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This article proposes a linear Thevenin's equivalent circuit for a single-diode model. The
Thevenin's equivalent circuit is derived based on the piecewise linearization for the
nonlinear characteristic of the diode. To validate the accuracy and efficiency of the
proposed Thevenin approximation, a photovoltaic module’s current-voltage and power-
voltage characteristics are evaluated and compared with the characteristics of the original
model. Meanwhile, an error of the proposed approximation is also calculated under
different values of irradiance and temperature. The operating conditions are classified into
three scenarios: standard technical condition (irradiance=1000 W/m?2, temperature=25 °C),
(irradiance=400 W/m?, temperature=25 °C), and (irradiance=1000 W/m?, temperature=50
°C). Primary results show encouraging outputs and reliability of the proposed model. It is
obvious from the simulation results that the linearization technique can successfully
emulate the characteristics of the original nonlinear single-diode model. The peak values of
the error are 7.37%, 9.51%, and 6.79% at the different suggested scenarios, respectively.
Subsequently, the proposed Thevenin equivalent circuit can be successfully used to study
the performance of a photovoltaic system under different operating conditions, avoiding the
complicated numerical solutions for nonlinear equations of the original photovoltaic model.

Keywords: Current-Voltage characteristics; Piecewise linearization; Power-Voltage characteristics; Single-diode photovoltaic
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1. Introduction

Two major crises have affected the world in recent years. The
first is COVID-19, which caused disruptions in the
management and supply network for energy [1]. The second,
the conflict between Russia and Ukraine, impacted global
energy policy, forcing several countries to embrace more
environmentally friendly energy practices [2]. Hence, the
necessity of all sources of renewable energy increases as solar,
wind, waves, etc., increase. There is a worldwide concern about
photovoltaic (PV) systems. Photovoltaics provide an enticing
substitute: noiseless, flexible, and pollution-free [3]-[5].

Utilizing effective PV models is essential for achieving the
benefits outlined above. Accordingly, modeling of the essential
photosystems, such as the PV source, converter, maximum
power point tracking (MPPT) controller, etc., must first be
generated for performance analysis of the PV system by using
a simulator like MATLAB. The PV source, a cell, module, or
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array, is the most important part of the PV system. It works as
an input to the other parts of the PV system [6].

The literature develops several circuit-based models to simulate
the operation of PV sources. The two well-known single-diode
and two-diode equivalent circuit models present the base for
most of them [7]-[14].

A single-diode PV model, consisting of the current source, a
diode, and resistances, is successfully used to model cells and
study their characteristics [9]-[13]. Due to the diode's nonlinear
characteristic, the PV source exhibits nonlinear current-voltage
(1-V) and power-voltage (P-V) characteristics. Consequently,
examining PV characteristics based on the single-diode is
complicated and needs a numerical iterative method to solve the
nonlinear equations [15]. The Thevenin theorem is invalid
because it is tough to derive the PV |-V relationship via Ohm’s
law. Thevenin circuit is a linear circuit consisting of a one
voltage source named “Thevenin voltage” (Vi) and a single
series resistance named “Thevenin resistance” (Rw) [16].
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This article proposes approximating the diode's nonlinear
function 14 (Vg) by a collection of linear functions using the
linearization process to transfer the typical PV single-diode
equivalent circuit into a simpler one, the Thevenin equivalent
circuit. The performance of the proposed model is analyzed
using the MATLAB program under different operating
conditions. The performance analysis results are compared with
the single diode’s characteristics to verify the accuracy of the
proposed model.

Section 2 of the article explains a piecewise method for the
linearization [17]-[18]. Thevenin's equivalent PV circuit
follows it. Section 3 presents the proposed model's I-V and P-
V characteristics. Section 4 demonstrates the simulation results
based on the original and the proposed PV models under
different operating conditions. In contrast, Section 5 illustrates
notable conclusions.

2. Thevenin Equivalent of PV Model

To derive a Thevenin's equivalent circuit, the original PV
single-diode model must first be linearized. The original single-
diode model of a single PV cell is depicted in Fig. 1.
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Figure 1. Single-diode model of a PV cell

The source of nonlinearity in an original PV model is the diode.
Where the diode’s current-voltage relationship is described by
the following exponential form [19]:

Iy =1I,(exp((q-Vy)/(Ns-a K- T)) - 1), (1)
Vi=V+1-R; @)

Where Iq and Vg are the diode's current and voltage,
respectively; lo is the diode's reverse current; and Rs is the
series resistance. Meanwhile, | and V are the module’s current
and voltage, respectively.

