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Abstract—The single-stage grid-connected photovoltaic (PV)
topology has recently drawn attention as it can reduce overall
losses and installation costs. This paper presents a new control
approach for single-stage grid-connected PV systems. The pro-
posed controller is a combination of a finite control set model
predictive control (FCS-MPC) and a maximum power point
tracking (MPPT) algorithm, which ensures the extraction of
maximum power from the PV panels and good transient per-
formance for the output voltage and current. The disadvantages
of classical MPPT algorithms in tracking the global maximum
power point under fluctuating environmental conditions are
avoided by including additional constraints in the cost function
of the FCS-MPC. Further, the controller is tested for partial
shading in PV. The performance of the proposed controller is
compared with the two-stage and single-stage PV configuration
with different controls and MPPT algorithms. The simulation
results show that the single-stage PV system with the proposed
control can effectively extract the maximum power from the PV
system and maintain a stable output signal for the transient
condition. Finally, experimental results according to a control
hardware-in-the-loop (C-HIL) approach are presented to validate
the effectiveness of the proposed algorithm.

Index Terms—Model predictive control (MPC), Maximum
power point tracking (MPPT), Solar photovoltaic (PV) gener-
ation, Voltage source converter (VSC).

I. INTRODUCTION

OVER the last decade, the utilization of the solar energy
sector is growing at a much faster pace than the rest

of the economy worldwide [1]. Grid-tied inverters are the
key solution to connect the PV panels to the utility grid.
Two typical configurations of the grid-tied PV system are the
single-stage and the two-stage configurations [2].

The two-stage configuration is presented in Fig.1. The
system consists of a solar panel, a dc-dc boost converter and an
inverter. A three-level neutral point clamped (3L NPC) inverter
is shown in Fig. 1, however, it can be any other inverter from
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two-level to multi-level. The boost converter placed before
the three-phase inverter implements a maximum power point
tracking (MPPT) to extract the maximum power from the solar
panel. The MPPT algorithm generates the duty cycle for the
switch of the boost converter that drives the panel dc voltage,
vpv . Therefore, the inverter dc voltage, vdc is independent of
the panel dc voltage vpv . With a fixed value of vdc, the control
system of the inverter is easy to implement, however, the
efficiency and the robustness of the entire system is reduced
and the installation cost is increased due to the two-stage
conversion.

The single-stage configuration shown in Fig. 2 uses only one
power converter, which leads to higher efficiency and lower
costs compared with the two-stage topology. Nevertheless, the
control strategy should be designed to extract the maximum
possible power and accurately transfer it from the PV array to
the grid with low losses. Several different implementations of
single-stage grid-connected PV systems can be found in the
literature. A general review of single-phase single-stage PV
topologies is presented in [3], focusing on the configuration of
the boost converter. Applications for the three-phase systems,
with pulse width-modulator (PWM) control and using a fuzzy
logic controller are presented in [4] and [5], respectively.

The conventional way of realizing the overall PV voltage
source converter (VSC) control structure is by cascaded linear
regulators and a PWM [6], [7], as shown in Fig. 1. However,
this approach has some limitations such as limited control
bandwidth due to the cascaded configuration, slow response as
well as risk of stability and interaction issues [8]. To overcome
the limitations of the classical control, significant research has
been dedicated to Model Predictive Control (MPC) for its fast
dynamic response and capability to incorporate constraints in
the control law. The main idea behind the MPC is the use
of a discrete-time model of the system to forecast the future
behavior of the controlled parameter during a certain time
window called a receding horizon [9], [10]. The future error
between predicted output and the reference value is minimized
by using a predefined cost function and the optimal actuation
is chosen for the next sample time.

Finite Control Set (FCS) and Continuous Control Set (CCS)
MPCs are the two most used MPC implementations [11]. In
general, the FCS-MPC is preferred because of its simplicity. It
also eliminates using a PWM modulator; however, this control
scheme can produce a comparatively higher THD level. One
possible approach to avoid this latter issue is the deployment
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Fig. 1. Schematic of the widely-used two-stage grid-tied PV system.
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Fig. 2. Schematic of the single-stage grid-tied PV system with the proposed control system.

of longer prediction horizons with the drawback of more
computational time needed [12], [13]. However, advanced
switching state selection algorithms like sphere coding can
be implemented [14], [15]. Moreover, for better performance,
the time delay needed by the digital processor to compute the
control-law based on the FCS-MPC algorithm could be evalu-
ated. Solutions as shifting one period forward the discrete time
model [16] [17] could be applied for the compensation of the
computational time. The MPC control has been demonstrated
in literature for a wide range of applications as the control
of induction machine [18], flux and power control [19], and
speed regulation [20], however, the MPC has not been applied
to a single-stage PV system.

