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Abstract—This paper presents a new common grounded (CG)
multilevel boost inverter (MI) topology for single-phase grid-tied
photovoltaic (PV) applications. The proposed topology has the
capability to fully eliminate the leakage currents in PV systems
due to the using of the CG connection. Additionally, the proposed
topology benefits the high boosting factor capability of the low PV
voltage. The proposed topology represents a single stage power
conversion system with reduced power components compared
to the traditional two-stage PV power conversion systems. In
addition, model predictive controller (MPC) is proposed in this
paper to control the proposed topology. The proposed controller
can control multiple objectives simultaneously without using
cascaded controllers. The simulation results with the different
case studies are provided. The results confirm the superiority
of the proposed CG boost MI topology and the proposed MPC
method. Furthermore, fast tracking of the grid active and reactive
power demands is achieved using the proposed MPC method.

Index Terms—common grounded (CG) inverter, model predic-
tive controller (MPC), multilevel inverter (MI), photovoltaic (PV)
applications.

[. INTRODUCTION

Recently, wide concerns have been given for the leakage
current issues in photovoltaic (PV) applications [1]. One of
the feasible solutions for eliminating the leakage currents are
the common ground (CG) inverter topologies [2]. In which,
direct connection is achieved between the negative terminal at
PV side with the neutral terminal at the grid side. Therefore,
elimination of the common mode voltage (CMV) components
and the leakage currents are obtained in accordance [3].

The CG topologies in the literature can be classified into
inductor-based, capacitor-based, and impedance-based topolo-
gies [4]. Among them, the capacitor based topologies have
shown superior performance regarding to the multilevel volt-
age output, reduced size, and reduced number of components.
Several solutions have been presented in the literature using
charge pump [5], virtual dc-link [6], and integrated two
stages [7] topologies. Another solution based on the split

source topology has been presented in [8], and its improved
modulation method has been proposed in [9].

From another side, multilevel-based topologies have been
introduced to benefit of the CG connection in addition to the
multilevel voltage output. In [10], a five-level CG topology has
been proposed using the flying capacitor leg. Another switched
capacitor cell generalized multilevel inverter topology has been
presented in [1]. However, these developed topologies can
only buck the PV voltage and additional boosting stage is
needed for low PV voltage applications. In [11], a six switch
based boost inverter has been proposed for PV applications.
The topology can achieve double boost of the input PV
source with five-level output voltage. Another double boost
switched capacitor topology has been presented in [12]. A
triple boost topology has been presented in [13] for three phase
applications. Additional high boost factor topology has been
presented in [14]. However, these topologies suffer from the
increased number of requires components, increased cost, and
reduced efficiency.

Additionally, the control scheme represents a critical part in
the development of CG PV solutions. The required cascaded PI
controllers in CG topologies represent the main reason for the
complexity of controller design in these topologies [15]. The
model predictive control (MPC)-based control schemes have
proven superior performance at achieving multiple objectives
simultaneously with using a single objective function [16].
Recently, finite control set (FCS) MPC schemes have been
applied for different CG-MI topology [17], and three port
topologies [18].

Motivated by the aforementioned CG solutions, this paper
presents a new boost MI topology with CG connection for PV
applications. The main benefits of the proposed topology are
the elimination of leakage currents, multilevel voltage output,
high boosting factor, and reduced number of components.
Additionally, MPC scheme is introduced for the proposed
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Fig. 1: The proposed CG boost MI PV topology.

topology to control the various currents and voltages in the
proposed topology in addition to satisfying the grid demand
requirements.

The remaining of the paper is organized as follows: Section
II introduces the operation and switching states of the proposed
CG topology. The proposed controller with its mathematical
modelling are provided in Section III. Section IV presents the
obtained simulation results of the proposed topology and MPC
scheme. The conclusion is presented in Section V.

II. THE PROPOSED TOPOLOGY AND CONTROLLER
A. The Proposed Topology

The power circuit of proposed CG boost topology is shown
in Fig. 1. The topology is composed of seven power switches
S1 ~ Sy, an inductor L;, flying capacitor Crpc and dc
capacitor Cy.. The inductor of the PV side is employed
with the capacitor Cy. to achieve boosting of the low PV
voltage. Whereas, the flying capacitor is controlled to maintain
half of the capacitor Cy. voltage (vpc = 0.5v, = 0.5v4.).
The proposed topology generates five different voltage lev-
els (Vde, Vae/2,0, —v4e/2, —v4.). The topology includes two
different legs: The first leg includes the flying capacitor to
generate the multilevel output, while the second leg includes
the CG connection that achieves the elimination of leakage
currents. In addition, the proposed topology has a reduced
number of components compared to existing two stage and
boost topologies in the literature.

