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ABSTRACT In this paper, a direct model predictive control (DMPC) for the novel H-Bridge multilevel
inverter topology-based grid-connected photovoltaic system (GCPS) is presented. The DMPC has several
advantages over the conventional control techniques, including optimality, ability to handle multiple control
goals, and direct manipulation of semiconductor switches instead of the modulator. The main control goals
in the GCPS are to extract the maximum energy from the photovoltaic (PV) system and inject the current
into the grid with minimum total harmonic distortion (THD) or close to unity power factor. The DMPC
performs well in terms of these control goals. The entire GCPS with the proposed controller is simulated
in Simulink MATLAB and the results are compared with the existing GCPSs in the literature. The usage
of less number of semiconductor switches while keeping the same number of output voltage levels made
the proposed GCPS efficient, less costly, and simpler in design. Moreover, its voltage and current THD are
comparable with the systems existing in the literature.

INDEX TERMS Grid-connected photovoltaic systems, model predictive control, multilevel inverter, photo-
voltaic systems, total harmonic distortion.

I. INTRODUCTION
At present, grid connected photovoltaic systems (GCPS) is
one of the key research areas in renewable solar energy. The
reasons behind the excessive growth of these systems are
the increased demand of energy, environmental benefits of
renewable energy, advances in power electronics converters,
and the cost reduction of photovoltaic (PV) panels [1], [2].
The key performance criteria of a GCPS are maximum power
point (MPP) tracking of PV panels, power conversion effi-
ciency, and total harmonic distortion (THD) of the current
injected into the grid. The performance of a GCPS is highly
dependent on the choice of the power converter and the
control technique.

There are several topologies of power converters that can
be employed in a GCPS [3]. One of the most promising class
of power converters is the multilevel inverters (MLI). Multi-
level inverters have medium to high power handling capabil-
ity and can include multiple voltage sources or multiple PV
panels as an input. A main feature of MLIs is the stair-case
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like output waveform, which resembles a sinusoid, that has a
lowTHD [4]. In recent years, there has been an increase in the
usage of multilevel inverters in applications like smart grids,
grid-connected PV systems, induction motor drives and con-
veyor belts [5], [6]. The three basic topologies of multilevel
inverters are diode clamped, flying capacitor and cascaded
H-bridge (CHB). CHB is the most common MLI topology
due to its modularity, simpler control scheme, and absence of
energy storing elements [7], [8]. GCPS based on CHBMLI
are the most familiar systems these days due to the diverse
advantages of the topology [9], [10]. Another variant of CHB
topology, which is presented in [11], is being used in GCPS
due to its improved efficiency [12]. The efficiency of the
converter is one of its most important performance criteria.
Among other things, the efficiency of a converter depends on
the number of semiconductor switches. Recently, a new CHB
based topology called the novel H-Bridge MLI [4], [13] has
been introduced that has an improved efficiency as compared
to the basic CHB [6] and the topology in [11]. In this paper,
we have considered the novel H-Bridge MLI for the GCPS.

As mentioned earlier, the second key design element that
contributes to the performance of GCPS is the employed
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FIGURE 1. Novel H-Bridge based grid connected photovoltaic system.

control technique. The control goals in a GCPS include the
extraction of maximum energy from the PV panels and inject-
ing the current with minimumTHD into the grid. Considering
aMLI basedGCPS, several PV panels or array of panels serve
as an input voltage source to the inverter through independent
DC-links. The maximum power point (MPP) tracking of PV
panels is an important control goal due to the fact that MPP
of each DC-link may have different operating voltage due to
unequal irradiance, temperature and aging of PV panels [14].
THD has to be kept to minimum for the quality of the overall
grid. Linear control schemes, like PID, feed-forward etc.,
with a variety of compensations and modulation methods
have been used in CHBMLI basedGCPS [10]. Possible draw-
backs of classical control scheme includes large transient
time and slow response [15]. As an alternative to the classi-
cal control schemes and modulation schemes, direct model
predictive control (DMPC) is an emerging control scheme
used in power electronic converters. In DMPC the switches
are controlled directly without the need of demodulator, as in
PWM control [16]. Some of the advantages of DMPC are
that it can handle plant nonlinearities, multiple inputs, multi-
ple control goals, and any constraints on inputs/states while
guaranteeing optimal control. Moreover, it also exhibits fast
transient response [17].

