailable. Therefore, the maximum power 
point tracker (MPPT) needs to be connected between the module array and the load, so that it 
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can achieve the optimal power generation efficiency under any sunlight intensity. At present, the 
most commonly used maximum power tracking methods for the PVMA among commercially 
available power conditioners include the constant voltage method (CVM),(1–3) power feedback 
method (PFM),(4,5) incremental conductance (INC) method,(6–8) and perturb and observe (P&O) 
method.(9–11) Among these methods, the principle of the CVM is the simplest; it regulates the 
output voltage of the PVMA to the maximum power point (MPP) voltage Vmp under the standard 
test condition (STC) for any sunlight intensity. However, as the sunlight intensity changes, the 
voltage of the MPP changes accordingly. Although the voltages of MPPs are still almost 
distributed on the same vertical line, the real MPP cannot be tracked when the sunlight intensity 
is weak. For the working principle of the PFM, the voltage and current of the PVMA  are fed 
back through voltage and current sensors to calculate current output power, followed by 
calculating the slope dP/dV based on the change rates of the output power and output voltage, by 
which the tracking direction is determined. This method is advantageous because of its relatively 
simple and easy implementation, capability of reducing power loss, and in turn, improvement of 
the overall power generation efficiency. However, the tracking speed response and steady-state 
performance are not good owing to the fixed values used for the tracking steps. 
 As for the principle of the P&O method, the output voltage variation of the PVMA is 
controlled with a fixed duty cycle variation, followed by calculating the power by feeding back 
the voltage and current of the PVMA, and then the current output power is compared with the 
previous output power to determine the next perturbation direction. If the output power increases 
after the perturbation, the next perturbation continues to control the output voltage of the PVMA 
in the same direction; in contrast, if the output power of the PVMA decreases after the 
perturbation, it is controlled in the opposite direction next time. With respect to the MPP 
tracking performed by the P&O method, the implementation is easy, but the back and forth 
oscillation occurs in the vicinity of the MPP, resulting in power loss. Therefore, the selection of 
the perturbation step size becomes very important. Although a smaller step size can reduce the 
oscillation in the vicinity of the MPP, it reduces the tracking speed. Hence, the magnitude of the 
perturbation step size is a key factor for the tracking performance of the P&O method.(12) In 
addition, as the external environmental conditions change more rapidly, this method may not be 
able to adjust the tracking direction in time, resulting in incorrect determinations.
 The control concept of the INC method is similar to that of the PFM, both of which use a zero 
slope (dP/dV = 0) at the MPP on the curve of the output power and voltage of the PVMA as a 
determination condition. Thus, dI/dV = −I/V is used to make a logical determination for the INC 
method after derivation, where V and I are the output voltage and output current of the PVMA, 
and dI/dV and I/V are the dynamic conductance and static conductance, respectively. However, 
owing to the complexity of the tracking process for the INC method, more parameters are 
required, resulting in a lower tracking speed. Moreover, owing to the impact of the sensing 
elements on the measurement error, the real MPP cannot be tracked. Moreover, because the 
differential term dI/dV is used as a determination condition, it is susceptible to noise interference.
 To improve the shortcomings of various traditional MPP tracking methods mentioned, in this 
paper, an improved power feedback method (IPFM) is proposed to track the MPP of the PVMA. 
First, the characteristic curves of the PVMA are discussed, and then the theory of the IPFM is 
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described, by which the MPP tracking test for the PVMA is carried out. Finally, the experimental 
results prove that the proposed IPFM improves the shortcomings of the traditional MPP tracking 
methods.

2. Proposed MPP Tracking Method

 The variations of output power and voltage of the PVMA are used in the PFM as the 
determination condition. This tracking method can improve the shortcomings of the CVM, 
which cannot track to the real MPP as the sunlight intensity changes, while reducing the 
complexity and instability from the INC method and the P&O method.

2.1 Traditional PFM

 The PFM calculates the current power through the feedback voltage and current, followed by 
using the dP/dV slope value as the determination condition for tracking the MPP. As shown in 
Fig. 1, if dP/dV > 0, this indicates that the current operating point is on the left side of the MPP, 
so that the voltage of the PVMA has to be increased; that is, the duty cycle of the converter is 
reduced, such that the operating point moves toward the right side of the MPP. In contrast, if 
dP/dV < 0, this indicates that the current operating point is on the right side of the MPP, so that 
the voltage of the PVMA has to be reduced in the next step; that is, the duty cycle of the converter 
is increased, such that the operating point moves toward the MPP on the left side until the slope 
of the power-voltage (P–V) characteristic curve dP/dV = 0, which indicates that the MPP has 
been tracked. The control flow chart for the MPP tracking is shown in Fig. 2. When the slope 
approaches zero, this indicates that the output power has reached the maximum value. Although 

Fig. 1. (Color online) Working characteristic curve of PFM.
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this probability is very small, the overall efficiency is better than that of the CVM because the 
PFM can track to the vicinity of the MPP under different sunlight intensities, which, however, 
also induces power loss.

