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Abstract—Generating electrical power from solar energy is
very popular. There are many studies aiming at increasing the
efficiency and designing simpler systems. Electrical power
generated by PV cells depends on solar irradiances, ambient
temperatures and electrical loads. To transfer maximum
available power from PV cells to the grid, Maximum Power
Point Tracker (MPPT) algorithms have been developed and
implemented. In this study, a simpler single-phase single-stage
grid connected system has been designed and analysed. The
proposed circuit does not require complex circuitries and
modulation techniques. A 175 Watt prototype system is
implemented. Under different environmental conditions, the
control unit forces the system to operate at the maximum
available power.

Index Terms—Maximum Power Point Tracking (MPPT),
PV system, single stage, solar energy.

I. INTRODUCTION

Demand for energy is increasing every day. Finding new
energy sources are always important. Among them,
renewable ones, such as wind and solar power, are popular
and they are environmental friendly energy sources [1], [2].
For some locations which receive enough solar irradiance,
PV panels can be preferred for generating electrical power.

The efficiency of the PV panels is around 25 %. When the
converter and other losses are taking account, the efficiency
can be down to 16 % [3]. Initial investment of PV systems is
high. In order to pay back itself within a shorter time period,
the efficiency needs to be increased. A typical PV system
consists of dc/dc converter, voltage regulator, inverter and
batteries. As a result of this, all over efficiency becomes
lower. To increase the efficiency and decreases the initial
capital, grid connected systems without batteries are
preferred.

PV cells can generate different power depending on
electrical loads at the same environmental condition.
Because of that, the generation of the maximum available
power is not guaranteed under all electrical loads. To
transfer maximum power to the grid from PV cells,
Maximum Power Point Tracking (MPPT) algorithms such
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as Hill — Climbing, Perturb & Observe (P&O), Fuzzy Logic
Control, Incremental Conductance, Constant Voltage and
Current are developed [4]. Perturb & Observe and
Incremental Conductance methods are the most common
ones used in literature.

Transferring the power to the grid is completed in two
stages [4]-[7]. One of stages consists of a dc-dc converter
including MPPT algorithm. The second stage has a dc/ac
inverter. Two stage systems are complicated and costly and
additional loss occurs in each converter. Because of
simplicity and low cost, single stage systems become
popular [8]-[11]. In this study, a single stage system, which
does not require complex circuitry and modulation
techniques, is introduced. It is simpler than existing ones
and also it is capable of transferring maximum available
power from PV cells to the grid. 175 W PV system is
analysed under different solar irradiance and temperature
conditions to validate the proposed circuit performance.

Il. CREATING MODEL OF PV CELL AND PV PANELS

PV cells are p-n junction semi-conductors. In the
literature, there are various types of PV cell equivalent
circuit representations. Single diode equivalent circuit model
is used commonly to express typical electrical characteristic
of PV cells [12], [13].

A PV panel is built from connecting several PV cells in
series or parallel [2]. Figure 1 shows a PV cell equivalent
circuit and a PV panel with 9 cells.
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Fig. 1. APV panel and Equivalent single diode circuit model of PV cell.

The PV load current show in Fig. 1 is defined as
I =1ph —lo(Exp(a(v +Rsl)/ AKT) ~1)~(V + Rl)/ Rgy, (1)

where A - diode quality factor (= 1.2), k — Boltzmann
constant (= 1.38x102 J/K), V — PV cell output voltage, lo -
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reverse-biased saturation current of the cell, lpn — PV cell ~ characteristics of a typical PV panel at constant temperature.
Variation of solar irradiation alternates the PV voltage and

photo current, Rs — series resistance, T - ambient e > )
current. Solar irradiance levels in the figure are

temperature (K), Rsh — Shunt resistance and q — electron .

Chafge -1 65)2)>< Lo 9 a 0/250/500/750/1000 W/m? at 25 °C. For each condition, the
For si I itv R b d as infinite. So. (1 output power of the PV panel becomes different. The

b gr S|In]2p (;u Y, Rsh can be assumed as infinite. So, (1) can maximum power occurs at around 80 % of the open circuit
€ simplitied as voltage of PV panel.

Pa - Va Curve

I =1ph —loExp(a(v +Rsl)/ AKT) ~1). (@) ] la - Va Curve

200 :

In order to obtain the voltage and current relationship of a ; AR
PV cell, the photocurrent and reverse bias saturation R VA A
currents in (2) need to be defined. PV cell photocurrent

4+

(Iph) in (2) is

Current (A)
w
Power

®)

Iph =(G /Gre )%l g,

where G — actual solar irradiance value, G — reference
solar irradiance value (1000 W/m?), Isc — PV cell short Lo o AL

circuit current (A).
The short circuit current in (3) can be obtained from (4) o P i oE
0 10 20 30 40 50 o] 10 20 30 40 50
Voltage (V) Yoltage (V)
b)

lsc = lsoref x@+a(T —Trg ), 4 2)
Fig. 3. Current, voltage and power curves of PV panel under constant solar

irradiance and different ambient temperature condition.

