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Abstract: This paper presents a photovoltaic (PV) power system with a battery storage unit and the quasi-Z-source inverter (qZSI). This 
inverter belongs to the group of transformerless single-stage inverters with buck/boost capability. The considered system is designed 
for autonomous load supply and battery charging in areas isolated from the utility grid. The batteries ensure continuous operation in the 
case of energy shortage/surplus and compensate for the oscillations of the PV power due to changes in atmospheric conditions. They also 
enable capturing of the maximum available power from the PV modules. The maximum power point tracking (MPPT) algorithm utilized in 
this study belongs to the group of perturb-and-observe (P&O) algorithms, which are widely used in commercial PV systems. The state of 
charge (SOC) of the employed batteries represents an important factor in the context of MPPT operation and is taken into account in the 
proposed power flow control algorithm. The performance of the proposed system has been tested through simulations in the MATLAB 
Simulink over wide ranges of solar irradiation, PV module temperatures, and SOC levels. 
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Sažetak: U ovom radu je prikazan fotonaponski (PV) sustav napajanja s baterijskim sustavom za pohranu energije i izmjenjivačem kvazi 
Z-tipa. Spomenuti izmjenjivač pripada skupini jednorazinskih silazno/uzlaznih pretvarača bez galvanskog odvajanja. Razmatrani sustav je 
namijenjen za autonomno napajanje potrošača i punjenje baterija u područjima izoliranim od distribucijske mreže. Baterije osiguravaju be-
sprekidno napajanje u slučaju manjka ili viška snage te kompenziraju oscilacije u izlaznoj snazi PV modula koje mogu nastati kao posljedica 
promjene atmosferskih uvjeta. Upotreba baterija također omogućuje iskorištenje sve dostupne snage PV sustava. Algoritam za traženje točke 
maksimalne snage (MPPT) primijenjen u ovom radu pripada grupi algoritama koji rade na principu pomaka i promatranja (P&O), a koji se 
često koriste u komercijalnim PV sustavima. Predloženi algoritam za upravljanje tokovima snaga u obzir uzima i stanje napunjenosti baterija 
(SOC), koje ima značajan utjecaj na rad MPPT-a. Predloženi sustav je ispitan simulacijama u MATLAB Simulinku za široke raspone osunčano-
sti, temperature PV modula i razine SOC-a. 

Ključne riječi: Izmjenjivač kvazi Z-tipa, Fotonaponski sustav, Upravljanje tokovima snaga, MPPT
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INTRODUCTION

Utilization of renewable energy, such as solar, makes a 
huge positive impact on the environment through reduc-
tion of the carbon footprint. Solar energy can be har-
nessed in all areas of the world and directly converted 
to electricity by means of a photovoltaic (PV) module. In 
the last few decades, the share of PV power systems in 
total electrical energy production has rapidly grown, with 
the global cumulative installed PV capacity expected to 
come close to 800 GW by the end of 2020. However, the 
electrical power production of a PV module is known to 
significantly vary in an unscheduled and intermittent man-
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ner with regard to the atmospheric conditions. In order 
for the PV module to deliver maximum power at different 
solar irradiation levels and temperatures – i.e., to operate 
at a maximum power point (MPP) – its voltage (or current) 
needs to be controlled appropriately.

There are several comprehensive reviews of the maxi-
mum power point tracking (MPPT) methods used in PV 
power systems that can be found in the literature [1]-[7]. 
These MPPT methods include search-based methods 
(perturb-and-observe (P&O), incremental conductance 
(IC), hill-climbing (HC), fuzzy-logic (FL) based, etc.) and 
PV model-based MPPT methods (open-circuit voltage 
(OCV), short-circuit current (SCC), fractional OCV and 
SCC, curve fitting, look-up table based, etc.) among oth-
er. The latter group of MPPT methods relies on the ac-
curate knowledge of the PV module parameters, which 
are never known with certainty and may vary between PV 
modules from the same production run. In certain applica-



27Volume 14  January/December 2020

tions, they additionally require measurement of the solar 
irradiation level and the PV module temperature [8]. The 
P&O and IC methods are both widely used in commercial 
PV systems. However, their implementation is more com-
plex compared to, for example, the OCV method. On the 
other hand, the efficiency of both the P&O and IC meth-
ods is known to be significantly higher (about 97% and 
98%, respectively) compared to the OCV method (90% at 
best). In addition, the implementation cost of the IC meth-
od is somewhat higher compared to the P&O method. 
The efficiency of search-based MPPT algorithms can be 
additionally boosted by introducing FL control [2], [3], [9], 
but this also implies higher computational requirements 
and, hence, higher implementation cost.

