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This paper proposes a new type of variable fractional-order incremental conductance algorithm (VFOINC), combined with extenics
variable step size (EVSS) control into the maximum power point tracking (MPPT) design for photovoltaic power systems. At the
beginning of maximum power tracking, the fractional-order number « is selected as 1; the good transient tracking characteristic of
traditional incremental conductance method is used. When the maximum power point is approached, the fractional-order number
« is selected as variable fractional order; the curve profile of « in fractional order is used to approximate, so that the system has
good tracking effect in transient and steady states. The experimental and simulation results show that, compared with traditional
incremental conductance method (INC) and fractional-order incremental conductance method (FOINC), this method has better

MPPT effect.

1. Introduction

The green energy, including solar energy, wind energy, tide,
and geothermal heat, has attracted considerable attention in
recent years. Among those, solar energy is one of the cleanest
energy sources as the solar radiant energy is converted into
electric energy directly [1-5]. The present photovoltaic power
systems have low conversion efficiency and high cost, and the
power benefit varies with the climatic conditions and ambient
temperature. There are some difficulties to be overcome. Due
to nonlinearity of the power and voltage of photovoltaic
power systems, how to use the MPPT to maximize the output
efficiency of photovoltaic power systems in any climatic
conditions becomes an important issue.

In actual physical system, many phenomena reflect frac-
tional-order behavior, such as heat transfer and electromag-
netic wave in solid [6]. The solar cell is a sort of semicon-
ductor material (single crystalline silicon); the characteristic
when the power generated by photocurrent crosses P-N
junction (energy gap) reflects the nonlinear characteristic of

photovoltage and photocurrent. The interaction between the
diffusion current and drift current of semiconductor and the
ambient temperature can be described by fractional order [7].

Many MPPT technologies have been implemented in
photovoltaic power systems in previous literatures, such as
voltage feedback method, power feedback method, INC [8-
10], and perturbation and observation (P&O) [11-16]. This
paper proposes combining VFOINC with EVSS [17] for
tracking the maximum power point. In terms of the selection
of derivative order number «, at the beginning of maximum
power tracking, « is selected as 1; the good transient tracking
characteristic of INC is used. When the maximum power
point is approached, « is selected as variable fractional
order; the curve profile of « in fractional order is used to
approximate, so that the system has good tracking effect in
transient and steady states. The experimental and simulation
results show that the VFOINC + EVSS method proposed in
this paper uses DC/DC boost converter to adjust the duty
cycle; compared with the INC and FOINC, the VFOINC +
EVSS proposed in this paper can shorten the time for
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FIGURE I: Internal equivalent diagram of photovoltaic panel.

MPPT, so that the efficiency of photovoltaic power systems
is increased.

2. Brief Introduction to Photovoltaic
Power Systems

The solar cell is P-N junction semiconductor structure con-
verting solar energy into electric energy. The photovoltaic
panel is composed of many solar cells connected in parallel
and in series, as shown in Figure 1. The current be expressed
as

q Vv
I=nyl,, - nplsat[exp(H—An—> - 1], (€]

where I is the output current of photovoltaic panel, V is
the output voltage of photovoltaic panel, q is the electric
quantity of electron, I is the current, I is the reverse
saturation current, T" is the battery temperature, 1, is the
parallel number of photovoltaic panels, 7, is the serial number
of photovoltaic panels, k is the Boltzmann constant, and A is
the ideal factor coeflicient of P-N junction. I, is sensitive to
the temperature, expressed as

T gEc[1 1
Im—ff[f] exp(k—A[i‘fD
(2)
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where T, is the reference temperature at ordinary temperature
(25°C), I, is the reverse saturation current of semiconductor
at ordinary temperature, Eg is the energy in energy gap,
I, is the short-circuit current of semiconductor at ordinary
temperature, k. is the temperature coeflicient of short-
circuit current, and S is the irradiance. The output power
of photovoltaic power system can be represented by P =
VI; the power-voltage (P-V') curve and voltage-current (I-V)
characteristic curve of photovoltaic power system are shown
in Figure 2.
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FIGURE 3: Boost-converter equivalent circuit diagram.

