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A B S T R A C T  
 

 

One of the key challenges of employing photovoltaic systems is to extract maximum power of the 

panels. This problem is known as maximum power point tracking (MPPT) technique. The MPPT 

stands for establishing situation in which output power of the panels reaches its maximum allowable 
power. In this context, this paper is to assess the technical requirements to achieve maximum output 

power of a number of photovoltaic (PV) panels in Z-source inverters. For the sake of simplicity and 

without loss of generality, a generic 7-level Z-source multi-level inverter to use with the PV panels is 
considered for our purpose. The conducted assessment is performed in terms of the analysis of the 

input resistance of the connected inverter. The simulation results showed that achieving the maximum 

power point (MPP) depends on the various governing factors including components of the inverter (i.e. 
load, frequency switching, and electric elements value), irradiance level, ambient temperature, and 

partial shading effect. Also, as the results demonstrate, in a number of combinations of the conditions 
there is not an optimum situation in terms of achieving MPPT.  In addition, major parts of the findings 

are implemented on a practical system. 

doi: 10.5829/ije.2018.31.06c.09 
 

 
1. INTRODUCTION1 
 
In the past decades, the growing environmental 

concerns and simultaneously depletion of the fossil 

fuels have been promoted deployment of the renewable 

energy resources [1]. In this context, the energy from 

sun, i.e. solar energy, has been attracted a special focus. 

The reasons behind this fact is possessing distinguished 

features including clean electrical energy production, 

vast and abundant resources on the earth, without any 

noisy pollution mechanism and less maintenance 

requirements, with the static power generation 

equipments, and minimum ecosystem destruction [2]. 

Photovoltaic (PV) arrays are the most common tools to 

extract the solar energy. Nowadays, electric energy 

production from these arrays in various power ratings 

ranging from some Kilowatts to Megawatts is a 

common practice as its worldwide deployment 

demonstrates [3]. Producing electric power in these 
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arrays is a function of various factors. One of the key 

challenges of employing photovoltaic systems is to 

extract maximum power of the panels. This problem is 

known as maximum power point tracking (MPPT) 

technique. The main objective of a MPPT algorithm to 

be used in a PV system is to extract maximum allowable 

power of the panel by means of in hand parameters and 

situations [4].  

Researchers have aimed to achieve the maximum 

power point in photovoltaic modules and panels to 

enhance efficiency of the whole system. In this regard, 

namely to obtain the maximum energy from 

photovoltaic panels, numerous methods have been 

proposed to realize the MPPT in a PV. Various method 

are proposed including Hill-Climbing [5], Fractional 

Open-Circuit Voltage Control [6], Perturb and 

Observation (P&O) [7], Incremental Conductance (Inc 

Cond) [8], Fractional Short Circuit Current Control [9], 

Fuzzy Logic Control [10], Neural Network [11], and 

Ripple-Correlation Control [12]. The main differences 

among these methods is the rate of convergence, 

complexity of design and structure, digital or analogue 
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hardware, and accuracy in achieving MPP. For example, 

The Inc Cond, is only digitally implementable method, 

P&O and Hill-Climbing methods are the simplest ones 

in structure, and Fuzzy Logic Control and Neural 

Network methods have the highest rate of convergence 

[13, 14].  

In the above mentioned techniques, it is not possible 

to realize the MPPT algorithm at many conditions. To 

achieve this goal (realization of MPPT algorithm), it is 

necessary to measure the input resistance of the 

converters. In order to transfer the maximum power 

from the panels to the circuit, this resistance should be 

equal to the inverse slope of the output resistance curve 

of the panels obtained from the I-V characteristic of the 

panel intersecting MP point. A few works have been 

published in this regard. Rosan et al. [15, 16] dicussed 

the idea of controlling the input resistance of a 

switching boost converter which is introduced to track 

the MPP of a PV panels. A novel MPP tracker 

algorithm for PV systems employing just a single 

voltage sensor presented in literature [17, 18]. In these 

works, the MPPT is achieved by taking advantage of the 

steady state behaviour of the input resistance 

characteristic of the basic DC-DC converter. A MPPT 

algorithm based on analysing input resistance is 

considered while taking into account variable weather 

parameters [19]. It has been reported in literature [20, 

21], input resistance area of the buck, boost, and buck-

boost converters are illustrated and by defining a “non-

capture zone”, the area in which there is no achievement 

of the maximum power point is specified. The input 

resistance of PWM DC-DC conventional converters 

(buck, boost, and buck-boost converters) in both voltage 

mode control and current mode control are reported in 

literature [22]. 