The main contribution of this paper is presenting a single-
stage grid-connected PV system with an FCS-MPC and an
improved MPPT technique. The single-stage PV system with
the proposed control can track the maximum power point
(MPP) even under partially shaded conditions. Possible shaded
conditions usually generate multiple peaks in the power-
voltage (p − v) curve in a PV array. The classic MPPT
algorithms [21], [22] are unable to track the MPP, therefore,
an improved MPPT algorithm has been developed to extract
the maximum power for this single-stage application. For the
evaluation of the results, a numerical comparison between the
two-stage configuration with the classical vector PI current
control and the proposed single-stage solution is presented for
a 100kW PV array connected to a 25kV grid via a three-phase
3L NPC VSC. Furthermore, the performance of the proposed
control is compared for the single-stage configuration in terms
of effective MPPT tracking with two other controllers which
are (i) a PI current controller combined with the perturb and
observe (P&O) MPPT technique and (ii) the CCS-MPC com-
bined with the P&O MPPT technique, considering the works
of literature [22]–[24]. The simulations are carried out with
linear irradiance changes and with partially shaded conditions
to show the capability of the system to work within the entire
p − v curve. The performance of the proposed approach is
also tested with real irradiance and temperature data coming

from a recording of an example of a winter day. The aforesaid
prominent vital features of the proposed algorithm are also
tested experimentally according to the control hardware-in-
loop (C-HIL) approach considering different dynamic test
cases to validate the robust operation.

The rest of the paper is organized in the following. Section
II presents the analytical modeling and control of the system.
Section III presents the modeling of the improved MPPT
technique. The simulation results have been discussed in
Section IV and the C-HIL test is presented in Section V.
Finally, the paper is concluded in Section VI.

II. ANALYTICAL MODELING OF THE VSC AND ITS
CONTROL SYSTEM

In this section, the modeling and control implementation for
a single-stage solar PV system are presented.

A. Overview of the FCS-MPC
The FCS-MPC is the most significant predictive control

technique for power electronic converters. The approach is
based on an optimization problem in which the power con-
verters finite number of switching states is used. In principle,
the Predictive Control uses a discrete-time model of the system
to forecast the future behavior of the control variables during a
certain time window called a receding horizon [9]. The system
prediction model can be expressed in state-space form as:

x(k + 1) = Ax(k) +Bu(k) (1)
y(k) = Cx(k) +Du(k) (2)

where x(k+1), u(k), and y(k) are the state variable vector, the
input vector, and the output vector, respectively. Furthermore,
A is the system matrix, B is the control matrix, C is the output
matrix, and D is the feed-through matrix. The prediction
model can be obtained by combining N equations associated
with the instants between (k + 1) and (k +N) as expressed
below:

x(k + 1 : k +N) = Âx(k) + B̂u(k : k +N − 1) (3)

x(:) = Âx(k) + B̂u(:) (4)
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TABLE I
THREE SWITCHING STATES PER LEG OF THE CONVERTER

Si S1i S2i S1i S2i

1 ON ON OFF OFF
0 OFF ON ON OFF
−1 OFF OFF ON ON

where

Â =


A
A2

· · ·
AN

 , B̂ =


B 0 0 0
AB B 0 0
· · · · · · · · · · · ·

AN−1B AN−2B · · · B


(5)

The future error between predicted output and the reference
value is minimized by using a predefined cost function, g
defined as follows:

g = ‖x(:)‖2 + γ ‖u(:)‖2 =
∥∥∥Âx(k) + B̂u(:)

∥∥∥2 + γ ‖u(:)‖2

(6)
where γ is the weighting factor.

Taking the derivative of the cost function with respect to
u(:) and setting it to zero, the solution is obtained as

u(:) = −
[
(B̂T B̂ + γI)−1B̂T Â

]
x(k) (7)

where only the first vector from the array of the optimally
predicted future control inputs in (7) is utilized.

