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Abstract

The power—voltage (P—V) characteristic of a photovoltaic (PV) array is nonlinear and time varying with the change in atmospheric

conditions. As a result, the maximum power point tracking (MPPT) technique must be applied in PV systems to maximize the
generated energy. The incremental conductance (INC) algorithm, one of the MPPT strategies, is widely used for its high tracking
accuracy, good adaptability to rapidly changing atmospheric conditions, and easy implementation. This paper presents a modified
asymmetrical variable step size INC MPPT method that is based on the asymmetrical feature of the P-V curve. Compared with
conventional fixed or variable step size method, the proposed method can effectively improve tracking accuracy and speed. The

theoretical foundation and design principle of the proposed approach are validated by the simulation and experimental results.
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I.  INTRODUCTION

Photovoltaic (PV) generation has elicited much concern
because of fossil fuel shortage and environmental
deterioration. A major challenge in PV applications is that the
current—voltage (I-V) characteristic is nonlinear and time
varying with solar irradiation and cell temperature and results
in  unique (MPP) on the
power—voltage (P—V) curve. Therefore, an excellent MPP
tracking (MPPT) controller that tracks MPP in real time is
essential to PV systems.

Several MPPT techniques, such as open-circuit voltage [1],
short-circuit current [2], perturbation and observation (P&O)
[3]-[5], hill climbing [6], [7], incremental conductance (INC)
[8]-[10], incremental resistance (INR) [11], [12], neural
network, and fuzzy logic control [13]-[15], have been
proposed in recent years. Among them, P&O, hill climbing,
and INC are commonly used for their simplicity and easy
implementation. P&O introduces perturbation in the
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operating voltage of the PV array, whereas hill climbing
employs perturbation in the duty ratio of the power converter
and thus makes the control structure simple and attractive
[16]. The main shortcoming of these two methods is the
oscillation around MPP, which results in power loss and
incapacity under rapidly changing atmospheric conditions.
The INC algorithm is based on the fact that the slope of the
P—V curve of the PV array is positive at the left side of MPP,
zero at MPP, and negative at the right side [8]. Consequently,
steady state oscillation is eliminated in theory. The INR
algorithm is similar to INC, and its primary rules can be
deduced from the duality of the INC principle. A common
issue in these four methods is the tradeoff between dynamic
response speed and steady state accuracy. A large step size
contributes to rapid dynamics but generates excessive steady
state oscillations, which lead to increased power loss.
However, this situation is reversed when the MPPT controller
is operated with a small step size.

Several variable step size approaches for use in P&O [4],
[5], hill climbing [6], [7], INC [8], and INR [11] have been
proposed for improved performance. Although these methods
can effectively reduce steady state oscillations near MPP,
they slow down the dynamic response speed or lower the
algorithm efficiency under rapidly changing atmospheric
conditions. Furthermore, all of them do not consider the
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Fig. 1. Equivalent circuit of the PV cell.

asymmetrical feature of the P-V curve of the PV array. A
modified asymmetrical variable step size INC MPPT method
is proposed in this study. Step size is automatically adjusted
according to the inherent characteristics of the PV array.
When the operating point is far from MPP, the method
operates with a large step size and thus accelerates the
tracking process. By contrast, when the operating point is
near MPP, the step size becomes extremely small that steady
state oscillation is significantly reduced, thereby lowering the
power loss. Moreover, the step sizes at the two sides of MPP
differ. The simulation and experimental results show that the
proposed method can effectively improve the dynamic and
steady state performance simultaneously.

II. PV CELL MODEL

A PV cell consists of a P-N junction, and its simplest
equivalent circuit is shown in Fig. 1. The model is
represented by an anti-parallel current source with diode D,,
and the non-idealities are represented by parallel resistance R,
and series resistance R, [17].

