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Electronic circuits suitable for converting, controlling and conditioning electrical energy 

in solar applications are required to ensure efficient use of the solar system. This paper 

proposes a stand-alone system consisting of a Maximum Power Point Tracking (MPPT) 

algorithm and a fuzzy logic based voltage controller for a photovoltaic application. The 

fuzzy logic-based intelligent algorithm MPPT controls the DC-DC boost converter to find 

the best Maximum Power Point (MPP) with speed and accuracy without steady state 

oscillations under variable methodological conditions (irradiance and temperature). The 

fuzzy logic-based voltage controller is designed using the T-Standards and the 

standardization process to improve transient control performance. Voltage Regulation 

Control with Adaptive Fuzzy Logic for a Stand-alone Photovoltaic System is designed and 

simulated in the MatLab/Simulink environment. The results show that the fuzzy controller 

effectively resolves system voltage instability by keeping the DC-DC buck converter 

voltage constant despite variable weather and load conditions. 
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1. INTRODUCTION

The efficient use of photovoltaic (PV) solar energy requires 

electronic circuits associated with the conversion, control and 

conditioning of electrical energy. Particular emphasis is placed 

on the search for highly efficient converter topologies and the 

design of control mechanisms to meet the objectives of the 

latter [1, 2]. However, the low conversion efficiency of solar 

cells is a particularly associated disadvantage and depends on 

weather conditions and the applied load [3-5]. Therefore, to 

increase the efficiency of a stand-alone PV system dedicated 

to grid connection or storage, the latter must be used at its 

Maximum Power Point (MPP) and associated with a voltage 

regulation system to solve the problem of voltage fluctuation 

[5-7]. 

In the first aspect, many Maximum Power Point Tracking 

(MPPT) methods have been developed to track the MPP. 

These include Perturb and Observe (P&O) [8], Incremental of 

Conductance (INC) [9], Hill Climbing (HC) [10], Fuzzy Logic 

Controller (FLC) [7, 11] and Neural Network (NN) [7, 11]. 

These methods vary in convergence speed, oscillations around 

the MPP, complexity of implementation algorithms, 

calculation costs and electronic requirements. The FLC-based 

MPPT method is preferred in this study. Indeed, this method 

is faster in terms of stabilization time, in changing weather 

conditions and this without affecting the circuit parameters [2-

5, 11]. In addition, it is accurate, oscillates less and gives the 

best result to find changes in the MPP [7, 11]. 

With regard to the fluctuation of the voltage at the output of 

the DC-DC converter, two control structures can be used. 

Current mode control, consisting of two interlocking closed-

loop systems; the internal system is a current control system, 

while the external system is a voltage control system [12-17]. 

The feasibility of the interlocking control system requires that 

the internal control is relatively faster. In addition, it stabilizes 

the unstable zero dynamic range, allowing the usual control 

designs to be applied. However, the performance of the control 

system may be poor when working outside the nominal 

operating conditions. Fuzzy Logic controllers have been used 

in the researched [12, 13] without any guarantee of stability 

and performance for simultaneous variation of source and load. 

The second approach is voltage control, which is based on 

direct control of the output voltage without using the current 

control system or stabilizing the dynamics of unstable zeros. 

A common technique is to use the linearized model of the 

system, valid in a vicinity of the nominal point, with its 

uncertainties, if necessary. The automatic setting of the PID 

was taken into account in the studies [16, 17]. The extended 

linearization with integral-proportional (IP) and (PI) controller 

was continued in the study [18] and the predictive control of 

the model was considered by Pathak and Yadav [19]. 

Although these approaches increase robustness and 

performance at high disturbances, they would have poor 

performance throughout the workspace and could lead to 

unexpected behavior. 

In this paper, adaptive voltage control in Fuzzy Logic is 

proposed for a stand-alone photovoltaic system illustrated in 

Figure 1. The block diagram of the stand-alone photovoltaic 

system consists of a solar panel as the power source for the 

system. Then, the first DC-DC Boost converter with its MPPT 

control provides the maximum available power and serves as 

an interface between the solar panel and the next converter. 