Voltage source inverters (VSIs) have been widely used 
in modern applications for dc-ac power conversion. 
They essentially operate as buck inverters; so an addi-
tional boost dc-dc converter or a bulky line-frequency 
transformer is usually utilized in applications that require 
voltage boost. Alternatively, transformerless single-stage 
inverters with buck/boost capability can be used. The 
quasi-Z-source inverter (qZSI) belongs to this group [10]. 
Compared to traditional VSIs, the qZSI has an additional 
operating state that results in voltage boost, known as 
the shoot-through (ST) state, which is enabled by short 
circuiting one or more inverter phase legs. Such short cir-
cuiting is forbidden in traditional VSIs, but is allowed in the 
qZSI due to the input impedance network. Consequently, 
there is no need for the dead time. During the non-ST 
period, the qZSI’s switching pattern corresponds to that 
of traditional pulse-width modulation (PWM) schemes. 
The ST states do not affect the output voltage waveforms 
because they normally occur during the traditional zero 
switching states. The qZSI draws a continuous input cur-
rent from the source and allows the input voltage to be 
controlled independently of the bridge input voltage to a 
certain extent (i.e., there is mutual limitation between the 
modulation index and ST duty ratio) through adjustment 
of the qZSI’s ST duty ratio. This makes the qZSI an attrac-
tive solution for PV power systems [11]-[17]. In addition, it 
is well suited for stand-alone PV power systems, provided 
that an energy storage unit is present so as to ensure con-
tinuous operation in the case of energy shortage/surplus. 
A battery storage unit is commonly added in parallel with 
one of the qZSI’s capacitors [11]-[15], [18]-[20]. The use 
of batteries also compensates for the oscillations of the 
PV output power due to changes in solar irradiance or PV 
module temperature.

A stand-alone operation of the PV-powered qZSI is con-
sidered in [16]. The dc-side control loop is dedicated to 
controlling the qZSI’s capacitor voltage through adjust-
ment of the ST state duration in order to minimize the 
switching stress. The ac-side control loop, on the other 
hand, is dedicated to controlling the load voltage through 
adjustment of the modulation index within a traditional si-
nusoidal PWM scheme. However, due to the absence of 
an energy storage unit, MPP operation of the PV system 
cannot be accomplished in the stand-alone mode. A PV 
stand-alone system with battery storage was considered 

in [18]. As in [16], the ac-side load voltage is controlled 
through adjustment of the modulation index. The ST state 
duty ratio is, on the other hand, employed for the MPPT 
by utilizing an adaptive neuro-fuzzy inference system 
(ANFIS). Even though different scenarios and concerns 
regarding the state of charge (SOC) of the employed bat-
teries are discussed in [18], the results were provided only 
for the SOC of 50%, at which there are no restrictions in 
terms of charging or discharging batteries. In addition, no 
battery current control is employed – the battery current is 
determined solely by the system’s power balance equa-
tion. Another PV-powered qZSI capable of stand-alone 
operation is discussed in [11]. The ST state duty ratio is 
employed for the MPPT, whereas the modulation index is 
employed for the ac voltage control. However, neither the 
batteries’ SOC nor the battery current control is consid-
ered in the stand-alone mode. In addition, the impact of 
solar irradiation or temperature variation on the PV sys-
tem performance was not at all considered. A stand-alone 
battery-based PV system similar to the one considered in 
this study was analyzed in [21]. The considered system 
included both MPPT and output voltage control. The bat-
teries’ SOC was also taken into consideration, but only 
to better illustrate battery charging/discharging. That is, it 
was not considered with regard to the proposed control 
strategy. In addition, the qZSI topology utilized in [21] is 
slightly different compared to the one considered here. 
Namely, the impedance network diode is there combined 
with a reverse paralleled controllable switch in order to 
enable and control bidirectional power flow through the 
corresponding branch.