In this paper we propose the DMPC of the novel H-Bridge
based GCPS. The key idea is to benefit from both the
advantages of novel H-Bridge and DMPC to have an overall
improved performance of the GCPS. The complete system is
compared with existing work of DMPC on GCPS with other
topologies.

II. NOVEL H-BRIDGE BASED GCPS
The main circuit of the novel H-Bridge topology based GCPS
is shown in Fig 1. It consists of PV panel modules [18] as
an input along with the DC-link capacitors, the multilevel
inverter, a filter and grid. A simple passive low-pass inductor

filter Lf is used at the grid side along with its equivalent
series resistance Rf to compensate inductor losses. For safety
purposes or to avoid hazard, if required, an isolation can
be inserted at the grid side via isolation transformer, which
should be able to operate at a low frequency or frequency
of the grid [19]. For the simplicity of the design, low design
cost, less bulky design, and to avoid transformer losses the
transformer-less version of the novel H-bridge based GCPS
is chosen [20], [21].

Novel H-Bridge MLI topology comprises of six current
bi-directional switches preferablyMOSFETs or IGBTs and it
is able to generate seven voltage levels if the magnitude of the
voltage source vpv2 is roughly twice that of vpv1. To achieve
this, two solar panels (PV2a and PV2b) are connected in
series as in [11]. The voltage magnitude of the PV panels
doesn’t have to be exactly identical to achieve seven-voltage
levels at the output of the converter. Following the switching
combinations depicted in Table 1, the possible voltage levels
are: 0, vpv1, vpv2, (vpv1 + vpv2),−vpv1,−vpv2, and −(vpv +
vpv2). In the table, 0 and 1 represent the OFF and ON position
of the switches.

TABLE 1. Switching sequence for novel H-Bridge MLI.

III. MODELING OF THE PROPOSED GCPS
The controlled states in the proposed system are grid current
and DC-link voltages. The model can be derived by using
basic circuit analysis techniques. If we apply Kirchhoff’s
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FIGURE 2. The controller block diagram.

Voltage Law (KVL) at the output port of the proposed system
in Fig. 1 we get

L dig/dt = vout − ig ∗ Rf − vg (1)

where vout is the output voltage of the MLI, vg is the grid
voltage, and ig is the grid current. Discretization of the above
equation by Euler’s forward method yields the prediction
equation for the grid current, which is

iPg = ig(k + 1) = ig(k)(1−
Rf ∗ Ts
L

)+
Ts
L
(vout (k)− vg(k))

(2)

where ig(k) and ig(k+1) are the values of grid current at time
instant k and k + 1; and Ts is the switching time.

The equations for the DC-link voltages (vpv1 and vpv2) can
be derived by applying Kirchhoff’s current law (KCL) at the
nodes of DC-link 1 and 2. The equations are given below:

C dvpv1/dt = ipv1(k)− iinv1(k) (3a)

C dvpv2/dt = ipv2(k)− iinv2(k) (3b)

Discretization of the above equations yields

vPpv1 = vpv1(k + 1) = vpv1(k)+
Ts
C
(ipv1(k)− iinv1(k)) (4a)

vPpv2 = vpv2(k + 1) = vpv2(k)+
Ts
C
(ipv2(k)− iinv2(k)) (4b)

where vpv1(k) is the value of DC-link 1 voltage, vpv2(k) is
the value of DC-link 2 voltage, ipv1(k) is the output current
of PV1, ipv2(k) is the output current of series connected
modules (PV2a and PV2b), iinv1(k) and iinv2(k) are the input
currents of MLI, and C is the value of DC-link capacitors.