And finally, the second Buck DC-DC converter with its fuzzy 

logic based voltage regulator serves as an interface between 

the variable load and the previous converter. The converter 

with its MPPT control uses the Vpv voltage and Ipv current  
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Figure 1. PV system MPPT algorithm and voltage control with fuzzy logic 

 

supplied by the PV module as inputs. Then the Pulse Width 

Modulation (PWM) signal generated by the Maximum Power 

Point Tracking (MPPT) control is used to drive the DC-DC 

boost converter. The voltage control based on fuzzy logic uses 

the voltage supplied by the Buck DC-DC converter and the 

voltage reference to generate the PWM signal to drive the 

Buck DC-DC converter. 

The objective is to use this stand-alone photovoltaic (PV) 

system at its Maximum Power Point (MPP) and through fuzzy 

logic control, provide a constant voltage at the output of the 

DC-DC converter, regardless of weather conditions and 

variable load. We design a Fuzzy Logic Controller based on 

the knowledge of the latter’s techniques according to which its 

transient control performance is improved if we act 

simultaneously on the T-Standards and the standardization 

process. By using Fuzzy Logic implication interpreted as a 

conjunction and the Integral type optimization criterion of the 

absolute error, absolute value between the set point applied to 

the system and the measured output variable (in this case, 

voltage of the DC-DC Buck converter), we derive a stability 

condition of the closed loop control system that can be used to 

adjust its parameters. 

This document is structured as follows: the PV system 

architecture and the preference, modeling of converters are 

described in Section 2. Subsequently in Section 3, the adaptive 

Fuzzy Logic based MPPT algorithm and control design of the 

converter is presented. The results of the simulation and 

discussions are given in Section 4. The conclusion 

summarizing the salient points is presented at the end of the 

document. 

 

 

2. PV SYSTEM ARCHITECTURE 

 

A photovoltaic (PV) system is mainly composed of a PV 

module, a converter and a load. This system produces DC 

voltage and current that is ideal for certain applications, such 

as battery charging. The converters that are used as an 

interface maintain the operating point of the PV system at 

Maximum Power Point (MPP) using Maximum Power Point 

Tracking (MPPT) algorithms. 

 

2.1 PV model and characteristics 

 

The circuit in Figure 2 represents the equivalent scheme of 

a PV cell [15]. Usually composed of a diode and two resistors 

(series Rs and parallel Rp), in the presence of ambient light, it 

produces electrical current through the photovoltaic effect. 
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Figure 2. Electric model equivalent to a PV cell 

 

The current generated by the cell of Eq. (1) is then 

determined by applying Kirchhoff’s rules in Figure 2. 
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where, V is the output voltage across the PV panel, a is the 

diode ideality factor, Vt is the thermal voltage (Vt=KT/q), K is 

the Boltzmann constant, q is the electron charge. The photo 

generated current is expressed as: 

 

( ) /ph sc i n nI I K T T G G= + −    
(2) 

 

where, Isc is the PV cell’s short-circuit current, Ki is the current 

coefficient, T, G, Gn and Tn are respectively, the actual 

temperature, actual irradiation, nominal irradiation and 

nominal temperature. The diode reverse saturation current is 

given by: 
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where, Voc is the cell’s open-circuit voltage at the nominal 

conditions and Kv is the voltage coefficient. 

The Solkar36w PV panel used in our study is of the non-

crystalline silicon type. It produces a power of 40 W under 

Standard Test Conditions (STC: 1000 W/m² and 25°C). The 

numerical data for the simulation are listed in Table 1 [15]. 

