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Type-2 Fuzzy Logic Optimum PV/inverter Sizing Ratio for Grid-
connected PV Systems: Application to Selected Algerian Locations

S. Makhloufi’ and R. Abdessemed*

Abstract — Conventional methodologies (empirical, analytical, numerical, hybrid, etc.) for sizing
photovoltaic (PV) systems cannot be used when the relevant meteorological data are not available. To
overcome this situation, modern methods based on artificial intelligence techniques have been
developed for sizing the PV systems. In the present study, the optimum PV/inverter sizing ratio for
grid-connected PV systems with orientation due south and inclination angles of 45° and 60° in selected
Algerian locations was determined in terms of total system output using type-2 fuzzy logic. Because
measured data for the locations chosen were not available, a year of synthetic hourly meteorological
data for each location generated by the PVSYST software was used in the simulation.

Keywords: Grid-connected, Maximum power point tracker (MPPT), Photovoltaic, Sizing ratio, Tilted
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1. Introduction

The optimum output of a grid-connected photovoltaic
(PV) system depends on the relative size of photovoltaic
array and inverter [1-3, 5, 11, 13]. The sizing ratio (R) is
defined as the ratio of the rated inverter input power to the
PV array capacity at standard test conditions (STCs) given
as follows:

P

R= inv,rated

P

pv,rated

(1

where P, ... and B, ..., represent rated PV capacity
and rated inverter input power, respectively.

Optimal PV/inverter sizing depends on local climate, PV
surface orientation and inclination, inverter performance,
and PV/inverter cost ratio [13—15]. Under low insolation, a
PV array generates power for only a part of its rated
capacity. The inverter thus operates under partial load
conditions with lower system efficiency. PV efficiency is
also affected adversely. When an inverter’s rated capacity
is much lower than the PV rated capacity, the inverter
operates under overload conditions. Under overloading
condition, excess PV output greater over the inverter rated
capacity is lost. An oversized or undersized inverter thus
increases PV energy cost [2, 10].

Conventional methodologies (empirical, analytical,
numerical, hybrid, etc.) for sizing PV systems are generally
used when the required weather data (irradiance,
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temperature, humidity, clearness index, wind speed, etc.)
and the information concerning the location of PV system
are available. These methods present a good solution for
sizing PV systems under the above conditions. However,
such techniques cannot be used for sizing PV systems
where the required data are not available. Moreover, the
majority of the above methods need long-term
meteorological data, such as total solar irradiance, air
temperature, and wind speed, for their operations.. To
overcome this situation, newer methods have been
developed for sizing the parameters for PV systems based
on artificial intelligence techniques [17].

Type-1 fuzzy logic has been used in many works for
sizing PV systems [17]. However, using type-1 fuzzy logic
for this aim requires the experience and knowledge of
human experts to decide both the membership functions
and the fuzzy rules. Because the membership grade of the
type-1 fuzzy system is a crisp number in (0,1), it is unable
to directly handle rule uncertainties. In addition, words
used in the fuzzy rules can often mean different things to
different people. This results in rule uncertainty with the
available information.

To tackle this problem, Zadeh [27] proposed the concept
of type-2 fuzzy system, which is an extension of type-1
fuzzy system. Type-2 fuzzy system is also characterized by
IF-THEN rules; however, its membership functions are type-
2 fuzzy sets. The structures of type-1 and type-2 fuzzy
systems are shown in Fig. 1. The structure of a type-2 fuzzy
system is very similar to the structure of a type-1 fuzzy
system, with differences only in the output processing. The
output processor includes a type reducer and a defuzzifier to
generate a type-1 fuzzy system output from the type reducer
or a crisp number from the defuzzifier. Thus, the type
reduction captures more information about rule uncertainties
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than does the defuzzified value (a crisp number). A type-2
fuzzy system is characterized by a fuzzy membership
function, that is, the membership grade for each element is a
fuzzy set in (0,1). This is unlike the type-1 fuzzy system, in
which the membership grade is a crisp number in (0,1). Thus,
a type-2 fuzzy system is very useful in circumstances in
which the membership grades are difficult to exactly
determine [27], [28].