In this study, a stand-alone PV system with a battery-as-
sisted qZSI is considered. The batteries are connected in 
parallel with the upper, lower-voltage capacitor within the 
qZSI’s impedance network. The fundamental RMS value 
of the ac-side phase voltage is controlled at a desired val-
ue through adjustment of the modulation index, whereas 
the MPP is tracked by controlling the ST state duty ratio. 
The power flow control algorithm takes into account the 
batteries’ SOC. This means giving up the MPPT in cases 
when there is an excess of available energy from the PV 
modules while the batteries are fully charged. Also, when 
the batteries’ SOC is at the minimum allowed level and 
there is a shortage of power from the PV modules, load 
disconnection is executed in order to charge the batteries 
with all the available power. The simulation model of the 
considered system was built in the MATLAB Simulink en-
vironment. The simulation results are provided for a wide 
range of solar irradiation levels and for two PV module 
temperatures.  

1. CONSIDERED PV SYSTEM CONFIGURATION AND  
 OVERVIEW

Basic configuration of the considered PV power system is 
shown in Figure 1. The main components are: PV mod-
ules including the terminal capacitor Cpv, the battery-as-
sisted qZSI, an LCL filter at the inverter’s output stage, 
a symmetrical three-phase resistive load, and the control 
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algorithm. The proposed control scheme requires four 
measurement sensors: one dc-voltage sensor (vpv), one 
ac-voltage sensor (vla), and two dc-current sensors (ibat 
and iL1).

The main goal is to keep the fundamental RMS value of 
the load phase voltage at a desired value. At the same 
time, maximum available power should be captured from 
the PV modules, regardless of changes in atmospheric 
conditions. Still, the SOC of the employed batteries has 
been taken into account during the process because if 
the batteries are fully charged, then there is no possibility 
of storing excess energy and, similarly, if the batteries are 
fully exhausted, then there is no possibility of compen-
sating for the energy shortage. Hence, disconnection of 
the load is in some cases mandatory, as explained in 
Section 2. 

The voltage boost feature allows the qZSI to operate with 
lower input voltage compared to traditional VSIs. This im-
plies fewer series-connected PV modules in order to ob-
tain the input voltage required for the inverter operation. 
The boost factor B and the voltage gain G of the qZSI are 
respectively defined as

where T0 is the ST state period, Tsw is the switching period 
of the inverter, M is the modulation index, V̂ac is the mag-
nitude of the fundamental harmonic of the qZSI’s output 
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phase voltage, Vpv is the mean value of the PV voltage, 
and D0 is the ST duty ratio T0/Tsw.

Figure 2 shows typical current vs. voltage characteristics 
of a PV module. It may be observed that the MPP of a 
PV system varies with both the solar irradiance and tem-
perature. For example, the movement of the MPP from A 
to D is caused by the irradiance decrease, whereas the 
movement from A to A’ is caused by the temperature in-
crease. According to (1) and (2), the variation of the MPP 
PV voltage can be tracked through fine online tuning of 
D0. Note that this voltage is not significantly affected by 
the irradiance, so the MPP can be achieved over a wide 
range of irradiance levels by only a slight adjustment of the 
D0 value. Larger adjustment of D0 is, on the other hand, 
needed in the case of temperature variations. At the same 
time, care should be taken that M is kept within the ac-
ceptable operating range. Low M value implies high B and 
vpn values, which lead to high voltage stress and switching 
losses off the inverter’s switches (in this paper, the lower 
limit for M is set to 0.6, with the upper limit being 1.15 for 
the SPWM with 3rd harmonic injection). Similarly, D0 value 
must not exceed 1 – √3 M / 2 as per maximum constant 
boost strategy [22] – in order to maintain the six active 
states of the inverter intact (in this paper, the upper limit 
for D0 is set according to this). 

If the MPP cannot be achieved for any reason or if the max-
imum PV power is insufficient to cover the system’s losses 
and load, the energy storage/backup unit is required. Hence, 
the batteries in Figure 1 are there to enhance the overall sta-
bility and reliability of the PV power system. They are installed 
in parallel with C2 due to the lower corresponding voltage 
level as compared to C1. In this paper, the rated voltage of 
the employed batteries is about 250 V. 