The MPPT is carried out in order to reach the peak
point of nonlinear curve, the photovoltaic power system
is connected to a boost converter, and the duty cycle of
switch is controlled by the voltage and current generated by
photovoltaic power system, so as to implement MPPT. The
basic structure diagram [11-16] of the converter is shown in
Figure 3. When the switch is “on,” the photovoltaic power
system charges the inductor via the switch. When the switch
is “off)” the photovoltaic power system releases the inductive
energy to the load via diode. Adjusting the duty cycle changes
input voltage and current, so as to change the output voltage
and current. When the switch is off ¢, and on t g, the current
through the inductor can be expressed as

V.,
Switch off ¢, : AIL" = flt

on’>

3)
. N VA VS
Switch on t 4 : Al,~ = — 7 2t off-
The duty ratio (D) of control switch is
p-_fo_lm (4)

ton + toff Td
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As the one-cycle voltage variation of inductor is 0, that
is, AIL* = AI,", the equation of output voltage V, can be
obtained:

n t+ Lo _ Vi

tO 1
YosV Tt ©

on

Among multiple solar power system MPPT methods,
the P&O is most extensively used [11-16] due to simple
structure and few parameters required, and the parameters
of characteristic curve of photovoltaic power system are not
required. However, this method uses periodic perturbation,
so there will be oscillation at the maximum power point,
causing some unnecessary power loss. The INC is proposed
in order to overcome this defect.

The INC is based on power-voltage (P-V) curve of solar
cell, meeting one of the following equations at maximum
power point:

dP
= -, 6
av (©)
dl I-1, Al
R )

v~ V-V, AV’

where I, and V, are the current and voltage captured at
previous time point, respectively, and AI and AV are the
current and voltage variations in unit time, respectively.
However, in the process of MPPT, the magnitude of offset AV
determines the speed of reaching MPP and the perturbation
after the MPP is reached. The decision depends on the user.
However, the VFOINC + EVSS [17] proposed in this paper
can use the mathematical model in fractional-order form to
describe the diffusion phenomenon of solar cell at different
temperatures. In terms of MPPT speed, the EVSS is used to
improve the tracking speed and the perturbation in steady
state.

The photovoltaic power system architecture proposed
in this paper is shown in Figure 4. The photovoltaic panel
connects the output voltage and current to the DC-DC boost
converter directly, and the MPPT is used to control signal
and adjust the duty cycle of switching pulse width modulation
(PWM). Finally, the DC-DC boost converter is connected to
the load to measure the system output power.

3. Design of Algorithm and Control Method

This paper uses MATLAB R2010a Simulink to build the sim-
ulated photovoltaic power system architecture and to design
the control method. Figure 5 shows the photovoltaic power
system simulation built by this paper. The module FOINC
can be replaced by different MPPTs for duty cycle control of
different switching pulse adjustment control methods.

3.1 Fractional-Order Differentiator. The fractional-order dif-
ferentiator is often applied to signal processing, adaptive con-
trol, active control, and linear and nonlinear feedback control.
At present, many computing applications of fractional-order
derivative have been proposed; according to the definition of
Riemann-Liouville and Grunwald-Letnikov [18-20], general
fractional-order differentiator can be expressed as

1
Dtoctm ~ Y(m + ) tm—oc
yim+1-«a)

> (8)

where y() represents y function and « is the order number
of derivative, when its value is 0 < « < I, representing
physical phenomenon of fractional order, for example, heat
transfer and electromagnetic wave in solid [6]. The solar
cell is a sort of semiconductor material (single crystalline
silicon). The characteristic when the power generated by
photocurrent crosses the P-N junction (energy gap) reflects
the nonlinear characteristic of photovoltage and photocur-
rent. The interaction between the diffusion current and drift
current of semiconductor and the ambient temperature can
be described by fractional order.