In the present study, type-2 fuzzy logic is used to
determine optimum PV/inverter sizing ratios for grid-
connected PV systems with orientation due south and
inclination angles of 45° and 60° in selected Algerian
locations in terms of total system output. In short, the
optimum PV/inverter sizing ratios are determined to
maximize the total power generated by the PV system.
Because measured data in the locations chosen were not
available, for each location, a year of synthetic hourly
meteorological data was used in the simulation. Monthly
meteorological data available on the NASA Web site [30]
were used for the generation of hourly synthetic
meteorological data (horizontal global irradiance and
ambient temperature) using the PVSYST software [23].
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Fig. 1. The structure of the fuzzy systems: (a) Type-1 fuzzy
systems; (b) Type-2 fuzzy systems

2. Mathematical modeling
2.1 Photovoltaic array output modeling

The “four-parameter” equivalent circuit model that
considers a PV cell as an “ideal” irradiance-dependent
current source in parallel with a diode was used to model
the PV module [4]. The four parameters are module
photocurrent at reference conditions (/;,.,), diode reverse
saturation current at reference conditions (/, ), empirical
diode PV curve fitting factor (d;), and module series
resistance (R,) [25]. The total current (/) is calculated as
follows [26]:

I1=1, -1, [exp(dZT

1"*e

(V +IR, )J—l} )

The values of parameters d; and R, are fixed for a given
PV cell. The photocurrent (/;) is linearly proportional to the
incident irradiance:

Ir

I =1, 7 (3)

T,ref

where ;s is the photocurrent at the reference conditions
and /7 and /7., represent incident irradiance at any time and
reference insolation, respectively, where the reference
insolation is equal to 1000 W/m®.

The reverse saturation current (/) is expressed in terms
of material characteristics and PV module temperature (7,):

3
I =1y (TL] exp {%{ _ —Ti]] @)
c,ref c,ref c
where d is equal to d,/ng; ng is the number of cells in
the module connected in series; & is the semiconductor
band-gap energy; and I, ,.r and T, are reverse saturation
current and module temperature, respectively, at reference
conditions.

The parameters 1y .4, 1, . and d; can be derived from the
general -V expressions [i.e., Eq. (2)] at the reference
conditions (I7,.r and T,,,). By substituting the current and
voltage at the open circuit where current (/) is zero and
voltage (V) is Vocrer [Eq. (5)], the short circuit where
voltage (V) is zero and current (/) is Lscr [Eq. (6)], and
the maximum power point (MPP) conditions where current
(D) is Lwpre and voltage (V) is Viprer [Eq. (7)], the
following equations are obtained:

qucref
0=1, ;0 1, .0 | exp| —=2L |1 5
Lief "o, f[ p(dlch,ref ®)
qlscrefRS
L ror = Lo ror =Ty o | €Xp| —222 11 (6)
seref TALrer ~Lorer
sc,rej € o0,re [ [dlch,ref

%(Vmp,ref + [mp,r(.f/"RS )] - ljl

1" e, ref
)

Imp,ref = IL,ref - Io,rc{f' l:exp[

The magnitude of the reverse saturation current (/,) is
very small, generally in the order of 10~ or 107°. The
term “-1” in Egs. (5), (6), and (7) can be neglected. For the
short-circuit condition, the exponential term in Eq. (6) is
very small and can therefore be neglected. These
considerations lead to the following three expressions:

I Isc,ref

oref —

i V..

exp 97 oc,ref )]
dlkTC,ref
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IL,rc{f ~ Isc,ref (9)
d = Q(Vmp,ref - Voc,ref + Imp,refRS)
=
Lup.r (10)
kT o In| 1=
) sc,ref

The parameter R; is obtained from the temperature
coefficients of the open-circuit voltage and short-circuit
current ( My oo and Ky s ).

