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1 Introduction

Today’s power electrical system scenario differs essen-
tially from the traditional configuration. Several factors 
such as increased electrical consumption, electricity 
market liberalization, the need to reduce pollution and 

CO2 emissions and  technological advancement are 
boosting the distributed generation (DG). 

Photovoltaic solar energy is one of the most relevant 
distributed energy resources in this new scenario [1]. 
Due to increased use of this technology, several regu-
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Sledenje točke največje moči s trinivojskim NPC 
quasi-Z-source neomrežnim razsmernikom v 
solarnih aplikacijah
Izvleček: Raziskava opisuje najbolj popularen algoritem sledenja točke največje moči za neomrežne fotonapetostne sisteme na 
osnovi trinivojskih NPC quasi-z-source topologij razsmernika za prenašanje največje moči v bremena ali shranjevalnike. Klasične 
metode, kot so dP/dV, motilno opazovalne metode in inkrementalna prevodnost, so bile prirejene za novo topologijo in preizkušene 
s simulacijskimi orodji SimPowerSystem in Matlab/Simulink. Za generiranje referenčnega kratkostičnega vklopnega razmerja v 
tehniki moduliranja vse metode za kontrolni parameter v dinamičnih razmerah sevanja uporabljajo kratkostično vklopno razmerje. 
V raziskavah je v vseh primerih razsmernik napajal čisto uporovno breme. Končno se je dP/dV metoda vgradila v kontrolni sistem 
prototipa in se preverila na realnem fotonapetostnem sistemu.
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lations [2] have been established in order to manage 
the photovoltaic plant inverters. These regulations 
stipulate that the inverters are to provide support and 
stability during grid fault events and injected reactive 
power is necessary in order to restore the voltage at the 
point of common coupling (PCC), especially when volt-
age sag occurs.  

This energy can output only DC voltage, therefore 
an inverter interface has to be used, which requires 
reduced cost and increased reliability inverter to-
pologies. Among inverter topologies, the three-level 
neutral-point-clamped (3L-NPC) inverter has several 
advantages over the two-level voltage source inverter, 
such as lower semiconductor voltage stress, lower re-
quired blocking voltage capability, decreased dv/dt, 
better harmonic performance, soft switching possi-
bilities without additional components, higher switch-
ing frequency due to lower switching losses, and bal-
anced neutral-point voltage. As a drawback, it has two 
additional clamping diodes per phase-leg and more 
controlled semiconductor switches per branch. The 
3L-NPC can normally perform only the voltage buck 
operation. In order to ensure voltage boost operation, 
an additional DC/DC boost converter should be used in 
the input stage [3]-[5]. It is necessary because in solar 
energy application, a wide range regulation capability 
of the input voltage is required due to its dependence 
on irradiance (W) and temperature (T).
 
To obtain buck and boost performance in a single 
stage, the focus is turned to a quasi-Z-source inverter 
(qZSI). The qZSI was introduced in [6] and it can buck 
and boost the DC-link voltage in a single stage without 
additional switches.

The qZSI can boost the input voltage by introducing 
a special shoot-through switching state, which is the 
simultaneous conduction (cross conduction) of both 
switches of the same phase leg of the inverter. In ad-
dition, the qZSI has a continuous mode input current 
(input current never drops to zero), which makes it es-
pecially suitable for renewable energy sources (e.g. fuel 
cells, solar energy, wind energy).

A new qZSI topology was proposed and described in 
[7]. It is a combination of the qZSI and the 3L-NPC in-
verter. The three-level neutral-point-clamped quasi-z-
source inverter (3L-NPC qZSI) has advantages of both 
of these topologies.

Since the mentioned topology is rather new, in all pre-
vious studies the 3L-NPC qZSI was considered as an off-
grid system [7]-[10]. To be connected to the electrical 
grid, a wide range of conditions should be considered 

(synchronization with the grid voltage, MPPT, anti-is-
landing methods, reactive power control, etc). 

This paper discusses three MPPT algorithms (dP/dV 
feedback, perturb and observe method and incremen-
tal conductance) by simulation that can be used in this 
topology, using the shoot-through duty cycle as a con-
trol variable. In our experimental investigation one of 
the algorithms was verified in a real photovoltaic sys-
tem. 

2 System description

Fig.1 shows the photovoltaic conversion system each 
stage of which will be explained in this section.

