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In order to achieve the maximum power point (MPP) of photovoltaic (PV) system as quickly as possible
and improve the MPPT adaptability to the varying weather conditions, in this paper, a maximum power
point tracking (MPPT) control strategy with variable weather parameters (VWP) is proposed. In this strat-
egy, the MPP difference between PV system with and without DC/DC converter is analyzed and used as
the theoretical basis of acquiring the MPP control signal. Meanwhile, the direct relationship between con-
trol signal and VWP is found out by the curve-fitting technique, which is the key work to implement this

g\iy :;‘;IZ?H proposed strategy. Finally, some simulation experiments show that the proposed control strategy is fea-
MPPT sible and available to track the MPP successfully, and has better MPPT performance than conventional
VWP perturbation and observation (P&0) method under different weather conditions and than fuzzy control
MPP method under fast changing weather conditions.

DC/DC converter

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Now almost all PV systems use the MPPT technique to avoid the
produced power losses. These methods or strategies for MPPT con-
trol are mainly include the constant voltage tracking (Mohanty
et al., 2014), the P&0O method (Liu et al., 2014; Ahmed and
Salam, 2015; Jiang et al., 2014; Ishaque et al., 2014), the incremen-
tal conductance (IncCond) method (Ishaque et al., 2014; Sivakumar
et al., 2015; Elgendy et al., 2013), the genetic algorithm (Shaiek
et al., 2013; Deshkar et al., 2015), the fuzzy logic control method
(Mellit and Kalogirou, 2014; Guenounou et al., 2014), the neural
network method (Salam et al., 2013), the sliding mode control
method (Zhang et al., 2015; Hong and Chen, 2014), the predictive
control technique (Tsang and Chan, 2013), and so on. In them,
the P&O method, which is regarded as the representation of classi-
cal MPPT methods, and the fuzzy control method, which is
regarded as the representation of intelligent MPPT methods, have
been widely used in practical application. The advantages of P&0O
method mainly include its low-cost hardware, easy implementa-

Abbreviations: PV, photovoltaic; MPP, maximum power point; MPPT, maximum
power point tracking; VWP, variable weather parameters; S, solar irradiance; T, PV
panel temperature; R, load resistance or equivalent load resistance.
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tion and good performance without solar irradiance and tempera-
ture varying quickly with time. However, there are also some
shortcomings including its slow tracking speed and oscillation
around MPP. The fuzzy control method mainly has the good perfor-
mance under fast changing weather conditions while carrying its
high-cost processor and its difficult acquisition of empirical data.
In this paper, the P&O method and the fuzzy control technique
are all selected as the compared object in order to study the output
performance of proposed MPPT strategy.

With respect to the issue how the MPP of PV system is influ-
enced by the DC/DC converter, hitherto, no work has been done.
In this paper, the configuration and mathematical models of PV
system with and without DC/DC converter are studied deeply.
Through comparing the difference of output parameters of two
PV systems at the MPP, the bridge in connecting control signal
and the PV panel parameters (V,, and I,) is built to propose the
new MPPT strategy, which is one of the main aims and innovations
in this work.

In existing MPPT methods, there are some MPPT methods tak-
ing the changing weather conditions in account directly. A MPPT
control method while searching for optimal parameters corre-
sponding to weather conditions at that time has been proposed
by Nobuyoshi Mutoh, etc. (Mutoh et al., 2006). A novel and fast
MPPT method, through using parameter estimation to calculate
the solar irradiance and temperature directly, has been proposed
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by Jen-Hao Teng, etc. (Teng et al., 2016). Meanwhile, in order to
improve the MPPT speed as well as possible, some VWP methods
have been proposed in Li (2015), Li et al. (2013, 2015). Their main
advantages are the fast MPPT speed and strong adaptability for
varying weather conditions and the key technique is to find out
the relationship between control signal and VWP. In this paper,
the VWP technique will be studied continuously and considered
specially from the effect of the DC/DC converter on the MPP, which
is also one of the main aims and innovations in this work.

There are also some MPPT methods using the PV panel param-
eters V,, and I,,. In paper (Pan et al., 1999), a linear current control
is proposed on the basis of the linear relationship between I, and
the level of irradiance. In paper (Takashima et al., 2000), a feedback
MPPT control method is proposed by computing from equations
involving temperature and irradiance. However, these methods
are used difficultly because of the variability and measurement
of parameters V,, and I,.. In this paper, the direct relationship V,
or I, and weather parameters (irradiance S and temperature T) is
used successfully, which finds a direction to study new MPPT
methods by using the PV panel parameters V,, and I,,.

