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Abstract 

 

The efficiency of photovoltaic generation systems depends on the maximum power point tracking (MPPT) technique. Among 
the various schemes presented in the literature, the incremental conductance (INC) method is one of the most frequently used due 
to its superb tracking ability under changes in insolation and temperature. Generally, conventional INC algorithms implement a 
simple duty-cycle updating rule that is mainly found on the polarity of the peak-power evaluation function. However, this fails to 
maximize the performance in both steady-state and transient conditions. In order to overcome this limitation, a novel regulated 
INC (r-INC) method is proposed in this paper. Like the compensators in automatic control systems, this method applies a digital 
compensator to evaluate the INC function and improve the capability of power tracking. Precise modeling of a new MPPT 
system is also presented in the optimized design process. A 120W boost peak power tracker is utilized to obtain comparative test 
results and to confirm the superiority of the proposed method over existing techniques. 
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I. INTRODUCTION 

Photovoltaic (PV) generation systems play an important role 
in the production of green energy. The fact that PV systems do 
not produce acoustic noise, contribute to environmental 
pollution or emit any particles makes them a desirable target 
for study. In order to maximize solar energy utilization, the 
use of a maximum power point tracking (MPPT) technique is 
compulsory. The basic configuration of an MPPT system for 
a PV system is shown in Fig. 1, where the DC/DC converter 
includes an MPPT algorithm to control both the current and 
voltage for maximizing the extraction of energy from solar 
modules. 

Among the many MPPT algorithms in the literature, the 
perturb and observation (P&O) and incremental conductance 
(INC) methods are the most widely used, due to their simple 
mathematical implementation [1]. However, these algorithms 
usually require a trade-off between the steady-state behavior 
and speed. The P&O algorithm responds quickly to changes 
in maximum power point (MPP). However, fluctuations around 

the MPP result in overall efficiency drops of the system [1], 
[2]. On the other hand, the INC method can eliminate such 
fluctuations at the cost of a lowered response speed [2]. In 
addition, there is also less misperception in the tracking 
direction [3]. 

Typically, peak-power evaluation function based “k” 
operation is used in the conventional INC, which reaches zero 
when the operating point reaches the exact MPP. Duty-cycle 
updating is done based on the sign of the k value as shown in 
(1). 

  (1) 

where δ represents a specific fixed step size of the duty 
change, and d[n] is the quantized duty-cycle of the maximum 
power point tracker. However, as mentioned before, the 
conventional INC and the P&O method both o environment 
[2], [4]. To addres s this issue, different kinds of modified 
INC approaches have been developed. One such example is 
variable-step INC, where different sets of duty cycle update 
equations can be switched according to the distance between 
the current operating point and the MPP [4]-[11], where the 
value of δ in (2) varies according to the situation. Although 
such a modification improves the power tracking performance 
of the technique, it does not include any procedure to determine 
algorithm parameters (such as step size) without trial and  
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Fig. 1. Typical MPPT system with a battery load. 
 

error. Furthermore, most variable-step INC methods have a 
complex algorithm flow. Other conventional methods such as 
hill climbing, predictive and numerical controlling, as well as 
different modified INCs have been proposed in the literature 
[12]-[17]. However, these methods are still hampered by 
implementation complexity due in part to the lack of a design 
procedure. In order to mitigate the above limitations, a novel 
regulated INC (r-INC) method was proposed in [19]. Like the 
compensator in automatic control system, this method utilizes 
the delayed error information of the evaluation function and 
enhances the power tracking capability. A systematic design 
procedure for determining the algorithm parameters is also 
presented with mathematical modeling and controller design. 
In this extended version, experimental waveforms according 
to an EN standard PV test scenario and more detailed 
performance evaluation have been provided, which clearly 
elaborates on the proposed method. 
 

II. PROPOSED METHOD 

The INC function, k(Vpv,Ipv), is defined as a criterion to 
determine the status of MPP tracking. The value of k is 
defined in (2). 

  (2) 

Here ppv, ipv and vpv are the output power, the output 
current and the terminal voltage of the PV module, 
respectively. By mathematical formulation, the smaller the 
value becomes, the closer the operating point approaches the 
maximum power point. At the MPP, the INC function should 
be zero. In the proposed scheme, each evaluation of k(Vpv,Ipv) 
in the current operating point is compared with the reference 
value kref to obtain an error signal (3). In addition, a control 
loop steers the operating point to minimize the error. If the 
reference is chosen as zero, the operating point eventually 
approaches the maximum power point. According to the error 
information, the duty cycle of the DC/DC converter is 
updated with a digital filter as in (4). 

  (3) 

 , (4) 

where b0, b1, b2 and a1 are the filter coefficients noted in 
Table I, and n is the sequence number. Like a compensator in  

 
Fig. 2. Flow chart of the proposed INC algorithm. 