The current-voltage (I-V) and power-voltage (P-V) 

characteristics of solar photovoltaic (PV) modules under STC 

conditions are the basic requirements for monitoring the 

Maximum Power Point (MPP) using one of the Maximum 

Power Point Tracking (MPPT) algorithms. Therefore, the 

single-diode photovoltaic (PV) cell electrical circuit of Figure 

1 with Eqns. (1), (2) and (3) are used to simulate the 

characteristic curves of the Solkar36w PV panel of Figure 3 in 
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the MatLab/Simulink environment. As shown in Figure 3, 

there are individual points on the I-V and P-V characteristics 

of the PV panel for G=1000 W/m² and T=25°C, which are 

recognized as the maximum power (Pmpp), maximum voltage 

(Vmpp) and maximum current (Impp) corresponding to the 

Maximum Power Point. In order to produce the highest power, 

regardless of solar radiation and temperature, the operating 

point of the PV module must correspond to the maximum 

value of the I-V or P-V curve. 

 

Table 1. Solkar36w PV panel numerical data 

 
Parameters Symbols Values 

Maximum power Pmpp (W) 37.08 

Maximum voltage Vmpp (V) 16.56 

Maximum current Impp (A) 2.25 

Open-circuit voltage Voc (V) 21.24 

Short-circuit current Isc (A) 2.55 

Voltage coefficient Kv (V/K) -1.0017 

Current coefficient Ki (A/K) 0.032 

 

 
 

Figure 3. Characteristic curves of the solkar36w PV panel 

 

2.2 Preference and Modeling of converters 

 

The design of a DC-DC adapter stage makes it easy to 

connect a photovoltaic (PV) panel to a continuous load with a 

relatively high conversion efficiency and maximum power 

transfer. In this paper, the boost and buck converter are using, 

respectively, for tracking, the MPP and voltage control as 

illustrated in Figure 1. 

 

2.2.1 Modeling of the boost converter 

The operation of the boost converter is conditioned by a 

switching device, the latter can be MOSFET. If the duty cycle 

is D, during the period 0 < t < DT, the Mosfet (T1) is open and 

the diode is reversed polarized. The voltage through the 

inductance L1 is VL1 = Vcin. When T1 is closed (DT < t <T), the 

energy stored in the inductance is released by the diode in the 

output circuit (VL1 = Vcin - Vc) [14, 20]. The expressions used 

to calculate the inductance L1 and the capacitor C of the boost 

converter (see Figure 1) are provided by: 
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where, Vcin and Vout are respectively, the input and output 

voltage, ∆LL1 and ∆Vout are respectively, an estimation of 

inductor and output ripple voltage, fs is switch frequency. 

The value of the boost inductance is 290 µH, the capacitors 

of the input and output filters are 250 µF and 330 µF 

respectively. The switching frequency used is 10 kHz. 

 

2.2.2 Modeling of the buck converter 

The conversion of a lower output voltage than the input 

voltage is a specific feature of the buck converter. The 

MOSFET (T2) is operating in the range 0<t<DT and the diode 

is polarized in reverse. The inductance is charged with a 

voltage of VL2=Vc-Vcout in the range DT<t< T, the MOSFET is 

in the off state and the diode is conductive [19, 20]. The 

expressions used to obtain the inductance L2 and the capacitor 

C of the buck converter (see Figure 1) are described by: 
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where, Vc and Vcout are respectively, the input and output 

voltage, ∆LL2 and ∆Vcout are respectively, an estimation of 

inductor and output ripple voltage, fs is switch frequency. 

The value of the buck inductance is 290 µH, the capacitor 

output filter is 330 µF and the switching frequency used is 10 

kHz. 

 

 

3. ADAPTIVE FUZZY LOGIC 

 

Lotfi Aliasker Zadeh in 1965 introduced the theory of fuzzy 

sets, which are the basis of fuzzy logic. One of the 

characteristics of this intelligent technique is the use of 

linguistic rather than numerical variables [11, 21, 22]. In this 

subsection, we will discuss the definition of the proposed 

intelligent control systems according to the principles of fuzzy 

logic. 

 

3.1 Adaptive fuzzy logic MPPT algorithms 

 

In previous years, conventional Maximum Power Point 

Tracking (MPPT) algorithms have been increasingly 

neglected at the expense of MPPT algorithms based on 

artificial intelligence. The latter have good efficiency, a very 

good and fast response, without exceeding and less significant 

fluctuations during the fast changes of irradiation and 

temperature. For its implementation, the MPPT technique 

based on Fuzzy Logic has the advantage of working with 

imprecise inputs, without the need for an exact mathematical 

model to manage the non-linearity of the photovoltaic system. 