When it is comes to the MPPT control unit, the basic buck and
boost DC/DC converters are usually used in most PV systems
because of their simple structure and low cost (Li et al., 2015).
Therefore, in this paper, PV system with boost DC/DC converter
is selected to study new MPPT control strategy with VWP, and
the conclusion on PV system with buck or buck/boost DC/DC con-
verter can be analogy.

This paper is divided into the following sections: the configura-
tion and mathematical models of PV system are studied, and the
effect of the DC/DC converter on the MPP is analyzed in Section 2.
The MPP difference between PV system with and without DC/DC
converter is used to propose the new MPPT control strategy in Sec-
tion 3. The implementation of proposed MPPT strategy is finished
by finding out the relationship between MPP control signal and
VWP in Section 4. The feasibility and availability of proposed MPPT
strategy are verified, and the MPPT performance are analyzed and
compared with P&0 method and fuzzy method in Section 5. Some
discussions are had in Section 6. Finally, some conclusions are
drawn in Section 7.

2. Theoretical basis of proposed MPPT strategy
2.1. Configuration and mathematical models of PV system

The configuration of PV systems with DC/DC converter and
without DC/DC converter can be shown in Figs. 1 and 2, respec-
tively. Where V and I represent the output voltage and current of
PV panel, respectively; V, and I, represent the output voltage
and current of DC/DC converter, respectively; R; represents the
input resistance on the right of PV panel and R; represent the load
resistance or equivalent load resistance.

On the one hand, with respect to PV panel, its mathematical
model in practical application can be simplified as Eq. (1)
(Moura, 2009, Mutoh et al., 2006), and it has been used widely
and is usually called as “Four-Parameter Model” whose basis is
the one-diode model (Mutoh et al., 2006).
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Fig. 1. Configuration of PV system with DC/DC converter.
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Fig. 2. Configuration of PV system without DC/DC converter.

1:135[1 ,C](ecﬁq)] (1)

where  C; = (1 = In/I) eXp(—Vim/CaVoe);  Ca = (Vin/Voe — 1)/
In(1 — In/Lsc); Ise, Voo Im @and V;,, represent the short circuit current,
the open circuit voltage, the MPP current and voltage at standard
testing conditions (1000 W/m? and 25 °C), respectively. All data
above are usually given by the PV array manufacturer.

On the other hand, according to Figs. 1 and 2, the input resis-
tance R; can be expressed as

Ri=+ (2)

In Fig. 1, the mathematical models of PV system can be
described by the different equations corresponding to the different
DC/DC converters. For example, according to paper (Enrique et al.,
2007), R; in Eq. (2) can be represented by Eqs. (3)-(5) when the DC/
DC converters are the buck circuit, boost circuit and buck/boost cir-
cuit, respectively. Where D represents the duty cycle of PWM con-
trol signal of buck, boost or buck/boost DC/DC converter.

R = ]’;_ 3)

Ri = (1-D)’R, (4)
2

R=UPhR (5)

Here, to make the theoretical analysis simple, PV system with
boost DC/DC converter will be selected as the studied object. When
the buck circuit or buck/boost circuit is selected as the DC/DC con-
verter of PV system, the analogical conclusion can be drawn.

In Fig. 2, R; in Eq. (2) can be represented by Eq. (6).

R =R, (6)

According to Eq. (4), it is known that R; can be changed by the
changing D or R;, which is the MPPT principle of using boost DC/
DC converter. Likewise, according to Eq. (6), R; can also be changed
by the changing R;. However, in practical application, R; need com-
monly keep constant, therefore, normally, PV system shown in
Fig. 2 cannot operate at the MPP. In this paper, when the effect
of the DC/DC converter to the MPP is analyzed, assume that the
available R; is selected to make PV system shown in Fig. 2 operat-
ing at the MPP, and that PV systems shown in Figs. 1 and 2 are all
operating under the same irradiance and temperature conditions.

2.2. Analysis on the effect of the DC/DC converter to the MPP

In order to analyze the effect of the DC/DC converter to the MPP,
firstly, the mathematical models of PV systems with and without
DC/DC converter operating at the MPP should be studied,
respectively.

On the one hand, when PV system shown in Fig. 1 with boost
DC/DC converter is operating at the MPP, Fig. 1 can be replaced
by Fig. 3. Where Rypp represents the input resistance at the MPP;
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Fig. 3. Configuration of PV system with boost DC/DC converter operating at the
MPP.

Vwrep and Iypp represent the values of V and I corresponding to the
MPP, respectively.
According to Fig. 3 and Eq. (2), Eq. (7) can be given.

|%
Rivep = 7" )
MPP

Meanwhile, according to Fig. 3, Eq. (4) can be represented by Eq.
(8).