The values of these temperature coefficients are
available from a PV module catalogue. The analytical
derivative of voltage with respect to temperature at the
reference open-circuit condition is matched to the open-
circuit temperature coefficient of the voltage [25]:

ov,. d\k Loror | Totty
oc _ ,UV’,,C _anr In sc,ref + CHi sc 34+ qé
or q Io,ref Isc,ref dlkTC,rcff

(1)

The equivalent circuit characteristic parameters were
calculated using MATLAB “solve” function to solve these
four equations [i.e., Egs. (8)—(11)].

According to the values shown in Table 1,

1,0 =2.86x107° 4

R, =02421Q
d, =120

The PV module characteristic parameters used in the
study are shown in Table 1.

Table 1. PV module and array characteristic parameters

Parameter value
Module short-circuit current at reference conditions 345A
Module open-circuit voltage at reference conditions 435V

Temperature at reference conditions 298 K

Irradiance at reference conditions 1000 W/m?
Maximum power point voltage at reference conditions 350V
Maximum power point current at reference conditions 3.15A
Temperature coefficient of short-circuit current 4.0-10*
Temperature coefficient of open-circuit voltage 34107
Semiconductor band gap 1.12eV
Number of cells in the module connected in series 72
Number of modules in series in each subarray 17
Number of subarrays in parallel 7

2.2 Inverter output modeling
In reality, inverter efficiency is not constant; rather, it is

a function of input power. To predict inverter output, the
following equation is used [4]:

2
Pinv,n = kO + kIva,n + kZva,n (12)

P, P

— — my
where P, ,=—"—— and £, ,=—"—.

inv,rated inv,rated

Here, P,,, and P;,,, are the normalized inverter input and
output power, respectively; Pj,.ueq 1S the rated inverter
input capacity; and ky, k;, and k, are correlation coefficients.
For the present study, the coefficients &y, k;, and k, were
taken as -0.015, 0.98, and -0.09, respectively [4]. The
inverter efficiency in relation to the input power is given in
Fig. 2.
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Fig. 2. Inverter efficiency

3. Meteorological data computation

Monthly meteorological data available on the NASA
Web site [30] were used for the generation of hourly
synthetic meteorological data (horizontal global irradiance
and ambient temperature) with the aid of PVSYST
software [23].

3.1 Horizontal global irradiance generation (I¢)

For global irradiance, PVSYST uses well-established
random algorithms that produce hourly distributions of
statistical properties very close to real data [20, 21].

The algorithm first uses PVSYST to construct a random
sequence of daily values with the aid of a library of
Markov  transition matrices (probability matrices)
constructed from real meteorological hourly data of several
stations all over the world. It then applies a time-dependent,
autoregressive, Gaussian model to generate the hourly
sequences for each day.

3.2 Ambient temperature generation (T,)

For temperature, a general model does not exist.
PVSYST wuses procedures adjusted only on Swiss
meteorological data, for which generalization to any world
climate is not proven.

In fact, the ambient temperature daily sequence shows
only weak correlations to global irradiance. Because the
temperature should be continuous, PVSYST constructs this
sequence using essentially randomly daily slopes, with
constraints on the monthly average.
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However, a daily profile can be much more related to the
global irradiance. During the day, temperature behaves
similarly to a sinusoid, with amplitude related to the global
daily irradiance, and a phase shift of 2-3 h. The
corresponding correlation parameters (for amplitude and
phase shift) are quantified from several Swiss region
typologies, which can be generalized to analogous
typologies for other places in the world.

The dependence of PV system behavior is not very
temperature-sensitive (approximately 0.4%/°C). Provided
that the monthly average is correct, the global results of the
PV production will not strongly depend on the temperature
daily sequence.