The relationship between output current /p, and output
voltage Vpy can be expressed as follows [18]:
fpy—fph—lo(exp[%’;”’”]—lj—w (1)
where R, and R, are the equivalent parallel resistance and
series resistance of the cell (usually R,>10 kQ and R<I Q),
respectively; ¢ is the electronic charge (¢=1.6x10"" C); Ly is
the photo-current; /; is the reverse saturation current; K is the
Boltzman constant (K=1.38x10> J/K); T'is cell temperature;
and 4 is the ideal factor of the diode.

The following two conditions are assumed to simplify the
analysis.

(1) R, is large; thus, (Vpy+R.py)/R, can be ignored.

(2) R, is small; thus, 1,,=L.

Based on the two assumptions above, the relationship
between I, and Vpy can be simplified as follows [19]:

IPV = Isc [I_CI [exp[CV;;/ J_IJJ (2)
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Fig. 2. Normalized characteristics of the PV array. (a) Variation
of -V characteristics with solar irradiation at 25 °C. (b)
Variation of PV characteristics with solar irradiation at 25 °C.
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where V,. is the open-circuit voltage, I, is the short-circuit

current, V,, is the peak power voltage, and [, is the peak
power current.

When irradiation S and temperature 7 are changed, the
parameters V,,, I, V,, and I,, can be updated by [19]

Voo =Vper (1= KypAT ) In(exp(l) + KpgAS ) 3)
S
Isc :Iscr (1+KITAT)7 ’ (4)
ref
Vg =V (1= Kyp AT ) In(exp(1) + KygAS) 6)
S
]m :]}‘I‘I}”(1+K1TAT)7 (6)
Sref
where
AT =TT,
AS=— 1
Sref
K]T = 00025 / OC
KVS = 05

Kyr =0.00288/ °C
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A PV array generally comprises a number of PV cells
connected either in series or parallel. The normalized output
characteristics of the PV array are shown in Fig. 2 based on
the aforementioned mathematical model. The -V
characteristic of the PV cell is nonlinear and time varying
with irradiation and thus results in unique MPP on its P-V
curve. An efficient MPPT control strategy that quickly tracks
MPP is therefore essential to PV systems.

III. MPPT CONTROL STRATEGY

A variety of MPPT approaches have been proposed to
maximize the output power of a PV array. Among them, the
INC MPPT method is the most widely used for its high
tracking accuracy, good adaptability to rapidly changing
atmospheric conditions, and easy implementation. Step size is
invariable in the basic INC algorithm. Thus, a large step size
contributes to fast dynamics but generates excessive steady
state oscillations that lead to power loss. This situation is
reversed when the step size is small. Thus, a satisfying
tradeoff between dynamics and steady state oscillations must
be made in the fixed step size INC MPPT algorithm. Such
design dilemma can be addressed by the variable step size
strategy.

In most practical applications, a DC-DC converter is
placed between the PV array and load to implement MPPT.
The output power of a PV array is adjusted by directly
changing the duty cycle of the power converter to simplify
the control complexity. Note that D(k), V(k), I(k), and P(k)
are the power converter duty cycle, PV array output voltage,
current, and power at time k, respectively. The derivative of
power to voltage (dP/dV) of a PV array is employed as a
suitable parameter to regulate the variable increment in the
INC MPPT algorithm. A typical variable step size INC
MPPT is as follows [20]:
dP

D(k) =Dk =) =N |-

AP
:DM—DiNK;‘ (7

P(k)—P(k-1)
V(k)y-V(k-1)
where coefficient N is the scaling factor used to adjust the
step size automatically.

For the strategy shown in Equation (7), the tracking
performance is essentially decided by scaling factor N.
Therefore, selecting an optimal scaling factor is crucial to
such method. However, manual adjustment of the scaling
factor is inefficient and tedious, and the acquired optimal

=D(k-1)£N

value may only be valid for a given system and certain
operating conditions [20]. As an effective solution to such
design dilemma, a simple method to determine the scaling
factor was presented in [8]. To guarantee the convergence of
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Fig. 3. Slope of power versus voltage under different irradiation
conditions.

the MPPT update rule, the scaling factor must meet the
following inequality:

®)

dP
N < ADmaX/ T

fixed step=ADmax

where AD,,, is the largest step size.