Figure1: Off-grid photovoltaic conversion system 
based on the 3L-NPC qZSI.

2.1 PV Array Model

Solar panels provide a limited voltage and current fol-
lowing an exponential I-V curve. 

Several models have been proposed for solar panel 
simulation in the literature [11]-[15]. Most of them 
model the solar cell as an electrical equivalent circuit 
where such parameters  as junction resistor between 
P-N unions, the contact resistor between cells and 
metal parts (Rs) and the resistor for shunt currents (Rsh) 
are needed. In [11-13], even the diode factor and the 
effective cell area are necessary. These parameters are 
not provided by the solar panel manufacturers in data-
sheets, which makes it difficult for engineers and users 
to apply these models.

Due to these reasons, a mathematical model based on 
I-V exponential curves and parameters provided by 
manufacturers in a datasheet was used to simulate the 
PV array. Mathematical foundation is detailed in [16]. 
By means of this model and the appropriate series-par-
allel association of modules, any PV array could be sim-
ulated. The family of I-V and P-V curves simulated in dif-
ferent conditions of temperature (T) and irradiance (W) 
for the case of solar panel Shell SP150-P [17] is shown 
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in Fig. 2 a) and b). The values of Voc, Isc, IMPP and VMPP were 
achieved with an error less than 1% in comparison with 
those provided by the manufacturer.

(a)

(b)

Figure 2: a) I-V family curves changing irradiance. B) P-V 
family curves changing temperature.

2.2 DC/AC Interface

DC/AC conversion is carried out by means of a single 
phase 3L-NPC qZSI [7]. This topology presents some 
particular features, such as continuous input current, 
higher switching frequency due to lower switching 
losses, balanced neutral-point voltage and high qual-
ity of the output voltage in comparison with traditional 

inverters providing benefits in PV conversion applica-
tions. One of the most important capabilities of the 
qZS family of inverters is the possibility of boosting 
the input voltage by means of shoot-through switch-
ing states. This boosting possibility avoids the use of a 
DC-DC boost converter between the PV array and the 
inverter to achieve the MPP operation and the control 
of the system. Passive elements of the qZ network have 
been calculated according to the method proposed in 
[9]. 

2.3 Output Filter and Load

An L-C filter has been chosen to minimize the THD of 
the output voltage. Filter values have been calculated 
according to the guidelines in [18]. It is based on cur-
rent and voltage ripples among others criteria. 

To analyze the transferred power from the PV array to 
the load, a pure resistive load is connected between 
the branches.  

3 Modulation technique

A special sinusoidal pulse-width modulation (SPWM) 
technique was implemented in order to generate the 
switching signals of the power converter.  

There are two kinds of switching signals to generate 
separately in ZS and qZS inverters. On the one hand, it 
is necessary to generate the normal switching signals 
(STi) in order to track the reference signal. On the other 
hand, the shoot-though states must to be added care-
fully.

Some requirements must be satisfied when shoot-
through states are generated, for instance, the aver-
age output voltage should remain unaffected and the 
shoot-through states have to be uniformly distributed 
during the whole output voltage period with constant 
width. These features result in several advantages, such 
as minimum ripple of the input current, minimum val-
ue of the passive elements, reduction of the THD of the 
output voltage, and gaining of the desired boost factor. 

In this work the modulation technique proposed in 
[10] was used to achieve the aforementioned features. 
Fig. 3 shows the generation of the normal and shoot-
through switching states with this modulation tech-
nique and Fig.4. depicts its implementation sketch.
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Figure 3: Simulation of the used shoot-through modu-
lation technique. 

Figure 4: Sketch of the implementation of the modula-
tion technique.  

4 MPPT algorithms for 3l-npc qzsi

Tracking the maximum power point (MPP) of a PV array 
is necessary due to the high cost of solar panels and the 
dependence of power with W and T [19], being an es-
sential task of PV inverters. In this way, many maximum 
power point tracker (MPPT) algorithms have been 
proposed in the literature [20]. Those methods vary in 
complexity of implementation, sensors required, con-
vergence speed, cost, range of effectiveness and hard-
ware implementation among others [20]. 

Three most traditional MPPT algorithms are highlight-
ed due to their capabilities: perturb and observe (P&O), 
incremental conductance (InC) and the method based 
on DP/dV or dP/dI feedback.