In all of the surveyed literature in the preceding 

paragraph for the realization of the maximum power 

point, other environmental conditions such as level of 

the sun irradiance, ambient temperature, and partial 

shading effect are not investigated. Also, the condition 

in which there is not a feasible situation in terms of 

MPPT is not addressed. The aim of the current paper is 

to shed light on these two research gaps. In other words, 

this paper is to analysis the technical requirements to 

achieve maximum power point in PV powered Z-source 

inverters. It is proved that accessibility or inaccessibility 

to MPP in such inverters depends on the parameters and 

elements of the circuit as well as the environmental 

conditions. The inverter considered in this paper is a 

single-stage one which increases input voltage and also 

enables achieving maximum power point [23]. The 

proposed assessment is based on the analysis of the 

inverter input resistance. To this end, the input 

resistance of the two ends of inverter-feeding panels 

using circuit methods and Laplace Transform is 

calculated. Then, the variations range of resistance 

observed from the two ends of the panels under various 

scenarios and conditions were examined. Also by 

modelling the I-V curve of the PV panels in presence of 

environmental changes and partial shading effect and 

match it with the input conductance area of the Z-source 

inverter, realization of MPPT algorithm is evaluated. 

Finally, the proposed method is applied in practical 

1kW seven-level Z-source multi-level inverter (7-Z-

source MLI) and the results in various circuit scenarios, 

sun irradiance, ambient temperature conditions, and 

partial shading effect with and without bypass diodes 

are discussed. 

This paper excluding introduction is organized as 

follows. In the Section II, analysis of Z-source inverter 

circuit is demonstrated. In Section III, the input 

resistance calculation method is detailed. The case 

study, simulations, testing the model in practical 

conditions and results are addressed in the Section IV. 

Finally, the conclusion is drawn in the Section V. 

 

 
2. ANALYSIS OF Z-SOURCE INVERTER CIRCUIT 

 
As shown in Figure 1a, in order to analyse the circuit of 

a Z-source inverter, the input resistance of the circuit 

should be extracted first [24-26]. In other words, the 

resistance seen from the terminals of the PV panels 

should be calculated. The resistance of the Z-source 

network has two different states including shoot through 

zero state (STZS) and active state. Analyzing these 

states is presented in the following. In addition, 

diagrams of the inductor’s current and the capacitor’s 

voltage of the Z-source inverter in steady state required 

for further calculations are presented in Figures 1b and 

1c. 

 
2. 1. STZS Resistance Analysis           A Z-source 

network model in STZS state is shown in Figure 2. As 

in the figure, the circuit equations in Laplace Transform 

space at steady state by KVL low are: 

 
(1) 

 (2) 

 
(3) 

 (4) 

 

2. 2. Active State resistance analysis Circuit model 

of the inverter in this state is presented in Figure 3.  
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Figure 1. (a) A Z-source inverter’s circuit schematic (b) 

Diagrams of the capacitor’s voltage in steady state (c) 

Diagrams of the inductor’s current in steady state 

 

 

Inverter network and load is equalized with a resistance 

with a very good approximation for simplicity purposes. 

Considering that in the actual systems the loads are 

usually a combination of many resistors and inductors, 

it should be modelled as an R-L load. This makes the 

equations complex so that obtaining an exact equation 

parametrically is not possible. In this case, the equation 

can be only obtained by the simulation. Thus, obtaining 

a resistance model can eliminate these difficulties by 

providing a high accuracy model.  

As a result, after simplification of the equations, we 

have: 

 
(5) 

 

(6) 

 
(7) 

sL

sL

Rin
 

 
Figure 2. Z-source network model in STZS state 
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Figure 3. Z-source network model in active state 

 

 

  

 

(8) 

In order to simplify the equations, we define the 

following variables: 

 

(9) 
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(10) 

Therefore, by placing the limit states of circuit 

(maximum and minimum values of capacitor’s voltage 

and inductor’s current), we have: 

 
(11) 

 (12) 

 (13) 

 (14) 

Which is a four-variable equation and can be written as 

a matrix as follows: 

 

(15) 

By solving the equation using MATLAB, the unknown 

values (limits, voltage and current) will be obtained. 

 
 
3. CALCULATING INPUT RESISTANCE OF THE 
INVERTER 
 

Using the results from the previous equations, the 

output voltage and input current of the inverter at any 

point of time can be obtained according to the following 

equations: 

 
(16) 

So: 

 

(17) 

In high frequencies, the output will be: 

 
(18) 

which is a well-known equation to model Z-source 

inverter with very little wave-formed ripples. 

