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The increasing use of photovoltaic systems entails the use of new technologies to improve the efficiency and power quality of
the grid. System performance is constantly increasing, but its reliability decreases due to factors such as the uncontrolled
operation, the quality of the design and quantity of components, and the use of nonlinear loads that may lead to distortion
in the signal, which directly affects the life of the system globally. This article presents an analysis of the reliability of a
single-phase full-bridge inverter for active power injection into the grid, which considers the inverter stage with its coupling
stage. A comparison between an L filter and an LCL filter, which comprise the coupling stage, is made. Reliability
prediction is based on metrics, failure rate, mean time between failures, and total harmonic distortion. The analysis and
numerical simulation are performed. Finally, filter considerations are suggested to extend the reliability of the inverter in a
photovoltaic system.

1. Introduction

Nowadays exists a global concern about the excessive use of
fossil energies and the environmental conditions caused by
them. In recent years, global demand for electric energy has
been constantly increasing, giving the opportunity for envi-
ronmentally friendly energy alternatives, commonly known
as renewable energy, for example, wind and solar energy; this
last one is the most important due to solar irradiation on the
planet [1, 2].

The photovoltaic systems have different stages of energy
conversion and coupling to the electric grid, being complex
and robust systems due to the big number of power semicon-
ductors that are used [2]. The power converters are one of the
weakest stages in terms of the useful life of photovoltaic sys-
tems; generally, a photovoltaic panel has a useful life in terms
of reliability of 20 to 30 years, and the inverter is required to
have a comparable useful life [3, 4]. This problem has been

corrected replacing the inverter when it is needed, but
economically is not viable, and the repair tends to be com-
plex; this has carried to the search for solutions to extend
the life of the system as a whole [4].

For the conversion stage, different factors influence the
longevity and reliability of the inverters, such as the operating
ranges, the operating environment, functioning temperature,
and working times. All these directly affect the useful life of
the semiconductor elements and the whole photovoltaic
system [5]. The most susceptible device to fail is the MOS-
FET, presenting two fault states: open circuit and short cir-
cuit; another element is the diode, which is affected by
electrical and thermomechanical stress. To correct these
problems, materials, such as silicon carbide, are used,
because of their higher voltage operating limits and lower
switching losses. Also, cooling techniques and system
designs are taking into account the conditions and the oper-
ating environment [6, 7].
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Photovoltaic system performance may be affected for
different aspects, such as deterioration of the waveforms
causing harmonics and, therefore, reducing the power factor
due to nonlinear loads. This is already being studied using
control techniques with active or passive components for
the grid injection stage [8]. Passive filters also affect the per-
formance; they are conformed by components like inductors
and capacitors. These filters have the main disadvantage in
their size that may generate resonance problems if they work
below the cutoff frequency. However, they present a small
number of elements and are more robust [9].

Previous studies present strategies for the selection and
improvement of the reliability of the converter. The authors
in [7, 10, 11] propose to implement fault-tolerant converters;
they perform diverse tests and compare results to different
prototypes of the same converter. Some other authors, like
in [4, 12], perform the analysis following the traditional
method at the component level and, later, at the system level.
The MIL HDBK 217 standard is used and a hybrid model for
the calculation of the mean time between failure metrics. The
research in [7, 13] focuses on methods based on the mission
profile of the system, considering different active and inactive
work phases at different temperature conditions observed by
the system. Researches in [3, 14] represent systems analyt-
ically by means of logic gates and fault tree or “pareto”
analysis considering a voltage component failure. Finally,
in [15, 16], the Markov model is used for repairable sys-
tems using different failure and repair modes. All these
previous works did not focus on the coupling stage, the
passive filter, which certainly will affect the reliability of the
photovoltaic system.

In this paper, a reliability study of a photovoltaic inverter
is made to analyze and predict its useful life based on the
probability of failures occurrences. The MIL HDBK 217F
standard is used and a simulation is performed using the
PSIM simulation software. The system is comprised of a
full-bridge inverter, with an L or an LCL filter as the coupling
stage; the objective is to determine which filter is recom-
mended to extend the reliability and useful life of the system.
Simulation results are presented as well as the system analysis
using the standard mentioned before. A discussion based on
the filter is made to improve the reliability of the photovoltaic
system.

The document is organized as follows: first, a theoretical
part is addressed, like reliability concept and the reliability
standard; second, the power stage is addressed and the
reliability analysis; as the third point, the simulation and
discussion of proposals are made; and as the last part, the
conclusions are presented.

2. Theoretical Aspects

To understand the analysis and proposal, some theoretical
aspects are addressed first, but there are also some
assumptions.

2.1. Reliability. Reliability describes the probability of sur-
vival of different complex electronic systems and is defined
as the property that a component has to satisfactorily per-

form its function for which it was designed, for a specific
time, under specific experimental conditions [6, 7]. Reliabil-
ity is represented as RðtÞ and given by

R tð Þ = P T > tð Þ = 1 − F tð Þ =
ðt
0
f tð Þdt, ð1Þ

where f ðtÞ is a failure density function, t is the time that the
component will fail, FðtÞ is the cumulative distribution func-
tion, and P is the probability function.

The reliability is represented as the value that reaches the
random variable R in tϵ½0,∞�; this is the area under the den-
sity function curve, which determines the probability that the
component will fail at specific time t.

When an electronic component presents a risk, it is called
the failure rate, denoted by λðtÞ, and represents the probabil-
ity per unit of time that the component will survive at t + Δt
since it already has survived for a time t. This variable is
defined by [6, 14]

λ tð Þ = lim
Δt→0

f t + Δtð Þ − f tð Þ
Δt

∗
1

R tð Þ ,

λ tð Þ = F ′ tð Þ
R tð Þ =

f tð Þ
1 − F tð Þ =

f tð Þ
R tð Þ ,

ð2Þ

where f ðtÞ is the density function up to time t and f ðt + ΔtÞ is
the density function up to time t + Δt.

The failure rate is variable and depends on the time
of use.

The failure rate has three stages, which are represented
by the bathtub curve (Figure 1), and depicts the life of a
component. This curve shows an early failure period during
t ∈ ½0, t1�; this is caused by poor design and low-quality con-
trol. The random or constant failure period is defined by
t ∈ ½t1, t2�; this means that the failure may occur at any
time during that period, due to poor operating conditions
and variations on the installations. Finally, the wear failure
period during t ∈ ½t2,∞� shows a failure rate increase which
occurs at the end of the component useful life due to wear.

When the component has survived during a time
t ∈ ½0,∞�, it is required to know the estimated average

0 t1 t2 Time
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ilu
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 ra

te

Early failure
period

Ramdom
failure period

Early out
failure period

Figure 1: Typical risk ratio curve (bathtub).
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value of lifetime before a fault occurs, known as the mean
time between failures (MTBF) and is represented by [4, 6, 14]

MTBF =
ð∞
0
t f tð Þdt,

MTBF = t ⋅ R tð Þ ∞
0 +

ð∞
0
R tð Þdt =

����
ð∞
0
R tð Þdt:

ð3Þ

An exponential probability distribution is used in elec-
tronic components (Figure 2), since it represents a constant
failure rate (Figure 3) for devices that have exceeded the initial
time with greater results t > 0 and do not show wear failures.

The density function of the exponential distribution is
represented by [4, 17]

f tð Þ = λe−λt: ð4Þ

Integrating this equation in tϵ½0,∞� results in the cumu-
lative distribution function of the exponential distribution:

F tð Þ =
ðt
0
f tð Þdt = −e−λt: ð5Þ

Substituting (5) into (1) obtained

R tð Þ = e−λt: ð6Þ

This equation is the exponential reliability function.
To calculate the MTBF for the exponential distribution,

(6) is substituted into (3) and is integrated, and results
in [4, 6, 7, 12, 14]

MTBF =
ð∞
0
e−λtdt =

1
λ
: ð7Þ

2.2. Reliability of a Serial System. To facilitate the reliabil-
ity analysis, it is done by dividing the system into subsys-
tems. Each part of the system is represented by a block
connected by arrows with other blocks of other related
subsystems. Serial reliability (Figure 4) is the most practi-
cal in reliability analysis. It is said that a serial system
will work properly if each block of each subsystem works
as it should from t up to t + Δt. A serial system has a
catastrophic failure when any of its subsystems fail before
finishing the process.

The reliability of a serial system RSðtÞ as the union of the
probability of each subsystem (up to n) is represented by

RS tð Þ = R1 tð Þ ⋅ R2 tð Þ,⋯, Rn tð Þ =
Yn
i=1

R tð Þ: ð8Þ

If an exponentially distributed independent system exists,
(6) is used and is substituted into (8), obtaining the following:

RS tð Þ = e− λ1+λ2+⋯+λnð Þt , ð9Þ

where λ is equal to

λ = 〠
n

i=1
λi: ð10Þ

Substituting (10) into (7), the MTBF is obtained for a
serial system; this is

MTBF =
1
λ
=

1
∑n

i=1λi
: ð11Þ

If the failure rate is constant in the subsystems, the fol-
lowing is obtained [6, 14, 17]:

MTBF =
1
λ
=

1
nλi

: ð12Þ

2.3. Standard MIL HDBK217F. The MIL HANDBOOK 217F
standard is considered to make the reliability study of the
photovoltaic system, which consists of the full-bridge
inverter with an L or LCL coupling filter. The standard is a
prediction tool based on statistical data on tests previously
performed on the components. They contain data and oper-
ating specifications of the components, physical and mathe-
matical models that help to predict and evaluate potential
failures mainly of electronic equipment.

f(t)

0

Fa
ilu

re
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te
 (𝜆
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Figure 2: Density function f ðtÞ of a distribution eðλÞ.

t1 t2 Time (t)

λ = Cte

Fa
ilu

re
 ra

te
 (λ

)

Figure 3: Constant failure rate of the exponential distribution.