This article uses a piecewise method to linearize the diode's
nonlinear 1-V characteristic [17]-[18]. The PV single-diode
model is linearized, as depicted in Fig. 2. This method can be
summarized by splitting the original nonlinear curve into
several sections. In each section, a straight line between two
linearization points is utilized, to substitute the original
nonlinear curve, as depicts in Fig. 2. In this figure, the original
characteristic of the diode is split into three sections, each one
is defined by a linear straight line and two linearization point at
the boundaries. The number of linearization points is usually
more than the number of sections by one. Hence, the number of
points is four, and each point is defined by a diode’s voltage and
current (Vg, lg), as shown in Fig. 2. The straight line of each
section can be represented electrically by a source of voltage
(Vax) and diode resistance (Rq). Vax represents the intersection
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value of the straight line across the voltage x-axis in each
section. Ry represents the reciprocal of the straight line's slope
in each section.

In Fig. 2, three voltage sources are denoted by Vx1, Vaxe, and
Vixa. In contrast, three diode resistances are denoted by Rg1, Raa,
and Rgs.

Original Characteristic ]
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— — —Linear Characteristic
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=
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Figure 2. I-V characteristic of the diode

Fig. 2 clearly shows an evident error between the original
nonlinear and a linearized diode's characteristics in all operating
points except the linearized points. At the linearized points, the
error is zero.

After linearization, the linearized single-diode model can be
depicted in Fig. 3.
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Figure 3. Linearized PV single-diode model

According to the circuit shown in Fig. 3, the Thevenin
equivalent circuit of the PV can be derived. Firstly, by solving
(3) and (4):

Vax; +1a; " Ra; = Isn; " Rep = 0, 3

Ishj =l — Idj 4
Idj and Ish]. can result in:

Ia; = (sc * Rsn = Vax;)/(Rsn + Ra)), ®)

Isn; = (Vax; + Isc * Ra;)/ (Rsn + Ry)) (6)

Rsh is a parallel resistance, and j is the instantaneous section
number. Hence, Vi can be derived as:

Vthj = Ishj *Rsn, ()

“Vin; = Vax; +Isc " Ra;) - Rsn/(Rsn + Ra)) ®)
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Ri can be derived by opening the current source, shorting the
voltage source, then calculating the equivalent resistance
through the output terminals of the circuit shown in Fig. 3.
Consequently, R can be presented as:

RspXRg .

; ©)

Rsh+Rd1‘

Rth]‘ = RS +

Since the amounts of Vax; and Ry, are dependent on the

instantaneous section number (j) of the PV operating point, the
amounts of Vth]. and Rth]. are also dependent on the section

number (j) as shown in (8) and (9), respectively. After all, the
resultant Thevenin equivalent circuit for the circuit depicted in
Fig. 3 is illustrated in Fig. 4.
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Figure 4. PV Thevenin equivalent circuit

In a PV system, a maximum power point tracker (MPPT) is
typically used to track the MPP of the PV panel in order to
harvest the maximum amount of power available under
different operating conditions [15],[19]-[22]. Hence, because of
the MPP's importance, this point is selected as one of the
linearized points in the linearization method. At this point, the
error is zero. Other linearized points are selected so that the
error is as minimal as possible.

3. Characteristics of the PV Module

Its 1-V and P-V characteristics can represent the characteristics
of any PV. The original nonlinear 1-V characteristic of the
single-diode model depicted in Fig. 1 can be illustrated by [19]:

I=1I—1g—V+1"R)/Rsp (10)

From (10), it is clear that a numerical iterative method is needed
to calculate | for each given value of V.

In this article, the BP SX150S PV module is chosen. This
module comprises 72 series cells (Ns=72), which provide an
MPP power of 150 W under standard technical conditions
(STC).

The remaining main specifications of this module under STC
are: open-circuit voltage (Voc) of 43.5 V, short-circuit current
(Isc) of 4.75 A, and MPP’s voltage and current of 34.5 V and
4.35 A, respectively [23]. In contrast, the 1-V characteristic of
the PV Thevenin equivalent circuit shown in Fig. 4 can be
represented at each operating section (j) by:

p= (11)

Rtp .
thl

For each section (j) and by using (1) and (2), the diode's voltage
and current at the boundaries of a linear straight line which are
defined by (Vai, la) and (Va2, lg2) can be calculated.
Accordingly, the values of Rq; and Vax; can be calculated as:

Vo=V
Rd — IdZ_I dl: (12)
d2—1d1
Vax = Va1 —Rgq " lg1 = Vg — Rg " gz (13)

Now, Vi and Ri can be easily calculated by substituting the
values of Vg and Rq in (8) and (9). Subsequently, using (11), |
can calculate directly for each value of V without needing the
numerical iterative method. About the P-V characteristic, it can
be easily obtained for each operating point by:

P=1-V (14)

4. Results and Discussions

In this article, the characteristics of the BP SX150S PV module
based on the proposed Thevenin's equivalent circuit are
evaluated and compared with those of the original PV model
under three scenarios of irradiance (G) and temperature (T)
conditions for a voltage range from 0 to Voc.