B. Implementation of the FCS-MPC with the PV VSC

The MPC technique requires the accurate modeling of the
VSC and the output filter to achieve the desired performance.
The voltage expression for each leg of the three-level NPC
VSC with respect to the neutral point (N) is given by

viN = Si
vdc
2

(8)

where the switching function Si (i = a, b, c) can take the
values 1, 0 or −1 according to the states of the switches of
each leg as illustrated in Table I. The common mode voltage,
vnN can be subtracted from (8) in order to obtain the phase
voltage expression, v̄in given by:

v̄in = v̄iN − vnN . (9)

The three-phase voltages, vabc and currents, iabc in the sta-
tionary abc-frame can be transformed into the corresponding
stationary αβ-frame by applying an amplitude invariant Clarke
transformation matrix by:

vαβ =
2

3
(van + ej2π/3vbn + ej4π/3vcn). (10)

The voltage vectors, vαβ in the complex domain are presented
for a 27-switch configuration pattern in Fig.3

As shown in Fig.1, the ac-terminal of the 3L NPC VSC
is connected to the grid through a LCL-filter to suppress
the harmonics introduced due to converter switching. The
dynamics of the current flowing through the filter inductor
in the αβ-frame can be expressed as

Lf
dif,αβ
dt

= vi,αβ − vf,αβ −RLif,αβ . (11)

Fig. 3. Space vector diagram showing the possible inverter’s switching states

In the context of practical implementation in digital control,
the system modeling can be discretized using Forward Euler
approximation [25] as

diαβ
dt
≈ iαβ(k + 1)− iαβ(k)

Ts
. (12)

where Ts is the sampling period. The line current dynamics
that estimate the current at the next sample (k + 1), can be
expressed in discrete form as

i(k + 1) = (1− RLTs
L

)i(k) +
Ts
L

[vi(k)− vf (k)]. (13)

The initial cost function considered for the FCS-MPC control
is given by

g = (i∗fα − ifα)2 + (i∗fβ − ifβ)2 + γusw
2 + hlim (14)

where the factor sw2 is used to penalize the switching effort
which is again controlled by the weight factor γu; hlim is the
additional current constraint factor whose value is infinite if
the current is higher than the physical inrush current limit of
the inverter, ilim else it is considered as zero. The reference
current is obtained for each solution as

i∗αβ =
2

3
Tdq/αβ · Pset · η ·

1

Vd
(15)

where Vd is the real component of the output voltage on the
rotating reference frame, η the efficiency of the inverter which
can be set to 0.95, Pset is the instantaneous power from the
PV panels as Pset = vdcipvand Tdq/αβ is the Park matrix
transformation as given by

Tdq/αβ =

[
cos(θ) −sin(θ)
sin(θ) cos(θ)

]
(16)

where θ is the position of the voltage vector vαβ estimated
with a Phase-locked-loop (PLL).

For the dc voltage balance, a new constrain needs to be
added in the cost function evaluation. The voltage prediction
of each capacitance on the dc side at the next sample time can
be given by
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Fig. 4. The proposed FCS-MPC control system.

vc1(k + 1) = vc1(k) +
(ipv(k)− ip(k))Ts

Cdc
+
i0(k)Ts
2Cdc

(17)

vc2(k + 1) = vc2(k) +
(ipv(k) + in(k))Ts

Cdc
− i0(k)Ts

2Cdc
(18)

where

i0(k) = S0iabc withSx0=

1 if Sx = 0

0 otherwise
; x={a,b,c} (19)

ip(k) = Spiabc withSxp=

1 if Sx = 1

0 otherwise
; x={a,b,c} (20)

in(k) = Sniabc withSxn=

1 if Sx = −1

0 otherwise
; x={a,b,c}. (21)

A new constraint is added in the MPC in order to take into
account the voltage balance between the capacitance on the
dc side as presented in (22) with its weighting factor γb.

gbal = γb(vc1(k + 1)− vc2(k + 1))2 (22)

The PV voltage tracking constrain can be described by

gpv = γv(vdc−ref − (vc1(k + 1) + vc2(k + 1))2 (23)

where γv is the weighting factor.
The schematic of the control systems for the grid-connected

single-stage PV system is presented in Fig. 4 where a single
step prediction horizon is implemented. The MPPT algorithm
presented in next section generates the dc voltage reference,
vdc−ref .

