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Abstract—In order to enhance maximum power point tracking 

(MPPT) speed of photovoltaic generators (PVG) upon fast 

irradiation changes, maximum power line (MPL) - based control 

is often used. MPL is a curve, linking all possible MPP 

coordinates for a given temperature. In the literature so far, PVG 

MPL was either assumed linear, which is inaccurate for all 

irradiation levels, or possessed photocurrent dependence, 

requiring real time estimation of the latter. In this letter, an 

irradiation-independent explicit expression for PVG MPL is 

derived, valid for all practical irradiation levels thus allowing 

real-time implementation without the need of photocurrent 

estimation.   

 
Index Terms—Photovoltaic generator, MPPT, maximum 

power line, single diode model.  

I.  INTRODUCTION 

HOTOVOLTAIC generators possess the so-called soft 

source characteristics, featured by a single maximum 

power point (on a basic unit level), whose coordinates are 

environmental conditions dependent, thus requiring MPPT to 

allow optimal utilization in terms of cost and reliability [1]. 

Generalized photovoltaic energy conversion system is shown 

in Fig. 1, consisting of PVG, interfacing power converter 

(IPC) and load.  

 

 
Fig. 1: Photovoltaic energy conversion system with model based MPPT. 

 

Environmental variables, affecting PVG operation, are solar 

irradiation G and temperature T. To optimally utilize the 

harvested energy, PVG voltage and current are typically 

sampled and fed back into an MPPT algorithm, which 

generates IPC control signal. In order to increase the response 

time of conventional MPP trackers (dictated by combined 

system dynamics [2]) under fast-varying solar irradiation, 

voltage-oriented MPPT is preferred since irradiation changes 

have relatively weak influence on MPP voltage while greatly 

affecting MPP current [3] - [5]. The authors of [6] and [7] 

have shown that, for a given temperature, MPPs for different 

irradiation levels approximately lie on a straight line, as 

depicted in Fig. 2. Then, model-based MPPT was proposed as 

follows: PVG output current is measured first; then, 

corresponding MPP voltage is calculated using the MPL 

expression and set as reference voltage VMPP (cf. Fig. 1). 

Voltage controller processes the difference between reference 

and actual PVG voltage, and the IPC is operated to reduce 

tracking error (VMPP–V) to zero. Since the MPL is temperature 

dependent, some adaptation mechanism (AM, cf. Fig. 1) is 

required both to provide the information regarding the 

temperature and account for parameter inaccuracies, which 

inevitably occur either during model-based MPL calculations 

or due to PVG ageing process. The AM may be realized by 

temperature measurement [8], estimation [9], perturb-and-

observe MPPT [6] or indirect extraction of temperature-related 

information [7]. Linear MPL (LMPL, cf. Fig. 2) 

approximation is very simple and easy to implement yet 

inaccurate for low solar irradiation levels.  

  

 
Fig. 2: I-V and P-V curves of a typical PVG for a given temperature. MPPs 

are indicated by black dots; LMPL is denoted by dashed line. 

 

More accurate MPL expressions, were implicitly obtained in 

e.g. [10] – [15], requiring numerical solution by suitable 

iterative procedure. Moreover, some of the expressions contain 

photocurrent as a variable, which is irradiation dependent. 

Consequently, instead of describing the MPL, they actually 

determine single MPP coordinates for given irradiation and 

temperature. The first drawback was recently addressed in [8], 

[16], [17], where explicit analytical MPL expression was 

obtained by means of the Lambert-W function. However, the 

derived expression is still irradiation dependent. In this letter, 

an explicit, irradiation independent MPL expression is 

obtained based on the single-diode PVG equivalent circuit. 

The derived expression is successfully utilized to obtain the 

MPL of an off-the-shelf commercial photovoltaic panel.  
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II.  MPL EXPRESSION DERIVATION 

A.  Single-diode PVG equivalent circuit 

Consider the well-known single diode PVG equivalent 

circuit, shown in Fig. 3. Electrical characteristics of the PVG 

are described by the following equation 
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where Iph is the photocurrent, Is denotes reverse saturation 

current, a stands for the ideality factor, Vt  symbolizes the 

thermal voltage, N is the number of series-connected cells 

forming the PVG and Rs and Rp are equivalent series and shunt 

resistances, respectively. 

 

 
Fig. 3: Single-diode equivalent circuit of a PVG. 

 

The thermal voltage is given by 
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where kb = 1.380×10−23 [J∙K-1] is Boltzmann’s constant; 

q = 1.602×10-19 [C] is the elementary charge and T [K] is the 

PVG temperature. The asterisk '*' here and thereafter denotes 

that the parameter value corresponds to "known" conditions, 

(usually STC of 1000W∙m-2 irradiation and 25oC temperature). 

Reverse saturation current is obtained for mono-crystalline 

silicon as 
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with Eg denoting energy band gap of the material. Photocurrent 

dependence on ambient conditions is given by 
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where  is the short-circuit current temperature coefficient, G 

[W∙m-2] the solar irradiation and kph the spectral factor (kph = 1 

for air mass ratio of 1.5). Apparently, while thermal voltage 

and reverse saturation current are influenced only by 

temperature, photocurrent is both temperature and irradiation 

dependent. 