3.2. Variable Fractional-Order Incremental Conductance
Method. General fractional-order differentiator can be
expressed as (8); when the INC is used, (7) can be expressed
as

a*1 I(V) = aI(V — AV)
- ~ m )

~ i 9
avE S m, NG ©)
I I-al, W)

ave (v -V,

If « > 0, the geometric interpretation of fractional order
can be represented as Figure 6. The slope is a straight line
when o = 1, that is, general first derivative. Therefore,
0 < «a < 1 presents the form of fractional-order derivative,
approximately to curve form, referring to literature [21]. The
result of using (8) in the right part of (7) is

a* (_I_O) B (_i>d“lo (o )d“vo‘l
ave\ v,) \ v, Jdve ol dve

— _i Y(Z) 1-a

(7)) w
y(0)
y(-«)

where res(y, —z) = (-1)*/z!,z = 0,-1,-2,-3,...,and y(0) =
res(y,0), and res represents the residue in complex plane.

(L) o —Vy



International Journal of Photoenergy

@L

CﬁT

[ =<
—~

Continuous
4>|Z| PowerGUI
D
0y ]
Vo D
o Scope 2
@ FOINC

i
@j Curren{ measurpment

Diode

Repeating | I
sequence J_
stair m e c
0.001s + 1 % T MOSFET
Transfer Fcn 1 ]

] % % g
L1

Terminator

FIGURE 5: Simulated photovoltaic power system.

Current

Voltage

FIGURE 6: Geometric interpretation of AV in fractional-order
differentiator.

As the traditional INC tracks maximum power fast and
the curve of fractional-order differentiator INC nearby MPP
approximates MPPT, the steady-state tracking effect is better
than general INC. Therefore, this paper proposes using vari-
able derivative value « in Figure 4 for calculation of MPPT.

It has good response to transient MPPT and steady-state
MPP sweeping, so as to increase the overall efficiency of
photovoltaic power system.

This paper uses voltage V and current I and power P as
calculated variance in captured signal, voltage, and current,
AV =V -V, Al = I -1, and the slope is the slope
(AP/AV) of power-voltage curve of solar cell; the variation of
partial voltage and current of fractional-order differentiator
approximates as d*I = [ —al,and dV* = (V — V_)*. In terms
of selection of derivative order number «, at the beginning
of MPPT, « is selected as 1; the good transient tracking
characteristic of traditional INC is used. When the MPP is
approached, « is selected as variable fractional-order form,
and the curve profile of « in fractional order is used to
approximate, so that the system has good tracking effect in
transient and steady states.

3.3. Extenics Variable Step Size (EVSS). The offset AV during
MPPT of traditional INC determines the tracking speed
and the perturbation accuracy when the MPP is reached. In
comparison to traditional MPPT algorithm, the variable step
size control has gradually increased or decreased offset AV
variable of step size, so as to improve the tracking speed and

stability. For detailed variable step size control, please refer to
[20].



International Journal of Photoenergy

?

Obtain
VandV,,
I'and I,
Pand dP/dV

Compute
d*I=1-al, = Al
dv® = (V- Vv,)* = Av*

F1GURE 7: The control flow of VFOINC + EVSS.

As the variable step size control has variable step size
nearby MPP, there will be voltage perturbation problem
nearby MPP. Therefore, this paper proposes adding extenics
theory in the variable step size control [22, 23] to deduce
the EVSS. The voltage, power, and slope are captured as
reference frame, so that the minimum step size can be used
for perturbation nearby the MPP, increasing the efficiency of
photovoltaic power system. The control flow of VFOINC +
EVSS proposed in this paper is shown in Figure 7.