III. MPPT ALGORITHM

As the traditional MPPT algorithms are not able to operate
in the single-stage PV integration, an MPPT algorithm has
been developed to achieve the desired operation. The algorithm
has been embedded with the MPC controller which tracks the
maximum power point (MPP). The algorithm can be described
in the following three steps.

vdc

ipv

vdc−ref

P (k)

Scansion of
p-v curve

P&O
algorithm

P(k)-P(k-1)
Phase
Selector

Downhill
staircase

Vstart

Phase

Fig. 5. The improved MPPT block diagram for the single-stage PV system
with proposed FCS-MPC.

1) Scanning of the p − v curve forces the dc voltage, vdc
to follow the reference dc voltage, vdc−ref as given by

vdc−ref = V LowPV + count ∗ Vstep (24)

in which

count = 1 : (V HighPV − V LowPV )/Vstep

where V LowPV is the lowest dc voltage allowed for the
inverter to have a stable operation, Vstep is the step
voltage during the uphill staircase and V HighPV is the
upper voltage limit beyond which there is no local MPP.
At the end of each voltage step, the value of power
will be saved in a vector. The reference voltage of the
maximum power point inside the vector is extrapolated.
This voltage will refer to the starting point, Vref for the
classic P&O algorithm.

2) This phase manages vdc−ref ’s jump. vdc will get close
to vdc−ref with a downhill voltage step size Vstep.
The voltage step-size can be defined according to the
system requirement. The large voltage step takes faster
tracking performance with poor dynamic response and
vice-versa.

3) In the third-phase when vdc = vdc−ref i.e. when the
global MPP is almost reached, the MPPT algorithm is
switched to the classical P&O algorithm to follow the
MPP.

The MPPT algorithm is depicted in Fig. 5. The second phase
is the downhill staircase that will be used in two cases, (i)
from phase 1 to phase 3, if vdc−ref is far from vdc of the
inverter and (ii) during the transition of phase 3 to phase 1,
if suddenly a step variation in irradiance occurs, then phase
1 needs to be recalled for a better tracking operation as vdc
could be far away from the p− v starting voltage (V LowPV ). In
the third phase, the P&O algorithm is executed as presented
in [21], but ∆V is reduced at the moment that vdc is close to
the MPP and the scan of the MPP will be freezed when the
power is within ±∆P from the MPP.

This algorithm is described in the following mathematical
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TABLE II
CONTROLLER PARAMETERS

Parameters and Description Value

Sampling time (Ts) 1 ∗ 10−4 s
Sampling time of MPPT (TMPPT ) 1 ∗ 10−3 s

Voltage limits in MPPT (V Low
PV , V High

PV ) 360, 650 V
Uphill step voltage (Vstep) 20 V

Perturbation in voltage (∆V ) 8 V
Boundary values (ξlower , ξhigher) 2 × 103, 2 × 104

Weighting factors (γb, γu, γv) 8, 8, (8/20/30)

TABLE III
SYSTEM PARAMETERS

Parameter Description Value
PPV maximum power 100 kW
Tsd Simulink discretization time 1 ∗ 10−6 s
fsw Switching frequency 5 kHz
Vgrid Utility Grid 25 kV
Lf Filter inductance 0.7 mH
Cf Capacitor bank 10 kvar
RL Resistive filter components 0.00377 Ω
Cdc Capacitance on DC side 3 mF

expressions:

MPP left side :
∂PPV
∂vPV

> 0⇒ Vref = Vref + ∆V (25)

MPP right side :
∂PPV
∂vPV

< 0⇒ Vref = Vref −∆V (26)

At the MPP :
∂PPV
∂vPV

= 0⇒ Vref = Vref (27)

The amount of power, which identifies a step irradiance change
is set with two different boundaries ξ during phase 3 in order
to ensure a more robust tracking performance. In this context,
the highest boundary level of ξ is set during the MPP search,
to avoid the re-calling of phase 1. When the MPP is found,
the algorithm becomes more sensible about step irradiance
changes and therefore, the smaller boundary level of ξ is
imposed.

The time of each phase depends on the size of the dc
capacitance and the capability of the control to follow the
reference voltage. As presented in [26], the dc-link capacitor
can be designed as

Cdc =
S

2wgVdcVdc
(28)

where S is the rated power of the inverter, Vdc is the average
voltage, V dc is the maximum permissible voltage ripple and
wg is the utility frequency which is equal to 2πfg .