2 2
Ruee = (1= D)’Re| = (1 Dmax)’Ry 8)

where D, represents the duty cycle of PWM signal at the MPP
for PV system with boost DC/DC converter. It is clear that Egs. (7)
and (8) are the mathematical models when PV system with boost
DC/DC converter is operating at the MPP.

On the other hand, when PV system shown in Fig. 2 is just
operating at the MPP, Fig. 2 can be replaced by Fig. 4. Where R;,
represents the input resistance at the MPP now.

According to Fig. 4 and Eq. (2), Eq. (9) can be given.

Rin =" (9)
m

It is clear that Eq. (9) is the mathematical model when PV sys-
tem without DC/DC converter is just operating at the MPP.

Then, Fig. 5 can be given to show the MPP difference between
PV system with and without DC/DC converter. Where the point A
(Vmpp, Ivpp) represents the MPP of PV system with boost DC/DC
converter; the point B (Vy,, I,,) represents the MPP of PV system
without DC/DC converter; I; and [, represent the characteristic
lines of Rypp and R;,, respectively; o and B represent the input
resistance angle corresponding to Rypp and Rin,, respectively.

According to papers (Li et al., 2013 and Li et al., 2015), when PV
system with DC/DC converter is operating at the MPP, Eq. (10) is
just satisfied.

Vipp = C (10)

where C is a variable weather parameter whose value can be

calculated by Eq. (11).
1+G
c ) - 1} (11)

C=0CVy {lambertw (e X

Because C is not equal to V,,, at the MPP regardless of the topol-
ogy of PV system with DC/DC converter, the points A and B do not
coincide with each other, just as Fig. 5 has been showing. In fact,
according to paper (Li, 2015), when the PV panel parameters I,
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Fig. 4. Configuration of PV system without DC/DC converter operating at the MPP.
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Fig. 5. MPP difference between PV system with and without DC/DC converter.

Voo, In and V,, are selected as 9.19 A, 22V, 858A and 17.5V at
standard testing conditions, respectively, and the ideal DC/DC con-
verter is used in simulation experiment, Eq. (12) is approximately
satisfied.

Vmee = Vi +0.411 (12)

Meanwhile, I, and Vypp are always greater than their corre-
sponding Iypp and V., respectively, under every given weather
condition.

Finally, according to Fig. 5, Egs. (13) and (14) can be given.

Rivpp = tan(oc) (1 3)

Rim = tan(p) (14)

3. Proposition of proposed MPPT strategy

According to the analysis on the effect of the DC/DC converter to
the MPP in Section 2.2, the MPP difference between PV system
with and without DC/DC converter can be used to propose the
new MPPT control strategy, which can be implemented by analyz-
ing the MPPT control signal.

Firstly, assume that R;;, = Ryvpp, according to Egs. (8) and (9), Eq.
(15) can be given

Vi

Dmaxmzlf m

(15)
where D m represents the virtual duty cycle of PWM signal at
the MPP if Ry, = Rivpp, and it can be regarded as the estimated
value of Dpax. The main aim using it is to find out the direct rela-
tionship between V;,, I, and Dpax.
Secondly, according to Fig. 5, the difference between Rypp and
Rim can be defined as Ry, and Eq. (16) can be given.

Rie = Rimpp — Rim = tan() — tan(f) (16)
Here, according to Eqgs. (8), (9) and (16), Eq. (17) can be given

Vm + ImRiE

Dmax =1- ImRL

(17)

Thirdly, according to Egs. (15) and (17), we assume that there is
a relationship between Dp.x m and Dpnax as shown in Eq. (18).
Where Dp.x £ represents the error between Dpax m and Diax.

Dmax = Dmax m — Dmax E (18)

Eq. (18) can also be expressed as

max E= (\ - +I RIE \/7> (19)

It can be clearly seen from Eq. (18) that the real-time control
signal Dpax can be given by the acquisition of Dy m and Dy g,
which is the principle of proposed MPPT strategy.
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Finally, in order to propose the MPPT control strategy, Eq. (15)
can be expressed as a function of R;, S and T, and shown in Eq. (20).

Drmax m = f(S,T,Ry) (20)
Meanwhile, Eq. (19) can also be expressed as a function of R;, S

and T, and shown in Eq. (21).

Dmax £ = &(S, T, Ry) (21)
According to Egs. (18), (20) and (21), Eq. (22) can be given

Diax = f(S,T,R.) — &(S.T,Ry) (22)

On the basis of Eq. (22), a new MPPT control strategy can be
proposed and described as follows: PV system can operate around
the MPP by controlling the duty cycle of DC/DC converter to equal
to Dpax calculated by Eq. (22) after the parameters R, S and T have
been measured.