To calculate the input resistance of the converter, it is 

necessary to determine its input current. Thus input 

current of the inverter is: 

 

(19) 

Now, input resistance of the inverter over time can be 

calculated: 

 

(20) 

And conductivity is: 

 
So: 

 

(21) 

From Equation (21), minimum and maximum values of 

the input conductivity are: 

 
(22) 

 (23) 

In the above equation: 

 
(24) 

An example of the conductivity observed in the inverter 

inputs is parametrically illustrated in Figure 4. 

The effective conductance seen in the chopper 

circuits is equal to the average current divided by the 

source voltage [27]. In other words, it is equal to the 

average value of the input conductance of Gin curve. 
 

 

 
Figure 4. A typical Gin waveform observed in inverter input 
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Therefore, MPPT algorithm considers the average value 

of input conductivity to actualize MPP. So according to 

Figure 4: 

 

(25) 

For simplicity purposes, linear approximation of the 

hyperbolic equations which carries little error is used. 

Eventually, we have: 

 (26) 

As the resulting equations indicate, maximum power 

point by changing D (duty cycle) is achieved. Also, 

variables G1 and G2 are dependent on D. Therefore, the 

above equation is a thoroughly nonlinear equation and 

the achievable D in MPP by numerical methods can be 

calculated. Figure 5 presents an example of these 

equations concept as well as conductivity variation 

range by changing D in Z-source inverter. As indicated 

by Equation (26), changing conductance will result in to 

produce an area. It should be noted that the variations in 

conductance is caused by minimum and maximum duty 

cycle (Dmin and Dmax). Also, if the MPP of the panel’s 

I-V curve is within the minimum and maximum 

conductivity range, achieving maximum power is 

possible and vice versa. In other words, under certain 

working conditions of the inverter, there may be a D 

that MPPT algorithm works accurately or such a D may 

not exist. In continue simulations and experimental 

results with different aspects are described. 

 

 

4. SIMULATIONS AND EXPERIMENTAL RESULTS 
 

In this section, firstly, the achieved formulas are 

simulated and then results of the test on a real world 

system are presented. In the simulations, the actual 

properties of a PV panel are used. The actual panel’s 

properties are shown in Table 1. 

 

 

 
Figure 5. Typical diagram of conductivity variation range in 

Z-source inverter input with panel’s I-V curve 
 

TABLE 1. Electrical Characteristic of Panels (Hanwha Solar 

One-Qidong-SF 160-24-1M180) 

# Characteristic Value (at STC) 

1 Voc 44.3 V 

2 Isc 5.59 A 

3 Vmp 35.4 V 

4 Imp 5.11 A 

5 Pmax 180 W 

 

 

In Table 1, all technical data is at Standard Test 

Conditions (STC), Irradiance level 1000 W/m2, 

spectrum AM 1.5, and cell temperature 25° C. 

By using real panel’s data, the nonlinear curve 

indicating series connection of two panels is (5 point 

estimations) [28]: 

 (27) 

The above equation is used in all subsequent 

simulations. 

 

4. 1. Simulation Results       The simulation results are 

described in three parts: 1) simulation in full sun 

condition at various frequencies 2) simulation in the sun 

irradiance and ambient temperature changes at constant 

frequency 3) simulation in partial shading condition 

with or without bypass diodes at constant frequency. 
 

4. 1. 1. Simulation in Full Sun Condition under 
Various Frequencies       Figure 6 illustrate Gin 

variation range for different Ds for various frequencies 

under following conditions as simulated in MATLAB for 

Figure 1a circuit (full sun): 

As shown in Figure 6, it is not possible to achieve 

MPP and implement MPPT algorithm for many 

switching frequencies. Table 2 presents values of D with 

respect to the transmitted power in various frequencies 

along with the maximum power transfer. As shown in 

Table 2, MPPT algorithm implementation is possible 

from a specific frequency onwards (in this certain case, 

approximately 100Hz). This specific frequency depends 

on elements, loads, and environmental conditions. In 

other words, there are such frequencies for each set of 

physical parameters of the circuit that make it possible to 

achieve the MPP. Figure 7a shows diagram of the 

inverter input connectivity for D in 10 kHz frequency. 