Figure 1: Basic configuration of the considered PV power system

(1)

(2)
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2. PROPOSED CONTROL SCHEME 

There are two main control loops in the proposed system: 
the ac-side loop dedicated to controlling the fundamental 
RMS value of the load phase voltage and the dc-side loop 
dedicated to achieving the MPP of the PV modules or, alter-
natively, to controlling the battery current, depending on the 
position of the switch in Figure 3. When the switch is in posi-
tion 1, the MPPT mode is active, whereas when the switch is 
in position 2, the Battery control mode is active. The output 
variable for both of these modes is the ST duty cycle (D0).

The considered PV system normally operates in the MPPT 
mode. The utilized MPPT algorithm is the conventional 
fixed-step P&O algorithm [6], [7]. The corresponding prin-
ciple of operation can be summarized as follows: if the PV 
voltage is perturbed in a given direction (by a slight adjust-
ment of D0) and the PV power increases as a result of this, 
the PV voltage should be further perturbed in the same 
direction to move the operating point toward the MPP; 
otherwise, the PV voltage perturbation must be reversed. 
Mathematically, this control law is described as

where Vstep refers to the voltage perturbation step and k 
denotes the execution step of the MPPT algorithm. 
In this paper, the voltage perturbation is executed every 
0.1 s through fixed adjustment of D0 (ΔD0 = ±0.001). The 
MPP is achieved when there is no change of PV power 
with respect to PV voltage perturbations (ΔPpv/Vpv = 0). 
The PV power is calculated as a product of the measured 
PV voltage and current flowing through L1
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The Battery control mode is activated only exceptionally in 
cases when the batteries are fully charged and there is an 
excess of available energy from the PV modules. This condi-
tion is recognized as SOC = SOCmax and ibat < 0 (i.e., battery 
charging underway). The switch moves to position 2 and the 
battery current is then held at zero value (Ibat* = 0 A) by means 
of the integral controller, again through D0 adjustment, in or-
der to prevent any further charging of the batteries. 

The ac-side loop utilizes PI control to achieve the desired 
load voltage RMS value through adjustment of the modu-
lation index. The actual load voltage RMS value is calcu-
lated based on the measured phase voltages, whereas 
the reference load voltage RMS value is set to the utility 
grid value of  400V / √3 ≈ 231V. 

In addition to the mentioned control mechanisms, there is 
also a controller dedicated to load management. Its role is 
to switch off the load when required. The decision about 
load disconnection is made based on the monitored values 
of SOC, ibat, and iL1. Namely, if SOC = SOCmin and ibat > 0 
(i.e., battery discharging underway), the load is switched 
off in order to prevent further discharging of the batteries. 
Similarly, if ibat would tend to surpass iL1 (e.g., due to a se-
vere shortage of power from PV modules), iL2 would tend to 
drop below zero, so the diode within the qZSI’s impedance 
network (Figure 1) would start to block current. This can 
happen even during the non-ST intervals and, if not timely 
prevented, lead to an unpredicted voltage boost and loss 
of control. Therefore, as a precaution measure, the load 
is automatically disconnected already when ibat surpasses 
iL2/2, which is equivalent to ibat > iL2 (a safety threshold de-
termined based on simulations).

3. RESULTS AND DISCUSSION 

In order to avoid modelling of the batteries’ dynamics as 
well as programming of the corresponding SOC tracking 
algorithm, the SOC value is considered to be known in 
this study (i.e., as if it is obtained from some SOC tracking 
algorithm running in background). In this way, the focus 
is on the performance of the proposed control algorithm.

3.1. First case scenario: SOCmin < SOC < SOCmax

The SOC was first considered to be within the acceptable 
limits; therefore, no restrictions were imposed in terms of 
charging/discharging of the batteries. The PV module tem-
perature TPV was set to 25 °C, whereas the irradiation level 
was varied in discrete steps from 1000 W/m2 to 100 W/m2 
and back to 600 W/m2 within the period of 7 s (Figure 4.a). 
Due to the fact that the PV MPP voltage does not change 
significantly with respect to solar irradiation, maximum PV 
power was achieved within a few tenths of a second (i.e., 
within a few MPPT steps) for each of the considered irra-
diation levels (Figure 4.b). 