4. Implementation of proposed MPPT strategy

On the one hand, to find out the relationship between Dp.x m
and Ry, S, T, according to Eq. (15), the acquisition of parameters
Vm and I, are playing a key role. According to paper (Li, 2015),
When the PV panel parameters I, Vo, I, and V,, are selected as
9.19A, 22V, 858A and 17.5V, respectively, the mathematical
relationship between V,, and S, T, can be expressed by Eq. (23).
Vi = Vn(S.T)

=44 x10°° x (S—638.25)> + 16.918 + 0.0504 x (25 —T)

(23)

Meanwhile, the mathematical relationship between I, and S, T,
can be expressed by Eq. (24).

I;m = 1n(S,T)

=858%x1072 xS+ (T—-25)%x2.145x107° xS (24)

On the other hand, to find out the relationship between D,y ¢
and Ry, S, T, Eq. (19) can be firstly replaced by Eq. (25).

M= DmaxE X RL “V +I RlE Ul_m (25)

Then some simulation experiments are conducted by MATLAB
software to find out the relationship between M and S, T, and
experiment results can be shown in Fig. 6. Where Fig. 6 show the
M — S curves of PV system under various temperature conditions.

According to Fig. 6, the approximation function fitting M — S
curves can be given in Eq. (26) when T keeps varying.

M= M(S,T)
=-3.0825 x 10711S*> + 1.4033 x 1077S* —
x 10745 +0.11683 +2 x 10~

1.9627
7 % (25 — T)(S — 750) (26)

After these relationships shown in Egs. (23), (24) and (26) have
been found out, Eq. (22) can be epitomized as Eq. (27).

Vn(S,T)  M(S,T)
I.S,T)xR R,

It is clear that the relationship shown in Eq. (27) can ensure the
control signal D, calculated out successfully after the parameters
R;, S and T have been measured, which plays the key role in the
implementation of proposed MPPT control strategy.

Meanwhile, according to the above description of proposed
MPPT control strategy and Eq. (27), to ensure PV system operating
at MPP, the real-time value of duty cycle D« should be calculated
out by MPPT controller. Meanwhile, Eq. (27) also shows that the

Dmax: 1-

(27)
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Fig. 6. M — S curves under various T conditions.
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Fig. 7. Structure of PV system controlled by proposed MPPT strategy.

calculation of Dy, needs to take sample not only S and T but also
V, and I,. Therefore, the structure of PV system to implement this
proposed MPPT strategy can be designed and shown in Fig. 7.

5. Simulation experiments and results analysis

When the proposed MPPT control strategy is used, in order to
verify its feasibility and availability, and test the MPPT perfor-
mance of PV system, many simulation experiments whose circuit
structure is shown in Fig. 7 are conducted by MATLAB. Where PV
panel model whose parameters are the same as Section 2.2 is built
by Simulink according to Eq. (1); For boost DC/DC converter, the
inductance and capacitor whose values are 1.5mH and 2200uF,
respectively, are all ideal components; IGBT with 1 m Q internal
resistance is chosen as the switch, and the internal resistance
and forward voltage of the diode are 1 m Q and 0.8 V, respectively;
the frequency of PWM control signal is 20 kHz; the conventional
P&0O method whose tracking step size is 0.003 is selected as the
compared object; assume a load resistance 20 Q is connected with
boost DC/DC converter in Fig. 7.

5.1. Feasibility and availability experiments of proposed MPPT strategy

5.1.1. Experiments under given arbitrary weather conditions

When it is comes the verification of the feasibility and availabil-
ity of proposed MPPT control strategy, the experiment results are
shown in Table 1 under various weather conditions. In Table 1,
Pomax and Dy, represent the ideal values of output power and duty
cycle corresponding to the MPP, respectively; P; .. and D, repre-
sent the experiment results of output power and duty cycle corre-
sponding to the MPP, respectively, when the proposed MPPT
strategy is used; P, ... and D; ... represent the experiment results



Table 1

Experimental results under various weather conditions.
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(S, T) (W/mz ’ C) Dimax D:nax D;naxlx Pomax (W) P;max (W) P;maxl&' (W)
(300,0) 0.3654 0.3628 0.365 44.81 42.11 42.10
(300,10) 0.3812 0.3790 0.381 45.14 42.07 42.06
(300,20) 0.3971 0.3949 0.397 44.98 41.96 41.96
(500,0) 0.5136 0.5126 0.513 72.94 70.35 70.32
(500,10) 0.5265 0.5253 0.526 73.37 70.28 70.26
(500,20) 0.5393 0.5376 0.540 73.01 70.10 70.07
(800,10) 0.6253 0.6255 0.6255 116.64 114.54 114.50
(800,20) 0.6352 0.6353 0.636 116.30 114.26 114.20
(800,30) 0.6449 0.6450 0.645 116.84 113.82 113.74
(1000,20) 0.6685 0.6696 0.669 148.73 147.76 147.65
(1000,30) 0.6781 0.6783 0.678 149.93 147.19 147.05
(1000,40) 0.6862 0.6868 0.687 149.44 146.40 146.25
(1200,20) 0.6903 0.6911 0.690 188.94 186.42 186.20
(1200,30) 0.6993 0.6991 0.699 186.15 185.70 185.50
(1200,40) 0.7068 0.7070 0.708 186.11 184.70 184.45

of output power and duty cycle corresponding to the MPP, respec-
tively, when the P&0O method is used.