In the first scenario, the weather condition is STC (G=1000
W/m? and T=25 °C). In the second scenario, the irradiance is
decreased from 1000 W/m? to 400 W/m? while the temperature
is kept at 25 °C; hence, the condition is defined as G=400 W/m?
and T=25 °C. In the third suggested scenario, the irradiance is
kept at 1000 W/m? while the temperature is increased to 50 °C;
hence, the condition is defined as G=1000 W/m? and T=50 °C.
The linearization method selects 12 points (P, Py, ..., P12) to
linearize the diode's characteristic. Hence, 11 sections of
different values of Vi and Ry, are produced. The first (P1) and
last (P12) points are selected at the short-circuit and open-circuit
voltages, respectively. The MPP is also selected as P4 due to its
importance. According to the remaining 9 points, two points (P
and Ps3) are distributed uniformly on the left side of the MPP,
while the seven points (Ps, Ps, ..., P11) are distributed uniformly
on the right side of the MPP. In this work, most of the points
are concentrated on the right side because the diode's
characteristic is inherently nonlinear on this side.

To examine the activity of the proposed model under different
operating conditions, the error of the Thevenin's characteristics
related to the original characteristics is calculated. The error can
be defined as:

error (%) = (Iorig - Ithev)/lorig X 100 (15)

Where lorig is the current of the PV module based on the original
PV nonlinear model, and ley is the current of the PV module
based on the proposed Thevenin’s equivalent circuit.

In the first scenario, Fig. 5 shows the PV module's I-V and
corresponding P-V characteristics based on both the original
and Thevenin's models. Furthermore, Fig. 6 illustrates the error
(in percentage).
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Figure 5. PV module characteristics based on original and
Thevenin’s models at STC: (a) |-V curves; (b) P-V curves
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Figure 6. Error in characteristics between the original and the

Thevenin's models at STC

In the second scenario, Fig. 7 displays the I-V and P-V
characteristics of the PV module based on both the original and
Thevenin’s models. In addition, Fig. 8 shows the error (as a
percentage).
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Figure 7. PV module characteristics based on original and
Thevenin’s models at 400 W/m? and 25 °C: (a) I-V curves; (b)

P-V curves
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Figure 8. Error in characteristics between original and
Thevenin’s models at 400 W/m? and 25 °C

In the third scenario, Fig. 9 shows the PV modules' I-V and P-
V characteristics based on both the original and Thevenin's
models. Additionally, Fig. 10 displays the error (as a
percentage).
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Figure 9. PV module characteristics based on original and
Thevenin’s models at 1000 W/m? and 50 °C: (a) I-V curves;

(b) P-V curves

Table 1. Parameters of linearization and the Thevenin equivalent circuit at STC

Module Voltage (V) Vi, ld1 Vaz, ldz Vax (V) Rd (£2) Vin (V) Ri ()
0-32.25 0.0244,0 32.2734,0.1948 0.0241 1655819 786.5383 165.5871
32.25-33.35 32.2734,0.1948  33.3729,0.2783  29.7100 13.1614  92.2267 13.1665
33.35-34.50 33.3729,0.2783  34.5223,0.4024  30.7945 9.2645 74.8011 9.2697
34.50-35.60 34.5223,0.4024  35.6215,0.5691  31.8697 6.5924 63.1836 6.5975
35.60 - 36.75 35.6215,0.5691  36.7702,0.8109  32.9180 4.7505 55.4827 4.7556
36.75-37.85 36.7702,0.8109  37.8686,1.1261  33.9444 3.4846 50.4965 3.4898
37.85-39.00 37.8686,1.1261  39.0163,1.5659  34.9298 2.6097 47.3257 2.6148
39.00-40.10 39.0163,1.5659  40.1135,2.1132  35.8771 2.0047 45,3994 2.0098
40.10 - 41.25 40.1135,2.1132  41.2598,2.8373  36.7681 1.5831 44.2878 1.5882
41.25-42.35 41.2598,2.8373  42.3554,3.6883  37.6066 1.2876 43.7225 1.2927
42.35 - 43.50 42.3554,3.6883  43.5000, 4.7500  38.3795 1.0780 43.5000 1.0831