The output current of MLI could be either ig(k), 0, or−ig(k).
By KCL, the total input current of the MLI can also have
either of these three values depending upon the switching
scheme.

IV. PROPOSED CONTROL SCHEME
The proposed control scheme is depicted in Fig. 2. It consists
of three stages: 1)MPP reference generation of the PV panels,
2) DC-link voltage control, and 3) model predictive control of
injected grid current. The starting two stages, being standard
in conventional PV systems, are not a component of proposed
DMPC scheme [9], [22]. The foremost contribution of this
research work is the DMPC for the grid current control. The
coming discussion will briefly describe the first two stages
before the explanation of the third stage.

The first stage involves the calculation of reference values
for the DC-link voltages (v∗pv1 & v∗pv2) and power (P∗1 & P∗2).
This stage ensures that these reference values are for theMPP
despite of changes in atmospheric conditions [23]. Generally,
Perturb and Observe (P&O) algorithm is used for the MPP
reference generation at this stage [24]. The reference and the
actual voltage values are combined together to compute the
DC-link voltage error (e) to be used afterwards in stage 2 i.e.
the DC-link voltage control. Also, the individual reference
power values for all the PV panels are added to compute the
nominal power of the system which is used later in reference
grid current calculation.

The second stage of the proposed control scheme gener-
ates the reference grid current, which is required in stage 3.
In case of deviation in combined DC-link voltages from
their combined MPP reference value i.e. e, the reference grid
current is adjusted accordingly. This stage uses a linear PI
controller to help attain DC-link voltages at their reference
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values by adjusting the reference peak value of grid current îg.
The reference peak value of grid current depends on the nom-
inal power of the system P∗total [9] in stage 1. It is calculated
as îg = (P∗total/v̂g)∗2. The adjusted peak value of grid current,
which is denoted as ˆiga in Fig. 2, is computed by the addition
of peak current îg with the output of the PI controller. At the
end, the instantaneous reference of the grid current i∗ref is
quantified based on the adjusted peak reference ˆiga and phase
locked loop (PLL).

The third stage ensures the reference tracking of grid cur-
rent by selecting an optimal switching combination for MLI.
DMPC makes use of the discrete model of the converter to
calculate the optimal switching state among the finite number
of switching positions. DMPC can handle multiple control
goals, it is easy to implement, and it restricts the requirement
of a modulator by the direct manipulation of semiconductor
switches. Moreover, it attains a fast dynamic response and
gives a fast and robust current tracking capability.

The cost function for the direct model predictive control is
given as

g = λi|i∗g − ig(k + 1)| + λv[
n∑

k=1

|v∗pvk − vpvk (k + 1)|] (5)

where i∗g and v
∗
pvk are the reference values for the grid current

and DC-link voltages; and n is the total number of input
DC sources or DC-links, which are two in the present case.
The cost function includes two control objectives/goals: 1) to
track the reference of grid current, and 2) to track the indi-
vidual reference of DC-link voltages. The control goals are
selected to ensure the reference tracking of both the grid
current and the individual DC-link voltages. It is to be noted
that the third stage ensures the individual DC-link voltage
control for each PV panel while second stage involves in the
combined DC-link voltage control for the PV panels. The
references for the DC-link voltages and the grid current are
generated in stage 1 and stage 2 of the proposed control
scheme respectively. To set the relative priority of control
goals the values of weighing factors λi and λv are adjusted.
The flowchart of the DMPC algorithm is shown in Fig. 3.
The proposed control algorithm starts with the measurement
of controlled variables i.e. grid current and DC-link volt-
ages and their reference values. The initial best known cost
is kept to be a very large number. Among the seven pos-
sible switching combinations, which are listed in Table 1,
the algorithm has to find the one that gives the lowest
cost.

For each switching combination the output voltage of con-
verter is found by using Table 1. The discrete-time model
alongwith the value of the output voltage is used to calculated
the values of grid current and DCLink voltages at time instant
k+1. These values can be used to compute the cost in eq. (5).
If the cost is less than the best known/optimal cost so far, then
the optimal cost and optimal switching sequence are updated.
At the end, the optimal switching sequence is applied to the
converter.