As indicated in Figure 7.a, with any increase in D, Gin 

increases as well; and in higher Ds, this increase is much 

higher. Also, Figure 7b shows the power obtained from 

the panels for various Ds in 10 kHz frequency. This 

diagram clearly shows what power can be obtained from 

the panel under certain working conditions in various 

duty cycles. 
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(a) Diagram of Gin variation range in 30Hz frequency 

 
(b) Diagram of Gin variation range in 60Hz frequency 

 
(c) Diagram of Gin variation range in 100Hz frequency 

 
(d) Diagram of Gin variation range in 1000Hz frequency 

 
(e) Diagram of Gin variation range in 10000Hz frequency 

 
(f) Diagram of Gin variation range in 100000Hz frequency 

Figure 6. Diagrams of conductivity variation ranges for 

various switching frequencies 

 

 
TABLE 2. Corresponding frequencies, D and maximum power 

transfer 

# 
Switching 

frequency D-MPPT 
Maximum power 

transmitted to inverter 

1 30Hz Does not exist 61 W 

2 60Hz Does not exist 315 W 

3 100Hz 0.26 360 W 

4 1kHz 0.28 360 W 

5 10kHz 0.28 360 W 

6 100kHz 0.28 360 W 

 
 

 

 
(a) 

 
(b) 

Figure 7. (a) Diagram of inverter input conductivity for D in 

10 kHz frequency (b) Diagram of power obtained from panels 

for D in 10 kHz frequency 
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4. 1. 2. Simulation in the Sun Irradiance and 
Ambient Temperature Changes at Constant 
Frequency      When sun irradiance changes, the I-V 

curve of the panels change and therefore it may be 

possible or not to access MPP. Figure 8 shows these 

conditions. As shown in Figure 8, achieving the MPP 

and implement MPPT algorithm for many irradiance 

conditions at a certain switching frequency is impossible. 

In the above example, if the irradiance is less than 0.25 

of fully sun, MPP is not possible. Thus, the designer 

must choose another switching frequency to achieve 

MPP in low irradiance conditions. Table 3 presents 

values of D correspond to the transmitted power in 

various sun irradiances along with maximum power 

transfer. Similar to the sun irradiance, this also applies to 

ambient temperature changes. Due to its limited papers’ 

space, its results have not been shown. 
 

 

 
(a) Diagram of Gin variation range in 5kHz frequency and full 

sun (1 sun) 

 
(b) Diagram of Gin variation range in 5kHz frequency and 

half sun (0.5 sun) 

 
(c) Diagram of Gin variation range in 5 kHz frequency and 0.2 

sun 
Figure 8. Diagrams of conductivity variation ranges for 

various irradiance (1 sun, 0.5 sun, 0.2 sun at 5 kHz switching 

frequency) 

TABLE 3. Corresponding sun irradiances, D and maximum 

power transfer 

# 
Sun (100% 

sun=1kW/m^2) 
D-MPPT 

Maximum power 

transmitted to inverter 

1 100% 0.28 360 W 

2 50% 0.14 164 W 

3 20% Does not exist 43  

 

 

4. 1. 3. Simulation in Partial Shading Conditions 
with or Without Bypass Diodes     In this part, the 

effect of partial shading on the realization of MPPT 

algorithm is studied. First, the equivalent circuit of the 

panels is extracted. Then, the MPPT realization 

simulations will be explained with and without using 

bypass diodes.  The panels are composed of three 

groups of cells. Each group is made of twelve series 

parts which each part is a parallel connection of two 

cells, as shown in Figure 9a. Also, as in this figure, 

three bypass diodes are used to bypass the cells in 

shading situation. In Figure 9b, the simplified 

equivalent circuit of the two series panels is shown. 
Figure 10a shows the I-V curves, MPPTs, and Gin-Area 

of the two series panels at partial shading in various 

conditions and 5 kHz switching frequency. 
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Figure 9. (a) Equivalent circuit of the panels (actual 180W 

panel (Table1)) (b) Simplified equivalent circuit of the two 

series panels 
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As shown in Figure 10a, it is impossible in many cases 

to realize MPPT algorithm (more than 12 shaded cells). 

In this figure, both parallel cells are considered to be 

equivalent to one cell (for example: 0.5 cell shaded 

means that one cell of two parallel cells in Figure 9a is 

shaded). 

In continue, simulation of the partial shading effect 

in the presence of panel bypass diodes was addressed. 

As shown in Figure 10b, with the presence of bypass 

diodes, due to the modification of the I-V curves, the 

MPP is realized for 12, 24, and 36 cell shaded in Figure 

10a. From the simulation, it is concluded that: due to the 

presence of bypass diodes in the panels, at the many 

partial effect conditions, realization of maximum power 

point is achieved. 