It can be seen from Table 1 that the errors between every Dy, ,,
and its corresponding D, are always less than 0.3%, and the errors
between every D;,, and its corresponding D; ... are always less
than 0.3%, which means that the value of Dj ,, is approximately
equal to its corresponding Dmax or Dy, under a certain weather
condition. Meanwhile, It can be also seen from Table 1 that, under
a given weather condition, P}, is approximately equal to its cor-
responding P; ... and the errors between them are always less
than 0.3 W, and that there is a small difference between P,ax
and P, .. or P, . . because of the nonideal boost DC/DC converter
and measurement error. Although this difference is existing,
according to these experiment results, a conclusion can be still
drawn that the proposed MPPT method is feasible and available
in controlling successfully PV system to operate around the MPP.

Moreover, in Table 1, the results of D} . and P;_ ... are all the
average values because of the output oscillation of P&0O method.
Meanwhile, because the MPPT accuracy is influenced by the track-
ing step size 0.003 of P&O method, P;,, ..., is usually smaller than its
corresponding P; __ under every weather condition.

omax

5.1.2. Experiments for testing the errors between D, ,, and Dpax

In Section 5.1.1, the feasibility and availability of proposed
MPPT control strategy have been directly verified under given arbi-
trary weather conditions. Here, some experiments will be con-
ducted to verifies indirectly its feasibility and availability by
testing the error between D, and Dp., and the experiment
results are shown in Figs. 8-10. Meanwhile, to make the shown
experiment results clearer, the parameter D,,:%, which can be
called as the error percentage between Dj ., and Dnay, is defined

D% = Pmax = Dmax 4000, (28)
Dmax

Figs. 8, 9 and 10 show the D% — S, D% — T and D% — Ry
curves under 25 °C and 20 Q, 1000 W/m? and 20 Q, and 1000
W/m? and 25 °C conditions, respectively.

It can be clearly seen from Fig. 8 that the error percentage D%
is always less than 0.055% under 25 °C, 20 Q and various S condi-
tions. Meanwhile, Fig. 9 shows that the error percentage D% is
always less than 0.03% under 1000 W/m?, 20 Q and various T con-
ditions. Finally, Fig. 10 shows that the error percentage D% is
always less than 0.015% under 1000 W/m?, 25 °C and various R;
conditions. According to these results, it is clear that the calculated
values D;,,, by MPPT controller using the proposed MPPT strategy
are always approximately equal to their corresponding ideal values

0.03 T T T T T T T T
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Fig. 8. D,;z% — S curves under 25 °C and 20 Q conditions.
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Fig. 9. Dy:% — T curves under 1000 W/m? and 20 Q conditions.

Dax regardless of various S, T and R;, which means that PV system
can always operate around the MPP.

According to these experiment results and analysis in this Sec-
tion, a conclusion can be drawn that the proposed MPPT control
strategy is feasible and available in controlling successfully PV sys-
tem to operate around the MPP.
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Fig. 10. D,:% — R, curves under 1000 W/m? and 25 °C conditions.

5.2. Analysis of MPPT performance

To analyze the MPPT performance of proposed MPPT control
strategy, some experiments are also conducted by MATLAB. In
these experiments, PV system is assumed to operate under (D
invariable T and variable S, @ invariable S and variable T, and @
variable S and T conditions, respectively. Here, to make a MPPT
performance comparison between proposed MPPT strategy and
conventional P&0 method, their output power curves or duty cycle
curves are shown together in all following figures. Meanwhile, in
these experiment results, t; and t;, represent the settling times
corresponding to the proposed strategy and P&O method, respec-
tively; P;..« and P, ... represent the output powers corresponding
to the proposed strategy and P&0 method, respectively; Dy, and
D;..«. Tepresent the duty cycles corresponding to the proposed
strategy and P&O method, respectively.

5.2.1. Experiments under invariable T and variable S conditions

When S is varying and T keeps at 25 °C, an experiment is done
and the experiment results are shown in Figs. 11 and 12. In this
experiment, the changing values of S and their corresponding
ranges of time are shown in Table 2 and the experiment results
corresponding to Figs. 11 and 12 are shown in Table 3. Meanwhile,
to compare and analyze the experiment results easily, the key ideal
values (Dpax and Pynax) corresponding to every weather condition
are also shown in Table 2 and the experiment results for P&O
method are also shown in Figs. 11 and 12.