3.3 Module temperature

To determine module temperature, a simple equation
was developed in [4] using module ambient temperatures
and incident insolation data. The correlation equation is
given by the following:

T.=T,+0.0311, (13)

3.4 Predicting hourly solar irradiance on inclined
surface

In many sites, at best, only global irradiances on
horizontal planes are available. Because most systems
using solar energy are tilted, these data are clearly
insufficient. A number of models to estimate global
irradiance on an inclined surface from the irradiance on a
horizontal surface are available; however, these models
require information at the same time on the global and the
direct or diffuse irradiance on a horizontal surface. In [9],
two models requiring only the global irradiance on
horizontal planes as input parameter were developed. The
present work uses the model given in Eq. (14), which
yields better results:

Ir 5 =15 [0.1+g+(0.1—%pjcosﬂ+0.8(cos€/cos€z)}

(14)
where
I : total irradiance received on a tilted surface,
I; :the horizontal global irradiance,
0. : the zenith angle calculated by [22]:
cos@, =sindsing+coso cosgcosw (15)

6 :the declination of day D calculated by [6]:

5(D)= 0.4093sin(27z DS;SSIJ (16)

: the albedo (in this work, a constant value for the
albedo is equal to 0.2),

: the geographic latitude,

: the hour angle, and

: the angle of incidence for an arbitrarily inclined
surface oriented toward the equator calculated by
the following:

8

cos@ =sindSsin(g—B)+cosdcos(g—f)cosw. (17)

In the present study, a discrete form of the hour angle @
is chosen. The action of the sun moving in the sky can be
replaced by irradiance in short time intervals of “many
immovable suns” [6] whose positions correspond to the
average position of the existing sun at the same time. If
solar time is divided into sufficiently short time intervals,
such a description will correspond to the description of an
immovable sun. Temporary sun positions are considered
uniformly distributed in solar time across time intervals;
hence, they will be uniform with respect to hour angle.
Time At can be obtained from the division of 24 h into N
equal parts:

24
Ar="— 18
N (18)

The variable n, which is symmetrical in relation to 12.00,
is introduced according to the following formula:

T=nAt+12 (19)

where 7 is the solar time.
The equation for the determination of the hour angle is:

o(r)=157-180 (20)
By substituting (19) into (20) we obtain:
w(n)=15nAt 1)
Taking into consideration Egs. (18) and (21), we obtain

~360n

N (22)

2
or in radians w(n)= ;n (23)

In the performed calculations, the following detailed
data are assumed: 1 h time intervals and a variability of
solar time from 5:00 a.m. until 8:00 p.m. The data given
above correspond to the variability of the hour angle from -
105° to +120° and the time variable n, assuming integer
values from -7 up to +8.
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4. Maximum power point tracking

The PV system under investigation utilizes maximum
power point tracking (MPPT). The PV MPP is predicted
using type-1 fuzzy logic. MPP is pursued by varying the
value of the PV output voltage.

4.1 Fuzzification

The values of membership function are assigned to the
linguistic variables using five fuzzy subsets: negative big
(NB), negative (N), zero (ZO), positive (P), and positive
big (PB). Variables AV and AP are selected as input
variables, where AV is the change of output voltage,
V(k)=V(k-1), and AP is the change of output power,
P(k)—P(k—1). The output variable is the output voltage
correction, AU. The membership functions of the variables
are shown in Fig. 3.

N 74 p
01 "0l >
(a)
NB N Z P PB
05 01 0 01 05 >
(b)
Fig. 3. Membership functions: (a) The IF-part; (b) The

THEN-part
4.2 Inference method

The fuzzified inputs are fed to the inference engine, after
which the rule base is applied. The output fuzzy sets are
then identified using fuzzy implication method. The
commonly used fuzzy implication method is MIN-MAX,
which is also used in this paper. Table 2 shows the rule
base adopted for the MPP tracking (MPPT); the general
form of these rules is given below:

if AV is..andAPis ..., then AU becomes ...

These rules are chosen according to previous knowledge
regarding the system and via some trial-error processes.

Table 2. The rule base adopted for the MPPT

AV\AP N V4 P
N PB P N
Z P Z N
P NB N P

4.3 Defuzzification

After fuzzy implication, the output fuzzy region is
located. Because the final desired output is a non-fuzzy
value, a defuzzification stage is needed. The center of
gravity defuzzification method is used for defuzzification
in the proposed MPPT.