Without any modification of the proposed control system,
under low/null irradiance, the following problems occur: (i)
forcing the system to work at V LowPV , which leads to current
distortion as the control system asks for a large current from
the grid to control the vdc as the current from the PV is almost
0; (ii) during the first p − v scan, the system is not able to
follow vdc−ref as the input power is not enough to ensure a
fast charging of the input capacitance. In order to solve these
two issues the following modifications have been implemented
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Ir
ra

d
ia

n
c
e
 (

W
/m

^2
)

Fig. 6. Solar irradiance applied to test performance of the PV system.

Fig. 7. Simulation results of single-stage PV connection with the proposed
control as shown in Fig. 2: (i) output power, (ii) the dc-bus voltage, (iii)
the PCC voltage and (iv) ac output current of the inverter in response to the
irradiance applied as shown in Fig. 6.

in the MPPT algorithm: (i) when the input power is less than
10% of the rated power, the MPPT algorithm runs a new phase
where vdc−ref follows the vdc thus, the input voltage is free
to evolve and approaches to the stable working point where
vdc is higher than the V highPV and the current is null; (ii) phase
1 of the MPPT algorithms is disabled as long as the power
from the PV is less then 10% of the rated power.

IV. SIMULATION RESULTS

A. Investigated system configuration

In order to verify the performance, the proposed single-
stage grid-connected PV system has been implemented in
MATLAB/Simulink and the SimPower Toolbox. The detailed
model of a three-level 100-kW grid-connected PV array de-
veloped by MathWorks and HydroQuebec [27] has been taken
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Fig. 9. Schematic of the standard PI-current controller.

as the benchmark model. The benchmark model of the grid-
connected PV system consists of PV panels, a dc-dc boost
converter and a three-level NPC inverter. The widely-used
vector control is used to control the inverter which has an
inner-loop current control and outer-loop dc voltage control.
The MPPT algorithm controls the switch of the dc-dc boost
converter to obtain the desired level of dc voltage at the PV
side to extract maximum power. The SunPower SPR-305E
model is used to emulate the PV panel. The PV plant has
5 series-connected modules and 66 parallel strings with a
nominal rated power of 100 kW.

The proposed control with the updated MPPT technique has
been implemented in the inverter of the benchmark model. The
dc-dc boost converter is removed from the benchmark model
to make it a single-stage conversion system. Since the dc-dc
boost converter is removed, the PV string setting is changed
to an 11 series panel with 30 parallel strings to achieve the
same rated power as of the bench mark model. The parameters
of the investigated single-stage PV system and the proposed
controller are given in Table II and III, the utility grid is
connected to a 100 kVA - (260 V/25 kV) three-phase coupling
transformer and it is characterized by a 25 kV distribution
feeder plus a 120 kV equivalent transmission system.

B. Simulation comparison with the standard control system

The purpose of this simulation is to evaluate the capability
of the proposed system to work within all ranges of irradiance,
keeping stable output signals as the conventional PI current
control with the dc-dc boost converter presented in Fig. 1. This
feature is not obvious without the classic boost converter as
the Cdc and filter parameter are set based on an average value
of power, and the input voltage on the inverter is also not fixed.
Therefore, the amplitude of the voltage vector applied from the
inverter will be variable. The MPPT algorithm applied in the
classical solution is the well-know Incremental Conductance
algorithm [21], which will not be able to work under partially
shaded conditions but is more stable with uniform irradiance

Fig. 10. Simulation results of two-stage PV connection with the classical
vector control as shown in Fig. 1: (i) output power, (ii) the dc-bus voltage,
(iii) the PCC voltage and (iv) ac output current of the inverter in response to
the irradiance applied as shown in Fig. 6.

Fig. 11. PV configuration to test the partially shaded condition. The irradiance
has been changed from [400 1000 800]w/m2 to [1000 700 900]w/m2.

input. The MPPT parameters for the simulation comparison
with the PI-based control system are presented as follows:
V LowPV and V HighPV are set to 360 and 650 V, respectively; Vstep
and ∆V are 20 V and 8 V; ξlower and ξhigher are 2 × 104

and 2× 103, respectively and ∆P is set to 50 W.
A simulation has been carried out for the irradiance profile

shown in Fig. 6, and the obtained output power, dc-link
voltage, voltage at the PCC and ac output current are shown
in Fig. 7. The simulation starts at t = 0 s, the MPPT is
enabled and searches for the maximum power point. As can be
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Fig. 12. Ideal p−v curve with irradiance set equal to [400 · 1000 · 800] and
[1000 · 700 · 900].