where Trr — reference temperature (298 K), lsrer — PV
reference short circuit current (Grer and Trer), 0 — temperature In addition to solar irradiance variations, the temperature

coefficient. . .
- . .. also affects the voltage-current relationship in PV cells. For
In addition to that, (5) gives the reference PV short circuit different ambient temperatures, the voltage characteristic of
the PV panel is shown in Fig. 3. In the figure, the ambient
temperatures are 0 °C, 25 °C, 50 °C, 75 °C and 100 °C.
I =(lg —Vog ! / Voc / AkTres ) —1), - X : .
soref = (15 ~Voo / Ren) / (xp(aVog / AkTref ) ~1) ®) Unlike previous case, the maximum available power of the
PV panel can be at different voltage level.

current

where Vo — open circuit voltage.
Finally, the reverse bias saturation current of a cell can be i

obtained by (6)

MAXIMUM POWER POINT TRACKING (MPPT)
ALGORITHM FOR PV SYSTEMS

For the same environmental condition, based on the

(6) electrical load, the operating current and voltage of PV
panel have different values. Therefore, generated power by
where Eg — the band gap energy of the PV cell (= 1.1 eV). the PV panel varies. Figure 4 illustrates the voltage, current
and power of PV panel for two different electrical loads.

When the load resistances are equal to 3.68 Q and 9.53 Q,
105.65 W and 15253 W

lo = oot (T 1 Tre )Sxexp(qu 1 (AR)x (L Ty —1/T)),

la - Va Curve Pa - Va Curve
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Fig. 2. Current, voltage and power curves of PV panel under constant P verase vy % e \'insmio(wss o
temperature and different solar irradiance condition. a) b)
. ] Fig. 4. V —1land P -V curves for two different electrical load values.
After placing (3) and (6) into (2), a PV panel voltage,
In both cases, output power is not the maximum available

current and power curves can be plotted. Figure 2 shows the

45



ELEKTRONIKA IR ELEKTROTECHNIKA, ISSN 1392-1215, VOL. 21, NO. 4, 2015

power. The available maximum power at the same solar
irradiance and temperature is 175 W as shown in Fig. 5.

To utilize the PV panels at maximum performance in
terms of power, additional circuits need to be designed.
Then, PV panels can be run at maximum available power
with any solar irradiance and temperature levels. In the
literature, many MPPT algorithms have been implemented
e.g. Hill — Climbing, Constant Voltage, Constant Current,
Perturb & Observe (P&O) and Incremental Conductance.
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Fig. 5. V—1land P -V curves for electrical load value of max. power.

In this study, P&O MPPT algorithm method is employed.
The P&O method measures the derivative of PV panel

power (dP) and the derivative of PV panel voltage (dV) in
order to determine the movement of the operating point.
Figure 6 depicts implementation of the P&O algorithm for
different environment conditions.
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Fig. 6. P&O maximum power point variation diagram.

As can be seen in Fig. 6, when the sign of (dP/dV) is
positive, the reference voltage of PV panel is increased;
otherwise, the reference voltage is decreased. That is
repeated, until (dP/dV) equals to zero. The implementation
of the P&O algorithm is illustrated in Fig. 7. Detailed
information can be found about the P&O algorithm in [14],
[15].
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Fig. 7. P&O maximum power point algorithm.
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IV. CONTROLLED SINGLE PHASE FuLL WAVE CONVERTER
OPERATING IN INVERTER MODE

A converter for MPPT algorithm and an inverter are
designed in PV systems. Instead of using two converters, a
simple controlled full wave converter can be used in rectifier
or inverter mode shown in Fig. 8. In inverter mode, the
delay angle of the semi-conductor devices must be higher
than 90°. Therefore the electrical power flows from PV
panel to the grid [16]. In addition to being a simple, the
system does not require any modulation techniques.

=

Fig. 8. Controlled full wave converter with RL — Source load.

In the controlled full wave converter system, the delay
angle of the semiconductor switches called (o) must be also

a > arcsin(Vge / Vi), (7
where Vgc — DC voltage source, Vm — maximum voltage
source of the grid.

From Fig. 8, the output voltage of the converter can be
calculated from (8)

Vo =1/p [P Vipsin(wt) d(wt) = 2V, cos(@) / p. (8)
The output current of the PV panel is
lo = (Mo +Vie) /R C)]

From (8) and (9), the transferred power to the grid can be

Single Phase Full Wave Controlled Rectifier

'fw-mr\-HAvv\,—j v PneiT5W

written as

2
F)grid = Fic ~Hoss = loVdc — 1o R (10)
where R - the equivalent resistance of the inductor, Pjoss —
power losses, Py — generated dc power.
Table | shows the operating current and voltage for the
175 W maximum power at the specified environmental

condition given by the manufacturer (G = 1 KW/m?, T =
25 °C).

To meet the maximum power condition, the voltage and
current defined in (8) and (9) must be the same as the
current and voltage shown in Table I.

