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Abstract. The general objective of this paper is to 1954, this technology has been developed continuously.

demonstrate that simple control strategy can be implemented in
photovoltaic (PV) systems. A complete PV installation is
embedded under MATLAB/Simulink environment to simulate
and compare two control methods. The first one is basédag
bang control (Hysteresis) and the second one is the pulse width
modulation method. We are focussing in applying these simple

The efficiency of the first PV cell was 5 %. Currently in

laboratories, it is possible to achieve efficiencies higher
than 40 % [1]. Recently, PV energy became more and
more important. Consequently, because of the
globalisation and permanent increase of the world’s
population, more and more energy is required. PV energy

control strategies in the case of PV system operating in a
standalone mode supplying an AC load. The integration with the
load is made by a “H bridge”. Specific goals are mastering and
realising the complete model of the PV installation and its control
algorithm (PV array, AC-DC converter, maximum power point
tracking ...). Control strategies have been developed and
simulated to visualise the functionality and convenience of the
different control schemes of the PV system. Simulation results
allow the comparison of the different control techniques with a
particular attention for two criteria: the total efficiency as well as
the harmonic distortion rate. Results shows that simple bang bang
algorithm gives better results in terms of efficiency and harmonic
distortion rate.

is a proper alternative compared with conventional
electrical energy production and one option to solve
future energy problems. The potential of PV application
is enormous. A surface of about 64.500°kmthe Sahara
Desert would theoretically be sufficient to cover the
global energy demand [2].

One key to make this technology profitable is improving
the efficiency. There are multiple scientific disciplines
that concern PV technology, e.g., semiconductor physics
and material sciences for the PV cell itself and multiple
areas of activities concerning electronics. One field of
electronics is electronic command and control. Electronic
command and regulation in a PV system must ensure that
the PV cell operates at its maximum power point
knowing by the terminology Maximum Power Point
Tracking (MPPT) and provide the best possible
adaptation of power electronic components [3]. The
power of PV systems depends in part on PV irradiation
It is no longer necessary to demonstrate the interest of and temperature. As a result, the power generated by PV
renewable energy sources to replace fossil energies and systems is not guaranteed and may vary; this is the reason
thus, to reduce the environmental impact as well as energy why storage solutions have been addressed [4], but not
dependence. From different sources, it is possible to zddressed in this paper.

produce electricity, but not only (It is possible to produce |n this paper, we are interested in applying two control
heat also). Photovoltaic (PV) systems, specifically, have a strategies in the case of PV system connected to an AC
growing interest and renewable energies, with this source, |oad. The first control technique is based on a bang bang
is constantly increasing among the others. It's present all ¢ontrol system. The second one uses a PMW method to
over the world. Many projects and research are conducted generate the control signals for the converter used to
for over twenty years now at least. Of course, this energy connect the PV infrastructure to the power consumer. In
has disadvantages such as fluctuating character and thethe first part, we establish the model of the PV cell. Then,
fact that the PV “sensor” has a low efficiency. However, e detail the MPPT as well as the DC/AC converter and
the research will make it pOSSible to increase ConSiderably the different types of performances to be considered. In
this performance. Since the invention of the PV cell in the third part, after choosing the electrical topology of the

Key words. PV systems, control strategies, total
efficiency, total harmonic distortion.

1. Introduction
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PV system, we compare two control strategies for the
inverter. The system architecture is based on a “H bridge”
with connection to the load. The simulation results make it
possible to compare the various control techniques
especially on the following points: the total efficiency as

well as the harmonic distortion rate.

2. PV Cdl Characterization

PV cell models have been already investigated by
researchers [5, 6]. The model presented in Fig. 1 is
frequently used by the scientific community. A current
generator with a behavior equivalent to a current source
shunted by a diode is described

Rs |

Iph

O

Fig. 1. PV generator model with a single diode and two resistors

The PV cell's intern conductors generate a fall of voltage
inside, due to the serial resistance Rosses within the
semiconductor and leakage current is occurring. These
losses are represented by the parallel resistapcd®R
cell's equivalent scheme can be written mathematically

(1).
(1)

with:

@)

Thus, (3) can be found for the equivalent schematic of a
PV cell whereas is the PV cell’'s output current.