Table 2. Parameters of linearization and the Thevenin equivalent circuit at 400 W/m? and 25 °C
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Module Voltage (V) Va1, ld1 V2, ld2 Vax (V) Rd (2) Vi (V) Rin (€2)
0-30.65 0.0097, 0 30.6593, 0.0815 0.0095  376.2714 714.9251 376.2765
30.65 — 31.65 30.6593,0.0815  31.6592,0.1133  28.1014  31.4017  87.7648  31.4069
31.65-32.70 31.6592,0.1133  32.7089,0.1599  29.1094 225049  71.8687  22.5100
32.70 - 33.70 32.7089,0.1599  33.7086,0.2216  30.1175  16.2022  60.9017  16.2073
33.70 - 34.70 33.7086,0.2216  34.7082,0.3063  31.0909  11.8104  53.5306  11.8155
34.70 - 35.70 34.7082,0.3063  35.7076,0.4216  32.0546 8.6640 48.5162 8.6691
35.70 — 36.70 35.7076,0.4216  36.7068,0.5775  33.0053 6.4092 45.1828 6.4144
36.70 - 37.70 36.7068, 0.5775  37.7057,0.7860  33.9390 4.7925 43.0447 4.7976
37.70 - 38.70 37.7057,0.7860  38.7043,1.0609  34.8509 3.6322 41.7521 3.6373
38.70 — 39.70 38.7043,1.0609  39.7025,1.4176  35.7357 2.7982 41.0523 2.8033
39.70 — 40.75 39.7025,1.4176  40.7500, 1.8972  36.6060 2.1843 40.7561 2.1894

Table 3. Parameters of linearization and the Thevenin equivalent circuit at 1000 W/m? and 50 °C

Module Voltage (V) Va1, la1 Va2, ldz Vax (V) Ra (£2) Vin (V) Rin ()
0-28.60 0.0248, 0 28.6235, 0.2463 0.0229  116.1289 560.5987 116.1340
28.60 — 29.75 28.6235,0.2463  29.7730,0.3470  25.8121 11.4151  80.9152 11.4203
29.75-30.90 29.7730,0.3470  30.9223,0.4867  26.9185 8.2267 66.6302 8.2318
30.90 - 32.00 30.9223,0.4867  32.0213,0.6689  27.9876 6.0300 57.0957 6.0352
32.00-33.15 32.0213,0.6689  33.1700,0.9258  29.0302 44714 50.6145 4.4765
31.15-34.25 33.1700,0.9258  34.2683,1.2519  30.0514 3.3684 46.3112 3.3735
34.25 - 35.40 34.2683,1.2519  35.4161,1.6961  31.0338 2.5837 43.5056 2.5888
35.40 - 36.55 35.4161,1.6961  36.5631,2.2655  31.9989 2.0147 41.7242 2.0198
36.55 - 37.65 36.5631,2.2655  37.6597,2.9432  32.8976 1.6180 40.7079 1.6231
37.65-38.80 37.6597,2.9432  38.8053,3.8033  33.7393 1.3320 40.1691 1.3371
38.80 - 39.95 38.8053,3.8033  39.9500,4.8250  34.5442 1.1204 39.9524 1.1255

In contrast, the errors are observed on the other points and reach
peak values near the Vo, under the conditions of scenario 1,
scenario 2, and scenario 3, as demonstrated in Figs. 6, 8, and
10, respectively. The peak values are approximately 7.37%,
9.51%, and 6.79% at module voltages of 43.45 V, 40.65 V, and
39.9 V, respectively. Nevertheless, the error distribution is
larger on the left side of the MPP than on the right due to the
lower number of selected linearized points on this side, as
depicted in Figs. 6, 8, and 10. The values of the integral of
squared error (ISE) on the left side are 0.257, 0.042, and 0.325,
while those values do not exceed 0.0013, 0.0003, and 0.0011 on
the right side of Figs. 6, 8, and 10, respectively.

5. Conclusions

It is concluded from the simulation results that the Thevenin's
equivalent circuit can successfully model the PV module. The
PV characteristics based on the proposed Thevenin model are
similar to the original characteristics based on the single-diode
model, especially on the MPP and linearized point, as depicted
in Figs. 5, 7, and 9. Moreover, the effectiveness of the proposed
model is increased by increasing the number of points selected
in the linearization. The error is minimal on the right of MPP
under different weather conditions, as illustrated in Figs. 6, 8,
and 10.
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In this work, except for the short-circuit and open-circuit
voltage points, seven selected points are uniformly distributed
on the right of MPP, representing a much nonlinear region.
Whereas, only two selected points are distributed on the left of
MPP. Despite the large distribution for linearized points on the
right of MPP, it is seen that the peak value of the error exists
there, as demonstrated in Figs. 6, 8, and 10. Hence, for PV
applications requiring a module working at the right side of the
MPP (i.e., V > Vieag), more points have to be distributed on this
side to decrease the linearization error as much as possible. In
conclusion, the proposed model can be successfully used to
study the performance of PV systems under different
conditions, avoiding the numerical iterative solutions for
nonlinear equations of the original PV model. For future work,
the proposed PV model can be integrated with a
converter/inverter and load to study a PV system's performance
and confirm that MPPT is operating correctly, under different
operating conditions.
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