4. Simulation Analysis
Results and Comparison

This paper uses MATLAB R2010a Simulink to build the
model and controller of photovoltaic power system. This
simulation is the comparison of different states of irradiance

and temperature and step size. Figure 8 shows the curve test
of photovoltaic power system at specific temperature and
irradiance, including voltage-power (P-V) curve, current-
voltage (I-V) curve, duty ratio (cycle) (D), and tracking
number curves.

The first simulated condition is irradiance 1000 kW/m?
and temperature 25°C; the other condition is irradiance
decreasing from 1000kW/m* to 900kW/m?® and then
decreasing to 200kW/m* and increasing to 1000 kW/m?,
and the INC, FOINC, and VFOINC + EVSS are compared.

According to the simulation result in Figure 9, as the step
size of INC depends on the user, the speed and accuracy are
limited to some extent. However, in the same step size, the
transient tracking speed of INC is better than FOINC. In
terms of the combination of VFOINC and EVSS, Figure 10
shows the combination of good transient tracking efficiency
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of traditional INC and steady-state stability of VFOINC and
EVSS; it is observed that the VFOINC + EVSS proposed in
this paper has better MPPT simulation curve in transient and
steady states.

The second simulated condition is the irradiance decreas-
ing from 1000kW/m* to 900 kW/m?* and then decreasing
to 200kW/m? and increasing to 1000 kW/m?, as shown
in Figure 11. The INC, FOINC, and VFOINC + EVSS are
compared. The variance in « is shown in Figure 12.

Figure 12 shows the variance in a. It is observed that, at
the start of simulation, as the system is just started up, letting
a = 1 for tracking MPP, the form of INC is used for tracking;
« is reduced to 0.1 gradually when MPP is approached, so
that the system uses INC in transient state and uses VFOINC
in steady state. In addition, in terms of « variation when the
tracking number is 1000, 2000, and 3000, the MPP shifts as
the irradiance changes; the system increases « value again to
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increase the tracking speed and reduces it to 0.1 again when
the MPP is approached, so that the transient and steady-state
response curves have better effect.

Figure 13 shows the simulation result, and Figure 14
shows that the step size of INC still depends on the user;
the speed and accuracy are limited to some extent, so that
the MPPT always costs a long time in the case of variable
irradiance, causing unnecessary power loss. The VFOINC +
EVSS proposed in this paper can improve the excessive
tracking number of traditional INC algorithm in the case of
variable irradiance, so that the system has better curve.

5. Experimental Results

In order to show the efficiency of this scheme in real solar
cell system, the performance of the proposed controller
was evaluated experimentally and was compared with INC
method and FOINC method. The specification of the exper-
imental solar panel is shown in Table 1. Figure 15 shows the
experimental results obtained for the output power given a
uniform irradiance of 1000 W/m®*. From the results, it can
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TABLE 1: Specification of SYK17-18M solar panel.

Pmax VMPP IMPP VOC ISC
1I7W 18V 0.94A 2124V 1.04 A

be seen that VFOINC + EVSS has better tracking rates than
traditional INC and in terms of the steady-state response
it is also good and has the same effect. In order to show
that this scheme is robust to the irradiance, the results of
irradiances changed from 1000 kW/m? to 400 kW/m? and
then increased to 1000 kW/m? as shown in Figure 16. Our
results are also consistent with the results of the simulations.
It can prove the feasibility of the proposed method.

6. Conclusion

This paper uses VFOINC + EVSS for photovoltaic power
system MPPT control, to improve the MPPT speed and



steady-state perturbation of INC. In terms of selection of
derivative order number a, at the start of MPPT, « is selected
as 1; the good tracking characteristic of traditional INC in
transient state is used. When the MPP is approximated, « is
selected as variable fractional-order form; the curve profile
of « in fractional order is used to approximate, so that the
system has good tracking effect in transient and steady states.
According to the simulation result of the algorithm, the
transient and steady-state responses of the control method
proposed in this study to photovoltaic MPPT system are
better than those of INC and FOINC, meaning this method
for MPPT can reduce unnecessary power loss of the system,
so as to increase the generating efficiency of system.
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