 
4. 2. Experimental Results    In order to test the 

evaluations made in the simulations part, a 1kW 7-Z-

source MLI (grid-connected photovoltaic inverter) is 

used as shown in Figure 11. This inverter is designed to 

achieve the maximum efficiency by using special 

switching in each stage. The seven-level waveform of 

the inverter output (pre-filter) has the minimum total 

harmonic distortion (THD). The considered load is 

resistive and off-grid mode is used for the experiment. 

Values of inverter’s elements are given below: 

  

In Figure 11a, each stage can be equated with Figure 1a 

and therefore, the obtained equations are valid.  

 

 

The seven-level produced voltage (before LCL filter) is 

presented in Figure 12a. Figure12b presents details of 

this waveform. 

 

 
(a) 

 
(b) 

Figure 10. (a) I-V curves, MPPs, and Gin-Area of the two 

series panels in partial shading conditions without bypass 

diodes (b) I-V curves, MPPs, and Gin-Area of the two series 

panels in partial shading conditions with bypass diodes 
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(b) (c) (d) 
Figure 11. (a) 7-level Z-source MLI diagram (b, c and d) 7-Level Z-source MLI setup 

 
 

As indicated in Figure 12b, each stage needs a different 

D to reach the minimum THD. The inverter in Figure 

11a whose details are presented in Figures 12a and 12b 

and fully sun condition, converged to MPP in all three 

stages under the following conditions (Table 4).  

 

 
(a) 

 
(b) 

Figure 12. (a) Waveform of the seven-level voltage (pre-

filter) (b) Details of the seven-level waveform 
 

 

TABLE 4. Values of various parameters in each stage after 

reaching MPP 

# 
Switching 

frequency Power obtained D-MPPT Gin (mho) 

Stage 1 5860Hz 330W 0.25 0.072 

Stage 2 5860Hz 335W 0.13 0.072 

Stage 3 5860Hz 332W 0.05 0.072 

Measurement results of the experiment suggest that the 

minimum switching frequency for the proposed 

photovoltaic inverter circuit is 40Hz where any smaller 

value will not make possible reaching MPPT with the 

listed elements values in full sun condition (in practice, 

the switching frequency is much higher than this value 

so that the proposed scheme is applicable). In low 

irradiance conditions and 5860 Hz switching frequency, 

if irradiance is smaller than 0.3 of full sun, then it is not 

possible to achieve the MPP (the total output power is 

about 150 watts and this is an undesirable state). Also, 

due to the use of the bypass diodes, at most cases of the 

partial shading in this structure, maximum power point 

of the panels was achieved. In general, for this inverter, 

the amount of sun irradiance is the most important issue 

for achieving the maximum power point.  

 

 

 

5. CONCLUSIONS 

 
Assessing technical requirements to obtain MPPT 

algorithm in Z-source inverters is performed in this 

paper. Results of theoretical studies and experiments is 

shown that the algorithm cannot be implemented in any 

conditions in terms of load, frequency switching, 

electric elements value, connections of bypass diodes, 

irradiance level, ambient temperature, and partial 

shading effect. This deduction is derived by calculating 

the inverter input resistance and comparing it with the I-

V curve of the panels in those particular conditions. The 

proposed method is implemented on a 1kW seven-level 

Z-source multi-level PV inverter. Results are analyzed 

and the accuracy of equations and the hypothesis is 

proven. To be more specific, it is recommended that in 

order for realize MPPT situation in any inverter, the 

necessary mathematical and circuit analysis should be 

evaluated, as conducted in this work. 
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 چکیده

 

 

 ن الگوریتمعنوا یکی از مسائل سیستمهای فوتوولتائیک، مسئله استحصال حداکثر توان از پانلها می باشد. این مهم با

MPPT یری این ق پذشناخته می شود و به معنای رهگیری حداکثر توان پانلهای خورشیدی می باشد. در این مقاله تحق

ی الگوریتم بر مبنای محاسبه نوعی بررسی می شود. تحقق پذیر Z-sourceی هفت سطحی الگوریتم در اینورتر خورشید

به  MPPTیتم و آنالیز مقاومت دیده  شده از دو سر مبدل می باشد. نتایج شبیه سازی نشان می دهد که تحقق الگور

ی ه زدگی جزئسای ی محیط و اثرپارامترهای مختلفی مانند: بار، فرکانس سوئیچینگ، مقادیر عناصر مدار، سطح تابش، دما

ز ااً بسیاری . ضمنبستگی دارد.  همچنین نتایج حاکی از آنست که در بسیاری از شرایط تحقق الگوریتم مذکور ممکن نیست

 نتایج حاصله با تست عملی سیستم نیز، مقایسه شده  است.

doi: 10.5829/ije.2018.31.06c.09 

 

 
 

 