 

 
Fig. 3. Block diagram of the proposed algorithm. 

 

 
Fig. 4. Power stage. 
 
an automatic control system, a well-designed digital filter can 
enhance both the speed and stability of the power tracking 
capability. A flow chart of the r-INC algorithm is shown in 
Fig. 2. 

A block diagram of the proposed method is shown in Fig. 3. 
In stage (a), the evaluation function is calculated by 
measuring vpv and ipv. In stage (b), the error is calculated by 
the mixer, and the duty information is determined by using 
the digital filter block. When kref = 0, the digital filter 
inevitably changes the duty cycle to regulate the value of k to 
zero, and to approach the operating point on the MPP. All of 
the blocks will then be examined and optimized, according to 
the control system concept outlined in the next section. 

A typical power stage of a peak power tracker is shown in 
Fig. 4. Here, a boost converter under the CCM is used as an 
example. The battery is replaced by a constant voltage load 
and the PV module is modeled as a Thevenin equivalent 
circuit. The power stage transfer function Gid(s) is used to 
represent the change in the PV current according to an ac 
disturbance in the duty cycle. The transfer function of the 
power stage (5) is determined by a small-signal analysis and a 
bode plot of the transfer function is shown in Fig. 5. 
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Fig. 5. Bode plot of the transfer function Gid(s). 
 

 
Fig. 6. Overall small signal block diagram. 

 

  (5) 

 

III. SYSTEM MODELLING AND DESIGN  
PROCEDURE 

The evaluation function of the peak-power k mentioned in 
(2) is a non-linear function controlled by the voltage and 
current of the PV system. Using the techniques in [18] and 
[19], the transfer gain for the MPP controller can be found by 
using the chain rules of partial derivation to (2) as follows: 

  (6) 

and: 

  , (7) 

where Gkv and Gki describe the incremental gain from both 
the voltage and the current to the k value, respectively. A 
small-signal block diagram of the overall MPPT system, 
including the power stage and the MPP controller, is shown 
in Fig. 6. 

In order for the operating point to be positioned on the 
MPP, the system should eliminate any perturbations in the 
Thevenin equivalent voltage, vs, of the PV modules. To 
accomplish this, an instantaneous change in the evaluation 
function (k) is compared with kref and the error signal is 
injected into the digital filter. A continuous duty-cycle is 
generated by the restructured duty signal d[n]. Through a  

 
(a) 

 

 
(b) 

Fig. 7. PSIM simulation schematic. (a) Power stage. (b) Filter 
based INC MPPT system. 

 

 

Fig. 8. Bode plot of the close loop transfer function (Giv,close). 
 

TABLE I 
SIMULATION PARAMETERS 

Category Parameter Value 

PV module BP MSX 
120 

Pmax 120W 

Vmpp 33.7V 

Impp 3.56A 

Voc 42.1V 

Isc 3.87A 

Shunt res. 1000Ω 

Series res. 0.0015 Ω 

Power circuit 

C 22uF 

L 56uH 

Vo 48V 

fsw 100kHz 

Filter C(z) 

fs, fMPPT 10kHz 

b0 0.1541 

b1 -0.1262 

b2 0.0221 

a1 -1 
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(a)     (b)                    (c) 

Fig. 9. Steady state and transient responses in the insolation change (A, B, C, D and E are magnifications of the main curve). (a) P&O. 
(b) Variable step INC. (c) Proposed INC. 

 
control theory (such as block reduction techniques), the 
digital filter can be designed and used to maximize the 
performance of MPPT. 
To verify the feasibility of the proposed scheme, a PSIM 
simulation is implemented as shown in Fig. 7. The PV module 
specification, the power stage, and filter parameters are shown 
in Table I. A 100kHz switching is used to minimize the size 
of the passive components, and the MPPT frequency is 
maintained at 10kHz [8] to avoid disturbances by noise [20]. 
After the analog PID filter C(s) has been constructed using 

MATLAB, the closed loop system can be derived as (8) and 
the bode plot is shown in Fig. 8. 

  (8)  

As a result, C(z) in (8) is transformed to be a z-transform 
function in (9) and its coefficients are shown in Table I. 

  (9) 
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TABLE II 
PERFORMANCE COMPARISONS IN SIMULATION TESTS 

Condition MPPT method Undershoot 
(%P) 

1% 
Settling time (s)

Avg.  
unrecoverable power 
at MPP (Perror) (W) 

MPPT 
efficiency η (%)

1000→200W/m2 
200C 
Tm =0.3s 

P&O 13.54 0.0009 0.1732 99.77 

Variable step INC 23.56 0.0007 0.2651 99.65 

Proposed INC 11.92 0.0013 0.1032 99.87 

 

 
(a) 

 
(b) 

Fig. 10. Hardware setup and sch ematic for experiment. (a) 
Hardware setup. (b) Schematic for experiment. 
 