Ri(t) Rs(t)Rn(t)R2(t)R1(t)

Figure 4: Reliability block diagram of a serial system.
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A model called component stress is used to obtain the
analysis factors, such as component type, component quality,
operating temperature, working environment, and compo-
nent failure rate, among others. The mathematical model
for the component stress analysis is [5, 12, 18]:

λP = λb πT ⋅ πS ⋅ πC ⋅ πQ ⋅ πE ⋅ πA ⋅ πCV
� �

, ð13Þ

where λP is the failure rate of the component, λb is the base
failure rate of the component, πT is the encapsulation tem-
perature factor, πS is the electrical stress factor, πC is the con-
struction factor, πQ is the quality factor, πE is the
environmental factor, πA is the application factor, and finally
πCV is the capacitance factor.

In Table 1, the component stress models are shown for
the elements that conform to the power stage, which are
the transistor, inductor, and capacitor [5, 12, 16, 18].

As it can be observed in Table 1, the capacitor failure rate
depends on the electrical stress factor πV , which is a function
of the stress voltage (VS), and this is determined by [12]

VS =
Va
Vn

, ð14Þ

where Va is the applied voltage and Vn is the nominal capac-
itor voltage.

It is noted that for all the component models, the failure
rate depends directly on the temperature factor πT, which
indicates the acceleration ratio taking into account the previ-
ous temperature and the temperature in accelerated condi-
tions (Table 2). And this is directly related to the power
losses; for example, switching losses are calculated to obtain
the junction temperature T j, and this is calculated with [7,
12, 16]

T j = TC + θjc ⋅ ploss
� �

, ð15Þ

where θjc is the thermal resistance junction case, Ploss is the
switch losses, and TC is the case temperature.

The MOSFET losses are determined by

Ploss staticð Þ = RDSon ⋅ I
2
rms,

Ploss dynamicð Þ =Vavg ⋅ Iavg ⋅ ton + toffð Þ ⋅ f sw,
Ploss = Ploss staticð Þ + Ploss dynamicð Þ,

ð16Þ

where Ploss is the total losses, RDSon is the internal resistance,
Irms represents the effective current, Iavg and Vavg are the
average values, ton + toff are the on and off times, and finally
f sw is the switching frequency.

For the inductor, the hot spot temperature, THS, is used,
and for the capacitor, the ambient temperature, Ta, is utilized
[7, 12, 16, 18]:

THS = Ta + 1 ⋅ 1ΔTd, ð17Þ

where ΔTd is the ambient temperature change.

3. Power Stage and Design

The power stage considered is a full-bridge inverter, rated for
1 kW, and two alternatives of passive filters are analyzed. For
case 1, an L filter is used (Figure 5) and, for case 2, an LCL fil-
ter (Figure 6).

The full-bridge inverter consists of two legs composed of
two switches each one; they may be operated with bipolar or
unipolar PWM modulation; MOSFETs were considered. In
the paper, for both cases, a unipolar modulation is used. This
type of modulation allows for greater efficiency and smaller
filter size and value. Having a smaller filter will impact
directly on losses, which will be lower, and then reliability
will be bigger.

3.1. Filter Design: Case 1. For the L filter design, the inductor
Lf is considered a series inductance with a parasitic resis-
tance. The L filter represents a first-order low-pass filter with
a cutoff frequency of ωL = R/L [19].

Resonance frequency f res is usually considered 10
times higher than the network frequency (f o) and 10 times

Table 1: Component stress model.

Devices Failure rate equation

Transistor λPM = λb πT ⋅ πA ⋅ πQ ⋅ πE
� �

Inductor λPI = λb πQ ⋅ πE ⋅ πT
� �

Capacitor λPC = λb πT ⋅ πC ⋅ πV ⋅ πSR ⋅ πQ ⋅ πE
� �

Table 2: Arrhenius model.

Devices Temperature factor

Transistor πT = exp −1925 1/T j + 273 − 1/298
� �� �

Inductor πT = exp − 0:11/0:00008617ð Þ 1/THS + 273 − 1/298ð Þð Þ
Capacitor πT = exp − 0:15/0:00008617ð Þ 1/Ta + 273 − 1/298ð Þð Þ

RA1(S)

VPV pV CDC

S1 S3D1 D3 VLf

Vg

Lf
VCDC

+
+

++

– –

–

–

RA2(S) RB(S)

S4 D3
D2S2

Figure 5: Full bridge with coupling L filter.
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lower than the switching frequency (f sw), as it is shown
next:

10f o ≤ f res ≤ f sw: ð18Þ

3.2. Filter Design: Case 2. For the design of the LCL filter,
two inductors are considered (Lf1 and Lf2) and a capacitor.

The inverter output voltage is a function of the photovol-
taic panel voltage Vpv and the modulation index of the
inverter m:

VCf
=Vpvm: ð19Þ

The inverter operates with a unipolar modulation which
results in lower filter size, and then considering the positive
voltage of the inverter, the inductor Lf1 can be calculated by
using [20]

Lf1 =
Vpv 1 −mð Þm

ΔiLf1
f sw

, ð20Þ

where ΔiLf1
is the current ripple in the inductor and f sw is the

switching frequency.
To obtain Lf2, the next equation is used [8, 19]:

Lf1 = αLf2, ð21Þ

where α is the ratio of the inductances.
The ratio α is selected between the interval α ϵ ½3, 7�. The

capacitor is selected using (18) and considering ωres as the
resonant frequency, which is determined by [20, 21]:

Cf =
Lf1 + Lf2
Lf1Lf2ωres

: ð22Þ

Table 3 shows the design parameters of the inverter and
the filter, which were obtained using the previous equations.

3.3. Reliability Design. The reliability analysis is made for the
system considering both filters. Then, considering first the
full-bridge inverter with an L filter (Figure 5) and applying
the serial reliability configuration (Figure 4), the reliability

analysis can be performed by using equations (8), (9), (10),
(11), and (12).

The reliability block diagram is shown in Figure 7(a), and
it is the product of the reliability of the four switches and the
inductor; this is

RS tð Þ = RA1 tð Þ ⋅ RA2 tð Þ ⋅ RB tð Þ,
RA1 tð Þ = RS1 tð Þ ⋅ RS2 tð Þ,
RA2 tð Þ = RS3 tð Þ ⋅ RS4 tð Þ,
RB tð Þ = RLf tð Þ,
RS tð Þ = RS1 tð Þ ⋅ RS2 tð Þ ⋅ RS3 tð Þ ⋅ RS4 tð Þ ⋅ RLf tð Þ:

ð23Þ

It is assumed that the reliability of the switches is
RS1ðtÞ = RS2ðtÞ = RS3ðtÞ = RS4ðtÞ equal; also, a constant fail-
ure rate is presented; therefore, λS1 = λS2 = λS3 = λS4 = λ1;
additionally, λLf = λ2 which represents the inductor failure
rate.

Substituting the exponential reliability function (6) into
(23) gives the total system reliability depending on the failure
rate of each element, as shown next:

RS tð Þ = e−λ1t ⋅ e−λ1t ⋅ e−λ1t ⋅ e−λ1t ⋅ e−λ2t ,

RS tð Þ = e− 4λ1+λ2ð Þt:
ð24Þ

To calculate the MTBF of the entire system, the total reli-
ability is replaced, (24) in (3), and integrating from 0 to t,

RA1(S) RA2(S) RB(S) RC(S) RD(S)

VPV

CP2

CP1

VDC VCDC
pv

S1

S4S2

D1

D4D2

S3 D3
VLf1

VLf2

Lf1
VCfCf

Lf2
Vg

+
++

+ ++

–
–––

––

Figure 6: Full bridge with coupling LCL filter.

Table 3: Design parameters.

L filter LCL filter

P0 = 1 kW P0 = 1 kW
Vg = 127Vrms Vg = 127Vrms

Vpv = 200V Vpv = 200V

Lf = 2:4mH
Lf1 = 425μH
Lf2 = 85μH
Cf = 9:9 nF
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when t =∞. It can be seen that theMTBF is the inverse of the
system failure rate:

MTBF =
1

4λ1 + λ2
: ð25Þ

The same process for the full-bridge inverter with the
LCL filter (Figure 6) is performed. The reliability block dia-
gram in series is shown in Figure 7(b), which represents the
product of the reliability of each of the four switches, the
two inductors, and the capacitor.