Equation (8) provides simple guidance to determine the
range of scaling factor N for the variable step size INC MPPT
algorithm. If Equation (8) is not satisfied, the algorithm will
operate with fixed step size AD,.. The scaling factor
acquired by this method cannot ensure that the system is kept
in the variable step size mode while irradiation is rapidly
changed. For example, under the condition that power P, is
larger than power P, as shown in Fig. 3 [11], the system for
curve P; almost cannot operate in the variable step size mode
with scaling factor N obtained from Equation (8). D /N is
significantly small that [dP/dV] is extremely large to maintain
the step size within the variable step size range. However, the
system for curve P, will always be in the variable step size
mode with the same scaling factor N, which seriously reduces
the system response speed. Consequently, a “dead band” [11]
for the fixed scaling factor method is generated. The variable
step size INC MPPT algorithm proposed in [8] experiences
difficulty in obtaining optimal scaling factor N,,, which is
suitable for the two power curves in the “dead band.”

A variable step size INR MPPT algorithm has been
proposed to overcome these problems [11]. However, this
algorithm does not consider the asymmetrical feature of the
P-V curve of the PV array. Moreover, current / and current
variation A/ are used as the denominators in this algorithm;
this condition requires a high-precision current sensor and
will increase the hardware cost. A modified asymmetrical
variable step size INC MPPT algorithm is presented in this
study to improve dynamic response speed and steady state
accuracy. The major differences between the proposed
method and others are as follows.

1) Based on the asymmetrical characteristic of the P—V
curve of the PV array, an asymmetrical step size strategy is
adopted to accelerate the dynamic response. Hence, step sizes
may differ at the two sides of MPP despite the similar power
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variation.

2) According to the different operating points of a system,
the algorithm can be implemented in two modes, namely,
asymmetrical fixed step size mode and adaptive variable step
size mode.

3) A function marked as F, whose value is the product of
the PV array output power and the absolute value of the PV
array power derivative (|dP/dV]), is employed to switch the
step size modes as provided by

F =By » ©)

4) The proposed method can consistently ensure that the
system operates in fixed and variable step size modes
although irradiation is rapidly changed. A novel and simple
method is introduced to avoid the “dead band” problem for
the scaling factor in [8] as provided by

~ |ap/av|,
k = —F (10)
B+|dp/av|,
Slk :Sk 'ADmaxl (11)
Soi =Sk - ADpax 2 (12)

where o is a scaling factor utilized to scale down the step
size; B is a factor utilized to adjust the slope of Sj; and AD,,
and AD,,,,, are the largest step sizes at the left and right sides
of MPP, respectively. The value of o should be maintained in
the range of [0, 1] and g should be a positive number to
always make variable step size Sy, or Sy less than AD,,,; or
AD. at each side of MPP. Compared with the method
proposed in [11], the current proposed method is simpler and
easier to implement in microprocessors because the
complicated square root operation is canceled.

PV array output power Ppy, the absolute value of the slope
of output power versus output voltage (|[dP/dV]), and the
product of the output power and its slope (Pp,*|dP/dV]) are
shown in Fig. 4 to illustrate the principle of the proposed
algorithm clearly. The figure indicates that F" has two extreme
values (M, and M,) that correspond to two voltage values (V;
and 7)) at the two sides of MPP. The algorithm operates in
the variable step size mode when the PV array output voltage
is between V; and V,. Otherwise, the algorithm operates in
the asymmetrical fixed step size mode.

The P-V characteristic curve of a PV array is asymmetrical
as shown in Fig. 5.