2.2	 IPFM	with	fixed	initial	tracking	voltage

 From Fig. 3, although the P–V characteristic curves of PVMAs vary under different sunlight 
intensities, the MPP voltages of various curves differ insignificantly. Therefore, to improve the 
tracking speed of the PFM, a fixed voltage is used as the initial tracking voltage to improve the 
traditional PFM in this study. That is, the initial tracking voltage Vbegin is set to be 0.8-fold the 
MPP voltage Vmp under STCs (i.e., Vbegin = 0.8Vmp), so that each tracking begins from the voltage 
of Vbegin. Therefore, even though the sunlight intensity changes, the MPP can be tracked quickly 
at that time with a fixed initial tracking voltage of the IPFM.

Fig. 2. (Color online) Flow chart for MPP tracking of traditional PFM.
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2.3	 IPFM	with	fixed	initial	tracking	voltage	and	adjusted	tracking	step	size

 Although the PFM with a fixed initial tracking voltage has a better tracking speed, the 
tracking speed of the system is affected if the step size is set too small because the same variation 
of the duty cycle is still used as the tracking step size. Nevertheless, although the speed can be 
increased if the setting is too large, there is a large magnitude of back and forth oscillation when 
tracking to the vicinity of the MPP, resulting in power loss. To avoid these problems without 
affecting the tracking speed, in addition to improving the PFM with a fixed initial tracking 
voltage, the variation of the duty cycle is adjusted automatically according to the variation range 
for the slope of the P–V characteristic curve, so that the operating point has the variation of the 
duty cycle decreased gradually as it gets closer to the MPP. Similarly, as the operating point gets 
farther away from the MPP, the variation of the duty cycle is increased, and the step size of 
tracking is increased. As such, the tracking speed can be increased at the same time, and the 
magnitude of back and forth oscillation in the vicinity of the MPP can be reduced. Moreover, 
when the sunlight intensity suffers from an abrupt change, the variation of the duty cycle can 
also be adjusted in time.
 Figure 4 shows the relationship diagram of the slope interval division for which the tracking 
step size (that is, the variation of the duty cycle) is adjusted automatically by the IPFM according 
to the slope of the P–V characteristic curve in Table 1, wherein m is the slope of the P–V 
characteristic curve and is defined as dP/dV. From Fig. 4, the following situations can be 
observed.

Fig. 3. (Color online) Corresponding voltages of MPPs under different sunlight intensities.
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(1)  When the slope m is less than zero, this indicates that the system has tracked to the right side 
of the MPP, and the tracking is oriented to the left side of the MPP.

(2)  When the slope m is larger than zero, this indicates that the system has tracked to the left side 
of the MPP, and the tracking is oriented to the right side of the MPP.

(3)  When the slope m is equal to zero, this indicates that the system has tracked to the MPP. 
Moreover, the definitions for the slope m and the power variation dP are as follows:

 1
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 Here, Pk and Vk are the power and voltage values of the current operating point, and Pk−1 and 
Vk−1 are the power and voltage values of the previous operating point, respectively. 

Table 1
Adjustment relationship between the slope interval of the P–V characteristic curve and the variation of the duty 
cycle for the converter.
Slope interval of P–V characteristic curve Variation of duty cycle (Δd)
Interval m1: 1.5 ≥ m ≥ 1 0.005
Interval m2: 1 > m ≥ 0 0.0005
Interval m3: 0 > m ≥ −1 0.0004
Interval m4: m < −1 0.004

Fig. 4. (Color online) The slope interval division relationship for the variation of the duty cycle is adjusted 
automatically according to the slope of the P–V characteristic curve for the IPFM.
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3.	 Characteristic	Curves	of	the	Adopted	PVMA

 Since the output characteristic curve of the PVMA is nonlinear, and the output power is 
related to the sunlight intensity and ambient temperature, the P–V characteristic curve and 
current-voltage (I–V) characteristic curve at the same ambient temperature change apparently 
with the change in the sunlight intensity. The voltage and current of the MPP of the adopted 
photovoltaic module under the sunlight intensities of 1000 and 500 W/m2 at the temperature of 
25 ℃ are listed in Table 2.(13,14) 
 In this paper, the Kyocera KC50 modules(15) are connected into a 4-series and 1-parallel 
202.6 W PVMA and, under sunlight intensities of 1000 and 500 W/m2, the proposed modified 
PFM is used for the maximum power tracking. The output I–V and P–V characteristic curves of 
the PVMA are shown in Figs. 5 and 6, respectively. From the figures, under a sunlight intensity 
of 1000 W/m2 and temperature of 25 ℃, the MPP of the PVMA is 202.6 W, and at the same 
temperature, when the sunlight intensity drops to 500 W/m2, its maximum output power is 
reduced to 101.8 W.