It is assumed also that RS1ðtÞ = RS2ðtÞ = RS3ðtÞ = RS4ðtÞ,
and then the failure rate of the four switches is equal to
λS1 = λS2 = λS3 = λS4 = λ1; the inductor fault rate is λLf1 =
λ2 for the first one, λLf2 = λ3 for the second, and finally
λCf = λ4 for the capacitor. Based on the block diagram,
the following is obtained:

RS tð Þ = RA1 tð Þ ⋅ RA2 tð Þ ⋅ RB tð Þ ⋅ RC tð Þ ⋅ RD tð Þ,
RA1 tð Þ = RS1 tð Þ ⋅ RS2 tð Þ,
RA2 tð Þ = RS3 tð Þ ⋅ RS4 tð Þ,
RB tð Þ = RLf1 tð Þ,
RC tð Þ = RCf tð Þ,
RD tð Þ = RLf2 tð Þ,
RS tð Þ = RS1 tð Þ ⋅ RS2 tð Þ ⋅ RS3 tð Þ ⋅ RS4 tð Þ ⋅ RLf1 tð Þ ⋅ RCf tð Þ ⋅ RLf2 tð Þ:

ð26Þ

The reliability of the full-bridge with the LCL filter is
calculated as follows: (6) is substituted into (26) obtaining

RS tð Þ = e−λ1t ⋅ e−λ1t ⋅ e−λ1t ⋅ e−λ1t ⋅ e−λ2t ⋅ e−λ3t ⋅ e−λ4t ,

RS tð Þ = e− 4λ1+λ2+λ3+λ4ð Þt:
ð27Þ

Substituting (27) into (3), the MTBF of the entire sys-
tem is calculated as

MTBF =
1

4λ1 + λ2 + λ3 + λ4
: ð28Þ

Equations (24), (25), (27), and (28) are used in the fol-
lowing section to calculate the reliability and the MTBF.

4. Reliability Analysis of the
Photovoltaic System

To make the reliability analysis, some simulations are made,
but also, some data are obtained from the standard. The sim-
ulation is performed to obtain the operating parameters;
these are the voltage and current that are used in the reliabil-
ity models. For the capacitor, the stress voltage (VS) in used;
on the other hand, the losses for the MOSFET (Ploss) must be
calculated using the steady-state values of the converter.

4.1. Numerical Simulation Results. The numerical simulation
of the full-bridge inverter for both cases, L and LCL filters, is
performed with the design parameters of Table 3. PSIM®
software is used for its versatility and simulation speed. Some
parameters obtained from the datasheet were added to simu-
lation components, such as MOSFET IRF540, to get the
simulation results and reliability prediction closer to reality.

In Figure 8, the simulation for the power stage consider-
ing the L filter is observed. From top to bottom, the ac main
voltage (120Vrms) and the injected current (8.3Arms) are
illustrated.

Figure 9 shows the results obtained for the LCL filter;
from top to bottom, the ac main voltage (120Vrms) and the
injected current under the same power conditions are
graphed.

In both cases, the active power corresponds to 1 kW. The
current is in phase with the ac voltage; therefore, a high
power factor is achieved in both cases. The total harmonic
distortion (THD) is different in both cases; Table 4 shows
the THD of the injected current; it can be seen that values
of 0.382% and 0.00926% for the L and LCL filters are
obtained, respectively. According to the above, it is better to
use an LCL filter than an L filter.

It is known that the distortion of the waveform affects the
quality of the signal, therefore affecting directly the reliability.

4.2. Reliability Calculation. The numerical calculation of reli-
ability is performed using the traditional MIL HDBK 217F
standard. It is important to note that the reliability of the
inverter depends on the acceleration parameter of the test
and the temperature factor.

For the application of the standard, the adjustment fac-
tors are considered, also the base failure rate, which will gen-
erate an adjustment component failure rate. The total system
failure rate, the MTBF, and the overall reliability are calcu-
lated. A high ambient temperature of 35°C is considered
where the system will operate.

The adjustment factors used are shown in Tables 5 and 6
for the L and LCL filters, respectively, according to the

Ri(t) RS1(t) RS2(t) RS3(t) RS4(t) RLf(t) RS(t)

(a)

Ri(t) RS1(t) RS2(t) RS3(t) RS4(t) RLf1(t) RLf2(t)RCf(t) RS(t)

(b)

Figure 7: Serial block diagram of the full bridge with (a) L filter and (b) LCL filter.
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standard. The environmental factor is defined for the
benign fixed terrestrial environment (GB) according to MIL
HDBK 217.

The average and effective values of voltage and current
are used for the calculation of losses, and these are made by
using (16). The losses are used in the Arrhenius model to cal-
culate the temperature factor πT that is necessary to obtain
the MOSFET adjustment failure rate.

Table 7 shows the total system failure rate and the MTBF
which are expressed in failure/106 hours. These were calcu-
lated using (24), (25), (27), and (28).

Table 5: L filter adjustment factors.

Device λb πT πA πQ πE

MOSFET 0.012 3.68 5.5 8 6

Inductor 0.00003 1.82 3 6

Table 4: Filter L and LCL data and THD.

Lf1 C Lf2 THD

L filter 2.56mH 0.382%

LCL filter 425 μH 9.9 μF 85μH 0.00926%
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Figure 9: Active power injection filter with LCL. From top to bottom: average voltage (100V/div) and average current (10A/div).
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Figure 8: Active power injection filter with L filter. From top to bottom: average voltage (100V/div) and average current (10A/div).

Table 6: LCL filter adjustment factors.

Device λb πT πA πQ πE πC πV

MOSFET 0.012 3.67 5.5 8 6

Inductor 0.00003 1.82 3 6

Capacitor 0.00037 1.209 10 10 0.35449 26.17

Table 7: Reliability of L filter vs. LCL filter.

Failure/106 L LCL

λPM (MOSFET) 12.973 12.800

λPI (Ls) 0.00098350 0.00098355

λPC (C) 0.014092541

λSystem (total) 51.173 51.216

MTBF 0.0195415 0.0195251
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In the case of the full-bridge with an L filter, the
MOSFETs contribute to 99.99% of the global failure rate
and the inductor 0.01%. For the full-bridge with an LCL
filter, again, the greater contribution for the global failure
rate is given by the MOSFETs with 99.97%, while the
inductors have 0.0038% and the capacitor with 0.0261%.

It is observed that the most susceptible element to fail is
the MOSFET. The reliability prediction, with the MIL HDBK
217F standard, shows that a full-bridge inverter with an L
filter is more reliable since the total failure rate of the full-
bridge inverter with an LCL filter is higher (α = 5); addition-
ally, the same occurs with the MTBF, which determines the
average life, and then it will be smaller. However, the reliabil-
ity gain is marginal.

The decision-making, in this case, depends on the appli-
cation. It should be noted that the number of elements plays a
very important role in this calculation; the greater the num-
ber of the elements is, the higher the failure rate and the lower
MTBF will be.

In Figure 10, the comparison of the L and LCL filter reli-
ability is observed. The reliability is expressed in 106 hrs. The
dotted line represents the reliability of the LCL filter system
with 0:0195251 × 106 hrs of life, while the straight line shows
the L filter with 0:0195415 × 106 hrs.

The reliability difference in both cases is marginal. In the
case of the LCL filter, the α ratio for the filter design also
affects the reliability.

t

RsystemLCL (t)
RsystemL (t)

1

0.8

0.6

0.4

0.2

0
0 0.02 0.04 0.06 0.08 0.1

Figure 10: Comparison of the L and LCL filter reliability.

Table 8: Filter value vs. reliability.

Lf1 α Lf2 C λSystem (failure/106hrs) MTBF (failure/106hrs) THD

425 μH 3 141 μH 6.6μF 51.214 0.0195251 0.00910%

425 μH 4 106 μH 8.2μF 51.215 0.0195251 0.00922%

425 μH 5 85 μH 9.9μF 51.216 0.019525 0.00926%

425 μH 6 71 μH 11 μF 51.216 0.019525 0.00941%

425 μH 7 61 μH 13 μF 51.216 0.019525 0.00934%

t
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0.6

0.4

0.2
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Figure 11: Comparison of reliability for different values of the
components of the LCL filter.
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In Table 8, a comparison for different values for the LCL
filter is made, based on the α ratio of the filter design, which
yields an effect on the reliability, MTBF, and THD. The best
options are found for a ratio of three and four; with a ratio of
three, a THD of 0.00910% and 0:0195251 × 106 hours of life-
span is obtained, with 51.214 failures/106 hrs. If the THD is
smaller, the size of the second inductor increases and the
capacitor value decreases, which in the end contributes to a
lower failure rate increasing its useful life. As can be
observed, the LCL filter with the α ratio of four has the same
reliability with the L filter case.

In Figure 11, the comparison of the reliability for the LCL
is observed; the graph is made using different values of α.

Another important factor of the ratio α is the system size.
Taking into account the inductor values of Table 8, the vol-
ume of the filter is calculated. In Table 9, due to the selected
core and film capacitor, the volume is obtained; this is made
for the L and LCL filter changing α. As it can be observed, the
best case for the volume is the LCL filter with a ration of four,
since the size for the others is higher. It is important to notice
that increasing the ratio α does not imply a lower volume
since the cores available are finite; this may change depend-
ing on the rated power and type of cores used.

With this analysis, it can be deduced that the LCL filter
may offer reliability compared to the L filter; therefore, the
LCL filter should be always preferred because a better THD
is obtained. If the volume is also added in the decision pro-
cess, then, the ratio α must be selected properly and not nec-
essarily high because the reliability shows that not only a
lower α is better, but also the volume may not decrease by
increasing α.

5. Conclusion

In this article, the prediction of the reliability of a full-bridge
inverter with different coupling filters is presented. The MIL
HDBK 217 standard is used to calculate the failure rate and
the mean time between failures. The study showed that the
devices that are most likely to fail are the MOSFETs, due to
thermal and electrical stresses that they are subjected during
the switching stage.

The system with the L filter has an average life greater
than the LCL filter usually designed, but marginal; however,
the LCL case offers the best THD. Another analysis illustrates
that the system reliability with LCL coupling is affected by the
ratio α, resulting in the fact that a value of 3 gets the best
characteristic regarding THD and reliability, even compara-
ble with the use of the L filter.

