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Abstract—Impedance network inverters are a good alternative
for voltage-source and current-source inverters. The shoot-
through solution and the boosting capability of such converters
make them an excellent solution for photovoltaic (PV) application.
Furthermore, energy storage integration in these inverters does
not require any additional components in the converter; indeed, a
battery can be directly connected in parallel with one of the
capacitors of the Z- or quasi Z-network. However, for an optimal
control of these converters, complex control and modulation
strategies are required. Model Predictive Control (MPC) provides
high control performance at the expense of the computational
effort. In this paper, a low computational control method where
both MPC and proportional resonant (PR) controller are
combined, is proposed. This makes the proposed controller
perform two iterations only instead of iterating for all the available
switching states. As shown in the obtained results, the proposed
controller conserves the high performance of the conventional
MPC with 50% less computational burden.

Keywords—Computational effort, Battery, Feedforward, Grid
connected, Modular, MPC, MPPT, Photovoltaic, P&O, Z-
network.

I. INTRODUCTION

Because of environmental issues as well as economic
considerations, there is an upward tendency in developing the
use of solar energy [1]. Therefore, there is an ascending demand
for grid-connected and stand-alone photovoltaic (PV) power
generation systems. With this growth, intense development of
power electronics converters and their control have been done
(2], [3].

The most well known converters are the voltage source
converter (VSC) and the current source converter (CSC), due to
their wide applicability in various applications [4], [5], [6]. A
VSC that switches a dc voltage source is able to provide a less
voltage level at the output only. However, this is considered a
critical issue in PV systems, since the PV arrays provide power
with a low voltage level, and boosting it is a must. When using
VSCs in PV systems, usually a dc-dc boost converter is used to
boost the voltage before the inversion stage [7]. Another
alternative consists of installing a transformer at the output of
the inverter [8]. The aforementioned two solutions suffer from
decreased efficiency since the conversion system is double
staged.

Z-source (ZS) and quasi Z-source inverters (qZSI) have been
broadly investigated since they are able to cope with the
boosting issue [9], [10], [11]. In addition, a previous
comparison between the classical two-stage inverter and the
qZSI in [12] and [13] indicated that the qZSI uses smaller
passive components and less active switches; hence, it can be
implemented with a lower cost. In terms of efficiency, qZSIs
reach almost the same or higher [12].

The power generated from solar panels is intermittent and has
stochastic characteristics [14]. According to the updated grid
codes, the change of power injected to the grid is limited, which
requires energy storage in order to limit the power change [15].
Conventionally, in order to install a battery in a PV system, a
bidirectional converter is needed, which is usually paralleled to
the dc-link capacitor of a dual power conversion stage PV
system [16]. Among the advantages of ZS- and qZS inverters is
their unique structure that allows battery integration without
any extra element in the circuit, resulting in a cheap and less
sizable solution [17], [18].

MPC is an intuitive and powerful tool that has been a
direction of many researchers [19]-[20]. In power electronics,
finite-control-set (FCS) is the most adopted class of MPC since
it is simple, includes nonlinearities and constrains, and robust
[21]. FCS-MPC predicts the behavior of the controlled variables
based on the model of the system as function of the possible
switching states. Hence, the prediction is performed & times in
each sampling time, assuming that & is the total number of the
available switching states. These predictions are then compared
to the provided reference through the cost function, and the
switching state that corresponds to the minimized cost function
is chosen to be applied during the next sampling time [23]-[26].
Although the operation principle of FCS-MPC is not complex,
a high computational effort is needed, especially in some
application where the power converter has a high number of
possible switching states, such as modular multilevel converters
(MMC).

In this paper, the control algorithm is a combination of FCS-
MPC and PR controller. The grid current is controlled through
a PR controller, whereas the qZ network variables, such as the
PV current and battery current are controlled through FCS-
MPC. Hence, the prediction in FCS is shortened to two states



only, zero state and shoot through state. Accordingly, the
outcome of the proposed idea is a mitigated double line-
frequency ripple in the battery current with a reduced
computational burden.