4.	 Converter	Design	for	Maximum	Power	Tracking	Control

 Figure 7 shows an architecture for realizing the application of the proposed modified PFM to 
a PVMA for maximum power tracking. The architecture is mainly for a MPPT composed of a 
boost converter and an IPFM, which uses a boost converter(16,17)  to modulate the output voltage 

Table 2
Output of photovoltaic module at 25 ℃ under different sunlight intensities.
Sunlight intensity 1000 W/m2 500 W/m2

Voltage of MPP (V) 15.9 14.3
Current of MPP (A) 3.205 1.781
Maximum output power (W) 50.95 25.47

Fig. 5. (Color online) Output I–V characteristic curves of 4-series and 1-parallel PVMA under sunlight intensities 
of 1000 and 500 W/m2 and temperature of 25 ℃.
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of the PVMA, followed by feeding back the voltage and current signals of the PVMA by a 
differential amplifier, and then sending the signals to a digital signal processor(18)  to calculate 
the duty cycle required by the converter in the next step for MPP tracking.
 Figure 8(a) shows the circuit architecture of a boost converter.(19)  Its components include a 
fast diode, an energy storage inductor, a filter capacitor, and a power switch.
 Before analyzing the circuit, the following are assumed:
(1)  The circuit is operable in a steady state.
(2)  The switching cycle is defined as T, the on-time of switch is defined as DT, and the cut-off 

time is defined as (1 − D)T, where D is the duty cycle ( /onD t T ), and ton is the on-time of 
switch in one cycle.

(3)  The inductor has a current that is continuous and in the same direction, as well as always 
positive.

Fig. 7. Architecture of maximum power tracker for an IPFM.

Fig. 6. (Color online) Output P–V characteristic curves of 4-series and 1-parallel PVMA under sunlight intensities 
of 1000 and 500 W/m2 and temperature of 25 ℃.
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Fig. 8. Boost converter: (a) architecture of main circuit, (b) equivalent circuit when the switch SW is turned on, 
and (c) equivalent circuit when the switch SW is turned off.
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(4)  The capacitance value is extremely large, so that the output voltage Vo is constant.
(5)  The circuit components are all ideal components.
 When the switch SW is turned on, its equivalent circuit is as shown in Fig. 8(b). At that 
moment, the diode is turned off due to reverse bias. According to Kirchhoff’s voltage law, we 
can obtain
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 From Eq. (4), the increased amount of the inductor current when the switch is turned on is

 ( ) .s
L closed

V DTi
L

∆ =  (5)

 When the switch SW is cut off, the equivalent circuit of the boost converter is as shown in 
Fig. 8(c). At that moment, the diode is forward biased and turned on, so its circuit equation is
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L
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 At that moment, the rate of change of the inductor current is negative, which is expressed as 
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 From Eq. (7), the decreased amount of current during the cut-off of the switch could be
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 According to the inductor volt-second balance principle, Eq. (9) has to be satisfied as  

 ( ) ( ) 0.L Lclosed openi i∆ ∆+ =  (9)

 Therefore, it can be deduced from Eqs. (5) and (8) that
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where Vo is the output voltage, Vs is the input voltage, and D is the duty cycle.
 Since the duty cycle D is a value between 0 and 1, the output voltage is always greater than or 
equal to the input voltage, so that the converter is a boost converter.
 In this paper, the switching frequency of the switch is selected as 25 kHz. After calculation, 
the inductance value, capacitance value, and specifications of relevant components for the boost 
converter can be obtained(19) as shown in Table 3.

5.	 Experimental	Results	and	Discussion

 A programmable DC power supply (62050H-600S)(20) produced by Chroma ATE Inc. was 
used in this study to simulate the output characteristics of a 4-series and 1-parallel PVMA, 
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followed by tracking its MPP with the traditional and modified PFMs. Figure 9 shows an 
appearance diagram of a physical circuit used for tracking of the MPP.
 First, the MPP was tracked under the sunlight intensity of 1000 W/m2. At that moment, the 
MPP voltage Vmp of the module was 63.6 V, and the MPP current Imp was 3.205 A, so that the 
maximum power Pmp of 203.8 W was obtained from the multiplication of Vmp and Imp. From 
Fig. 10, the tracking time required to track the MPP using the traditional PFM was 3.18 s. 
Figures 11 and 12 show the test results using the PFM with fixed initial tracking voltage and 
with fixed initial tracking voltage together with adjustment of step size via the slope of the P–V 
characteristic curve, respectively. From Fig. 11, the improved method with fixed initial tracking 
voltage was adopted, such that the time for tracking the MPP was 2.62 s. From Fig. 12, the MPP 