In most of the literature, a Fuzzy Logic-based MPPT with two 

inputs and one output has been proposed. In this section, the 

two input variables used are the error E(k) and the variation of 

the error CE(k) which are provided by [7, 14, 15]: 
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(12) 

 

where, Ppv(k) and Vpv(k) are the power and the voltage of the 

photovoltaic panel respectively. 

By analyzing the power-voltage (P-V) characteristic curve 

in Figure 3, the position of the load operating point at time k 

(either to the right or left of the Maximum Power Point) is 

determined by the input error E(k). The direction of 

displacement of this point is indicated by the input change of 

error CE(k). 

In this article, the technique implemented with the fuzzy 

combination law of the Max-min operation is that of Mamdani. 

Figure 4 shows the diffrent parts of Fuzzy Logic Controller 

(FLC). It is structured into three main basic parts: 

Fuzzification, basic rule and defuzzification. 

Fuzzification is an important concept in the Fuzzy Logic 

theory. Fuzzification is the process where the crisp quantities 

are converted to fuzzy (crisp to fuzzy). By identifying some of 

the uncertainties present in the crisp values, we form the fuzzy 

values (see Figure 5). The conversion of fuzzy values is 

represented by the membership functions. 

In this study, membership function values are assigned to 

the linguistic variables using seven fuzzy subsets: NF 

(Negative Huge), NW (Negative Average), NL (Negative 

Little), Z (zero), PL (Positive Little), PW (Positive Average) 

and PF (Positive Huge). The partitions of fuzzy subsets and 

the shape of membership functions are shown in Figure 5. It 

should be noted that the number and shape of the membership 

functions were initially selected based on trial and error and in 

such a way that the regions of interest are covered 

appropriately by the input data. The control rules are indicated 

in Table 2 with E and CE as inputs and duty cycle dD as the 

output. In addition, the control surface of Fuzzy model is 

shown in Figure 6. The reason of defining these rules is to 

achieve a proper duty cycle in each situation. 

Inference rules: This method involves the knowledge to 

perform deductive reasoning. The membership function is 

formed from the facts known and knowledge. Let us use 

inference method for the identification of the triangle. 

An example of a check rule from Table 2 can be read as 

follows: if E is Zero(Z) and CE is Positive Little (PL) then dD 

is Positive Little (PL). 

Defuzzification consists of converting the output of the 

linguistic variable into a precise numeric variable. 

Defuzzification uses the center of gravity to calculate the 

output of the FLC which is the duty cycle (D): 

 

 

(13) 

 

where, Dj is a numerical value understandable by the external 

environment (in our case ∆Vpv). 
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Figure 4. Fuzzy Logic-based scheme for Maximum Power Point Tracking (MPPT) 
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Figure 5. Membership functions, (a) for input E(k), (b) for input CE(k), and (c) for output dD 
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Table 2. FLC matrix rules 
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Figure 6. Three-dimensional surface corresponding to the 

membership in Figure 5 and the rule in Table 2 

 

3.2 Proposed adaptive Fuzzy Logic Control of Buck 

converter 

 

In recent years, numerous publications have highlighted the 

good dynamic performance of Fuzzy Logic Controller-

controlled systems. In this Section, we will focus on regulating 

the voltage of the Buck converter, the block diagram of which 

is illustrated in Figure 7. The buck converter will be controlled 

in current mode, the non-linear load will consist of a variable 

resistance. In this case, we will perform a cascade type Fuzzy 

Logic voltage control. 

 

3.2.1 e(k) and de(k) input 

Consider the Fuzzy Mamdani controller with two inputs and 

one output described in the previous section. The two inputs 

for voltage control at the output of the buck converter defined 

by Eqns. (14) and (15) respectively represent the error and the 

error variation. 