Fig. 5 shows that the output voltage of the PV array
increases from ¥, to V,, when the output power varies from P,
to P,, at the left side of MPP; however, the value decreases
from ¥, to V,, when the output power varies from P, to P,, at
the other side. When P; equals P,, the following relationships
can be obtained.

P,~R=B,~P, (13)
Vo=V > V=5 (14)
According to Equations (13) and (14), if the tracking time

1p # i v

=) D By, D
= 08F
> @ |dP/dV|
o
S 06 @ P, *dPdV]
aF @
T
% dPidV / @
5
:;i 0.2
v v
ok L . 1, mx
0 02 0.4 0.6

Vpy ()

Fig. 4. Normalized power, the slope of power versus voltage, and
the product of power and its slope.
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Fig. 5. Normalized power and the slope of power versus voltage.

from P, to P, equals that from P, to P,, the following
inequality must be met.

AD, > AD, (15)
where AD; and AD, are the step sizes at the left and right
sides of MPP, respectively.

Consequently, the proposed method can be formulated by
dP/dV >0 and AF/AV >0 Fixed step size AD,,,,
dP/dV >0 and AF|AV <0 Variable step size AD,,. (16)
dP/dV <0 and AF/AV >0 Variable step size AD,y»
dP/dV <0 and AF/AV <0 Fixed step size AD,,,,,

The flowchart of the proposed asymmetrical variable step
size INC MPPT algorithm is shown in Fig. 6. Sy, and S, are
the two scaling factors utilized to automatically adjust the
step size at the left and right sides of MPP, respectively.
ADpq and AD,,,, are the maximum step sizes at the two
sides. For the left side of MPP, if AF/AV>0, the system will
operate in the fixed step size mode with the upper limited
AD,.; otherwise, the system will operate in the variable step
size mode with adaptive step size Sy. For the right side of
MPP, if AF/AV<0, the system will operate in the fixed step
size mode with the upper limited AD,,.; otherwise, the
system will operate in the variable step size mode with
adaptive step size Sy.
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Fig. 6. Flowchart of the proposed asymmetrical variable step size
INC MPPT algorithm.
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Fig. 7. Block diagram of the MPPT system.

IV. SIMULATION AND EXPERIMENTAL
ANALYSIS

A stand-alone PV system with an MPPT controller (shown
in Fig. 7) is developed in this section to verify the feasibility
of the proposed modified asymmetrical variable step size INC
MPPT method. A boost converter placed between the PV
array and the load is employed as the MPP tracker.

A. Simulation Results and Analysis

The proposed strategy is implemented through the
MATLAB/SIMULINK simulation model shown in Fig. 8.
The system parameters for the simulation are provided in
Table I. A PV array is modeled using the basic mathematical
equations introduced in Section II. The HYS-100WM-36V
monocrystalline silicon solar cell whose characteristics are
listed in Table II is employed for the PV array model in the
simulation.

TABLE I
PARAMETERS FOR SIMULATION
Parameters Value
Input filter capacitance (C,,) 470 uF
Boost inductance (L) 600 uH
Output filter inductance (Cy) 470/2 uF
Load resistance (R;) 50Q
Switching frequency (f) 20 kHz
TABLE II
CHARACTERISTICS OF HYS-100WM-36V SOLAR CELL
Parameters Value
Open-circuit voltage (V,.) 4248V
Short-circuit current (/) 321 A
Peak power voltage (V,,) 3528V
Peak power current (/) 2.84 A
Peak power (P,,) 100 W
Reference cell temperature (7., 25°C
Reference irradiation at 7,/ (S, 1000 W/m®

The simulations implemented with the
configurations to compare the performance of the proposed
algorithm with that of the traditional fixed step size INC
MPPT method. The sampling period for the waveform
display is set as 0.0001 s. The sampling period for the MPPT
algorithm and the step size cycle is 0.01s. Irradiation
abruptly decreased from 1000 W/m” to 500 W/m® at 0.5 s and
then increased back to 1000 W/m® at 1.0's. The simulation
results of the INC MPPT method with fixed step sizes of 1.0
and 2.0 are shown in Figs. 9 and 10, respectively.