If the volume is considered, then the ratio α should be
selected carefully since the higher ratio does not imply the
lower volume according to the analysis; however, due to the
reliability analysis and the THD obtained, the lower ratio α
should be preferred. Then a compromise between reliability
and volume can be made; the best case is a ratio of four in
the analysis presented here.
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Solar Charge Controller (SCC) with Maximum Power Point Tracking (MPPT) is needed to extract maximum energy from
photovoltaic. However, a SCC device with MPPT technology feature is expensive on the market due to the requirements for a
high-power system. On the other hand, in lower power applications such as IoT sensors, solar street lights, and wireless
communication nodes, these types of controllers can be produced at a lower cost. In this study, the design of a low-cost SCC
was conducted using the MPPT technology for low-power solar applications. The SCC is designed based on the Arduino
microcontroller, which has the role of controlling the circuit and producing PWM signals to regulate the DC-DC converter.
Several tests were conducted to validate the efficiency of the MPPT algorithm. The SCC device succeeded in increasing efficiency
up to 52% on the low irradiance level.

1. Introduction

Nowadays, renewable energy is very popular, and it is grow-
ing very rapidly in various applications, such as microgrids
[1], nanogrids, smart converter [2], and Internet of Things
(IoT) devices [3]. This growth of solar module use is due to
the reduction of module cost, because of the manufacturing
process advancing and the increased demand for green
energy [4]. Although the solar module is starting to be widely
used, in its utilization, there are a number of challenges and
limitations. One of them is the power properties of the solar
module relating to the load that follows the characteristics of
the P‐V module [5]. As a solution to this problem, a Solar
Charge Controller (SCC) with Maximum Power Point
Tracking (MPPT) is needed to extract maximum energy
from the solar module [6]. The MPPT not only increase the
system’s output power but also give the system a longer life-
span [7].

MPPT algorithms are designed so that the system can
adapt to weather changes and achieve optimal power. There-
fore, several algorithms can be utilized, such as open-circuit
voltage, short-circuit current, incremental conductance, and
P&O (Perturb and Observation) [8]. These algorithms are
integrated into the power electronic components, where their

duty cycle is controlled to deliver the maximum available
power to the load [9, 10]. The MPPT applied a buck
converter and Pulse Width Modulation (PWM) signal to
keep the load from the module and the load balanced, so
the module’s output power reaches the maximum [11].

Currently, SCC device with MPPT on the market is
expensive due to the requirements for a high-power system.
However, in lower power applications such as IoT sensors,
solar street lights, and wireless communication nodes, these
types of controllers can be produced at a lower cost. In this
study, low-cost SCC with MPPT technology for low-power
solar application was developed. The controller used a micro-
controller board from Arduino Nano to monitor the module
and battery and generate the PWM signal [12]. Arduino
Nanos use an ATmega328p chip with simple components,
so the price is relatively cheap [13]. The SCC was imple-
mented in a lower power solar module with the lithium-ion
batteries as a load.

2. Photovoltaic Characteristics

The photovoltaic is a semiconductor that produces electricity
by converting energy from sun irradiance to electricity [5].
Photovoltaic performance is dependent on the current
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weather, insolation, temperature, and other surroundings.
The common basic external influences of photovoltaic power
performance are insolation or irradiance and temperature of
the device [14]. Figures 1(a) and 1(b) show the illustration of
the power-voltage characteristic curve and current-voltage
characteristic curve generated by the photovoltaic, along with
the changes in irradiance and temperature.

Figure 1(a) shows that the power-voltage curve generated
will be shifted to the right with decreasing temperature, caus-
ing the module to generate a higher voltage, while the
increase of irradiance affects both the power generated and
voltage generated, causing these values to increase [14].
Figure 1(b) shows that the current-voltage curve generated
will shift to the right with decreasing temperature, the same
as in Figure 1(a). The increase of irradiance affects both the
current generated and the maximum voltage generated, caus-
ing that these values will also increase [14]. These ambient
parameters, such as temperature and insolation, are affected
by the surrounding conditions, such as the geographical
aspect, weather, and altitude.

Following these characteristics, the photovoltaic needs to
operate at its maximum voltage value to avoid power loss.
The maximum voltage value is the voltage when the photo-
voltaic produces its maximum power point and is marked
by the red dot in Figure 1. Because of this condition, using
a load with an impedance that does not match the impedance
of photovoltaic will cause power loss. Therefore, to optimize
the photovoltaic power, the system can harness MPPT
technology.

3. MPPT Technology

Maximum Power Point Tracking or MPPT is a technology
that can control a power source from photovoltaic, such as
a solar module, to generate its maximum power [11]. MPPT
uses a DC-DC converter to control the solar module for
charging the lithium-ion battery, as shown in Figure 2. This
DC-DC converter then needs to operate using a certain
algorithm, so the power of the solar module reaches the
maximum point. Control of the DC-DC converter can be
undertaken by controlling the PWM signal that drives the
DC-DC converter, following various tracking algorithms,
such as Perturb and Observation (P&O). For MPPT to con-
duct the tracking algorithm, MPPT needs a controller device
or circuit that can monitor the solar module conditions, such
as the voltage, current, and temperature. The controller for
MPPT should have the capability to sense at least one data
measurement of the solar module conditions, then control
or produce the duty cycle needed by the PWM signal to drive
the DC-DC converter.

3.1. DC-DC Converter. A DC-DC converter consists of
several types of circuit, such as buck converter, boost con-
verter, and cuk converter. A buck converter is a circuit that
is used to reduce the input voltage of the buck converter
circuit so that it is lower than the input at the output side
[15]. Figure 3 shows a basic asynchronous buck converter
circuit. A buck converter used an inductor connected series
between the input and the output; a switching element

connected series between the input and inductor, an output
capacitor; and a diode connected parallel to the circuit
ground between the switch and the inductor, an input
capacitor.

For the buck converter to operate, the input has to be
connected and opened periodically [6]. Thus, the buck con-
verter has two steps of operation. The first step is the closed
circuit, and the next is the opened circuit step. Figure 4(a)
shows the short-circuit step when the switch element is
closed; this condition causes the input to power the load
and charge the inductor and output capacitor [15]. After
the inductor and the output capacitor are charged, the second
step will occur. Figure 4(b) shows the second step, when the
switch is opened. In the second step, the charged inductor
powers the load in this step [15]. These two steps will be
repeated as long as the buck converter is operating. To imple-
ment this process, the circuit uses a transistor component as
a switching element controlled by a PWM signal. By chang-
ing the duty cycle of the PWM signal, the duration time of
the closed circuit step in the period will change, and thus,
the solar module voltage will change correspondingly to the
duty cycle value of the PWM signal.

3.2. Perturb and Observation Algorithm. The Perturb and
Observation (P&O) algorithm is a tracking technique
algorithm used in MPPT to achieve maximum power by
perturbing the power source and observing the impact [11].
There are various MPPT algorithms, such as fuzzy logic
[16] and particle swarm optimization [17]. However, P&O
is the most used technique in an MPPT system because it
has a simple algorithm and does not require a high capability
controller device [11]. The first step of the P&O algorithm is
measuring the voltage and current of the solar module, then
calculating the current value and the difference between the
current voltage and power against voltage and power
measured from the previous loop. The controller then
decides, from the difference value, whether to increase or
decrease the voltage of the solar module by changing the duty
cycle of the PWM signal so that the power of the solar
module will increase.

3.3. Lithium-Ion Battery Charging Technique. The lithium-
ion battery (LIB) is the most commonly used battery in
electrical products and devices [18]. They have been used
in almost all portable devices in the fields of communica-
tion, power, and data processing. Even though LIB is
known for their durability, they have a procedure for
charging and discharging. LIB are known to explode if the
usage does not correspond to their profile [18]. Constant-
current and constant-voltage (CC-CV) is one of the charging
techniques that can be implemented on an LIB. The purpose
of CC-CV is to maximize the charging and the lifetime of
the battery [19].

Figure 5 shows the charging procedure of CC-CV of a
single LIB. CC-CV consists of four stages of charging [19].
The first stage is trickle and happens when the battery voltage
is below 3V; in this condition, the charging current must be
below 0.1C. C is the labeled capacity of the battery used.
When the battery voltage is above 3V and below 4.2V, the
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battery enters the second stage of charging, the constant
current. The constant current stage is charging the battery
from 0.2C to 1C in a constant or semiconstant charging
current. The third stage is the constant voltage stage, where
the battery voltage is above 4.2V; then, the current must
slowly reduce so that the battery voltage is below or equal to
4.2V. The last stage, end of charge, occurs when the charging
current falls below 0.02C, indicating that the charging is
finished and the current can be cut.

4. Design of SCC

Figure 6 shows the block diagram of the designed SCC. The
designed SCC utilized a buck converter circuit to control
the solar module power. The SCC controller used a micro-
controller Arduino Nano to monitor the solar module power
and Li-ion battery, using two INA219 sensors. An INA219 is
a power sensor IC manufactured by Texas Instrument [20].
The battery used was two cells connected in parallel; there-
fore, the battery was treated as a single cell with 4200mAh
of total capacity. The display OLED was used by the Arduino

Nano to display the power measured on both the solar
module and the battery. The Arduino Nano was powered
from the battery using a step-up 5V circuit due to the
single-cell Li-ion battery voltage being lower than the
Arduino Nano operating voltage.