Compare the data in Table 2 with Table 3, it is clearly known
that PV system can always operate around MPP when the proposed
MPPT strategy or P&0 method is used under T = 25 °C and variable
S conditions. Meanwhile, Combine Fig. 11 with Table 3, we know
that the settling times of proposed MPPT strategy are far less than
those of P&0 method in every time interval. That is to say, the
rapidity of proposed MPPT strategy is far better than that of P&0O
method under T = 25°C and variable S conditions. It is obvious
that this conclusion can also be drawn by combining Fig. 12 with
Table 3. Lastly, Fig. 11 and Fig. 12 also show that the proposed
MPPT control strategy makes the output power and duty cycle sta-
bilize at the MPP while the P&O method makes them oscillating
around the MPP under T = 25 °C and variable S conditions.

According to the above-mentioned experiment results and cor-
responding analysis, a conclusion can be drawn that, under invari-
able T and variable S conditions, PV system using proposed MPPT
control strategy can always operate around MPP and has better
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Values of experimental parameters under T = 25°C condition.

Weather conditions and
key ideal values

Range of time (s)

FromO0to 0.4 From04to0.7 FromO0.7 to 1
S (W/m?) 1000 500 800
Dimax 0.6733 0.5452 0.6403
Pomax (W) 149.54 72.56 116.74
Table 3
Experimental results corresponding to Figs. 11 and 12.
Experiment Range of time (s)
results From 0 to 0.4 From 0.4 to 0.7 From 0.7 to 1
P;ax (W) 147.51 69.98 113.91
P axe (W) 147.42 69.95 113.80
t; (ms) 20 21 18
ti, (ms) 236 52 35
Djax 0.6740 0.5437 0.6400
Djaxee 0.6735 0.546 0.639
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MPPT transient-state and steady-state performance than conven-
tional P&O method.

5.2.2. Experiments under invariable S and variable T conditions

When T is varying and S keeps at 1000 W/m?, an experiment is
also done and the experiment results are shown in Figs. 13 and 14.
In this experiment, the changing values of T and their correspond-
ing ranges of time are shown in Table 4. Meanwhile, to compare
and analyze the experiment results easily, the key ideal values
Dmax and P,max) corresponding to every weather condition are also
shown in Table 4 and the experiment results for P&0O method are
also shown in Figs. 13 and 14.

Compare the data in Table 4 with Table 5, it is clearly known
that PV system can always operate around MPP when the proposed
MPPT strategy or P&0 method is used under S = 1000 W/m? and
variable T conditions. Meanwhile, Combine Fig. 13 with Table 5,
we know that the settling times of proposed MPPT strategy are
far less than those of P&0 method in every time interval. That is
to say, the rapidity of proposed MPPT strategy is far better than
that of P&0 method under S = 1000 W/m? and variable T condi-
tions. It is obvious that this conclusion can also be drawn by com-
bining Fig. 14 with Table 5. Lastly, Fig. 13 and Fig. 14 also show that
the proposed MPPT control strategy makes the output power and
duty cycle stabilize at the MPP while the P&0 method makes them
oscillating around the MPP under S = 1000W/m? and variable T
conditions.

According to the above-mentioned experiment results and cor-
responding analysis, a conclusion can be drawn that, under invari-
able S and variable T conditions, PV system using proposed MPPT
control strategy can always operate around MPP and has better
MPPT transient-state and steady-state performance than conven-
tional P&O method.

5.2.3. Experiments under variable S and T conditions

When both T and S are varying, an experiment is also done and
the experiment results are shown in Figs. 15 and 16. In this exper-
iment, the changing values of T and S are shown in Table 6. Mean-
while, to compare and analyze the experiment results easily, the
key ideal values (Dmax and Pomax) corresponding to every weather
condition are also shown in Table 6 and the experiment results
for P&0O method are also shown in Figs 15 and 16.