B. The Inverter Switching States

The various switching states of the proposed CG boost
MI topology are shown in Table. I. The outputted five-levels
using the proposed topology have nine switching states, and
some of them are redundant states. The table includes also
the switching pulses for generating the five-voltage levels. In
addition, the various states have different charging and dis-
charging control actions of the inductor current and capacitor
voltages.

III. THE PROPOSED MPC SCHEME

The control system has to control the capacitor Cy,. voltage,
the flying capacitor C'r¢ voltage, the inductor L; current and
the injected grid current %, at their reference values.

TABLE I: The operating states of the proposed CG boost MI
topology (1 is used for ON-state and O is used for OFF-state).

State Output Switch Signals

Level Vo Si Sz S3 Si S5 Se Sr
1 Ydo Ve 0o 1 1 1 1 0 0
2 Ve — VRO 0 1 1 1 0 1 0
3 | 0fvae VG o 1 1 0 1 0 I
4 0 0 1 1 0 0 1 1
5 0 0 1 0 1 0 0 1 1
6 0 1 1 0 1 1 0 0
7 _ VRO — Ve 1 1 0 1 0 1 0
8 Obvee "2, "1 1 0 0o 1 0 1
9 —Vde —Ve 1 1 0 0 0 1 1

Fig. 2 shows the block diagram representation of the pro-
posed controller. The slow-response outer loop is employed
for controlling the capacitor voltage v, at its reference value
Veref- The classical PI controller is usually employed in this
loop. The output of the controller is used to develop the
reference active power for the grid P,,;4. Then, the reference
injected grid current is evaluated using the reference active
power P,,;q and reactive power QQg,iq as follows:

_ Pyrid .
T 0.5V id(peak)cos(6) Sln(%rflt + 0) (M

I ref(k+1)

where, Vg, iq(peak) represents the peak grid voltage, and 6 is
the power-factor angle. It is calculated using the reference
active and reactive power of the grid as fallowing:

0 = tan— ! Larid 2)

Pyrid

From the grid-side, the inverter output voltage v, is related
to the grid voltage vy,iq, the injected grid-current ¢, and the
L-filter components (L; and Ry) as follows:

Vo = Vgria + Ryio + Ly%e 3)

Thence, the continuous-time modelling of grid current is
expressed as follows:

G =17 (Wo — vgria — Ryio) “)

Using Euler approximation method, the first-order derivative
of injected grid current is written as follows:

) p— .O ] _40 g
%Q _ 1 k+}FS io0(k (5)

where T is the MPC sampling time period. While (k + 1)
and (k) are the (k+1)!" and (k)" sampling intervals of output
inverter current. Based on (4) and (5), the grid output current
is predicted for (k 4 1)*" instant as follows:

ok +1) = 12 (vo(k) = vgria(k)) + (1 = F£2 )i (k)
(6)
The output voltage of the proposed topology is dependant
on the applied switching signals. The output voltage v, can
be predicted for the available states as follows:




Uo(k') = (54 + S5)UFc(]€) — (Sl + SQ — 1)Uc(]€) (7)

Additionally, the control method has to preserve the current
Iy, through inductor L, at its reference value. The predicted
current can be expressed as follows:

Ir(k+1) = IL(k) + 72 Vev (k) (8)

where iy, (k) is the measured current at the sampling instant k
and Vpy (k) is the measured voltage of PV side. However, the
predicted current for state no. 5 can be expressed as follows:

IL(k+1) = I (k) + 2= (Vev (k) — ve(k)) 9)

The reference value for the inductor current Iy ,.r is
determined by the MPPT controller as follows:

Ipep(k+1)=Lev

Vpv (10)
where Ppy is the MPPT power of the PV source.

The same procedures are utilized for predicting the capacitor
C'rc voltage for the subsequent sampling instant vpco(k + 1)
as follows:

vpe(k+1) = vre(k) + 22 (Sy — Ss)io(k)

O an

Finally, the MPC scheme has to control the grid current,
inductor current and the capacitor voltage according to their
references. The currents and voltages are predicted for all
the possible states in the proposed topology. The overall
control scheme of the proposed topology is shown in Fig.
2. The MPC method employs a single objective function for
controlling multiple elements, which represents a powerful
benefit of the application of MPC methods. The objective
function is evaluated for all possible switching states and it
can be expressed as follows:

g(k) = M (iorep(k+ 1) —io(k + 1))
+)\2(IL,ref(k + 1) - IL(k + 1))
+A3(vrcrefr(k+1) —vpc(k + 1))

where A1, Ao, and A3 are the weighting factor values for the
inverter ac current, the inductor L, current and the capacitor
C'rc voltage, respectively. The MPC method finally selects the
state that achieves minimized cost function and hence better
tracking for the references. The corresponding gating pulses
according to Table I are outputted and applied to the seven
power switches.