Explained in this section, these MPPT methods have 
been adapted for the 3L-NPC qZSI topology. All of 
them work using the shoot-through duty cycle (Ds) as a 
control variable to track the MPP in dynamic irradiance 
conditions as well. 

Fig. 5 shows the block diagram of the photovoltaic con-
version system to be controlled in which the MPPT al-
gorithms have been implemented. 

Figure 5: Block diagram of the studied photovoltaic 
conversion system. 

4.1 Method Based on dP/dV Feedback

One way to achieve the MPP operation is to calculate 
the slope (dP/dV) [21]-[25] of the PV array power curve 
and feed it back to the converter with any control 
method to drive such slope to zero. 

Depending on the topology and the mode of working 
of the converter, the slope can be computed in different 
ways. In our case, a PI controller that adjusts the DS of 
the shoot-through modulation technique explained in 
section III is used to drive the slope to zero. The PI con-
troller was tuned manually, looking for a slow response 
without error in steady state. This fact is considered to 
emulate the inertia and the response times of the elec-
trical grid (synchronous machines and conventional 
power plants) to avoid instabilities and transient non-
desired effects [26] when the converter is connected to 
the grid.  Fig. 6 shows the implementation scheme of 
the MPPT algorithm based on dP/dV feedback for the 
3L-NPC qZSI using the Ds as a control variable. 

Figure 6: Implementation scheme of dP/dV feedback 
method. 
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4.2 Perturb and Observe Method (P&O)

This method [27]-[29] has been used by many research-
ers in different ways but the idea remains the same. A 
perturbation in the voltage of the PV array  is perturb-
ing the PV array current, resulting in the modification 
of the PV array power. By means of the increment of 
the PV voltage when the operation is on the left of the 
MPP, the PV power is increased and the PV power is de-
creased if the operation is on the right of the MPP. The 
same reasoning is possible when the PV voltage is de-
creased. If one perturbation in one direction produces 
the increment of the PV power, the next perturbation 
should be in the same direction and if it is not the case, 
the perturbation has to be reverse. Table I summarizes 
the  process.

To produce the perturbation in the voltage of the PV 
array of our case where the DC/AC is converted by a 
3L-NPC qZSI, perturbations in the Ds are inserted. The 
value of this perturbation is equal to 0.005. By means 
of this process the MPP is reached and the system oscil-
lates around the MPP, as shown in Fig. 7 (points A and 
B). Fig. 8 depicts a sketch of the implementation of this 
method.

Table 1: Summary of MPPT Algorithm Based on P&O

Perturbation Change in Power Next Perturbation
Positive Positive Positive
Positive Negative Negative

Negative Positive Negative
Negative Negative Positive

Figure 7: Power operation with the P&O MPPT method.

Figure 8: Implementation scheme of the P&O method. 

4.3 Incremental Conductance (IncCond)

This method [30]-[31] analyzes the slope of the PV array 
power curve. This slope is zero at the MPP, positive on 
the left of the MPP and negative on the right. Thus:
 

 (1)

and as a consequence, the incremental conductance 
ΔI/ΔV is equal, greater than or less than –I/V at the MPP, 
on the left of the MPP and on the right of the MPP, re-
spectively. The MPP can be tracked by comparing the 
instantaneous conductance (I/V) with the incremental 
conductance (ΔI/ΔV) as the flowchart in Fig. 9 shows. In 
our case by changing Ds, the voltage Vpv where the PV 
array is forced to operate is changed, trying to find the 
MPP (ΔI/ΔV= –I/V). 

The size of the incremental step (changes inserted in 
Ds) determines the convergence (velocity and accu-
racy) of this MPP tracking method. Using larger incre-
ments in the control variable, the system will be faster 
but it will not operate close to the MPP. The step size 
was designed taking into account the same criteria as 
the tuning of the PI controller in the method based on 
dP/DV feedback. 

Figure 9: Incremental conductance flowchart. 

5 Simulation results

In order to verify the explained MPPT algorithms, a 
comprehensive simulation study was performed in 
SimPowerSystems of Matlab/Simulink. Parameters of 
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the simulation are described in Table II. To analyze the 
transferred power to the load and the effectiveness of 
each MPPT method, a smooth step (Fig. 10. a) in the ir-
radiance from 1000 W/m2 to 900 W/m2 (Fig. 10. b)) in 
second eight up to sixteen was made while the tem-
perature was maintained constant (25 ºC).  This action 
emulates the shadows phenomena. Fig. 11 shows the 
evolution of the transferred power from the PV array to 
the load and the evolution of the control variable (Ds) 
in dynamic conditions by using each MPPT algorithm. 