 

( ) ( ) ( )ref me k V k V k= −
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( ) ( ) ( )1de k e k e k= − −
 

(15) 

 

3.2.2 The input normalization 

The Fuzzy Logic Controller handles normalized input 

(domain [-1 1]). Generally, the value of en is fixed and den is 

used as an optimization parameter as given by: 
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3.2.3 Fuzzy Logic Controller 

A Fuzzy Logic Controller defines the change in the duty 

cycle as defined by Eq. (18). The design of the Fuzzy Logic 

systems is presented in the next section. 

 

( ) ( ) ( ) ' ' , 'cu k f e k de k =
 

(18) 

 

3.2.4 Fuzzy Logic Controller output renormalization 

The output of the Fuzzy Logic Controller is deformalized 

using factor gm, to obtain the relative change in the duty cycle 

as given by: 

 

( ) ( ) ' mu k u k g = 
 

(19) 

 

3.2.5 Controller output, duty cycle 

Finally, the relative change is integrated to find the duty 

cycle of the converter by using an integrator as defined by: 

 

( ) ( ) ( )( ) max 0, min 1, 1 echu k u k u k T= − +
 

(20) 

 

 

 
 

Figure 7. DC-DC power converter voltage controller 
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Figure 8. Proposed simulink model of PV system MPPT algorithm and voltage control with fuzzy logic 

 

 

4. SIMULATION RESULTS AND DISCUSSIONS  

 

Figure 8 shows the obtained global diagram Simulink model 

of photovoltaic (PV) system with Maximum Power Point 

Tracking (MPPT) algorithm and voltage control with Fuzzy 

Logic. The model was implemented and simulated in the 

MatLab/Simulink environment. 

In Figure 8, the block diagram of the stand-alone PV system 

consists of a solar panel as the power source for the system. 

Then, the first DC-DC Boost converter with its MPPT control 

provides the maximum available power and serves as an 

interface between the solar panel and the next converter. And 

finally, the second Buck DC-DC converter with its Fuzzy 

Logic based voltage regulator serves as an interface between 

the variable load and the previous converter. The converter 

with its MPPT control uses the Vpv voltage and Ipv current 

supplied by the PV panel as inputs. Then the Pulse Width 

Modulation (PWM) signal generated by the MPPT control is 

used to drive the DC-DC boost converter. The voltage control 

based on Fuzzy Logic uses the voltage supplied by the Buck 

DC-DC converter and the voltage reference to generate the 

PWM signal to drive the Buck DC-DC converter. 

 

4.1 Analysis of FLC based MPPT algorithm 

 

The European Dynamic Energy Efficiency Test Standard 

EN 50530 specifies a test procedure for evaluating the 

effectiveness of maximum power point tracking (MPPT) 

systems. Figure 9 shows the profile of Irradiance (G) and 

Temperature (T) used to assess the MPPT algorithm. Initially, 

G = 1000 W/m² and T = 25℃, then G changes to 800 W/m² 

and T changes to 20℃. G and T rise to 900 W/m² and 35℃ 

respectively, then G drops to 750 W/m² when T passes 30℃. 

Finally, G reaches 950 W/m² when T rises to 40℃. These 

changes are performed every 0.2 s with a total simulation time 

of 1 s. 

In order to validate the effectiveness of the proposed method, 

the latter is tested using the Irradiance and Temperature profile 

illustrated in Figure 9. To demonstrate the response of the 

photovoltaic system to the simultaneous change in solar 

radiation and temperature, MatLab software was used to 

perform the simulations. Figure 10 shows the Maximum 

Power Point (MPP) pursuit of the proposed algorithm. It 

shows a fairy tale oscillation and a correct direction of MPP 

tracking. 