II. THE CONFIGURATION OF THE SINGLE PHASE ENERGY
STORED QUASI Z-SOURCE INVERTER

The configuration of the single phase qZSI for PV systems with
integrated battery is shown in Fig. 1. The single phase qZSI
consists of two parts, qZ network and an H-bridge. The qZ
network is where the power sources are connected, and is
composed of two capacitors, two inductors, and a diode. The
PV is connected to the input of the converter, and the battery
can be connected in parallel with one of the capacitors of the qZ
network. In this paper, the battery is paralleled to the second
capacitor of the Z-network C, since it operates with lower
voltage. In qZS inverters, a shoot through state is also added
during the zero state. The equivalent circuits of the single phase
qZSI during the active, zero, and shoot through states are shown
in Fig. 2(a), Fig. 2(b), and Fig. 2(c), respectively.

| | ib

min
||C2
L
ve2
iLl L1 L2 iL2| iPN
L1 nam sl 118 D
Si) Sgg} -
+ + v Lroig
, == CPV L CI ot - i ??? @
PV Vpy T_ VCli T_ + Vour . Vg
83| Sﬂ(}}
| v

Fig. 1. Single phase battery assisted Quasi Z-source inverter for PV systems.
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Fig. 2. The equivalent circuit of single phase battery assisted Quasi Z-source
inverter for PV systems during: (a) active states; (b) zero state, and (c) shoot
through state.

III. CONVENTIONAL FINITE CONTROL SET-MPC APPLIED TO
SINGLE PHASE ENERGY STORED QUASI Z-SOURCE INVERTER

A. ac side control of the quasi Z-source inverter,

According to Fig. 1, and based on Kirchhoff's voltage law,
the output voltage of the single phase qZSI can be accessed as
follows:

vout(t—i_];):vPN(Sl_SZ) (1)

where vpy is the voltage at the input of the H-bridge, S; and S
are the upper switches states. The output voltage as function of
the current injected to the grid and filter inductance and stray
resistance can be found similarly as the following:

di,

Vout :Lf dt +l/,'/'
where L; r; i, and v, are the filter inductance, filter stray
resistance, the grid current, and the grid voltage, respectively.
The most used approach for the discretization is Euler’s forward
law,

i, +v, )

dx(t) _x(+T)-x(1) 3)
dt T

such as, 7y is the discretization sampling time. By merging
Euler’s law into (2), the predicted grids current can be found as:

. . T, .
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f
B. dc side control of the quasi Z-source inverter,
1) active states
By applying Kirchhoff’s voltage law on Fig. 2(a), the

inductor voltages can be obtained as:

di
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where iz, iz2 Vi, Ve, ro, and rp, are the current through
inductor L;, the current through inductor L, capacitor C;
voltage, capacitor C, voltage, inductor L, internal resistance,
and inductor L; internal resistance, respectively. The predicted
inductor L; current and capacitor voltage can be assessed by
discretizing their corresponding equations in (5).

By applying Euler’s approximation on (5), the first inductor
predicted current and first capacitor voltage can be found as:

i, +T)=1,(7) +%(va(t) —i, (Or, _VCI(t)) (6)

1
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The current through the battery is estimated as:



I, =1, = (®)
By substituting the inductors predicted currents into (8), the
predicted current can be found as follows:

L, (E+T)=i,(0)——V,
)

—i,(t+T) )

2) Zero state

As it can be seen from Fig. 2(b), the inductors currents are the
same as in the active states, whereas the capacitors voltages are
as follows:

dv,,
1 =
dt (10)
dve, ;
2" L2
Hence, the predicted first capacitor voltage can be expressed as:
Ve (t+T)) = VC1(t)+ lLl(t) (D

3) Shoot through state
From Fig. 2(c), the inductors currents and capacitors voltages
can be found as:

(12)

2 =1, *,

The application of Euler’s method on (12) results in:

lLl(t+T)_lLl(t)+ (va(t) i, (Or, +vcz(t)) (13)