Compare the data in Table 6 with Table 7, it is clearly known
that PV system can always operate around MPP when the proposed
MPPT strategy or P&0O method is used under variable S and T con-
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Table 4
Values of experimental parameters under S = 1000 W/m? condition.
Weather conditions Range of time (s)
and key ideal values From 0 to 0.4 From 0.4 to 0.7 From 0.7 to 1
T (°C) 40 0 40
Dmax 0.6862 0.6503 0.6862
Pomax (W) 149.44 151.31 149.44
Table 5
Experimental results corresponding to Figs. 13 and 14.
Experiment Range of time (s)
results From 0 to 0.4 From 0.4 to 0.7 From 0.7 to 1
P;ax (W) 146.40 148.26 146.40
P axe (W) 146.25 148.15 146.25
t; (ms) 19 10 14
t, (ms) 240 22 20
D} ax 0.6868 0.6516 0.6868
Djyaxee 0.687 0.651 0.687
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Fig. 15. Compared power curves under @ conditions.
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ditions. Meanwhile, Combine Fig. 15 with Table 7, we know that
the settling times of proposed MPPT strategy are less than those
of P&0O method in every time interval. That is to say, the rapidity
of proposed MPPT strategy is better than that of P&0O method
under variable S and T conditions. It is obvious that this conclusion
can also be drawn by combining Fig. 16 with Table 7. Lastly, Fig. 15
and Fig. 16 also show that the proposed MPPT control strategy
makes the output power and duty cycle stabilize at the MPP while
the P&O method makes them oscillating around the MPP under
variable S and T conditions.

According to the above-mentioned experiment results and cor-
responding analysis, a conclusion can be drawn that, under vari-
able S and T conditions, PV system using proposed MPPT control
strategy can always operate around MPP and has better MPPT
transient-state and steady-state performance than conventional
P&O method.

In sum, according to all experiment results and corresponding
analysis in Sections 5.2.1,5.2.2 and 5.2.3, the conclusion can be
drawn that, under various weather conditions, PV system can be
controlled to operate around its MPP by using proposed MPPT con-
trol strategy and the MPPT performance are better than P&O
method.

5.3. Comparison with other MPPT methods

To make a comparison between proposed MPPT strategy and
other MPPT methods, an experiment is done by MATLAB under fast
changing weather conditions. Here, the fuzzy method in paper
(Bouchafaa et al., 2011) and conventional P&0O method are selected
as the compared objects in this experiment, and the tracking step
size of P&0 method is selected as 0.003. Meanwhile, assume that
the solar irradiance changes according to Fig. 17 when the temper-
ature and load resistance keep at 25 °C and 200 Q, respectively.
Finally, the experiment result is shown in Fig. 18. Moreover, to
judge whether PV system is operating at the MPP, the ideal MPP
values with varying irradiance (represented by ideal MPP) are also
shown in Fig. 18.

It can be clearly seen from Fig. 18 that, firstly, all three MPPT
methods can track the MPP successfully while there is a MPPT fail-
ure of P&0O method within 0.2 s because of its slow tracking speed.
Secondly, the settling time of proposed strategy is always better
than fuzzy method and P&O method. Thirdly, the output power
of proposed strategy can be stabilized at the MPP while there is
some oscillation around the MPP for P&0 method or fuzzy method.
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Table 6

Values of experimental parameters under variable S and T conditions.

Weather conditions
and key ideal values

Range of time (s)

0.7 T T T T T T T T T
0.6 P PR / i
05} 0.61 4
oss | [ /| | )\ /|
Q0
g 04y CSIyWWWWY 1
o 0.595
>
5 L 0.59 i
S 0.3
0.32 0.34 0.36 0.38
0.2 .
0.1F proposed method |
P&O method
O 1 1 1 1 1 1 1 1 1
0 01 02 03 04 05 06 07 08 09 1
Time(s)

Fig. 16. Compared duty cycle curves under @ conditions.

From 0 to 0.4 From 0.4 to 0.7 From 0.7 to 1
S (W/m?) 600 1000 800
T (°C) 40 30 20
Dimax 0.6024 0.6781 0.6352
Pomax (W) 86.36 149.93 116.30
Table 7
Experimental results corresponding to Figs. 15 and 16.
Experiment results Range of time (s)
From 0 to 0.4 From 0.4 to 0.7 From 0.7 to 1
P;max (W) 83.53 147.19 114.11
P axe (W) 83.48 147.05 114.02
t; (ms) 20 17 17
ti, (ms) 212 40 20
Djax 0.6012 0.6783 0.6349
Djaxee 0.603 0.678 0.636
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Fig. 17. Changing curve of S in the simulation experiment.

In sum, a conclusion can be drawn by this simulation experi-
ment that the proposed control strategy has better MPPT perfor-
mance than other two methods under fast changing weather
conditions. That is to say, PV system using the proposed control
strategy has the better adaptability to fast changing weather
conditions.

6. Discussions

Firstly, there may be some errors in using curve-fitting tech-
nique to find out the relationship between V,, (I, or M) and S, T.
However, there is a small influence on MPPT performance accord-
ing to experiment results in Section 5. If we must decrease these
errors, some ways can be used as follows. On the one hand, the
curve-fitting technique should focus on the main working area
(irradiance range or temperature range) of PV system to ensure
the accuracy. On the other hand, a correction term can be used
to rectify these curve-fitting errors.