Figure 7 shows the electric schematic of the designed
SCC device. S1 and S2 are I‐V sensor INA219 for the
solar module and single-cell Li-ion battery power sensor,
respectively. J1 is the connector to the solar module. The
step-up circuit used MT3608 IC to produce 5V [21].
The feedback resistor of R2 and R3 had to have a certain
value of resistance to give the appropriate voltage drop
value. R2 and R3 resistance values should be high enough
that the current is small enough; then, the power loss will be
reduced. The buck converter followed the basic buck
converter circuit, but the switching element used a series of
resistor, NPN transistor, and an MOSFET, instead of just
using a single MOSFET. The switching element components
are marked by Q1, Q2, and R1.

4.1. Buck Converter and Solar Module. The buck converter
circuit was designed so that the circuit operated on Continu-
ous Current Mode (CCM) on every tested PWM frequency.
CCM is an operating condition under which the current in
the inductor (L1) never reaches zero while operating. The
tested frequencies were 23 kHz, 62.5 kHz, 92 kHz, and
186 kHz. The inductor value needs to correspond to the
circuit parameter so that the CCM can be achieved. La and
Lb, respectively, from Equations (1) and (2), were used to
determine the minimal value of the inductance needed; the
value must exceed both La and Lb [15, 22, 23]. To find the
values of La and Lb, we need to know the circuit parameters,
such as the maximum and minimum voltage of the input and
output of the circuit, minimum frequency of the PWM
signal, maximum ripple current, and minimum current.
The maximum current can be obtained by dividing the
maximum power of the solar module used (Pmp) by the
minimum output voltage (Voutmin) following the solar
module specification shown in Table 1 and the load voltage,
respectively. The solar module used in this experiment was
SUNLITE, with a maximum peak power (Pmp) of 10W.
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L1
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+

–

D1

Figure 3: An asynchronous buck converter circuit.
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Figure 2: Block diagram of a basic SCC device.
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Figure 1: Illustration of photovoltaic characteristics under different irradiance and temperature: (a) power-voltage characteristic curve; (b)
current-voltage characteristic curve.
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Thus, the maximum current was obtained by a value of 3.3A.
The minimum frequency of the PWM signal (Fs) was
23 kHz. Following the Texas instrument guide, the maximum
ripple should be 20% of the maximum current; thus, the
maximum ripple (ΔILmax) was obtained by a value of
660mA [22]. The minimum current of the buck converter
follows the single-cell Li-ion battery minimum charging cur-
rent or 2% of the battery capacity [19]. The capacity of the
battery used was 4200mA. By replacing the variables in the

circuit parameters, we obtained the largest value of both
inductance values by 836μH. Thus, the inductance chosen
for L1 was 1000μH. This L1 value was chosen because it
exceeds La and Lb and to anticipate additional ripple current
caused by Equivalent Resistant Series (ESR) by the inductor:

La =
Voutmax 1 − Voutmax/V inmaxð Þð Þ

2 Fsmin Ioutmin
, ð1Þ

Lb =
Voutmax 1 − Voutmax/V inmaxð Þð Þ

FsminΔILmaxð Þ : ð2Þ

C2 is the output capacitor that used to reduce the volt-
age ripple on the output side [22]. The ripple occurred
because of the fundamental operation of the buck converter
that opened and closed the circuit periodically, causing the
voltage to ripple. The maximum ripple (ΔVoutmin) was
5mVon the load or output side; to achieve this ripple, a capac-
itor was applied on the load side, labelled as C2. Equation (3)
was used to obtain theminimumvalue of the capacitor needed
[22, 23]. By replacing the maximum current (ΔILmax), mini-
mum frequency (Fsmin), and maximum voltage (ΔVoutmin),
we obtained the minimum capacitance (Coutmin) value of
273μF. The value of C2 capacitance was 470μF. The C2 value
was chosen because the value exceeds the minimum and to
anticipate the ESR.A lower capacitance value was used as long
as the value is exceeded and additional ripple caused by the
ESR is still below the circuit standard or design. The capacitor
specifications must be considered, such as the maximum
operating voltage, so that the solar module voltage never
exceeds the capability of the capacitor operation voltage:

Coutmin =
ΔiLmax

FsminΔVoutmin
, ð3Þ

The switching element component utilized a series of
resistors (R1), NPN transistor (Q2), and power MOSFET
(Q1). R1 and Q2 were used to amplify the PWM signal volt-
age. The amplified PWM was generated as a voltage drop
between R1 and Q1. The voltage drop was applied to drive
the gate of the MOSFET; therefore, the MOSFET’s capability
to conduct currentwasmaximized [24, 25]. 10 kΩwas applied
for R1, so the current flow through R1 wasminimized and the
power loss reduced; R1may be applied using a lower or higher
value as long as the transistor off state condition can still pro-
duce a high enough voltage to drive the MOSFET; thus, the
MOSFET effective gate voltage should be below the amplified
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Figure 4: Two steps of buck converter operation: (a) closed circuit step; (b) opened circuit step.
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PWMsignal highest voltage. TheNPN transistor usedwas 2N
because of its ability to process 250 kHz signal, matched with
the circuit operation [26]. The power MOSFET for Q1 was
AOD444 because its switching time is faster than a common
power MOSFET, such as the IRF series, and it has the same
capability for power as the IRF series.

4.2. MPPT Algorithm. The designed MPPT algorithm was
developed from basic P&O value tracking with adaptations
and limitations for Arduino implementation. Figure 8 shows
the flowchart of the designed MPPT algorithm. To find the
maximum power point, first, the Arduino of the device must
measure the solar module current voltage and current, then

calculate the difference between the present power against
the previous power (ΔP) and the present voltage against the
previous voltage (ΔV). The Arduino then decides from the
difference calculation whether the present power generated
is on the left side or the right side of the present condition
of the maximum power point (MPP). If both the ΔP and Δ
V values are below zero, the current power is on the left side
of the MPP; therefore, the voltage of the solar module must
be increased and vice versa. Generating a higher solar module
voltage can be achieved by increasing the duty cycle value.
Because the Arduino cannot limit its own duty cycle value
by itself, a duty cycle tracking limit is implemented. When
the device decides to increase the duty cycle value, the
Arduino has to decide whether the current value is already
100%. If the condition is met, the duty cycle needs to be
reduced instead of increasing the value and vice versa if the
current duty cycle value is already 0%.

4.3. Charging Controller Algorithm. The charging controller
algorithm utilized basic constant-current (CC) and
constant-voltage (CV) for Li-ion battery charging. Figure 9
shows the designed algorithm of the implemented CC-CV,
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Figure 7: Electrical schematic of the designed SCC device.

Table 1: Specifications of the solar module.

Maximum power (MP) 10W

Voltage at maximum power (VMP) 18.36V

Current at maximum power (IMP) 0.54A

Open-circuit voltage (Voc) 22.00V

Short-circuit current (Isc) 0.58A
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with the inclusion of theMPPT algorithm and the utilized Li-
ion battery specification. Before initiating any charging cur-
rent, the device must cut off the current by setting the duty
cycle value (D%) by 100%. Then, the Arduino measures the
battery characteristic and decides the battery charging step.
For increasing D% in Arduino, 1.16% was applied rather
than 1% due to limitation on high-frequency PWM in Ardu-
ino [27].

The first charging step that must be evaluated is trickle
charging; if the battery is below 3V and the current is, respec-
tively, below 0.1C or 420mA, corresponding to the design,
the charging must be maintained at a maximum of 420mA.
If the battery then rises above 3V while the current is still
below 420mA, the battery is ready to enter the second step.
The second step is CC that charges when the battery is above
3V and below 4.2V. The charging current can be maximized
to 1C or 4200mA, corresponding to the design, and the
suggested current should be constant or semiconstant. When
the battery reaches 4.2V, the battery has entered the third
stage, CV. The CV stage functions to maintain the battery
voltage at 4.2V by reducing the current progressively. The
last step is the end of charge; when the charging current

reaches 0.02C or 84mA, cutting off the charging current will
be performed, and thus, the battery will finish charging.

5. Results and Discussion

5.1. Solar Module Power Test. To vary the irradiance of the
solar module, a Phillip 500W Halogen Lamp and variable
transformer were used. The test was conducted by connect-
ing 5 kΩ and changing the value by turning the knob of the
potentiometer, while the lighting was applied to the solar
module using the halogen lamp. Figure 10 shows the I‐V
curve and P‐V curve generated by using three different
irradiance values: 400W/m2, 200W/m2, and 80W/m2. These
results were used to validate the device performance by refer-
ring to the solar module power test result.

5.2. Buck Converter MULTISIM Simulation Results. To
ascertain the ability of the designed buck converter to control
the power of the solar module, circuit simulation was
performed on MULTISIM. MULTISIM is an electric circuit
simulation program using SPICE [28]. The simulation
applied the same buck converter circuit as shown in
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Figure 8: Flow chart of the designed MPPT algorithm.
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Figure 7, using corresponding components such as C1, C2,
R1, Q1, Q2, D1, L1, and BAT1. Because the AOD444 MOS-
FET model is not available in MULTISIM, IRF540 was used
as a substitution for MOSFET AOD444, as it has the same
N-channel type and the fastest switching of the IRF series,
with suitable operation specifications available in MULTI-
SIM. To simulate the solar module in the simulation, the
current limited source with the voltage of maximum power

voltage from the module was applied. The frequencies
applied were 23 kHz, 62.5 kHz, 92 kHz, and 186 kHz, corre-
sponding to Arduino’s ability to produce a PWM signal with
1.16% as the largest duty cycle step [27].