B.  Existing nonlinear MPL expressions 

Note that the following holds at MPP:, 

 
 

0 .MPP

MPP MPP

d VI IdI

dV dV V
     (6) 

Hence, substituting (1) and (2) to (6) yields 
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(7) 

implicitly linking MPP coordinates for a given temperature 

based on four out of five equivalent circuit parameters without 

possessing irradiation dependence.  

On the other hand, in order to derive an explicit MPL 

expression, the procedure proposed in [8], [17] has been 

applied as follows. First, MPP voltage coordinate of the PVG 

equivalent circuit ideal part (cf. Fig. 3) was obtained 

analytically from (1) and (2) as 
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Then, corresponding MPP current was obtained from (8) as 
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Eventually, MPP coordinates of the PVG were approximated 

by  
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and 

 1,

1, ,
MPP

MPP MPP

p

V
I I

R
   (11) 

respectively, assuming that the MPP of the ideal part coincides 

with the PVG MPP (which is true for Rs << Rp, as proved in 

[16],[17]). Corresponding MPL may then be explicitly 

obtained by combining (8) - (11) as 
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Still, (8) and thus (12) remain dependent on solar irradiation 

(cf. (5)). Thus, in order to apply (12) in real time, G must be 

known. However, direct high-bandwidth irradiation 

measurement is noisy and unreliable while estimation of Iph 

requires relatively complex calculations [8]. On the other 

hand, combining (10) and (11) into (9) yields an irradiation 

independent, yet implicit expression 
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which is actually a reformulation of (7). This may be used to 

derive two boundary MPL points, given by 
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respectively. 

C.  Proposed MPL expression 

Note that (9) defines MPL expression for PVG equivalent 

circuit ideal part and may be rewritten as 
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Apparently, (16) is irradiation independent but deviates from 

PVG MPL, as shown in [8, Fig. 2]. However, recall the MPL 

purpose: for a given PVG current, it should yield the 

corresponding MPP voltage. Consequently, we are not looking 

for MPP coordinates at given environmental conditions but for 

VMPP corresponding to measured current for a given 

temperature. Thus, substituting (16) to (10) 
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Relating to I1,MPP in (17) as the measured current, the 

expression explicitly approximates the desired MPL without 

any dependence on photocurrent. Corresponding power-

voltage plane MPL is then given by 
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III.  VALIDATION 

Consider REC-AE220 multi-crystalline solar module with 

STC specifications summarized in Table I. The five 

corresponding equivalent circuit parameters were derived in 

[9] and are given in Table II.   

  
TABLE I 

MAIN STC SPECIFICATIONS OF REC-AE220 

Peak power 220 [W] 

MPP voltage, VMPP 28.7 [V] 

MPP current, IMPP 7.7 [A] 

Open circuit voltage, VOC 36.6 [V] 

Short circuit current, ISC 8.2 [A] 

Temperature coefficient of ISC, ε 0.074 [%/oC] 

 

TABLE II 

REC-AE220 EQUIVALENT CIRCUIT PARAMETERS AT STC  

Reverse saturation current, Is 1.6∙10-10 [A] 

Photocurrent, Iph 8.21 [A] 

Series resistance, Rs 0.47 [Ω] 

Parallel resistance, Rp 608 [Ω] 

Normalized thermal voltage, NaVt 1.48 [V] 

 

Fig. 4 depicts I-V and P-V curves families of REC-AE220 for 

T = 25oC and irradiation levels of 100W∙m-2 – 1000W∙m-2 

(with 100W∙m-2 resolution). First, MPL is derived by the 

procedure described by (8) - (11) [8], [17], requiring the 

knowledge of Iph (referred to as "existing MPL"). Then, (15) is 

used to derive the MPL (referred to as "proposed MPL") 

without any information regarding Iph. Apparently, both MPLs 

coincide, verifying the validity of the proposed method. 

Furthermore, in order to confirm (17) for non-STC conditions, 

I-V and P-V curves families of REC-AE220 for T = 50oC and 

different irradiation levels were derived by modifying 

photocurrent, reverse saturation current and nominalized 

thermal voltage according to (3) – (5). Existing and proposed 

MPLs were then obtained as above. The results are shown in 

Fig. 5, again indicating overlapping of both curves, supporting 

the validity of (17).    

 

 

 
Fig. 4: Families of I-V curves (a) and P-V curves (b) of REC-AE220 for T = 

25oC with corresponding MPLs. Actual MPPs are indicated by black dots. 

 

 

 
Fig. 5: Families of I-V curves (a) and P-V curves (b) of REC-AE220 for T = 

50oC with corresponding MPLs. Actual MPPs are indicated by black dots. 

 

2200[ ]W m

2400[ ]W m

2600[ ]W m

2800[ ]W m

21000[ ]W m

2200[ ]W m

2400[ ]W m

2600[ ]W m

2800[ ]W m

21000[ ]W m

(a)

(b)

(a)

(b)

Page 3 of 4

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review
 O

nly

 4 

IV.  CONCLUSION 

In this letter, an explicit, yet irradiation independent 

expression for photovoltaic generator maximum power line 

was derived, allowing efficient real-time implementation 

without the need for photocurrent estimation. The results 

indicate that the derived curve overlaps with the one obtained 

in earlier works, requiring photocurrent related information, 

validating the accuracy of the proposed approach. 
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