Table 2: Simulation parameters.

Group Parameter Description and unit Value

PV Array

Voc Open circuit voltage (V) 43.4

Isc Short circuit current (A) 4.8

IMPP

Maximum power point 
current (A) 4.4

VMPP

Maximum power point 
voltage (V) 34

NS Series connected panel 7

Np Parallel connected panel 1

Passive 
Elements

Inductors L1,L3 (mH) 2.55

Inductors L2,L4 (mH) 0.255

Capacitor C1,C4 (mF) 4

Capacitor C2,C3 (mF) 1.3

Rload (Ω) 60

Cfilter (µF) 0.47

Lfilter (mH) 4.4

dP/dV
Kp

Proportional constant of 
PI controller 0.001

Ki

Integral constant of PI 
controller 0.01

P&O Perturbation size in Ds 0.005

Inc Cond Perturbation size in Ds 0.005

5.1 Method Based on dP/dV Feedback

Figs. 11 (a) and 11 (b) show the evolution of the trans-
ferred power to the load and the evolution of the Ds 
when the MPPT algorithm based on dP/dV feedback is 
working. We can see how the system works in the MPP 
in each level of irradiance at high accuracy by means of 
the adjustment of the Ds. It is important to pay atten-
tion to some singularities (second sixteen) that could 
appear when any of the denominators (dV) are equal to 
zero during the iterative process. The algorithm must 
be protected against this cause of instability.  

5.2 P&O

Figs. 11 (c) and 11 (d) show the evolution of the output 
power and the Ds in the case of the P&O method. The 

system again tracks the MPP with accuracy. In this case 
the system is working around the MPP. 

5.3 IncCond

In Figs. 11 (e) and 11 (f ) the same variables are shown 
for the third presented MPPT algorithm. The MPP is also 
achieved in each level of irradiance using this method. 

6 Analytical comparison

In order to compare the exposed MPPT algorithms for a 
3L-NPC qZSI, each algorithm is analyzed in this section. 

According to the number of required sensors, all of 
them need the measure of voltage and current of the 
PV system to track the MPP. There are other traditional 
algorithms, such as the MPPT algorithm based on the 
fractional control of Voc and Isc or the method based on 
the DC link capacitor drop control that only requires 
the measure of one variable. 

In terms of the complexity of the implementation of 
the analyzed methods, perturbation and observation 
and incremental conductance are of low  complexity 
level because they are based on simple mathematical 

Figure 10: a) Smooth step applied in the solar system. 
b) P-V array curves in each level of irradiance during the 
step. 

(a)

(b)
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the other hand, the MPPT algorithm based on dP/dV 
feedback, in general, has fast convergence. This speed 
depends on the parameters of the PI controller. In our 
case, every method has been implemented to find a 
slow response without error in steady state. This fact 
is considered to emulate the inertia and the response 
times of the electrical grid (synchronous machines and 
conventional power plants) to avoid instabilities and 
transient non-desired effects when the converter is 
connected to the grid and some changes in the irradi-
ance or temperature occur. Also, the designed Ds gap 
of each method has been chosen between 0 and 0.2. 
Maximum power per used panel is 149.6 W when irra-
diance and temperature are 1000 W/m2 and 25 ºC. After 
the step when irradiance decreases to 900 W/m2, the 
maximum power is 135.17 W per panel. In the studied 
case where there are seven panels connected in series, 

(a)          (b)

(c)          (d)

(e)          (f )

Figure 11: Evolution of transferred power and the evolution of Ds during a step in irradiance in each MPPT algorithm 
analyzed. 

calculations. The MPP tracking algorithm based on dP/
dV feedback is more complex due to the necessity to 
tune a PI controller and the calculation of a division of 
derivates in which it is necessary to prevent possible 
denominators equal to zero. 

Another interesting feature is that the three algorithms 
can be implemented in digital or analogical technolo-
gies. 