For the proposed asymmetrical variable step size INC
MPPT method, the appropriate maximum step sizes ADp.y;
and AD,,,, are set as 2.5 and 2.0, respectively; scaling factor
o is set as 0.8, and factor f§ is set as 0.5. The simulation
results of the proposed INC MPPT algorithm are shown in
Fig. 11.

Figs. 9 and 10 reveal that compared with the MPPT
algorithm with a fixed step size of 1.0 shown in Fig. 9(a), the
MPPT algorithm with a fixed step size of 2.0 shown in Fig.

are same

10(a) generates a faster dynamic response but more severe
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Fig. 9. PV array output power waveforms of INC MPPT with a
fixed step size of 1.0. (a) Complete waveform and (b) local
enlarged waveform.
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Fig. 10. PV array output power waveforms of INC MPPT with a
fixed step size of 2.0. (a) Complete waveform and (b) local
enlarged waveform.
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Fig. 11. PV array output power waveforms of the asymmetrical
variable step size INC MPPT algorithm. (a) Complete waveform
and (b) local enlarged waveform.

steady state oscillations. Under the step-changed irradiation
conditions, the dynamic response time with a fixed step size
of 2.0 is only several step size cycles and can be further
shortened if a relatively larger step size is used. A
well-known dilemma for the fixed step size INC MPPT
method is that a fast response leads to low efficiency as
proven by the local enlarged steady state power shown in
Figs. 9(b) and 10(b). Fig. 9(b) indicates that the ripple power
is less than 1.8 W (peak-to-peak value) for the fixed step size
of 1.0. However, the value increased to almost 6 W for the
fixed step size of 2.0 as shown in Fig. 10(b). Figure 11 shows
that the proposed asymmetrical variable step size INC MPPT
method can efficiently deal with the tradeoff between
dynamic response speed and steady state accuracy. The
steady state oscillations are almost eliminated because of the
extremely small |dP/dV]| around MPP as shown in Fig. 11(b);
the ripple power is less than 1.0 W. The dynamic
performance is obviously better than that with a fixed step
size of 1.0.

B. Experimental Results and Discussion

A laboratory prototype, shown in Fig. 12, is constructed to
verify the proposed asymmetrical variable step size INC
MPPT method in practice. Solar array simulator model
62150H-1000S (15 kW, 1000 V/15 A) from Chroma Group is
used as the PV array. A stand-alone boost converter is placed



162 Journal of Power Electronics, Vol. 14, No. 1, January 2014

= Oscilloscope

e Converter &
| Controller

p

PV Simulator

Fig. 12. Prototype of the MPPT system.

Electronic Load

Sandia | EN50530 |

o O IR wi? e ) IR v
cHMEED c e IS
e ) Y B

038

Meas. -
Active
Inactive .

P{W)

v NI+

- 0001
(®)

Fig. 13. Simulator configurations and output curves. (a) Sandia
parameters and (b) output PV curves.

between the solar simulator and the load to track the peak

powers; its specifications are similar to those shown in Table I.

TMS320F28335 DSP is selected as the system controller.
The system should reach the steady state in each MPPT cycle
[4, 8]. Therefore, the MPPT sampling period and the step size
cycle selected for the experiment are 0.1 s and 0.5s (five
times of the sampling period; the value of V(k) or I(k) used to
calculate AD(k) is the average value of the five sampling
values), respectively.

In the simulator 62150H-1000S, the I-V mathematical
expressions suggested by Sandia National Lab and the
ENS50530 regulation are employed to edit various I-V curves,
the conversion efficiency of the PV inverter, and MPPT
performance. The Sandia model is selected in this study, and
the set parameters are shown in Fig. 13(a). The [-V program
edit function is utilized to simulate sunlight and temperature
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(b
Fig. 14. PV array output power, voltage, and current waveforms
of the INC MPPT algorithm with a fixed step size of 1.0. (a)
Complete waveforms and (b) local enlarged waveforms.

from dawn to dusk. The output P-V curves are shown in Fig.
13(b).