Figure 11(a) depicts the changes of the solar module
voltage or input voltage along with the duty cycle value. It
shows that the higher the duty cycle value, the greater the
increase of the solar module voltage. These changes show
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Figure 9: Flow chart of the designed charging control algorithm.
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Figure 10: Power test result of the solar module: (a) I‐V curve; (b) P‐V curve.
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that the buck converter can manipulate the solar module
voltage and show that the voltage and duty cycle are posi-
tively correlated, indicating that the circuit configuration
and especially the switching elements are working properly.
Figure 11(b) shows the changes of the solar module current
or input current against the duty cycle value; the current will
rise, then at some point will start reducing and reach cut-off.
This behavior is the same for the solar module current-
voltage characteristics; thus, the buck converter can be used
on an MPPT device. Although there is a match between the
behavior of the data and the design, the plots in
Figures 11(a) and 11(b) experienced shifting with the
increase of frequency. In Figures 11(a) and 11(b), a higher
frequency makes the plots shift more to the left. This behav-
ior occurred due to the delay of the switching capability of the
MOSFET [23].

Figure 12(a) shows the Vds and PWM voltage signals on
23 kHz operation; the Vds signal shows a delay against the
PWM signal changes, but this is not significant. Figure 12(b)
shows the Vds and PWM signals on 186 kHz operation,
demonstrating a significant delay between the Vds and
PWMvoltage signal. This indicates that theMOSFET is oper-
ating on a constant or semiconstant delay; thus, the increase of
the frequency makes the difference more significant.

5.3. Buck Converter Circuit Test. The designed buck con-
verter circuit was tested using 400W/m2 irradiance.
Figure 13 shows the results of the buck converter test.
Figure 13(a) depicts the changes of the solar module voltage
or input voltage along with the duty cycle value, and
Figure 13(b) depicts the changes of the solar module current
or input current along with the duty cycle value. Overall, the
behavior matched the MULTISIM simulation results, but the
plot experienced more shifting along with the increase of fre-
quency. This was assumed to be because of the MOSFET
delay, inductive load, and perfect calculated conditions on
the MULTISIM causing more shifting instead of the same
shifting or less. Aside from this phenomenon, these results
show that the buck converter circuit can be used for an
SCC device. The most efficient frequency was 23 kHz from
among the other tested frequencies, due to the 23 kHz duty
cycle range of operation being the widest and having the
most insignificant switching delay against the operating
PWM frequency; thus, the device used a 23 kHz PWM signal.

5.4. MPPT Tracking Test. To validate the MPPT algorithm
in the SCC device, two tests were conducted on the
prototype of SCC device. The first test was conducted
by applying three levels of irradiances, 400W/m2,
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Figure 11: Solar module voltage and current behavior: (a) input voltage vs. DC; (b) input current vs. DC.
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200W/m2, and 80W/m2, continuously to vary the P‐V
curve that would be tracked by the device. Figure 14 shows
the MPPT tracking results, with the P‐V curve shown in
Figure 10 as the tracking reference. The test was conducted
by applying the irradiance gradually from 80W/m2,
200W/m2, and 400W/m2 as the device managed to achieve
the maximum power. The results show that the MPPT was
correct for tracking from the open voltage condition to the
maximum power point. As the irradiance value increased,
tracking moved to the new maximum power point. Because
of these behaviors, it can be concluded that the designed
MPPT is appropriate to the P‐V characteristic curve and
MPPT purpose.

The second MPPT test was to observe the tracking speed,
as shown in Table 2. Different irradiance and duty cycle
tracking starting points were varied separately instead of
continuously, as in the first test. Table 2 shows the time as
the device started to track, until the maximum power point
was achieved. The fastest tracking time was achieved with
60% duty cycle starting point in the three different irradiance
values. Therefore, we utilized 60% as the duty cycle starting
point in this MPPT.

5.5. Charging Controller Test. To test the charging control-
ler capability of the SCC device, charging a battery using
the device was conducted. The battery charging finishes
in six hours, and the results are shown in Figure 15. As
the simulation of the solar module, ADITEG APS-3005 was
used to generate the identical power specification of maxi-
mum power that can be generated by the solar module.

Figure 15 shows that all four stages of CC-CV were
implemented by the device. The trickle charge was completed
and is shown in Figure 15(a). For the first charging period,
the current was below 420mA and the voltage was below
3V, as in Figure 15(b). Then, the current rose and varied
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Figure 13: Power test result of the designed buck converter circuit using a halogen lamp: (a) input voltage vs. duty cycle; (b) input current vs.
duty cycle.
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Table 2: Tracking speed test results of MPPT.

Duty cycle starting point
Time to maximum power point (ms)
80W/m2 200W/m2 400W/m2

100% 936 659 481

80% 387 373 438

60% 0 10 53

40% 144 221 498

20% 464 703 727

0% 742 937 1343
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from 1400 to 1600mA, and the battery voltage was below
4.2V and above 3V, indicating that the CC charging was
successfully performed. When the battery voltage rose to
4.2V, the current started to reduce gradually, as shown on
the CV charge. The last stage is end of charge or cut-off,
indicated by the charging current reaching zero and the cur-
rent, before reaching zero, already being low, indicating that
the battery finished its charging. Although on the last stage
the battery voltage was 4.18V, meaning that charging could
actually still be performed, it was assumed that the device
was charging the battery with a low current again; thus,
the battery would be expected to rise again to 4.2V. There-
fore, the cut-off was performed; then, the battery voltage
decreased a little but was higher than before, and the cycle
continued until the battery reached 4.2V and did not
decrease again.

5.6. Efficiency Test. The efficiency test was conducted using a
solar module powered by a halogen lamp. The three irradi-
ance values of 80W/m2, 200W/m2, and 400W/m2 were
applied. The tested device was with the MPPT and without
the MPPT technology. Table 3 shows the efficiency with the
MPPT and without the MPPT under different irradiance
values. The highest increase in efficiency was 52% at
80W/m2, while the lowest increase in efficiency was 39% at
400W/m2. This behavior occurred because in the SCC device
without the MPPT, the solar module voltage was dropped to
the load voltage, while the current flow had the same value as

in the MPPT, while with the MPPT, the voltage of the solar
module stayed at its maximum value. Therefore, the
efficiency of the device without MPPT was much lower due
to significant power loss relative to the solar module’s maxi-
mum power.

6. Conclusions

Overall, the designed SCC with MPPT technology was
able to manage maximum power tracking and control bat-
tery charging. The designed MPPT managed to utilize the
solar module more efficiently than a system that did not
use MPPT. The designed buck converter was able to sweep
along the P‐V curve of the solar module. The use of the
frequency of the buck converter PWM driving signal must
be considered, as the MOSFET used has performance issues,
such as delay of the switching, which could cause additional
power loss and narrowing of the operating range of the buck
converter. Arduino Nano can be used as the PWM generator
and as a charging controller using CC-CV. The frequency of
the PWM produced by Arduino and the duty cycle step are
correlated; thus, the value must be considered to correspond
to the design and needs. The MPPT managed to achieve the
highest efficiency of 78% while without MPPT, only 26%
was achieved.
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Table 3: Efficiency test result with MPPT and without MPPT.

Irradiance
Efficiency

Without MPPT With MPPT Improvement

80W/m2 26% 78% 52%

200W/m2 27% 73% 46%

400W/m2 29% 68% 39%
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This paper presents the design and implementation of a photovoltaic emulator, based on an accurate mathematical model of a
photovoltaic panel, instead of the look-up table method. The latter requires more memory for increasing accuracy and
considering all the desired environmental situations. Furthermore, the proposed approach takes into account the incidence solar
angle, as an input parameter, to offer the possibility of evaluating daily losses for different values of tilt angle. The validation of
the proposed emulator is carried out by comparing in real-time, both the studied panel output and the emulator output, under
variable load, temperature, and irradiation levels. The emulator is able to operate online with connected solar radiation and
temperature sensors or offline with recorded measurement vectors. The practical tests were performed on a prototype designed
using a MATLAB C MEX S-function, dSPACE board 1104, and a controlled DC/DC converter. The results showed that the
emulator was able to behave accurately as the studied photovoltaic panel.

1. Introduction

Photovoltaic emulators are nowadays becoming an alterna-
tive solution for indoor studying and analysing of photovol-
taic systems. Recall that, those electronic power devices are
able to reproduce the electrical behaviour of photovoltaic
panels under controllable conditions.

In the literature, several methods to emulate photovoltaic
panel behaviour have been studied. The reference generation
could be analogue or digital; in [1, 2], two analogue reference
generations were presented. The photovoltaic emulator
developed in [1] consists in amplifying a photodiode I-V
characteristic, which is considered as a PV cell. This method
needs a light-emitting diode to simulate solar irradiation.
Temperature control is ensured by a temperature controller
of the photodiode. The authors in [2] have proposed a
method to emulate the photovoltaic panel behaviour based
on a logarithmic amplifier, operational amplifiers, variable
resistors, adjustable linear voltage regulator, and a DC power
supply. Although the analogue methods do not have a calcu-
lation delay, they are not flexible when controlling tempera-
ture and irradiation levels. An alternative solution is using
digital reference generation combined with a power con-

verter. In the literature review, different digital controllers
were used, namely, the microcontroller [3], the field-
programmable gate array (FPGA) [4], and the digital signal
processor (DSP) [5]. A hybrid digital-analogue reference
generation is presented in [6].

A photovoltaic emulator can be considered as a con-
trolled DC power supply able to reproduce photovoltaic
panel characteristics, regardless of the environmental condi-
tions. The general architecture of the PV emulator is shown
in Figure 1.