The speed of convergence of each method is quite dif-
ferent. On the one hand, methods based on perturba-
tion and observation and incremental conductance 
present a variable speed that depends on the size of 
the step. A larger step produces faster convergence 
but at the same time, lower accuracy is achieved be-
cause the oscillation around the MPP will be larger. On 
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the array maximum power is 1054 W and 946.2 W in 
each situation. Using any of the studied methods, such 
values were achieved with accuracy.  

7 Experimental results

In this section the experimental tests are explained. 
The chosen MPPT algorithm to be implemented in the 
experimental prototype is based on the adapted P&O 
using Ds as a control variable to introduce the pertur-
bation in the system to reach the MPP. It is due to sev-
eral reasons: it has a simple structure which allows an 
easy implementation: only two sensors are needed (to 
measure Ipv and Vpv), it can be used for digital or analog 
systems and it is not necessary to adjust any control 
system as a PI controller among others.  

The converter built is described below. Table III shows 
the parameters of the experimental prototype of the 
3L-NPC qZS inverter, with values of passive elements 
and also the type of semiconductors indicated. Passive 
elements were calculated according to [9] and [18], as 
in simulation studies. Fig. 12 shows the full system. 

The control system is implemented in a low cost FPGA 
Cyclone IV family from Altera company [8]. Flexibility is 
the main advantage of this option, which allows real-
izing the shoot-through modulation technique with 
digital signal processing at high sample frequency. The 
measurement board is composed of the required cur-
rent and voltage sensors. 

Table 3: System parameters of the experimental pro-
totype.

ELEMENT VALUE OR MODEL

Control Unit (FPGA) Cyclone IV 
EP4CE15E22C8

Driver Chip ACPL-H312
Power switches FCH47N60NF

qZS and clamp diodes CREE C3D20060D
Input DC voltage UN 220-450 V

Nominal Output AC voltage 
UOUT

230 V

Capacitance value of the 
capacitors C1, C4

4000 µF

Capacitance value of the 
capacitors C2, C3

1000 µF

Inductance value of the 
inductors L1 ... L4

145 µH

Inductance of the inverter 
filter inductor Li

560 µH

Inductance of the grid filter 
inductor Lgi

200 µH

Capacitance of the filter 
capacitor Cf

0.47 µF

Switching frequency 100 kHz

Figure 12: 3L-NPC qZS experimental prototype. 

The experimental tests were carried out with a solar 
array composed of 14 modules LDK 185 D-24 (s), the 
principal parameters of which in standard conditions 
of W and T are shown in Table IV. Two strings of 7 serial 
panels were connected in parallel (2x7 configuration) 
to obtain a proper input voltage range. The output 
power is transferred to a pure resistive load. 

Table 4: Parameters of module LDK 185 D-24 (s).

Parameters
Value at standard 
conditions (1000 
W/m2 and 25 ºC

Nominal output power (Pmax) 185 W
Voltage at Pmax (Vmpp) 36.9 V
Current at Pmax (Impp) 5.02 A

Open circuit voltage (Voc) 45.1 V
Shot circuit current (Isc) 5.48 A

Fig. 13 shows the obtained results after reaching the 
maximum power point operation: the output current, 
output voltage, input PV voltage and input PV current. 

Output magnitudes have a high level of quality. Meas-
ured total harmonic distortion (THD) with YOKOGAWA 
DL850 V equipment is 1.5 %. Input PV voltage presents 
a low frequency ripple at 100 Hz. It is typical of single 
phase systems. Input PV current presents this low fre-
quency ripple and also ripple at high frequencies due 
to the switching frequency. 

The transferred output power to the load is 1945 W, 
corresponding to the solar array maximum power at 
real conditions.
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Figure 13: Experimental results at the maximum power 
point operation. From top to bottom: output current, 
output voltage, input PV voltage and input PV current. 

8 Conclusion

Three traditional maximum power point tracking al-
gorithms (methods based on dP/dV feedback, perturb 
and observe and incremental conductance) have been 
compared by means of simulation using SimPowerSys-
tem of Matlab/Simulink. Each method has been adapt-
ed for a 3L-NPC qZSI using the shoot-through duty 
cycle as control variable to reach the MPP operation. 
Theoretical fundamentals and simulation results have 
been presented and discussed according to different 
criteria in order to choose the best solution for a real 
system. The P&O method, as the best solution, was cho-
sen and implemented in the prototype and validated in 
a real solar plant. 
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