12)

IV. SIMULATION RESULTS

In this part, the proposed topology and MPC scheme are
simulated and tested at various operating cases. The simulation
parameters of the selected case are shown in Table. II. The PV
source has an output voltage of 75V, which is much lower than
the grid peak voltage. Hence, high step up of the voltage is
essential, which is achieved by the proposed topology. The
capacitor Cy. voltage is selected to be higher than the grid
voltage peak and the voltage of the flying capacitor is selected
to be half of v. (vpe=v./2).
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Fig. 2: Block diagram representation of the proposed MPC
method.

TABLE II: Simulation parameters.

Parameter Value
Input PV voltage Vpy 75V
Capacitor Cy. voltage v, 400-430V
Capacitor Cr¢ voltage vpc 200-215V
C. capacitance 2000uF
Crc capacitance 1000uF
L1 inductance 4.5mH
Grid line frequency f; 50Hz
Grid peak-voltage 311V
Grid filter inductance L ¢ 3.5mH
Grid filter resistance Ry 50m¢2
Sampling frequency fs (= 1/Ts) | 50kHz

A. Case 1: Step-up in PV Power

In this case, a step change of the PV power from 1500W
to 3000W is made. The reference current of the inductor L4
is stepped in accordance from 20A to 40A. Fig. 3 shows
the obtained simulation results in this case. It can be seen
from Fig. 3a that the proposed topology generates five output
voltage levels, which is considered beneficial in reducing the
required grid filters. The current tracking response is shown in
Fig. 3b. A sinusoidal current tracking is achieved and it is in
phase with the grid voltage. Additionally, a smooth tracking of
capacitor voltages at their reference values can be seen from
Fig. 3c. The tracking of the current I, is shown in Fig. 3d. It
can be seen that a fast tracking is achieved using the proposed
MPC scheme.
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B. Case 2: Step Change in Capacitor Voltage References

In this case, a step change of the capacitor voltages is made.
The reference voltage of capacitor Cy. is stepped from 400V
to 420V and the reference of capacitor C'r¢ is stepped from
from 200V to 210V. The corresponding results are shown in
Fig. 4. It can be seen that the output voltage is preserved at
five voltage levels and proper tracking of the grid current.
Additionally, the capacitor voltages are preserved at their
references with fast response. As there are no step change
in the PV power, the inductor current is maintained at its
reference value without interruption.

C. Case 3: Step-down in PV Power

In this case, a step change of the PV power from 3000W to
1125W has been made. The reference current of the inductor
L is reduced in accordance from 40A to 15A. Fig. 5 shows
the obtained simulation results in this case. The results show
the fast and accurate tracking of the currents and capacitor
voltages. Additionally, sinusoidal grid current is achieved
and five-level output voltage waveform is outputted by the
proposed topology and inverter.

D. Case 4: Step Change in Grid Reactive Power

In this case, a step change of the injected grid reactive power
from 0 VAR to -1500 VAR has been made. The reference grid
current is estimated in accordance. The results of this case are
shown in Fig. 6. It can be seen that the proposed topology
and MPC scheme are capable of supporting the grid reactive
power. The tracking of the grid current is achieved with fast
tracking. Additional, high quality waveforms are obtained in
this case. This, in turn, proves the feasibility and effectiveness
of the proposed topology and control scheme.

V. CONCLUSIONS

A new topology has been proposed in this paper for grid-tied
PV applications. The main benefits of the proposed topology
are as follows: It employs the common ground connection,
which leads to eliminate the leakage current components; It
is capable of achieving high boosting factor of the low PV
voltage to the grid level; It can generate five-level output
voltage waveform; It employs low number of power switches
and passive components; It represents a single stage power
conversion system. Additionally, a model predictive controller
(MPC) scheme is proposed for controlling the proposed topol-
ogy. The proposed MPC scheme can control the various
currents and voltages of the proposed topology using a single
objective function, while helps at achieving fast and accurate
tracking response. The obtained simulation results for the
various operating cases have shown superior performance of
the proposed topology and MPC scheme.
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