TABLE 2. System parameters.

FIGURE 3. Flow diagram of the proposed control scheme.

V. SIMULATION RESULTS
The complete system is simulated in Simulink, MATLAB
using the proposed control scheme. The PV panel modules
‘‘Sharp ND-208U2’’ are used as input sources. The rated
maximum power of PV panels is 208.05 Watts at 28.5V and
7.3A. There are three PV modules, which are PV1, PV2a
& PV2b. The value of DC-link capacitors is 15mF . The
inductive ac filter has inductance and resistance of 3mH and
0.2�. The other design and simulation parameters are given
in Table 2.
To observe the dynamic behavior of the proposed con-

trol scheme, step changes in the input parameters, i.e. solar
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FIGURE 4. Step change in solar irradiance of PV 1.

FIGURE 5. Step change in solar irradiance of PV 2a.

irradiance and temperature, of the PV modules are simulated
and the results are collected. Coming subsections discusses
the simulation results of the proposed system. In each subsec-
tion, a step change is applied in one of the input parameter of
a different PV module. The starting input atmospheric condi-
tions of the PV modules in all the subsections are 1000W/m2

irradiance and 25◦C temperature. The respective MPP ref-
erence voltage and power values of the PV modules at the
starting input conditions are 28.5V and 208.05W respectively.

A. STEP CHANGE IN SOLAR IRRADIANCE OF PV 1
In this subsection, at t = 0.4s, the solar irradiance of the
module PV1 is changed from 1000 to 600W/m2. Doing so,
as per MPP, the reference voltage of PV1 increases to 28.96V

FIGURE 6. Step change in solar irradiance of PV 2b.

FIGURE 7. Step change in temperature of PV 1.

and its reference power reduces to 127.3W. The actual voltage
and power of PV1 follow their references respectively as
depicted in Fig. 4.

B. STEP CHANGE IN SOLAR IRRADIANCE
OF PV 2A & PV 2B
In this subsection, the solar irradiance of the module PV2a
is changed from 1000 to 600W/m2 at t = 0.4s. As a
result, the reference voltage of series connected PV modules
increases from 57V to 60.54V and their reference power
changes from 416.1W to 274.4W. The combined actual volt-
age and power of PV2 follow their references as shown
in Fig. 5. In the figure, we also see that a small effect of
change in input parameters in PV2a is visible in the voltage
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FIGURE 8. Step change in temperature of PV 2a.

FIGURE 9. Step change in solar irradiance and temperature of PV 1.

and power response ofPV1. It is due to the usage of combined
reference voltage for the DC-link voltage control. Similarly,
same results are achieved when the step change in solar irra-
diance is introduced in PV2b at t = 0.4s as shown in Fig. 6.

C. STEP CHANGE IN TEMPERATURE OF PV 1
In this subsection, after keeping the starting input condi-
tions of the PV modules at 1000W/m2 irradiance and 25◦C
temperature, the temperature of PV1 is changed to 35◦C
at t = 0.4s. The effect of increase in temperature causes
reduction in the reference voltage from 28.5V to 27.18V and
change in reference power from 208.05W to 199.3W. Again,
the references of PV1 are followed by the actual voltage and
power values as presented in Fig. 7.

FIGURE 10. Change in solar irradiance of PV 1 as a negative ramp
function.

TABLE 3. Comparison of systems in terms of current and voltage THD and
number of switches.

D. STEP CHANGE IN TEMPERATURE OF PV 2A
At t = 0.4s, the temperature of PV2a is changed from 25◦C
to 35◦C in this subsection. In these conditions, the combined
reference voltage and power values changes to 407.4W and
55.7V respectively. The actual values follow them as shown
in Fig. 8.