0=1,, -1, [Eexp{UDmJ“m'JERSJ—l]—UD ;' R
T P

with:

I, is the photovoltaic current due to irradiation. If the
panel is composed of Np cells connected in parallel, then
Iph = Iphcen X Ny wherelyy, oy is the saturation current
for a single cell;

Ip is the saturation current of the PV pargl= I .o X
Nywherelp ..y is the current of a single cell and Np the
number of cells in parallel;

Ut: thermal potential of the panell, =

®)

Ng XKXT

, Ns is

number of cells in series, K: Boltzmann constant, g charge
of an electron and T temperature of the p-n junction. T is
assumed equal to the ambient temperature;

m: ideal constant of the diode, assumed equal to 1 in our

case:
U: voltage across the panel.
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As (3) is an implicate one, it is only possible to solve
them using numerical methods. A common practise to
solve those equations is the Newton-approximation.
Applying the Newton approximation on (3), (4) can be
found for the output curremt

+ 1. + 1.
L -1, Dex U+l Ry _1_U |.ERS_|
| |- mU, R,

' (4)

3. Investigated Control Strategies

Technologies for controlling PV system are already very
advanced, especially for PV plants. The two most
influenced parts of modern controlling are the MPPT and
the DC-AC inverter.

A. MPPT strategy

Many MPPT techniques have been proposed in the
literature. Incremental conductance algorithm and perturb
and observe algorithm are among most popular. In our
paper, our technique is based on the first one, even if the
main weakness of this algorithm is its complexity in
comparison with the perturb and observe algorithm. At a
glance, the Incremental conductance can establish with a
good accuracy that the MPPT has reached the MPP and
stop perturbing the operating point. If this condition is
not met, the direction in which the MPPT operating point
must be perturbed can be calculated using the
relationship between di/dV and —I/V

The efficiency of modern MPPT strategy is generally
high (up to 99 percent [7]). Fig. 2 shows evolution of the
current and power of the studied PV installation as
function of the PV output voltage.
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Fig. 2. PV current and power versus the PV output voltage.

Thus, the maximum power for a PV cell is reachable.
This concept presents the basis of the MPPT
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terminology.The voltageUypr is smaller than the off-load
voltage and the short circuit current is higher thagp.
Mathematically Uypp and Iyep can be obtained by
resolving (3) toUypp and lypp, according to (5) and (6)
(neglecting the influence of the parallel resistor).

U
e =1 (UMPP):| K _ISEEeXp(ﬁJ_]-J (5)

T

mW,

As (6) is non-linear it must be solved numerically,

according to the Newton approximation. Furthermore, the
MPPT can be computed using the derivation of the PV
cell's power curve. The maximum of the PV cell’'s power

curve (derivation=0, maximum power) can be calculated
according to (7).

dP(UMPP):d(UMPPD(UMPP)):l(U )+U BqI(UMPP):O (7)
MPP MPP du

du du

Uyer =U, —mU, Dn(1+MJ (6)

The powerPypp in the operation point MPPT can be
calculated according to (8).

Pupe =U wep Wypp <U | Oy ®)
with:

U, the off-load voltage with I=0 (Fig. 1) angd the short
circuit current.

If a solar cell is short circuited, the short circuit currgnt |
corresponds nearly to the photo currept The more the
temperature is high, the more the short circuit current
increases.

Also, the MPPT power has a temperature coefficient. The

equation to calculatBypr depending on the temperature is
analogue to (9).

Ix(¥y) = Ixg(¥,) - (1 + a9, - 191)) )
whered, 4,42 are the temperature at initial condition and

final one respectively, andx,, is the coefficient
temperature.

The more the temperature is high, the more the short

circuit current increases. Normally the current’s
temperature coefficient is between, = +1073/°C and
CZIK = +10_4/°C.

For the MPPT, power temperature coefficient is negative
and for Silicium PV cells the value is betweepypp =

—3-107%/°C  and@pee=—600°/°C. A
temperature increases of 25°C provokes a power
diminution of 10%. In datasheets, the MPPT is given
according to STC (Standard Test Conditions) conditions
and normal given in W(Watt-peak).