Table 3
Component specifications for boost converter.
Components Specifications
Filter capacitance Cout 470 μF, rated voltage 450 V
Energy storage inductance Lm 1.67 mH, rated current 7.4 A
Fast diode D IQVD60E60A1 Rated voltage 600 V, rated current 60 A
Power switch IREP460B Rated voltage 500 V, rated current 20 A

Fig. 9. (Color online) Appearance diagram of a physical circuit for tracking the MPP of the PVMA.
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Fig. 10. (Color online) Measured waveforms from the tracking of the MPP using the traditional PFM under sunlight 
of 1000 W/m2.

Fig. 11. (Color online) Measured waveforms from the tracking of the MPP using the PFM with fixed initial tracking 
voltage under sunlight of 1000 W/m2.



Sensors and Materials, Vol. 35, No. 7 (2023) 2631

tracking method using the fixed initial tracking voltage together with the adjustment of the step 
size via the slope of the P–V characteristic curve was adopted, such that the time required to 
track to the MPP was only 1.27 s. This is the fastest among the three methods.
 The MPP was tracked under a sunlight intensity of 500 W/m2. At that moment, the MPP 
voltage Vmp of the 4-series and 1-parallel module array was 57.2 V and the MPP current Imp was 
1.781 A, so that the maximum power Pmp of 101.9 W was obtained from the multiplication of Vmp 
and Imp. From Fig. 13, the time required to track the MPP using the traditional PFM was 4.78 s. 
From Fig. 14, the time required for tracking the MPP using the IPFM with fixed initial tracking 
voltage was shortened to 3.93 s. As for Fig. 15, the MPP was tracked by using the IPFM with 
fixed initial tracking voltage together with the adjustment of the step size via the slope of the 
P–V characteristic curve, by which the time required to track the MPP was only 2.7 s. This 
method achieved the shortest MPP tracking among the three methods.
 From the experimental results, it was proved that the IPFM developed in this study yields a 
better tracking speed response and steady-state performance than the traditional PFM under 
different working environments. The time taken to track to the MPP under different conditions 
for the three different tracking methods is summarized in Table 4 for comparison. From Table 4, 
it is clear that the PFM with fixed initial tracking voltage together with the adjustment of the step 
size via the slope of P–V characteristic curve proposed in this paper achieved the best tracking 
speed response under different sunlight intensities.

Fig. 12. (Color online) Measured waveforms from the tracking of the MPP using the PFM with fixed initial tracking 
voltage together with adjustment of step size via the slope of the P–V characteristic curve under sunlight of 
1000 W/m2.
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Fig. 13. (Color online) Measured waveforms from the tracking of the MPP using the traditional PFM under sunlight 
of 500 W/m2.

Fig. 14. (Color online) Measured waveforms from the tracking of the MPP using the PFM with fixed initial tracking 
voltage under sunlight of 500 W/m2.
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6. Conclusions

 The improvement of tracking performance for the MPPT based on the traditional PFM is 
described in this paper. By fixing the initial tracking voltage of the traditional PFM at 0.8-fold 
the MPP voltage under STCs, together with dividing the output P–V curve of the PVMA into 
four slope intervals, the tracking step size is adjusted and applied for tracking the MPP of the 
PVMA. The IPFMs proposed in this paper include the PFM with fixed initial tracking voltage 
and the PFM with fixed initial tracking voltage together with the adjustment of the step size via 
the slope of the P–V curve. Among them, the PFM with the fixed initial voltage together with the 
adjustment of the tracking step size via the slope of the P–V curve achieves the best tracking 
speed response. The proposed IPFM not only achieves a better tracking response speed than the 
traditional PFM, but it can also reduce power loss and improve the power generation efficiency. 

Fig. 15. (Color online) Measured waveforms from the tracking of the MPP using the PFM with fixed initial tracking 
voltage together with adjustment of step size via the slope of the P–V curve under the sunlight of 500 W/m2.

Table 4
Comparison of the time for tracking to the MPP using the three different methods.

Tracking method Sunlight intensity
1000 W/m2 500 W/m2

Traditional PFM (s) 3.18 4.78
PFM with fixed initial voltage (s) 2.62 3.93
PFM with fixed initial voltage together with adjustment of 
step size via slope of P–V curve (s) 1.27 2.7
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From the experimental results, it is proved that when the sunlight intensity changes abruptly, all 
of the proposed IPFMs can track the MPP at that moment in time. Moreover, this method 
together with the adjustment of the tracking step size via the slope of the P–V curve can reduce 
the magnitude of the back and forth oscillation after the MPP is tracked, so that the power loss 
can be reduced and the steady-state tracking performance can be improved.
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