The PV array output waveforms for the fixed step size INC
MPPT algorithm when the irradiation is changed abruptly are
shown in Figs. 14 and 15. The corresponding PV array output
power, voltage, and current waveforms of the proposed
variable step-size INR MPPT algorithm are shown in Fig. 16.
The sampling and step size cycles are set to have similar
values to compare the performance of these two methods
fairly.

According to Figs. 14, 15, and 16, the asymmetrical
variable step size INC MPPT algorithm reaches MPP within
4 s (eight times of the step size cycle) when irradiation is
suddenly changed from 1000 W/m* to 600 W/m?; the
algorithm requires 7 s (14 times of the step size cycle) to
track MPP under the same condition with a fixed step size of
1.0. Although a large step size can obviously shorten the
tracking time in the fixed step size method as shown in Fig.
15, it aggravates the undesirable steady state oscillation. The
above figures reveal that the asymmetrical variable step size
INC MPPT algorithm presents better dynamic performance
than the fixed step size method under the same steady state
accuracy. However, the steady state ripple power values
tested by the oscilloscope for a fixed step size of 1.0, a fixed
step size of 2.0, and the asymmetrical variable step size
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Fig. 15. PV array output power, voltage, and current waveforms
of the INC MPPT algorithm with a fixed step size of 2.0. (a)
Complete waveforms and (b) local enlarged waveforms.

600 W/m® to 1000 W/m®
1000 W/m? to 600 W/m’ S m
‘“L I Power (50.0W/div)
W TS e
I e e e
Voltage (20.0V/div)
3
[ \

I Current (2.0A/div) = ¢
@ 2004 4.00 25.0kS/ g 4Sep 2013
@ 200V ][ g M pointss 4.0.0mA J[zo: 3411 ]
(@ so.0w 4.00's )

Time (4s/div)
(a)
R T —e

Be——— = 5

3 oo —
oom Factor: 10 X oom Position: 17.0 s

)

B

LY@ 204 J 3 4
@ 0.0V (7 400ms 25.0kS/s ® /

@ 50.0v 7 400ms I 1M points 40.0mA @
Value Mean Min Max Std Dev. J 20:34:35
@ FeikPeak  8.766W  6.766 8.766 8.766 0.000
(b)

Fig. 16. PV array output power, voltage, and current waveforms
of asymmetrical variable step size INC MPPT algorithm. (a)
Complete waveforms and (b) local enlarged waveforms.

method are 12.52, 19.8, and 8.766 W (peak-to-peak value),
respectively. Hence, the asymmetrical variable step size
algorithm has the best steady state performance. The
proposed asymmetrical variable step size INC MPPT
algorithm is a better choice under practical operating
conditions. In addition, the other methods require much time
to track MPP when irradiation is changed from 600 W/m’ to
1000 W/m®. For the two INC MPPT algorithms, the track
speed is low under increasing irradiation than that under
decreasing irradiation. This condition is another problem to
be solved.

V. CONCLUSIONS

A novel asymmetrical variable step size INC MPPT
algorithm was developed in this study. The algorithm
considers the asymmetrical feature of the P-V curve of a PV
array. This method can improve the dynamic and steady state
performance of the PV system. The mathematical mode and
output characteristics of the PV cell based on the equivalent
circuit were analyzed. The design rule of the asymmetrical
variable step size INC MPPT method was discussed in detail,
and an implementation process was provided. A
MATLAB/SIMULINK simulation model and a laboratory
prototype that employs a DSP microcontroller were
constructed to implement the proposed asymmetrical variable
step size and fixed step size INC MPPT methods. The
simulation and experimental results verify the feasibility and
effectiveness of the proposed method.
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