From time to time, there are new technologies to perform
the MPPT [8]-[9]. This article is nevertheless not focused
on MPPT.

B. DC-AC inverter

A DC-AC inverter equipped with hard switches (switches
that are turned off without applying zero voltage
switching), provide an efficiency of around 95 to 96
percent. In this article, a DC-AC inverter with soft
switching was carried out, which increase the efficiency
up to 97 to 98 percent [10].

PV-inverter is the junction between the PV-array and the
power consumer (load) where the PV energy is directly
injected in. Furthermore, it is possible to supply PV
energy into local electricity grid, e.g., a house and to
supply the excessive energy into the public electricity
grid.

For PV installations up to 5 kW, single phase is used. For
higher power, the alimentation can be done in three-
phase. There are two ways for three-phase supply, the
first one is based on a three-phase DC-AC inverter and
the second one is to apply three single phase DC-AC
inverters that supply symmetrically into the electricity
grid.

Modern inverters for
following demands:

e Conversion of the PV generator's direct
parameters (voltage and current) into alternating
parameters according to the public electricity
grid (voltage, frequency);

e Quick adaptation of the MPPT according to
exterior conditions (PV irradiation,
temperature);

e Saving and visualisation of data, e.g., power,
voltage and current;

* Resistance against
polarity, overpower;
Match standardisation demands of electrical
institutions.

PV systems can match the

over voltage, reverse

Fig. 3 shows the architecture of a PV conversion system
with a DC/AC inverter.
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Fig. 3. Connection interface of a PV installation to the power grid or load based on DC/AC converter.

The following paragraphs describe the PV inverter’s single
components.
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The heart of a PV inverter is the DC-AC inverter. It must
be distinguished between line commutated and self-
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commutated inverters. The requirements for a DC-AC
inverter are the following:
« delivering of alternating voltage and current with
fixed frequency;
» having a good efficiency, even for loads below
the nominal power;
e protection against short circuit current;
» less harmonic oscillation;
* over voltage protection.
Furthermore, one of the objectives of this article is to show
how different variations of a switch control may influence
the efficiencies and harmonic’s behaviour. First, it should
be started with a general PWM, comparing a triangular
signal with a reference sinusoidal signal. Further simple
bang bang controls were be found in [10] and one of them
is investigated in this article. The objective is to compare
these switch controllers and visualise the results.

4. Choice of typology of the PV System

To illustrate and to compare the different control
strategies, a typology of the PV system must be chosen.
The first decision that was made was to use either a grid
connected, or non-grid connected system [11, 12].
Secondly, a structure with a large market segment was
investigated, e.g., a low or medium power installation
that can be implemented e.g., on roof tops of houses. As
fabricants tend more and more to offer transformer less
PV converter it is an interesting challenge to investigate
such an installation. In this work, we decided to
implement a standalone PV system to supply an AC load.
Fig. 4 shows the architecture that was used throughout
the work.
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Fig. 4. Complete example application.

In this paragraph, results of different control strategies will

The bang bang regulation demands two different times

be compared and visualised. Two control strategies have depending on set point values. If e.g., a sinusoidal set
shown an adequate interest for investigations and are point value without an offset is desired, the two set point

detailed after:
» Bang bang method,
* PWAM sinus/triangle.

A. Introduction to the Bang Bang Regulation

values have to be as follows:

* One (sinusoidal) set point value must have a
positive offset;

e The other one (sinusoidal) set point value must
have a negative offset.

Fig. 6 shows graphically the desired curve (sinusoidal

As solution, is based on a bang bang regulator, an current) with its two set points. Furthermore, a typical
overview is done. Such a structure is based on a H bridge measurel(measure in Fig. 6) is shown.

(Fig. 5). In this onelJp is a direct voltage anty,ins an
AC voltage source. It is assumed that energy is injected
into Upains[13, 14].

H bridge
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AC load
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f
]
'
'

T

PWM/Bang bang
control strategy

Fig. 5. H-bridge.
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Fig. 6. Graphical illustration of the bang bang regulation.
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Fig. 6 also visualises a basic switch control of a bang |
regulation. Assuming that S1 and S4 are switched ¢
any moment in Fig. 5, the curreintneasurei in Fig. 5) is
rising. As soon as the upper set point is achieved, S:
S4 are switched off and S2 and S3 are switched on.
forces the current in Fig. 5 to decrease. The decre
continues until the current reaches the downer set
value. As soon alsis inferior tothe downer set point valt
S2 and S3 are switched off and S1 and S4 are switch
again. The current begins to augment again. The av
vlalue of the resulting current is a sinusoishape ag
desired in Fig. 6.