Secondly, the accuracy, rapidity and stability of P&O method or
fuzzy method are usually influenced by its MPPT step size. The big-
ger its step size is, the better its MPPT rapidity is while the poorer
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Fig. 18. Compared output power curves by using three MPPT methods.

Table 8

Experimental results with measurement error.
(S, T) (W/m2, °C) (300,10) (500,15) (500,20) (800,10) (800,20) (1000,20) (1000,30)
P (W) 42.05 7017 70.06 114.50 114.19 147.67 147.05
Pomax (W) 42.08 70.24 70.15 114.58 114.33 147.85 147.32
Pomax (W) 42.78 70.91 70.81 115.33 115.05 148.66 148.09
P (W) 41.35 69.50 69.40 113.75 113.48 146.87 146.30
Pomm (W) 4420 73.74 73.63 120.91 120.62 156.89 156.28
PS5% (W) 39.92 66.68 66.59 108.31 108.05 138.96 138.42
Pinax (W) 42.07 70.20 70.10 114.54 114.26 147.76 147.19
Pomax (W) 45.14 73.28 73.01 116.64 116.30 148.73 149.93

its MPPT accuracy is anq the bigger the .01.1tput power oscillation In(S.T) x R,

around the MPP is. In this paper, the rapidity and accuracy are all Dmax = W VR xM(S,T) (31)

m

considered comprehensively, so the P&O method with step size
0.003 has been selected as compared object in all experiments.
Meanwhile, it can be seen from Fig. 18 that the fuzzy method
has better MPPT performance than P&0O method because of its vari-
able step size.

Thirdly, Egs. (23), (24) and (26) have been determined by sim-
ulation experiments for PV system with boost DC/DC converter
when the PV panel parameters Iy, Vo, I, and V,, are selected as
9.19A, 22V, 858 A and 17.5V, respectively. In practical applica-
tion, on the one hand, when the four panel parameters are different
from these values, we can find out easily the corresponding equa-
tions to match different PV panel parameters by some simulation
experiments, and build a list for user. On the other hand, for PV
system with buck or buck/boost DC/DC converter, to make the pro-
posed MPPT strategy available, Eqs. (25)-(27) must be all replaced.
For example, for PV system with buck DC/DC converter, Eqs. (25)-
(27) must be replaced by Eqgs. (29)-(31), respectively.

max E [
\/7 m +I RIE (29)

M = M(S,T)
=2.1199 x 107''S* — 4.8147 x 10785% +4.09 x 107°S
+8.76x107° +1.2x 107" x (T — 15) (30)

Finally, in order to conduct the sensitivity analysis of the uti-
lized parameters, including solar irradiance (S) and cell tempera-
ture (T), some simulation experiments are done and experiment
results are shown in Table 8. Where P’ and P!~ represent the

omax omax

output power values of using the proposed MPPT strategy when
the measured data of T have the error of +2°C and —2°C, respec-

tively. Pt and PS__ represent the output power values of using

omax omax

the proposed MPPT strategy when the measured data of S have
the error of +5W/m? and —5W,/m?, respectively. P;>% and P _>%

omax omax

represent the output power values of using the proposed MPPT

strategy when the measured data of S have the error of +5% and

—5%, respectively. P,max represents the ideal output power without

measurement error and P; . represents the output power of using
the proposed MPPT strategy without measurement error.

It can be seen from Table 8 that the errors between P’*

or

omax
Pl and P, . are always less than 0.15W, which means that
the output power of PV system is almost unaffected by the small

measurement error of T. Meanwhile, it can be also seen from
Table 8 that the errors between PS5 or P>~ and P!, . are always

omax omax omax
less than 0.9 W, which also means that the output power of PV sys-
tem is almost unaffected by the small measurement error of S. In

addition, it can be also seen from Table 8 that the errors between
P3*3% or PS>% and P;,__ are always less than 10 W (or 6.2%), which

omax omax omax
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means that some effect on the output power of PV system is had by
the irradiance measurement error of 5%.

7. Conclusions

In this paper, through analyzing the effect of the DC/DC con-
verter to the MPP of PV system, a MPPT control strategy with
VWP, which has the ability to track the MPP more rapidly, has been
proposed. In this study, the key work is to find out the way for
acquiring the control signal at the MPP through analyzing deeply
the difference between PV system with and without DC/DC con-
verter. Meanwhile, the acquisition of mathematical relationship
between control signal and VWP is also playing a key role to imple-
ment this proposed MPPT strategy. Finally, by simulation experi-
ments, the feasibility and availability of this proposed control
strategy have been verified, and the MPPT performance of this pro-
posed control strategy has been analyzed under different weather
conditions and has been compared with fuzzy method and P&O
method under fast varying irradiance conditions.
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