seen, within some ms, the algorithm can track the MPP and
send the power according to the solar irradiance. The FCS-
MPC stabilizes the dc-link voltage and follows the reference
to extract the maximum power. It is worth highlighting that a
more accurate dc voltage tracking with the proposed control,
Fig. 7, is obtained with the value of γu and γb equal to
each other for the high irradiance and with an increased value
of γv during low irradiance. For more clarity, the zoomed
view of the dc-link voltage is presented in Fig. 8, where the
tracking of the dc-link voltage to the reference value during
all three phases are clearly visible. The ac voltage is very
stable and does not have any impact on the variation of the
output power. The output current follows the output power.
Overall the performance of the single-stage PV system is very
good. The average time to find the MPP is equal to 55ms
for each solution. With the additional constraints about the dc
voltage balance reported in (22) in the proposed controller,
the dc voltage capacitance is maintained as stable as in the
benchmark model, with an overlapped peak to peak signal
equal to 10V . It is worth mentioning that three constant values
of the weighting factor γv are chosen in this work based on the
amount of injected power which is directly proportional to the
ipv . These values are obtained by the trial-and-error method
with the FCS-MPC algorithm to achieve the best tracking
operation of the single-stage PV system. γv is kept fixed at
8 when the injected dc power Pdc is more than 50% of the
rated power, attains the value 20 when Pdc is in the range of
35-50%, and shifts to the value 30 when Pdc falls between
0-35% of the rated power. On the other hand, the value of
the weighting factor γb is instead kept constant at 8 (after the
MPPT algorithm is enabled) to give more importance to the
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Fig. 13. Simulation results with the proposed control: a) dc voltage, b) PV
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TABLE IV
EFFICIENCY EVALUATION OF THE PV SYSTEM

% Output power 5% 10% 20% 30% 50% 100% ηEU (%)

- 5kW 10kW 20kW 30kW 50kW 100kW -
wf 0.03 0.06 0.13 0.1 0.48 0.2 -

Benchmark model 91.23 94.02 96.01 95.98 96.2 96.7 95.97
Proposed system 94.31 96.01 97.89 98.63 98.5 98.97 98.25

THD= 1.47%

(a)
THD= 3.17%

(b)

Fig. 15. Harmonic spectra of output current a) Benchmark model, b) Single-
stage model using proposed controller.

dc voltage tracking.
In order to compare the performance of the proposed control

with the benchmark model with the standard vector PI control,
a simulation is carried out and the obtained results are pre-
sented in Fig. 10. The schematic of the implemented standard
current controller for the benchmark model is depicted in Fig.
9, where phase-locked-loop (PLL), dc voltage regulator, and
current regulator are the three main control loops for the
3-level NPC. By comparing the result of Fig. 7 and Fig.
10, the active power from the benchmark model and the
proposed systems are the same throughout the PV system’s
working range. There is no noticeable difference in time-
domain response in terms of the performance of the two
systems. The only noticeable difference is the total harmonic
distortion (THD) level in the current waveform. The THD at
the rated power is 1.47% for the benchmark model while it
is 3.17% for the proposed control system as presented in Fig.
15. A higher THD for the proposed system is expected as the
inverter LCL-filter for the benchmark model is designed and
optimized for the standard vector control, while the same filter
is adopted for the proposed control system.

0 0.2 0.4 0.6 0.8 1
Time (s)

0

20

40

60

P
V

 P
ow

er
 (

kW
)

PI-based controller
CCS-MPC based controller
Proposed controller

(a)

(b)

Fig. 16. Comparative simulation results of single-stage PV connection with
the classical vector control and CCS-MPC combined with P&O MPPT
algorithm, (a) PV power, (b) PV voltage.