IV. SIMULATION RESULTS 

In order to verify the proposed MPPT algorithm, several 
performance indices have been calculated through simulation. 
The steady-state tracking performance was determined based 
on MPPT efficiency according to the EN50530 standard [21], 
and the transient responses was tested through a power output 
undershoot and a 1% settling time in response to step 
insolation changes. The proposed method was compared to 
the two previously discussed schemes (P&O and variable step 
INC) with the simulation results shown in Fig. 9. Note that all 
of the curves have been plotted as functions of power (W) vs. 
time (Sec). The simulations were performed between 200 and 
1000W/m2 insolation changes at 200C with 0.1msec sampling 
time. The MPPT efficiency was measured as a moving 
average using the formula in (A1) according to the EN50530, 
with the integration time in the efficiency formula being the 
same as the sampling time. In each graph, Pmax denotes the 
maximum achievable output power from the PV module, and 
Psense represents the instantaneous output power from the PV 
module. The MPPT accuracy is calculated as the percentage 
ratio of Psense to Pmax. The amount of unrecoverable power 
(Pmax – Psense) is indicated as Perror. Some critical changes in 
the simulation waveforms are magnified and marked as A, B,  

 
(a) P&O algorithm 

 
(b) V-INC algorithm 

 
(c) r-INC algorithm 

Fig. 11. Static MPPT hardware efficiency test 3. (a) P&O algorithm. 
(b) V-INC algorithm. (c) r-INC algorithm. 
 
C and D in Fig. 9. Magnifications of the individual figures 
are made at the instants mentioned below: 

A – Step changes of the insolation (from 1000 to 200 W/m2) 
under a constant temperature.  

B – Constant insolation (200 W/m2) starting to increase 
linearly.  

C – Peak of the sinusoidal insolation (1000 W/m2). 
D – Minimum of the sinusoidal insolation (200 W/m2). 
E – Temperature step change (from 20 to 300C) under a 

1000 W/m2 constant insolation. 
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TABLE III 
PERFORMANCE COMPARISONS IN HARDWARE EXPERIMENTS UNDER DYNAMIC PATTERNS 

Condition MPPT method Max. power deviation 
(Perror) (W) 

Avg. power loss at MPP (Perror) (W) MPPT efficiency (η) (%) 

Test B.1 
(100→500W/m2 
250C) 
Tm =15936s 

P&O 18.69 1.60 94.84 

Variable step INC 12.04 0.71 97.71 

Proposed INC 7.01 0.10 99.73 

Test B.2 
(300→1000W/m2 
250C) 
Tm =7000s 

P&O 17.51 0.40 99.41 

Variable step INC 8.11 0.31 99.58 

Proposed INC 2.75 0.12 99.88 

Test B.3 
(10→100W/m2 
250C) 
Tm =17000s 

P&O 2.03 0.79 89.38 

Variable step INC 2.77 0.67 91.36 

Proposed INC 0.83 0.14 98.25 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 12. Hardware test results (B-1 test sequence for functions of low and medium irradiance in the EN50530 standard). (a) MPP power. 
(b) MPPT accuracy of the P&O algorithm. (c) MPPT accuracy of the VINC algorithm. (d) MPPT accuracy of the r-INC algorithm. 

 
In testing the conventional algorithms, the voltage perturbation 

size of the P&O was set to 0.006 V, and the duty-cycle 
resolution of the variable step INC was set to 0.01. In the 
simulation results, the undershoot and settling time were 

observed in 1000 to 200 W/m2 step changes (magnification 
“A”). The average unrecoverable power in the MPP is 
obtained by averaging Perror, which represents the amount of 
unused or wasted power in the PV module. 
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TABLE IV 
PERFORMANCE COMPARISONS OF HARDWARE EXPERIMENTS UNDER STATIC PATTERNS 

Condition MPPT method Max. power deviation (W) 
(maximum Perror) 

Avg.  unrecoverable power at 
MPP (W) 

MPPT efficiency η (%) 

(1000W/m2 
250C) 
Tm =1500s 

P&O 1.36 0.20 99.83 

Variable step INC 7.55 0.41 99.65 

Proposed INC 0.96 0.14 99.88 

 

  
(a)  (b) 

  
(c)  (d) 

Fig. 13. Hardware test results (B-2 test sequence for functions of medium and high irradiance in the EN50530 standard). (a) MPP power. 
(b) MPPT accuracy of the P&O algorithm. (c) MPPT accuracy of the V-INC algorithm. (d) MPPT accuracy of the r-INC algorithm. 