It consists of three main elements: PV model implemen-
tation, control strategy, and power stage control [7]. The PV
model reproduces the photovoltaic panel characteristic to be
emulated; it receives as inputs, the temperature and the radia-
tion in addition to measured photovoltaic panel voltage or
current, according to the control type used for the power con-
verter, current controlled or voltage controlled. The control
strategy is the stage between the PV model and the power
converter. It determines the intersection point between the
photovoltaic emulator characteristic and the load character-
istic. The power converter could be a linear regulator, a
switching mode power supply, or a programmable DC power
supply including the closed-loop control. The switching
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mode power supplies are recommended for high-power
applications, due to their efficiency and fast dynamic
response.

Despite all the studies carried out for the design and
implementation of photovoltaic emulators, the existing
structures do not take into account all the operating condi-
tions of solar panels, such as the geographical position, time,
tilt angle of photovoltaic panels, and wind effect.

In this paper, we propose a new architecture of the pho-
tovoltaic emulator able to study the electrical characteristics
of fixed photovoltaic installations, by considering time, tilt
angle, latitude, and longitude as additional input parame-
ters. The proposed emulator can also be used for loss esti-
mation or tilt angle optimization. The control algorithm is
implemented using a flexible direct calculation method to
cover all temperature and irradiation levels. The design
and the implementation are carried out on the dSPACE
1104 controller board. The DC/DC converter is designed
to support the current delivered by the SR-20 panel under
different operating conditions. One of the strong points of
the proposed emulator is the ability to reproduce, in real-
time, a very accurate electrical power, synchronously with
a reference PV panel under real weather conditions and
variable load. The results showed a good agreement
between the emulator and the panel responses in transient
and steady states.

The rest of the paper is organized as follows. The pro-
posed emulator implementation is given in Section 2; the
model of the photovoltaic panel and its practical validation
are presented in Section 3. Section 4 is dedicated to the design
and control strategy of the power converter. Section 5 pre-
sents real-time implementation results and analysis. Finally,
some concluding remarks and perspectives are presented in
the last section.

2. Structure of the Proposed
Photovoltaic Emulator

Photovoltaic emulators developed in the literature emulate
the photovoltaic panel behaviour at the desired temperature
and solar irradiation. The latter is influenced by the incidence
angle of the sunrays, which represents the angle between the
sunlight and the normal to the surface of the panel. The
reflected and diffuse solar radiations can be neglected

compared to the direct solar radiation GD. The effective solar
radiationGi received by the panel for a given incidence angle i,
is given by [8]:

Gi = cos ið Þ ×GD: ð1Þ

The incidence angle of solar radiation on an inclined panel
depends on several angles. The illustration of these angles is
presented in Figure 2, where BO is the normal to the horizon-
tal surface, CO is the normal to the tilt surface, OE is the pro-
jection of the normal to the inclined surface on the horizontal
plane, γ is the surface azimuth angle, and β is the tilt angle,
measured from the horizontal. By applying cosine law on var-
ious mentioned above angles, one can deduce the following
relationships [9]:

cos ið Þ = cos βð Þ cos zð Þ + sin βð Þ sin zð Þ cos α − γð Þ,

sin αð Þ = sin ωð Þ cos δð Þ
sin zð Þ ,

cos zð Þ = sin δð Þ sin ϕð Þ + cos δð Þ cos ϕð Þ cos ωð Þ,

δ = 23:45° sin
360
365

284 + dð Þ
� �

,

ω = ST − 12ð Þ × 15°,

ST = t + ET ± 4 LST − Lð Þ + DST,

LST = 15°ΔGMT,

ET = 229:2 0:000075 + 0:001868 cos Bð Þð
− 0:032077 sin Bð Þ − 0:014615 cos 2Bð Þ
− 0:04089 sin 2Bð ÞÞ,

B = d − 1ð Þ 360365
,

ð2Þ

where z is the zenith angle, ϕ is the latitude, α is the solar azi-
muth angle, δ is the declination angle, d is the day of the year,
ω is the solar hour angle, ST is the solar time, LST is the local
standard time meridian, LT is the local time, GMT is the
Greenwich Mean Time, in hours, ΔGMT is the difference of
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Figure 1: General photovoltaic emulator architecture.
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LT and GMT, L is the longitude, ET is the equation time, DST
is the daylight saving time, and t is the standard time.

The incidence angle in terms of declination angle, tilt
angle, latitude, and hour angle is given by:

cos ið Þ = sin δð Þ sin ϕð Þ cos βð Þ − cos ϕð Þ sin βð Þ½ �
+ cos δð Þ cos ωð Þ cos ϕð Þ cos βð Þ½
+ sin ϕð Þ sin βð Þ cos γð Þ�:

ð3Þ

When the inclined photovoltaic panel faces the equator
(γ = 0), equation (3) becomes

cos ið Þ = sin δð Þ sin ϕð Þ cos βð Þ − cos ϕð Þ sin βð Þ½ �
+ cos δð Þ cos ωð Þ cos ϕð Þ cos βð Þ + sin ϕð Þ sin βð Þ½ �:

ð4Þ

Hence,

cos ið Þ = sin ϕ − βð Þ sin δð Þ + cos ϕ − βð Þ cos δð Þ cos ωð Þ:
ð5Þ

The developed emulator architecture is shown in
Figure 3.

According to equation (1), the cosine of the incidence
angle is multiplied by the solar radiation to calculate the
actual value of solar radiation received by the panel, under
the installation conditions. From the user-defined inputs
and the measured voltage Vpve, considered as the emulator
voltage, the PV model generates a current reference Iref that
will be compared with the current-controlled buck con-
verter output Ipve, considered as the emulator current.
The error is minimized by the PI controller to maintain
Ipve to its reference value Iref . The model and control algo-
rithm are programmed under MATLAB/Simulink and
loaded on the dSPACE controller board. The LEM
LA55-P and the LEM LV20-P are, respectively, the current
and the voltage sensors. Their outputs are connected to a
conditioning circuit to deliver a voltage between 0 and
±10 volts, adapted as an input of the dSPACE board ADC.

The dSPACE board contains a Master Floating-Point DSP
(400MHz) for processing and a Slave DSP (20MHz) for con-
trolling PWM and digital I/Os. The control parameters, the
sensor gains, and the data visualization are carried out under
ControlDesk software.

The major targeted goals, during the development of this
architecture, are (i) the design of a photovoltaic emulator
with the same response as a photovoltaic panel in the tran-
sient and steady state, (ii) considering the actual installation
conditions of photovoltaic panels. (iii) The emulator must
be able to operate in real-time with connected temperature
and radiation sensors or with stored data from other stations,
(iv) a simple and accurate control law easy to be imple-
mented in other platforms. The details of the implementa-
tion and design of each part of the architecture are given
in the following sections.

3. Photovoltaic Panel Model Implementation

A photovoltaic cell is an electric power generator, consisting
of semiconductor layers that convert solar energy into elec-
tricity. Depending on the load connected to its terminals, it
can behave as a current source or as a voltage source [10].
In the literature review, several photovoltaic models are used
to simulate the photovoltaic panel behaviour. They are
divided into two categories: electrical circuit models based
on the electrical characteristics of the photovoltaic panel
and interpolation models based on the IV characteristic of
the photovoltaic panel [11]. Even if the electrical circuit
models are less fast compared with the linear models, they
are commonly used by the researchers, due to their accuracy.
The most popular electric models are the double diode model
and the single diode model. The latest presents a good com-
promise between accuracy and simplicity [12]. The photo-
voltaic model implementation is carried out by several
methods, direct calculation method, look-up table method,
piecewise-linear method, neural network method, and
photovoltaic elimination voltage method [7]. The direct
calculation method is characterized by good accuracy and
low memory demand. In this paper, we used an electric
model (1D2R) with a numerical calculation method to
avoid the use of look-up tables to increase the model accu-
racy. The 1D2R model with the equivalent circuit is shown
in Figure 4.

The current-voltage characteristic of a photovoltaic mod-
ule is represented by equation (8).

I = Iph − ID − Ip, ð6Þ

where

ID = I0 eV/AVt − 1
� �

,

Ip =
V + RsI

Rp
:

ð7Þ

𝛽
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Figure 2: Solar radiation on tilt photovoltaic panel.
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Hence,

I = Iph − I0 e V+RsIð Þ/VtAð Þ − 1
� �

−
V + RsI

Rp
: ð8Þ

The current Iph describes the photogenerated current of
the photovoltaic panel; it depends on solar radiation and
temperature as follows:

Iph =
G
Gn

Iscr + Ki T − Trð Þ½ �: ð9Þ

Vt = kTc/q is the thermal voltage, k is the Boltzmann
constant, T is the temperature of the photovoltaic panel
and A is the diode ideality factor, q is the electronic
charge, Tr is the reference temperature, Iscr is the short
circuit current at Tr , Ki is the short circuit current/-
temperature coefficient, and Gn is the nominal irradiation.

The reverse saturation current of diode I0 may be
expressed by

I0 = In
Tc

Tr

� 	3
e qEg/Akð Þ 1/Trð Þ− 1/Tcð Þð Þ, ð10Þ

where In is the nominal saturation current and Eg is the
band gap energy.

The identification of the unknown parameters men-
tioned above is based on the physical parameters of the
studied panel, given in the manufacturer’s datasheet at
standard test conditions (STCs) of temperature and solar
irradiation. The specifications of the SR-20 panel are given
in Table 1.

The model is programmed as a C MEX S-Function and
loaded on the dSPACE 1104 controller board. Firstly, the
model is validated in simulation as shown in Figure 5.