Figure 2: Typical I-V characteristics of a PV system

Figure 3: Proposed control algorithm including the P&O MPPT 
and battery/load management
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Consequently, the ST state duration calculated by the 
MPPT algorithm was also almost constant throughout 
the simulated interval and well below the maximum al-
lowed value imposed by the maximum constant boost 
strategy (Figure 4.d). A slightly more noticeable change 
in the MPP voltage was observed only when the irradia-
tion level dropped below 300 W/m2 (Figure 4.c). Because 
the SOC is within the acceptable limits, the switch in 
Figure 3 stays in position 1, whereas the battery current 
self-adjusts with respect to the power balance between 
the input and output of the system. 

Hence, at start, the batteries were charging with about 7 A 
(i.e., with about 1.75 kW given the vbat of about 250 V), but 
eventually the charging current dropped due to the reduction 
in available PV power (Figure 4.e). After, t = 3.5 s, when the ir-
radiation level dropped to 400 W/m2, the batteries started to 
discharge with a small positive current since the available PV 
power was now insufficient to cover both the load of about 
1.3 kW and system’s losses. The irradiation then continued 
to decrease even further, leading to an increase of the posi-
tive battery current. 

However, just after t = 4 s, the ibat value surpassed the 
iL2 value (i.e., ibat > iL1/2 was recognized), so the load was 
automatically disconnected. Without the load, all the 
available PV power was used for battery charging, lead-
ing to an increase of the negative ibat value. The battery 
charging was possible even at extremely low irradiation 
level of 100 W/m2. After the irradiation level increased 
again to 600 W/m2, the available PV power increased to 
about 2 kW, so the load of about 1.3 kW was again con-
nected at t ≈ 6 s. Figure 4.f shows that any variation in the 
PV voltage is automatically compensated through modu-
lation index control so as to keep the load voltage RMS at 
the predefined reference value (Figure 4.g).

Next, the same irradiation sequence was repeated with 
the PV module temperature increased to TPV = 50 °C. The 
corresponding results are shown in Figure 5. This expect-
edly resulted in somewhat reduced maximum PV power, 
leaving less power for battery charging. The MPP voltage 
was on average about 50 V lower than in the previous ex-
ample. Therefore, slightly longer duration of the ST state 
was necessary to obtain the required output voltage. 
Also, the modulation index increased from about 0.7 to 
almost 0.75. The maximum allowed duration of the ST 
state, being inversely proportional to the modulation in-
dex, was accordingly reduced, leaving smaller margin be-
tween the actual and allowed ST duration. Disconnection 
and reconnection of the load was guided by the same 
logic as in the previous example. Quite pronounced over-
shoot in the load voltage RMS was triggered by the load 
disconnection, but with no adverse effects on the sys-
tem’s performance.

3.2. Second case scenario: SOC = SOCmax

In the second case, the SOC was set to the maximum al-
lowed value (i.e., fully charged batteries). The irradiation level 
was changed in the range 300 W/m2 – 500 W/m2, as shown 
in Figure 6.a, with the PV module temperature set to TPV = 
25 °C. The SOC = SOCmax condition was recognized at t = 
0.5 s while the system was operating at the MPP. Due to the 
surplus power available at this point, the power flow control 
algorithm reacted by switching from the MPPT mode to the 
Battery control mode (i.e., the switch from Figure 3 went to 
position 2) in order to reduce the battery current to zero and 
thus prevent any further charging (Figure 6.e). 

Figure 4.a: Irradiance (TPV = 25 °C, SOC = ok)

Figure 4.b: PV power 
(TPV = 25 °C, SOC = ok)

Figure 4.c: PV voltage 
(TPV = 25 °C, SOC = ok)

Figure 4.d: ST duration 
(TPV = 25 °C, SOC = ok)

Figure 4.d: ST duration 
(TPV = 25 °C, SOC = ok)

Figure 4.f: Modulation index 
(TPV = 25 °C, SOC = ok)

Figure 4.g: Load voltage RMS 
(TPV = 25 °C, SOC = ok)
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Figure 5.a: Irradiance (TPV = 50 °C, SOC = ok)

Figure 6.a: Irradiance (TPV = 25 °C, SOC = max)

Figure 5.b: PV power 
(TPV = 50 °C, SOC = ok)

Figure 5.c: PV voltage 
(TPV = 50 °C, SOC = ok)

Figure 6.b: PV power 
(TPV = 25 °C, SOC = max)

Figure 6.c: PV voltage 
(TPV = 25 °C, SOC = max)