5. Type-2 fuzzy logic optimizer

The structure of type-2 fuzzy logic optimizer (T2FLO)
of sizing ratio (R) is shown in Fig. 4. Inputs of T2FLO are
the change of hourly average power generated during
hours of sunshine of 1 year, AF,, and change of sizing
ratio, AR , where AP, =P, (k)—P,(k—-1) and AR=
R(k)-R(k-1).

Output is the correction of sizing ratio: dR.

Therefore, the sizing ratio in the k iteration is given
by R(k)=R(k-1)+dR.

The rated PV array capacity has been fixed according to
Table 1 as follows:

P

pv,rate

g =35x3.15xTx17 =13KW,

The rated inverter input power at k' iteration is
calculated as follows:

E‘nv,rated (k) = va,mted xR (k)

I_Zfl
25,
R(k-1
AR fuzzifier |—»] Infcrf.nc: > type ( )
> engine reducer
L3 ¥ N ]
Human —4|  Fuzzy defuzzifier >(
knowledge rules
R(k)
TL‘
| MPPT Tnverter
o AL

Fig. 4. The structure of type-2 fuzzy logic optimizer.

Assume that there are M rules in the type-2 fuzzy system,
each of which has the following form:

Rule i IF AP, is Gyp and AR is Gi,, THEN dR
is [wf,wﬁ] .
where i=1,2., M, Gyp and G., are the interval type-
2 fuzzy sets of the IF part, and w; and w. are the
singleton upper and lower values of the THEN part,
respectively. The membership functions of the IF part and
THEN part are shown in Fig. 5. The fuzzy labels are NB,
negative small (NS), ZO, positive small (PS), and PB. The
firing interval of the /™ rule can be obtained as follows:
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—i

Fr=[f" f] (24)

where
S =ty (AR gy (AR (25)
7' =g, (AP)x ugy, (AR) (26)

in which x() and ;(.) denote the grade of the lower
membership function and the upper membership function,
respectively.

NB NS ZO PS PB

1
v

NB NS ZO PS PB

-03 -005 0 005 03

(b)

Fig. 5. Membership function: (a) The IF part; (b) The
THEN part

the singleton fuzzification with a minimum t-norm used in
this work is shown in Fig. 6.

A Lo

Fig. 6. Fuzzification

Many methods are used to perform type reduction. The
most common is the center-of-set type reducer utilized in
this paper. The output of the type reducer can be expressed
as follows:

cos - [deadR ] (27)

where dR, is an interval type-1 set determined by the
left and right points (dR;, and dR.), which can be derived
from the consequent centr01d set [w),w'] and ﬁrlng
strength f eF =[f" f']. The interval set [w},w']
(i=12,..., M) should first be computed or set before the

computation of dR. . The leftmost point dR; and the
rightmost point dR, can be expressed as [7, 8]

M
21 lfll l

(28)
i

M
_ i=1Jr"r
- M gt
D0

Here, dR, and dR,. can be computed efficiently using the
Karnik-Mendel algorithm [29]: sort W}{ (i=12,..,M)in
increasing order and call the sorted w' by the same name
(now w! <w?<...<wM ), match the weights Fi with
their respective w' and renumber them such that their
index corresponds to the renumbered wi

Step 1: Compute dR. in Eq. (29) by initially usmg
fi = f+f /2 forl—12 .M  where f' and
are pre-compuited by Eqs. (25) and (26) and let dR' dR, .

kStlep 2: Find k(1<k<M-1) such that w* <dR! <

+

Step 3: Compute dR, in Eq. (29) with f = f' for
i<k,and f /f for i>k,thenset dR! =dR, .

Step 4: If dR #dR/, go to Step 5; if d " =dR] , then
set dR. =dR and go to Step 6.

Step 5: Let dR. =dR) and return to Step 2.

Step 6: End.