C. Comparative performance in partially shaded condition

To investigate partially shaded conditions by providing
different solar irradiance, the PV panel has been connected
as shown in Fig. 11. In order to maintain the same rated dc
voltage and output power as described in IV-A, each panel
is composed of 4 series-connected modules and 30 parallel
strings. A diode has been connected in parallel with PV
panels to maintain the maximum current flow from PV panels.
The single-stage PV system and the benchmark system are
tested under the sudden irradiance changing condition from
[400 1000 800] w/m2 to [1000 700 900] w/m2 at 0.4s.
The Ideal p − v curves with these irradiance sets are shown
in Fig. 12. It can be seen from Fig. 12 that the maximum
powers are 60.9 kW and 82.2 kW with corresponding PV
voltage of 447.2 V and 683 V, respectively. A simulation
has been carried out for this irradiance change. The events
of the simulation are in the following steps: the PV panels are
connected since the beginning and at t = 0.1 s, the MPPT
algorithm is enabled and starts to scan the p − v curve. The
simulation results for the single-stage PV system are presented
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Fig. 17. Simulation results of the proposed single-stage FCS-MPC control
for solar inverter with a radiation and temperature on typical day.

in Fig. 13. The proposed MPPT algorithm can track the MPP
within 0.08 s. The distortion in current iac in Fig. 13 is related
to the moment when one of the PV approaches to the shaded
conditions and the currents from the PVs are not equal to
each other. This effect is presented in the PV current, ipv in
Fig. 13 in which it can be distinguished the partially shaded
condition when more than one current shape is present in the
system. From the simulation, it can be seen that the output
signals at the MPP working point are difficult to stabilize
when the currents from the PVs are different from each other,
as the input current from the power source is less stable. The
output power is presented in Fig.14(a). At the steady-state, the
extracted power is the same as shown in Fig.12 i.e equal to
60.8 and 82.16 kW, respectively. The proposed FCS-MPC with
the improved MPPT algorithm works for the partially shaded
condition. A similar simulation for the benchmark model has
also been carried out, and the obtained output power is shown
in Fig. 14(b). The steady-state output power for the benchmark
model is 35.79 kW and 67.13 kW, while the global MPP is
at 60.9 kW and 82.2 kW respectively. The benchmark model
failed to find the global MPP under partially shaded conditions.

Furthermore, the performance of the proposed control is
also compared with two other controllers in terms of effective
MPPT tracking, i.e., (i) a PI current controller combined with
the perturb and observe (P&O) MPPT technique and (ii) the
continuous control set model predictive control (CCS-MPC)
combined with the P&O MPPT technique, considering the
works of literature [22]–[24]. The partial shading test case
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Fig. 18. European efficiency computation of the grid-connected PV system.

is carried-out by considering the PV system configuration
shown in Fig. 11 for the irradiation pattern presented in
Fig. 12(a). The resulted power and voltage waveforms under
the considered irradiation pattern are depicted in Fig. 16.
As can be seen in Fig. 12(a) and Fig. 16, the GMPP is
successfully tracked by the proposed FSC-MPC and improved
MPPT technique, while the PI-based controller and CCS-MPC
controller combined with the P&O algorithm are settled at
the LMPP2 (47 kW, 700 V). This proves the effectiveness
of the proposed controller in extracting the maximum power
and maintaining the stable dc-link voltage irrespective of the
irradiation pattern.

D. Simulation with realistic irradiance data

In this subsection, the control has been tested for a real
irradiance and temperature data set for a typical winter day
in Australia as shown in the top plot of Fig.17 [28]. The
simulation has been tested for the system described in sub-
section IV-A. The simulation result is presented in Fig.17.
The proposed technique can ensure a high power efficiency
extrapolation, within the entire range of irradiance and even
with step irradiance change. The vdc is able to follow the
MPP dynamically, showing the effectiveness of the dc voltage
control directly in the FCS-MPC current control.

E. Efficiency evaluation

The Weighted European efficiency (ηEU ) is considered as
one of the standard efficiency computation factors for any
grid-connected PV systems. In this method, the efficiency at
different operating points is considered, then those points are
multiplied with the corresponding pre-defined weight factors
(wf ) [29]. The overall efficiency of both the single-stage
and double-stage PV system are summarized in Table IV
by considering the same linear irradiation changing pattern.
It is evident from Fig. 18 that the overall efficiency of the
single-stage PV system controlled by the proposed FCS-MPC
algorithm is comparatively high in the entire operating range.
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Fig. 19. C-HIL setup developed in the laboratory

CH1 : Vdc (200 V/div)  CH2 : Vdc-ref (200 V/div) 

Linear irradiation change

200ms/div

CH3 : Pdc (50 kW/div) CH4 : Pac (50 kW/div)

MPPT enabled

(a)

CH1 : Vac (200 V/div) CH2 : iac (200 A/div)   CH3 : Pdc (50 kW/div)