 
 

Figure 9. Profile of Irradiance and Temperature 

 

 
 

Figure 10. Maximum power point follow-up 

 

The simulation results in Figure 11 show the waveforms of 

the photovoltaic (PV) panel power in red color (Ppv in Watt), 

in black color the PV panel voltage (Vpv in Volt), the loading 

voltage in blue color (VL in Volt) and in green color the current 

(Ipv in Ampere). The results in Figure 11 corroborate that the 

values of Ppv, Ipv and Vpv have reached the same values as those 

presented by the PV specifications in Figure 3 for a constant 

solar irradiation. The response time of the FLC-based MPPT 

algorithm is 5 ms and oscillates less in the dynamic regime. In 

addition, the change in irradiation significantly affects its 

differences in magnitude. The DC-DC boost converter used is 

corroborated by comparing the waveforms of the panel voltage 

and the load voltage. 
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Figure 11. The results of the simulation of Fuzzy Logic 

Controller (FLC) based MPPT algorithm 

 

4.2 Response assessment of the buck converter with 

proposed adaptive fuzzy logic control 

 

With the standard settings of the Fuzzy Logic Controller 

(FLC) studied, whose role is to maintain a constant voltage of 

12 V at the output of the buck converter despite simultaneous 

disturbances of the load and weather conditions (Temperature 

and irradiance). After simulation, we obtained the results 

presented in Figure 12.  

During the simulation, an increment step of 0.1 s is imposed 

to vary the load from 25 to 35 Ω. The results in Figure 12 show 

a significant reduction in overshoot, adjustment time, peak 

amplitude and rising time. 

 

 
 

Figure 12. Response of buck converter 

 

Table 3 shows the buck converter performance analysis 

under simulation conditions using the proposed Fuzzy Logic 

controller (FLC) adaptive control. 

 

Table 3. Buck converter assessment 

 
Parameters Profile 

Amplitude of ridge (V) 12 

Rising time (ms) 2.1 

Settling time (ms) 20 

Overshoot (%) 2 

 

 

5. CONCLUSION 

 

An efficient use of photovoltaic (PV) solar energy requires 

electronic circuits associated with the conversion, control and 

conditioning of electrical energy. In this work, a system 

consisting of Maximum Power Point Tracking (MPPT) 

algorithm and a Fuzzy Logic-based voltage controller was 

designed. This system was implemented and observed under 

variable methodological conditions (irradiation and 

temperature) and load. The proposed Fuzzy Logic-based 

MPPT algorithm is able to find the Maximum Power Point 

(MPP) quickly and accurately without steady state oscillations. 

The latter extract the maximum power from the solar panel in 

accordance to the electrical characteristics of the PV module 

with excellent performance. The results of the output voltage 

of buck converter with Fuzzy Logic-based controller designed 

using the T-Standards and the standardization process have 

good transient control performance. In addition, this Fuzzy 

Logic Controller guarantees a DC voltage of 12 V at the output 

of the Buck converter and satisfactorily confirms the rejection 

of disturbances. The development of an experimental test 

bench for the proposed system will be carried out in future 

work in order to verify the simulation results. 
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NOMENCLATURE 

 

a Diode ideality factor 

C Capacitor  

D Duty cycle  

DC Direct Current 

dE, de Variation of the error 

E, e Error 

FLC Fuzzy Logic Controller  

fs Switch frequency 

G Actual irradiation 

Gn Nominal irradiation  

I Output current of the PV panel 

Isc PV cell’s short-circuit current  

K Boltzmann constant, 

k Sampling time 

Ki Current coefficient  

Kv voltage coefficient 

L1 Inductance of the boost converter 

L2 Inductance of the buck converter 

MPP Maximum Power Point 

MPPT Maximum Power Point Tracking 

NF Negative huge 

NL Negative Little 

NW Negative Average 

PF Positive Huge 

PL Positive Little  

PV Photovoltaic  

PW Positive Average 

PWM Pulse Width Modulation 

q Electron charge 

Rp Resistors parallel 

Rs Resistors series 

STC Standard Test Conditions 

T Actual temperature. 

t Time  

Tn Nominal temperature 

V Output voltage across the PV panel 

Voc The cell’s open circuit voltage at the nominal 

conditions  

Vt Thermal voltage 

Z Zero 
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