E. STEP CHANGE IN SOLAR IRRADIANCE AND
TEMPERATURE OF PV 1
In this subsection, both solar irradiance and temperature of
PV1 are varied from 1000W/m2 and 25◦C to 600W/m2 and
35◦C at t = 0.4s. As a result, the reference voltage and power
values reforms in to 122W and 27.58V. The references are
followed by the actual values once again as shown in Fig. 9.

F. CHANGE IN SOLAR IRRADIANCE OF PV 1 AS
NEGATIVE RAMP FUNCTION
In this subsection, the solar irradiance of PV1 is changed
from 1000W/m2 to 600W/m2 as a negative ramp function
at t = 0.4s. In the results shown in Fig. 10, we see that the
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FIGURE 11. Grid current, grid voltage, and output voltage of multilevel inverter.

TABLE 4. Comparison of systems in terms of efficiency.

actual voltage and power values of PV1 accompanies their
reference values.

G. EFFECT OF STEP CHANGES ON GRID CURRENT
The performance of the other control goal which is the refer-
ence grid current tracking is shown in Fig. 11(a). At t = 0.4s
the reference grid current changes due to the change in refer-
ence power and the actual grid current follows its reference.
The combined waveform of grid voltage and current is shown
in Fig. 11(b) which have no phase difference between them
despite of changes in atmospheric conditions. The seven-level
output voltage waveform of novel H-Bridge MLI is shown
in Fig. 11(c).

Novel H-Bridge MLI topology based GCPS controlled by
the proposed DMPC scheme is compared with other MLI
topologies based GCPS. The results are given in Table 3, 4
and Fig. 12. The other MLI topologies which are the basic
CHB and the topology in [11] basedGCPS’s [9], [12] are also
controlled with a DMPC scheme. The comparison in Table 3
enlists the harmonic content of grid current and output voltage

of MLI, and the number of semi-conductor switches used.
The graphical comparison in Fig. 12 shows the total reference
MPP power (Pmpp) as per stage 1 of the proposed DMPC
scheme, the total power extracted from PV panels (Pext.), and
the output power (Pout) in different atmospheric conditions.
In Fig. 12, the starting simulation conditions for all the PV
panels in the GCPS are 1000W/m2 irradiance and 25◦C
temperature. At t = 0.4s, the solar irradiance of PV1 is
changed from 1000W/m2 to 600W/m2 and its temperature is
changed from 25◦C to 35◦C at t = 0.8s. The solar irradiance
and temperature of both PV modules in PV2 is changed at
t = 1.2s and t = 1.6s, respectively. At each of the simulation
condition, the MPP reference power is adjusted and the total
power extracted from PV panels gets regulated accordingly.
The output power is calculated as Pout = Vgrid ∗ ig. The
comparison in Table 4 enlists the efficiency of MPPT ηmppt ,
the inverter ηinv, and the overall system ηoa. The MPPT effi-
ciency, inverter efficiency, and overall efficiency are defined
as ηmppt = Pext./Pmpp ∗ 100, ηinv = Pout./Pext. ∗ 100, and
ηoa = Pout./Pmpp ∗ 100, respectively.
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FIGURE 12. Comparison between GCPS in terms of total reference MPP
power, extracted power from PV panels and output power.

The system in [9] offers the best current harmonics and
power extraction i.e. the MPPT efficiency. The reason is that
in basic CHBMLI topology each PV module is connected
independently, i.e. there is no series connection, which allows
better MPP tracking [3], [10]. However, the increased num-
ber of semiconductor switches in the topology reduces the
efficiency of power transfer to the grid. In terms of the volt-
age harmonics, number of switches, the inverter efficiency,
and the overall efficiency, the proposed systems is better
than [9]. Moreover, the proposed system is better than [12]
in all aspects of the comparison.

VI. CONCLUSION
In this paper, a direct model predictive control scheme for
grid current is presented for the novel H-Bridge MLI based
GCPS. The proposed system offers a high efficiency as com-
pared to the reported systems in literature. Simulation results
also show that the proposed system has a comparable/better
performance in terms of THD and power extraction.
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