Figure 5.d: ST duration 
(TPV = 50 °C, SOC = ok)

Figure 5.e: Dc-side currents 
(TPV = 50 °C, SOC = ok)

Figure 6.d: ST duration 
(TPV = 25 °C, SOC = max)

Figure 6.e: Dc-side currents 
(TPV = 25 °C, SOC = max)

Figure 5.f: Modulation index 
(TPV = 50 °C, SOC = ok)

Figure 5.g: Load voltage RMS 
(TPV = 50 °C, SOC = ok)

This was achieved by increasing the PV voltage (Figure 6.c) 
through shortening the ST state duration (Figure 6.d) in or-
der to reduce the PV output power (Figure 6.b). Howev-
er, this kind of operating state is not retained permanently. 
When a significant change in the input power occurred at 
t = 2 s due to the irradiation drop, the MPPT mode was 
restored in order to re-evaluate the power conditions. After 
the new MPP was achieved, the batteries were discharg-
ing at a small positive current, which is allowed given the 
maximum SOC level. Hence, the MPPT mode was retained 
until the irradiation dropped even further at t = 4 s, requiring 
ibat > iL2. 

Consequently, the load was automatically disconnected, 
but then all the available PV power went into batteries. 
The power flow control algorithm switched to the Battery 
control mode so as to reduce the battery current to zero. 
Note that the PV output power at this point was barely 
over 30 W. Then, at t = 6 s, the irradiation level increased 
to 500 W/m2 causing the power flow control algorithm to 
switch back to the MPPT mode. After the available PV power 
increased to almost 1.5 kW, the load of about 1.3 kW was 
reconnected. Still, even with connected load, there was 
surplus power available in steady state, so the Battery 
control mode took over and the battery current dropped 
to zero. During the whole described interval, the load 
voltage RMS was kept at the predefined value with the 
modulation index varying within the acceptable limits. 
Again, quite pronounced transients were observed in 
these variables following the load disconnection (Fig-
ures 6.f and 6.g), but with no adverse effects on the 
system operation.
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3.3. Third case scenario: SOC = SOCmin

Finally, the SOC was set to the minimum allowed value 
(i.e., fully exhausted batteries). The irradiation level was 
changed in the range 100 W/m2 – 500 W/m2, with the PV 
module temperature set to TPV = 25 °C. The corresponding 
results are shown in Figure 7. The SOC = SOCmin condition 
was recognized at t = 0.5 s while the system was operat-
ing at the MPP and supplying a load. Although there was 
some excess power available at this point (negative ibat in 
Figure 7.e), charging of the batteries with the maximum 
available power is set as the absolute priority in this case. 
Hence, the load was automatically disconnected while re-
taining the MPPT mode. In this way, battery charging is 
possible even at extremely low irradiation levels. Figures 
7.f and 7.g show that the load voltage RMS can be suc-
cessfully controlled through minimum adjustment of M.

4. CONCLUSION

In this paper, the power flow control algorithm is proposed 
for a stand-alone PV system with a battery-assisted qZSI. 
The proposed algorithm takes into account the batteries’ 
SOC so the operating mode is accordingly switched be-
tween the MPPT and battery current control. In addition, 
a simple load management strategy is implemented to 
ensure stable and reliable performance. The fundamental 
RMS value of the load phase voltage is controlled at the 
utility grid level. The performance of the proposed system 
was tested in simulations over wide ranges of solar irra-
diation levels and PV module temperatures, and for three 
settings of the SOC level, including both the minimum and 
maximum allowed SOCs. The obtained results have con-
firmed the validity of the proposed approach. Experimen-
tal validation of the proposed concept, grid-tied operation 
and introduction of different renewable energy sources 
are all to be considered in the future research.
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Figure 7.a: Irradiance (TPV = 25 °C, SOC = min)

Figure 7.b: PV power 
(TPV = 25 °C, SOC = min)

Figure 7.c: PV voltage 
(TPV = 25 °C, SOC = min)

Figure 7.d: ST duration 
(TPV = 25 °C, SOC = min)

Figure 7.e: Dc-side currents 
(TPV = 25 °C, SOC = min)

Figure 7.f: Modulation index 
(TPV = 25 °C, SOC = min)

Figure 7.g: Load voltage RMS 
(TPV = 25 °C, SOC = min)
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