Remark: Fig. Ghows the simplest version of a bang b
regulation. Practically this switch pattern would st
inconvenience as all four switches are applied at the
time which would provoke a short circuit of the-bridge
(see Fig.5) for a little while. The switcing frequency
depends on the gap between the upper and the dowr
point value and the mains voltages the inductance ar
resistancat the circuits output (L and R Fig. 5). Further
information about this kind of regulati can be found
[15].

B. Bang Bang Method

The concept of the bang bangontrol strategy i
summarized in Fig. 7.

Dead time
Fig. 7. Bang bang version overview switching sch.
The desired currentthat is injected into thAC load is
sinusoidal as desired. The switching scheme to ap;,
S, S and § in Fig. 5to force the current to adapt t
desired shape (sinusoidal) is also given \Fig. 7. During
the positive part of the sinus wave the current incre
when § and S areswitched on at the same time. This ¢
forces the current to flow through, 8nd ¢ When the
current has achieved an upper set pc set point up in
Fig. 7), S is switched off. The inductance Fig. 5 forces
the current to continue and so the caotridows through [
and S The AC load (Whansin Fig.5) operates as a char
that forces the current to decrease. As soon as
decreasing current undertakes the downer set point \l
set point down in Fig. 5):Sand S are conductin@gain,
and the procedure starts again. So, fina, is switched on
as long as the sinus wave is positive.
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During the negative part of the sinus wave the cui
goes down when,Sand S are conducting at the same
time which provokes a current flow through se two
switches. If the current undertakes the negative set

(I set point down in Fig7) S, is switched off and the
inductance forces the current to continue throus; and
D,. As the AC loadoperates as a charge, the currer
increasing during thaeegative part of the sinus wave.
soon as the current is superior to the upper set
value, $ and Q are switched on again and the procec
starts again. Finally, it can be figured out that during
negative part of the sinus waves; is conducting
throughout the time. To prevent a short circuit during
transition between the positive and negative part o
sinus wave (I desired ifrig. 7) a little dead time is
included where all switches are turned

The command signals S1, S2, S3, an of the H bridge,
generated by the developed band bang method
depicted in Fig. 8.

TU LU U U UU UL

Fig. 8.Command signals of the H bridge generated by the
bang metha.

Fig. 9 presents theutput voltage of the H bridge and 1

voltage and current that wsupplied the AC load for the

application “bang banmethoc’.
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Fig. 9.Results of bang bang control method: (a) H bri
output voltage, (b) load supply voltage, (c) load supply cL.

Generally, the performance of this regulator is g
satisfying. The values concerning the efficiencies ai
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compliance with PV converters that are currently on
market. The Total Harmonic Distortion (THD) for tt
bang bang method is low. Becauselwf limited step tim
(in all applications 10 pghe switching frequency was n
able to be increased. The limited step time ofus is a
compromise to have a satisfying switching frequency
an adequate simulation time. If the switching freque
hadbeen chosen higher, the THD had been reduced ¢
A problem that provokes THD is the zero passing of
current. During a little while around the zero crossing
switches are turned off (see Fig) to prevent a sho
circuit of the H-bridge. Anotheproblem that causes TH
are the bridge intern irregular currents that are create
the snubber circuits that are located parallel to
switches. It is very difficult to investigate them w
Matlab/Simulink.

C. PWM method
Fig. 10 is used to give a brief introduction about

concept of theWM modulation. Further information ci
be found in many articles such as [16].

2 |g |8

Fig. 10. llustration of the PWM modulatit.