Hence, dR,. in Eq. (29) can be re-expressed as:

dR. = Zfﬂfiwi +Z%R+17W{

' 1f +Zz R+1f

And dR, (29)

(30)

The procedure to compute dR; is similar to that for
dR, with slight modifications, as stated below. In Step 2,

k(1<k<M-1) must be found such that w, <dR,
k+1

. In step 3, let fl f for i<k, and f = f for
i > k.
Therefore, dR; in Eq. (29) can be expressed as
dR, :Zzl'{:lfwf+z%u1j_ﬂw[l 1)

Zz]'{:L?i +Z%L+1J_[i

Then, the defuzzified crisp output from an interval type-2
fuzzy system is the average of dR, and dR;:
dR; +dR,

2

dR = (32)

The fuzzy rules are summarized in Table 3, which is
constructed for the scenario wherein AP, and AR
approach zero as fast as possible and without an overshoot
of the optimum value of R . Generally, the determination
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of these rules comes from human knowledge and via some
trial-error processes.

Table 3. Fuzzy rules.
NB NS Z0 PS PB
NB PB PB NS NS NB
NS PS PB 70 70 NS
70 NS Z0 70 PS NS
PS NS NB Z0 PS PB
PB NS NS 70 PS PB

6. Simulation results

Using synthetic data generated by PVSYS, sizing ratio is
defined in terms of total system output and using type-2
fuzzy logic, for four locations in Algeria: Batna (35.35°N,
6.1°E), Algiers (36.43°N, 3.15°E), Adrar (27.51°N,
0.17°W), and Tamanrasset (22.47°N, 5.31°E).

Fig. 7 shows the synthetic meteorological data generated
by PVSYS for Batna (East Algeria).
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Fig. 7. Meteorological data for Batna Ambient temperature
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The results obtained using type-2 fuzzy logic to find the
optimum sizing ratio between the rated inverter input
power and the PV array capacity at STCs for this location
are shown in Fig. 8. The optimum sizing ratio is 1.291 for
tilted angle B =45° and 1.204 for B =60°.
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Fig. 8. Results obtained for Batna: (a) and (b) £ =45°;
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Fig. 9. Meteorological data for Algiers: (a) Ambient temperature; (b) Global in-plane insolation
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Fig. 10. Results obtained for Algiers: (a) and (b) S =45°;(c)and (d) S =060°

Fig. 9 shows the synthetic meteorological data generated
by PVSYS for Algiers (North Algeria).

The results obtained for this location are shown in Fig.
10. The optimum sizing ratio is 1.220 for tilted angle
B=45° and 1.153 for S =60°.

Fig. 11 shows the synthetic meteorological data
generated by PVSYS for Adrar (Southwest Algeria).

The results obtained for this location are shown in Fig.

12. The optimum sizing ratio is 1.321 for tilted angle
B=45° and 1.210 for B=60°,
Fig. 13 shows the synthetic meteorological data
generated by PVSYS for Tamanrasset (Southeast Algeria).
The results obtained for this location are shown in Fig.

14. The optimum sizing ratio is 1.451 for tilted angle
B =45° and 1.321 for f=060°
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Fig. 13. Meteorological data for Tamanrasset; (a) Ambient temperature; (b) Global in-plane insolation
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Fig. 14. Results obtained for Tamanrasset; (a) and (b) f =45°;(c)and (d) £ =60°.

7. Conclusion

Optimum PV/inverter sizing ratios for grid-connected
PV systems in selected Algerian locations were determined
in terms of total system output using type-2 fuzzy logic.
Because measured data in the locations chosen were
unavailable, for each location, a year of synthetic hourly
meteorological data generated by the PVSYST software
was used in the simulation. Results show that using type-2
fuzzy logic leads to the optimum sizing ration in only four
iterations. The sizing ration was defined for two tilted
angles: 45° and 60°. For all locations, system provides
more power for 45° than for 60° tilted angle; however, the
sizing ratio is higher for 45° than for 60° tilted angle. This
means that the cost of the system will be much greater. A
practical technical-economical study must be conducted to
define the optimum tilted angle.
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