VC1(Z+7:):VC1(I)_ESZ'L2(0 (14)
1

T
ib(t+TS):iL2(t)+L—’vCl—iLl(t+Ts) (15)
2
In case of qZSI without battery, the voltage in one of the Z-
network is controlled. But, since the second capacitor C; is in
parallel with a battery, its voltage level is determined by the
state of charge (SOC) of the battery. Hence, the battery current
is controlled instead. In this case, the cost function has the

following form:

/Igglg + Aoy &y + 4,8, (16)

where

=[i (1+T))
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Fig. 3. Flowchart of the conventional FCS-MPC for the PV fed qZSI with
integrated energy storage [23].

Jo g ’ef(t+T)

=|i,? (¢ +T,)
Aig, Apv, and A, are the weighting factors of the terms of the grid
current, the PV current and, the battery current, respectively.
i (t+Ts) is the desired grid current, zre{;(tJrTs) is PV current
reference, which is provided by the maximum power point
tracking (MPPT) algorithm, and ig,ef (t+Ts) is estimated as:
l'ref — E?

b

a7
Vea
such as, P; is the power absorbed/delivered by the battery, and
is estimated as:
B=PY-P, (18)

The MPPT adopted in this paper is the conventional Perturb
and Observe (P&O) [22]. In order to calculate the predicted
variables and the cost functions for a defined switching states,
an algorithm should be designed. Fig. 3 shows a previously
introduced FCS-MPC algorithm for qZSI [23].

IV. PROPOSED FINITE-CONTROL-SET MPC FOR THE ENERGY
STORED SINGLE PHASE QUASI Z-SOURCE

The proposed control structure is composed of two parts, one
part for the regulation of the grid current to the desired
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Fig. 4. Gird current regulation and switching state generation in the proposed
controller.

one, and the second part is responsible for maintaining both the
PV current to the reference provided by the MPPT and the
battery current to its reference. Fig. 4 shows the grid current
control and the modulation stage. The control of the PV and
battery currents is summarized in Fig. 5. Since only the PV and
battery currents are going to be controlled through MPC, the
cost function contains two terms,

g=py8pr + 4,8, 19)

The prediction in the proposed control is done for two states
only, zero state and shoot through state. Hence, the index j in
Fig. 4 has two values “0” for zero state, and “1” for shoot
through state. Similar to the conventional FCS-MPC, the
inductor current is predicted based on (6) for the zero state and
(13) for the shoot through state. The battery current is predicted
by using (9) for the zero state and (15) for the shoot through
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Fig. 5. Shoot through state generation in the proposed controller.

TABLE 1.
A COMPARAISON OF THE PROPOSED CONTROLLER WITH FCS-MPC IN TERMS
OF THE NUMBER OF MATHEMATICAL OPERATIONS

Method + & — x =
FCS-MPC Per iteration 13 8 3

4 iterations 52 32 12
Proposed Per iteration 8 5 2
controller Prediction model 2 iterations 16 10 4
PR 8 13 1

24 23 5

state. The predicted variables are compared with their
references through the cost function, and the switching state
corresponding to the minimized cost function will be applied
during the next sampling time. i.e. if the predicted variables
corresponding to the shoot through state minimize the cost
function, then a shoot through will be applied, a zero state will
be applied otherwise. In this paper, the shoot through is decided
as a high logic value through the output of the algorithm Ssr
instead of a duty cycle. The controller runs the algorithm only
if the current state is zero state (S,=0 & S,=0), in order to avoid
the overlap with the control of the grid current.

Table I shows a comparison between FCS-MPC and the
proposed controller in terms of the number of mathematical
operations. FCS-MPC performs 12 additions and subtractions,
8 multiplications, and 3 divisions in each iteration. These
numbers are multiplied by the total number of iterations, which
equals to the number of the available switching states, 4. The
proposed controller on the prediction model side performs 8
additions and subtractions, 5 multiplications, and 2 divisions in
each of the two iterations, shoot through state iteration and zero
state iteration. The PR controller executes 8 additions and
subtractions, 13 multiplications, and 1 division, considering its
discretization through the trapezoidal method [27]. The later
method provides very good results when applied to PR
controllers, compared to Euler’s discretization. As it can be seen
from the same table, the total number of mathematical
operations required in the proposed MPC is around half of the
one required by FCS-MPC.