As can be seen in Figure 5, the simulated current-voltage
and power-voltage characteristics, under nominal conditions
of temperature and irradiation, reproduce the same values of
VOC, ISC, VMP, and IMP. The model is also validated with real
data of irradiation and temperature recorded for short cloudy
periods. The results of this validation have shown that the
model behaves exactly as the SR-20 panel, under variable
conditions of temperature and irradiation, as shown in
Figure 6.

4. Power Stage Design and Control

There are three main power converters used in photovoltaic
emulator applications: linear regulator [1], programmable
DC power supply [13], and Switching-Mode Power Supply

Proposed photovoltaic emulator
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(SMPS) [4]. Since the efficiency of the linear regulator is low,
it is rarely used in photovoltaic emulator applications. The
programmable DC power supply includes the closed-loop
control, but it suffers from the response delay. As a result,
the SMPS is more suitable for photovoltaic emulators in
terms of efficiency and dynamic response. Among the com-
mon SMPS topologies, a buck converter is used to cover the
values of the emulated panel I-V characteristic. The control
type is current control, ensured by a PI controller. The elec-
trical circuit of the buck converter is shown in Figure 7, oper-
ating in the continuous conduction mode (CCM). The design
parameters are given in Table 2.

The selection of the values of C and L is based on the
standard design equations. The DC-DC buck converter was

built using IRF540NPBF MOSFET connected to FOD3120
gate driver. The selected values of L and C are 1mH and
470μF, respectively.

The closed-loop control is shown in Figure 8. It consists
of a PI controller receiving the current reference from the
PV model. The buck converter is current-controlled. Its
transfer function, derived from the small-signal analysis, is
given by [7]:

GBUCK sð Þ = îpve sð Þ
d̂ sð Þ

=
V in/R

LCs2 + L/Rð Þs + 1
: ð11Þ

The second-order term coefficient, LC, could be neglected
(LC~1e‐7) compared to L/R (L/R~1e‐3). The system can
then be considered as a first-order system, equation (22).

GBUCK sð Þ = îpve sð Þ
d̂ sð Þ

=
V in/R
L/Rð Þs + 1

: ð12Þ

The PI parameters are tuned to ensure a fast response,
stability, and minimizing steady-state error. The closed-
loop responses for abrupt load and setpoint changes are
given in Figure 9. As can be seen, the designed controller
is able to track the setpoint Iref regardless of load and ref-
erence change conditions.

As mentioned previously, the control strategy plays a
very important role in the determination of the operating
point. There are several control strategies of photovoltaic
emulators reported in the literature, namely, the resistance
comparison method [14], the hill-climbing method [15],
the hybrid-mode controlled method [16], and the direct
referencing method [7]. In this study, we used a direct refer-
encing method that works with the SMPS and does not
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Table 1: SR-20 PV panel specifications (A.M.1.5, 1 kW/m2, 25°C)
and identified parameters of the adjusted model.

Voltage at MPP (VMP) 17.2 V

Current at MPP (IMP) 1.17A

Short circuit current (ISC) 1.28A

Open circuit voltage (VOC) 21.6 V

Maximum power (PMP) 20W

Ideality factor (A) 1.9

Charge of electron (q) 1.6e-19 C

Boltzmann constant (k) 1.38e-23 J/K

Band gap energy (Eg) 1.12 eV

Reverse saturation current at Tr (In) 5.98e-6 A

Temperature coefficient of SC current (Ki) 512.10-6 A/K

Number of cells connected in series (ns) 36

Number of cells connected in parallel (np) 1

Internal series resistance of a cell (Rs) 0.004Ω
Internal parallel resistance of a cell (Rp) 1000Ω
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require any additional algorithm. This method involves con-
necting the emulator output voltage Vpve to the PV model
input. The latter generates a current reference Iref applied
to the PI controller input, Figure 8.

At the start time, the Vpve = 0 and the photovoltaic model
generates a reference current Iref = Isc, for a given load, irra-
diance, and temperature. As Vpve increases, Iref begins to
decrease following the PV panel I-V characteristic. The PV
emulator stabilizes on an operating point when Vpve and
the output current Ipve, correspond to the output resistance
RLoad on the I-V characteristic, Figure 10.

5. Results and Discussion

Unlike previous works in this domain, the superiority of the
method in real-time processing was experimentally validated
by connecting the photovoltaic panel and the emulator to
two similar resistive loads and comparing simultaneously
both panel and emulator outputs. Under the same variable
conditions of temperature, solar radiation, load, latitude,
longitude, time, and tilt angle, the emulator must be able
to deliver the same voltage and current as the SR-20 solar
panel. The scheme of the practical platform is illustrated in
Figure 11.

A photograph of the experimental platform, with its
instrumentation, is shown in Figure 12. The solar radia-
tion, current, voltage, and temperature are, respectively,
measured by CM10, LEM LA55-P, LEM LV20-P, and
PT1000 sensors. The signals pass through a conditioning
circuit to deliver voltages between 0 and ± 10 volts,
adapted to ADC inputs of the dSPACE controller board.
The photovoltaic emulator was tested under variable load,
solar radiation, and temperature. The validation results are
given in the next subsections.

Experimental tests were carried out during alternating
sunny and cloudy periods, in Marrakech on April 2nd,

2019, from 14h 30mins to 17h 30mins. The SR-20 panel is
fixed in a position of 31 degrees facing south. The validation
was carried out progressively, by first individually testing the
effect of each of the factors, including load, irradiation, and
temperature and secondly the simultaneous variation of the
different factors, taking into account the effect of the solar
incidence angle studied in Section 2.

5.1. Electrical Characteristic Verification. To demonstrate the
validity of the proposed emulator, it would be appropriate to
start with standard offline tests, based on controlled G and T
variations. To generate the I-V characteristics, the proposed
emulator was connected to a variable load, for different
values of solar radiation and temperature. The comparison
between the obtained I-V characteristics and those of the ref-
erence panel is given in Figure 13. Test results have shown
that the proposed emulator behaves exactly like the SR-20
panel, throughout the I-V characteristic.

Since the incidence angle is related to real-time operation
of the PV system, the integration of its effect on the emulator
is validated subsequently.

5.2. Load Variation. When changing the load, the emulator
and the photovoltaic panel are each connected to three resis-
tive loads (19Ω, 15Ω, and 9Ω); switching from one load to
another is carried out, simultaneously, by controlled relays.
Figure 14 illustrates the behaviour of the emulator and panel
under load variation and during a period when the tempera-
ture and irradiation are considered constant. As can be seen
from the curve, the emulator faithfully reproduces the same
electrical behaviour as the SR-20 panel.

5.3. Irradiation Variation. The effect of variable irradiation at
stable temperature (at 29°C) is shown in Figure 15. The tests
are performed under periods of dense and less dense clouds,
inducing a variation of solar irradiation between 375W/m2

and 627W/m2. The results showed that the emulator was
able to follow accurately abrupt changes in irradiation with
a high robustness degree.

5.4. Simultaneous Variation of Load and Environmental
Conditions. In natural operation, photovoltaic panels work
under uncontrollable environmental and load conditions. A
powerful emulator should be able to reproduce the same elec-
trical behaviour as a photovoltaic panel under such condi-
tions. The test conditions are shown in Figure 16. As can be
seen, the emulator behaves in a very efficient way throughout
the test, in particular, the area between 15 and 25mins where
the three factors vary at the same time.

5.5. Incidence Angle Effect. To study the electrical behaviour
of a fixed installation through an emulator, it would be
appropriate to consider the incidence angle effect on the elec-
trical photovoltaic panel characteristic. In about 20mins,
between 14h 30mins and 14h 50mins, the incidence angle
presents a variation of more than 3 degrees, leading to a pro-
gressive output emulator error. At 14h 50mins, an adjust-
ment of the incidence angle was introduced in the emulator
input, as shown in Figure 17.
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Figure 7: Buck converter architecture.

Table 2: Design parameters of buck converter.

Input voltage (V in) 24V

Switching frequency (f SW) 20 kHz

Output voltage ripple (ΔV) 10mV

Inductor current ripple (ΔI) 30%
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An overall summary test was performed in real-time
on a fixed panel for 2 h 30mins, to highlight the perfor-
mance of our emulator for the final prototype,
Figure 18. During the test, the solar irradiation and the
temperature show significant natural variations. The load
varies arbitrarily between 19Ω, 15Ω, and 9Ω. The emula-
tor combines the measured solar irradiation with an esti-
mated incidence angle to determine the actual irradiation
received by the panel. The incidence angle changes from
49° to 82°. The current and the voltage generated by the
emulator, under the same conditions, show a perfect
agreement with those delivered by the photovoltaic panel
under consideration.

6. Conclusion

In this paper, a prototype of a high-performance photo-
voltaic emulator has been developed, including the effect
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of the incidence angle. The experimental validation was
carried out in real-time, by comparing both panel and
emulator outputs.

As the converter is a key element in the emulator archi-
tecture, special attention has been given to its control system

to maintain the same performance for any operating point.
The proposed control algorithm is based on an autotuning
PI controller, according to load and input voltage variations.
The method leads to a simple and accurate control law easy
to implement on any digital platform.
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To validate all expected performances of the proposed
emulator structure, a practical platform has been designed
and developed for this purpose. A global test scenario
was used to validate the dynamic and steady-state
responses of the emulator under realistic and possible
operating conditions.
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The obtained results showed that the emulator could
behave accurately as the reference photovoltaic panel
under variable environmental conditions and load abrupt
changes. The results showed also that for a fixed panel

the emulator considers efficiently the daily incidence angle
evolution.

A hardware platform based on a low-cost digital control-
ler is under development.
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