 

  
(a)  (b) 

  
(c)  (d) 

Fig. 14. Hardware test results (B-3 test sequence for the startup and shutdown in the EN50530 standard). (a) MPP power. (b) MPPT 
accuracy of the P&O algorithm. (c) MPPT accuracy of the V-INC algorithm. (d) MPPT accuracy of the r-INC algorithm. 
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Table V 
Total MPPT Efficiency 

MPPT method Static MPPT 
efficiency(%) 

Dynamic MPPT 
efficiency(%) 

P&O 99.83 74.94 

Variable step INC 99.65 96.21 

Proposed INC 99.88 99.23 

 

 
Fig. 15. Load current with the insolation profile. 

 

V. EXPERIMENTAL RESULTS 

According to the results shown in Table II, the lowest 
undershoot is achieved with the novel proposed algorithm. 
Although the settling time becomes slightly longer, the power 
oscillation around the MPP is substantially reduced, which 
leads to improved efficiency. These results indicate that the 
proposed digitally compensated INC shows comparatively 
better performance than the conventional methods. 

Fig. 10 shows an experimental setup of the proposed system. 
A PV simulator (TerraSAS) was used to generate various 
insolation and temperature profiles according to the EN50530 
standard, and a DSP controller (F28377S) was used to 
implement the algorithms. The CV mode active load is used 
as the output load. Experiment tests were performed in two 
phases: a static test and a dynamic test, according to the 
EN50530 standard, with a sampling time of 0.1sec. The static 
MPPT efficiency was calculated through formula (A2) along 
with the two conventional methods: P&O and variable step 
INC (V-INC). Static MPPT efficiency test results are shown 
in Fig. 11 and Table IV. It is clear that the r-INC method 
shows the highest efficiency among the three methods, at 
99.88%. Meanwhile, ΔV is highest in the V-INC method. It is 
smaller in the P&O and r-INC method. 

Similarly, dynamic MPPT test patterns were injected and 
the resulting efficiency was calculated by formula (A3). 
These test results are shown in Figs. 12, 13 and 14, as well as 
Tables III, V and VI. The behavior of the load current with 
respect to the insolation is shown in Fig. 15. Under a constant 
voltage load, the load current follows the insolation profile. 
The total dynamic MPPT efficiency was calculated by 
formula (A4). The total dynamic MPPT efficiency is shown 

in Table V, where the proposed algorithm’s 99.23% efficiency 
is 3% higher than the V-INC method and well above the 
efficiency of the P&O method. 

 

VI. CONCLUSION 

This paper presented a novel digital filter-based INC 
algorithm, where a digital filter automatically adjusts the duty 
cycle to regulate the evaluation function to zero and to make 
the operating point approach MPP. The new MPPT algorithm 
has been compared with the conventional P&O and INC 
methods in both simulation and hardware tests. 

According to a comparison of the obtained results, the 
proposed method shows improved performance in terms of 
transient response as well as in steady state MPPT efficiency. 
Furthermore, through the mathematical modeling and design 
guidelines presented in this paper, all of the parameters in the 
proposed algorithm can be designed and implemented using 
classical filter design tools, which are well established and 
easily accessible for use by engineers. 

 

APPENDIX 

Efficiency calculation formulae according to the EN50530 
standard [21]. 

 

A1. MPPT efficiency: MPPT efficiency is defined by the 
energy drawn by the device under test divided by the 
theoretical available energy in the MPP condition. It is given 
by: 

  (A1) 

where: 
TM - measuring period. 
PDC,t - instantaneous power value drawn by the device 

under test. 
PMPP,t - instantaneous MPP power value provided by the 

PV simulator. 
 

A2. Static MPPT efficiency: Static efficiency is the MPPT 
efficiency under a steady state insolation characteristic curve 
and is given by: 

  (A2) 

where:  
Udc,i - sampled value of the inverter input voltage. 
Idc,i - sampled value of the inverter input current. 
TM - overall measuring period. 

- period between two subsequent sample values. 

PMPP,PVS - MPP power provided by the PV simulator. 
A3. Dynamic MPPT efficiency: Dynamic efficiency is the 

MPPT efficiency under a dynamic insolation characteristic 
curve and is given by: 

m
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  (A3) 

where:  

Udc,i - sampled value of the inverter input voltage. 
Idc,i - sampled value of the inverter input current. 
TM - overall measuring period. 
PMPP,PVS - MPP power provided by the PV simulator. 

j - period where the power PMPP,PVS,j provided.  

i - period where the powers Udc,i and Idc,i are sampled. 
 
A4. Average dynamic MPPT efficiency: This is defined by 

the overall dynamic MPPT efficiency by averaging the B.1 
test (test sequence for functions between low and medium 
insolation) and the B.2 test (test sequence for functions 
between medium and high insolation). 

  (A4) 

where:  

- average dynamic MPPT efficiency. 

- dynamic MPPT efficiency for each test. 
N - number of test sequences. 
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