200ms/div

Linear irradiation change

(b)

Fig. 20. C-HIL results using FCS-MPC control a) dc voltage and output
power, b) output ac voltage, current and dc power

V. EXPERIMENTAL RESULTS

To further verify the performance of the proposed control
system for the single-stage grid-connected PV system, exper-
imental tests according to a control hardware-in-loop (C-HIL)
approach have been performed. The C-HIL setup developed
in the laboratory works with the combined interaction of an
OPAL-RT platform and Arduino Mega 2560 controller board.
The complete system runs in a hardware synchronization mode
with the physical clock time, and also offers the electrical
system and its controller to run with a wide range of sampling
times. The laboratory setup picture is shown in Fig. 19. The
electrical physical system undertaken for this work is modeled
inside the OPAL-RT platform considering the standard library
tools. The necessary analog feedback signals are sent from this

CH1 : Vdc (500 V/div)  CH2 : Vdc-ref (500 V/div) 

100ms/div

CH3 : Pdc (50 kW/div) CH4 : Pac (50 kW/div)

MPPT enabled
irradiation change 

Scanning of GMPP

(a)

CH1 : Ipv1 (100 A/div) CH2 : ipv2 (100 A/div)   CH3 : Ipv3 (100 A/div)

100ms/div

irradiation change 

(b)

CH1 : Vac (200 V/div) CH2 : iac (200 A/div)

100ms/div

irradiation change under partial shading

(c)

Fig. 21. C-HIL results under partial shading a) dc voltage and output power,
b) PV array currents, c) output ac voltage and current

OPAL-RT platform to the Arduino controller board via analog
interfacing board. The Arduino board generates the desired
PWM signals by estimating the proposed control algorithm.
Moreover, the Arduino controller board is directly interfaced
with the MATLAB/Simulink environment and the control part
is directly built into the board through a Simulink model. In
line with this, all the desired signals of the proposed system
are collected at the analog-out pins of the OPAL-RT and
are captured with an external oscilloscope. In this way, the
control loop is closed as in the real full-scale system, and
representative results can be obtained.
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In line with the simulation analysis, the proposed controller
for the single-stage PV system is tested under similar linear
irradiation changing condition and partial shading conditions.
Fig. 20 depicts the output findings when the irradiance drops
linearly from 1000 W/m2 to 200 W/m2. After the MPPT
algorithm is enabled in the first phase of experimentation, it
starts searching for the MPP and tracks the MPP within a
short fraction of time thereby feeding the proportional power
to the grid as shown in Fig. 20(a). Moreover, the FCS-MPC
stabilizes the dc-link voltage and follows the reference to
extract the optimum power. Fig. 20(b) indicates that the ac
voltage waveform is very stable irrespective of the variation
in power level although the output current follows the output
power waveform magnitude with negligible distortions.

Further, the results are also obtained under a partial shading
scenario when the irradiance level changes from [400 1000
800] W/m2 to [1000 700 900] W/m2 and presented in Fig. 21.
When the MPPT is enabled, it scans the p−v curve and quickly
settles at the MPP indicating the fast operation of the proposed
algorithm. Moreover, the global MPP (GMPP) is also tracked
within a short interval of time as the dc voltage, and the power
curve are settled at their new desired steady values, which are
evident from Fig. 21. Further, small distortions in the output
currents are observed, which are in fact related to the moment
when one of the PV approaches to the shaded condition and
the currents from the PVs are not equal. However, all the three
PV currents get settled at the same value when the GMPP is
tracked. This effect can be visualized from Fig. 21(b) and Fig.
21(c). Throughout this test case, the output voltage waveform
remains unaffected.

VI. CONCLUSION

This paper presents an efficient FCS-MPC control technique
for the single-stage grid-tied PV system. The addition of a new
constraint to the cost factor equation makes the FCS-MPC
more adaptive in tracking the dc-link reference voltage value.
The adaptive weight factor is the key parameter that stabilizes
the output signals once the MPPT is reached. A compara-
tive simulation analysis demonstrates the effectiveness of the
proposed control technique in tracking the global maximum
power point under partially shaded and step irradiance change
conditions. The results for partially shaded, step and linear
irradiance changes prove the feature of the system to work
in the entire p − v characteristic, ensuring a stable output
signal and the maximum power extraction during the transient
condition.
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