V. SIMULATION RESULTS AND DISCUSSION

For validating the theoretical analysis, a 2-kw single phase qZSI
inverter has been designed using the previously shown
equations. The specification of the PV panels were taken from
the back of a PV panel that is available the Lab (Universal Solar
WXS230P-US). The PV panels parameters are shown in Table
L. In order to reach a higher voltage in the dc-link than the grid
one, ten PV panels were connected in series. The battery is a
Lithium-ion type, its nominal voltage and capacity are 48V and
6Ah, respectively. The inverter and filter parameters are shown
in Table. II.

TABLE II.

PV PANEL, UNIVERSAL SOLAR WXS230P-US
Parameter Value
Maximum power, Pypp 230w
Maximum power current, /ypp 7.524
Short circuit current, /. 8.564
Open circuit voltage, v,. 36.9V
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Fig. 6. Simulation results of the single phase qZSI for photovoltaic systems with integrated energy storage, tested using: (a) the linear PI controllers; (b) FCS-MPC;

(c) the proposed MPC controller.

As assumed in the theoretical study, the inverter is going to
be tested under different meteorological conditions. For
comparison purposes, the results when the converter is
operating by using the linear PI controllers are also included,
and they are shown in Fig. 6(a). The results shown in Fig. 6 (b)
are from the conventional FCS-MPC, whereas the ones shown
in Fig. 6 (c) correspond to the proposed control scheme. The
system started operating under an average solar irradiance,
where the power generated by the PV arrays is just equal to the
active power reference. The battery in this case float. After one
second from the starting of the test, the irradiance increases to a
point where the PV arrays generate a higher power than the
power injected to the grid, thus, the battery converts to charging
mode. At the third second of the test, the irradiance decreases,
where the power generated by the PV arrays becomes
insufficient for feeding the required power to the grid. The
battery in this case swap from charging mode to discharging
mode in order to compensate for the lack of power. As it can be
seen from Fig. 6 (a), the conventional control based on linear PI
controllers for the single phase qZSI with integrated energy

storage suffers from a double line-frequency ripple in the
battery current, which is measured as Ai=5.11A.

From Fig. 6 (b), it can be seen that the ripple in the battery
current has been mitigated to Ai,=2.52A, at the expenses of the
second qZ network's inductor current i;; and the first qZ
network's capacitor voltage vc; when the conventional FCS-
MPC is applied. It can be seen from Fig. 6(c), that the proposed
controller provides equivalent performance to the conventional
FCS-MPC, with a battery current ripple equals to Ai,=2.39A,
although the computational burden has been reduced by around
half.

TABLE III.
INVRTER AND FILTER SPECIFICATIONS
Parameter Value
Filter inductance, Lf' 10mH
Stray resistor of each inductance, R, 0.10hm
Z-network inductors, L; , 0.8mH
Z-network capacitor C; 2000uF
Z-network capacitor C, 800uF
PV module capacitor, C,, 20uF
Switching frequency, £ 10KHz




VI. CONCLUSION

A low computational control algorithm based on MPC for
battery assisted single phase qZSI for PV systems has been
proposed in this paper. Energy stored single phase qZS inverters
suffer from a double line-frequency ripple in the battery current.
This ripple can be mitigated by either increasing the size of the
passive elements or by implementing advanced control
strategies, such as MPC. However, MPC is computationally
expensive considering that the algorithm has to iterate as the
same number of the available switching states. The
computational burden has been reduced by around 50% since
the iterations required in the proposed control strategy are only
two. The obtained simulation results confirmed that the
proposed algorithm still conserves the high performance of the
conventional FCS-MPC, seeing that the double line-frequency
ripple in the battery current is equivalently reduced.
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