The switches S1 and S4 as well as S2 and ‘Fig. 5 are
switched on and switched push pull. The triangular si
(controller signal) in Fig9 is compared with sinusoid
signal (reference signal). If the control signal is superit
the reference signal, S2 and S3 are switched on and
triangularsignal is inferior to the sinusoidal signal, S1 i
S4 are switched on (Fig. 10The created pulses ha
different widths; that's why this kind of switch control
called PWM. The individual switch configuration forc
the current in Fig.5 either to increase or to decrease.

more the frequency of the control signal is high, the r
the sinusoidal shape is precise. It is recommendable
the frequency of the control signal is a pair multiple of
reference signal's frequency. Thisevents the occurren
of pair harmonics. The amplitude and frequency deper
the sinusoidal reference signal thus it is easy to modif
level and frequency of the output current.

In this context, thecommand signals of the H brid
created by the PWM strategg/presented in Fig. ..
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Fig. 11.Command signals of the H bridge generated by
PWM methot.

Fig. 12 presents the voltageodulated by the H bridge,
the supply load voltagandthe current that was injected
into the loadfor the application “PWNmethod based on
thecomparison sinus/triangle
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Fig. 12.Results of PWM control method: (a) H bridge out
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o 0.2

In this section, a comparative framework is discusse
show the difference between ttbang bang control
system and the PWM switch control met. As
mentioned before, the BHdge is short circuited for
little while during the switching is executedhis is the
reason for the increased losses .7 % within the H-
bridge compared with the bang bang. Furthermore,
is an enormous increase of the TH0.16 %). The set
point value for the regulation is given by the MPPT.
regulated value is the quit voltage of the equivale
schematic of the PV cellSo the current value that is
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injected into the load controls this voltage. The
phenomenon that occurred is the same than in described in
the bang bang version: the amount of power that is injected
into the load which is necessary to force the voltage to
equal the set point cannot be delivered (sinusoidal) by the
PV cell. Or otherwise said, the losses within the DC-AC
converter are not considered within this regulation. Thus,
the observed PWM modulation degree equaled 1.4 which
automatically creates THD. However, first it was intended
to improve the behavior by applying a variant, a further
regulation circuit to adapt the set point value resembled to
the switch controller “bang bang”. Practically, it would not
have made sense as this kind of controller is normally not
used for PV converters and so it was omitted.

Table | gives an overview about the measured electrical
characteristics for the different switch control applications.

Table |. electrical results of the different commanding strategies.

ELECTRIC BANG BANG PWM
CHARACTERISTIC
PV cell efficiency 0.1149 0.1149
Charging efficiency 0.95 0.94
Adaptation efficiency 0.99 0.99
Static efficiency 0.94 0.85
Total efficiency 0.1076 0.091
THD 0.017 % 0.16 %

5. Conclusion

The general objective of this article was to illustrate the
improvement of the PV system efficiency by applying two
control strategies, bang band and PWM method. The
results for bang bang version are quite satisfying. The total
efficiency of a PWM control system is in the region of
0.091. The total efficiency of the bang bang control
strategy with the best performance is 0.1076. The PV cell
efficiency is 0.1149 and so thanks to regulation strategies,
around 94 % of the energy delivered by the PV array, is
injected into the simulated AC load. We also demonstrated
that simple control strategy can be implemented in such a
PV system.

Matlab/Simulink is not the best appropriate tool to
simulate switching procedures based on bang bang
regulations. Considering that switching frequency of PV
DC-AC converter is about between 20 and 500 kHz,
simulation duration depends highly on the simulation step
time, the simulation time would have been very low, and
the duration time would have been huge. The consequence
is that a simulated lower switching frequency has been
applied. It is difficult to visualise the current behaviour. It
would have been very interesting to envisage the results
for the PV converter with zero-current-switching
considering the created model.

According to the obtained results, the bang bang control
method is a simple strategy with a very low THD
compared to the PWM strategy, but its field of use is
limited, where it is used to control the voltage. However,
the converters are used, not only for the voltage control,
but also for the control of powers and for high power
systems. Thus, with the evolution of computing systems,
the PWM strategy is preferred thanks to its robustness for
the control of the active and reactive powers.
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For future perspectives, different MPPT’s or others Bang
bang version could be investigated and, DC-AC inverter
topology e.g., a multilevel inverter. A regularly PWM
generator applies its pulses to the H-bridge configuration
and so it would be interesting to compare the H-bridges
behaviour with a multilevel inverter, used for higher
power.
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