TABLE I. THE NOMINAL VOLTAGE, CURRENT AND POWER
VALUES OF THE MODELLED PV PANEL IN IDEAL
ENVIRONMENT CONDITION (G = 1 kW/m? T = 25 °C).

PV Panel Voltage (V) 358V
PV Panel Current (A) 489 A
PV Panel Power (W) 175 W

To ensure these conditions, the semi-conductor devices in
the inverter must be controlled by a MPPT controller which
determines the proper delay angle (a) by taking actual
environment conditions into account.

Initially the proposed circuit is implemented without a
MPPT controller shown in Fig. 9. A 175 W Sun Rise (SR-
M572175) PV panel is used. The system is analysed in
MATLAB environment.

When solar irradiance is 1 kW/m? at 25 °C, the PV panel
generates 175 W as maximum power. To meet that, the
switching delay angle is calculated as 96.54°. Inverter

bridge voltage (Vo), PV panel current (lo) and output power
(Pdc) are illustrated in in Fig. 10.

PV Panel 175W

Fig. 9. Connecting 175 W PV panel system to grid system by controlled single phase converter in Simulink — MATLAB environment.

Bridge Output Voltage (V)

Voltage (V)

a)
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PV Panel Power (W)

Power (W)

6.42 644 6.46 6.48 6.5 6.52 654 6.56 6.58 6.6
Time (s)

c)
Fig. 10. Output voltage (V) — current (I,) and power (Ppy) of the PV panel
created in Simulink — MATLAB environment.

To illustrate the importance of the delay angle (o), two
more experiments were conducted. First one was performed
by adjusting the delay angle (o) to 110° randomly at the
same environmental condition as before. The output power
becomes 51.6 W. Instead of 175 W, the system generates
only 51.6 W.

The second experiment was also performed under
different environmental conditions (G = 0.5 KW/m?, T =
30 °C). Solar irradiance is half of the previous condition and
also temperature is five degree higher. From P&O
algorithm, max available power is found out 85 W. To meet
that, the delay angle (a) needs to be 97.75° under the new
environmental condition. The experiment results are
summarized in Table Il. Proper delay angles for each
different solar irradiance levels and temperatures must be

TABLE II. TEST RESULTS OF THE 175W PV PANEL SYSTEM IN
DIFFERENT SOLAR IRRADIANCE AND TEMPERATURE

CONDITION.
Solar Irradiance Temperature Delay PV Panel
(W/m?) (°C) Angle (a) | Power (W)
1000 25 96.541 173.8
1000 25 110 51.6
500 30 97.753 84.8

V. OPERATING THE PV SYSTEM WITH MPPT CONTROLLED
SINGLE PHASE CONVERTER

The single stage proposed system illustrated in Fig. 11
consists of three main subsystems; single phase converter
(DC/AC Inverter), PV panel and MPPT controller.
Environmental conditions are always in change with time.

The MPPT controller determines the maximum power
value of PV panel for actual environment conditions and
selects the proper delay angle (0).

In the proposed design, PV output voltage, current and
ambient temperature are used as inputs for the MPPT
controller. Then, MPPT controller determines the maximum
available power.

Depend on the desired power; the controller sets the
switching delay angle. After that, the semi-conductor
devices in the converter are triggered by the MPPT
controller.

To present the performance of the proposed design,
another experiment is conducted under instantaneously

calculated correctly by the MPPT controller. Otherwise, changed environment. Two different environmental
maximum available power cannot be generated. conditions are simulated.
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Fig. 11. Detailed system block diagram of proposed technique.

In the first one, solar irradiance is about 600 W/m? at
30.8 °C and the other is about 800W/m? at 22.3 °C. The
maximum available powers for both conditions are 101.48
W (60 % of max. rated power) and 141 W (80 % of max.
rated power) respectively. Calculated corresponding delay
angles from (8) become 97.46° and 97.26° for the solar
irradiances of 600 W/m? and 805 W/m? respectively.
Results are summarized in Table I1I.

TABLE Ill. TEST RESULTS OF THE 175W PV PANEL SYSTEM IN
TWO DIFFERENT ENVIRONMENT CONDITIONS.

Solar
PV Panel Measured
Irradiance | TeMP: Delay Angle Power PV Power
0 a
(W/m?) C) @ (W) (W)
598.5 30.8 97.462 101.48 96
804.9 22.32 97.263 141.98 136
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Fig. 12. Test results of the MPPT controlled PV panel system.

Instantaneous output power is plotted in Fig. 12. The
average output power becomes approximately 96 W for the
first condition and 136 W for the second condition. When
the efficiency of the system, which is about 95 %, taken into
account, calculated PV panel power and the output power
are in harmony.

VI.

Generating electrical power from PV panels has become
popular in recent years. In the literature, two stage complex
structures are commonly used. In the proposed technique,
single stage structure is used and it does not require any
complex circuitry and modulation technique. A 175 Watt
prototype system is designed. Under different environmental
conditions, MPPT controller adjusts the delay angle
successfully. In the experiment, after tuning the delay angle
for the new environmental condition by the controller, the
system starts generating 136 W instead of 96 W.

CONCLUSIONS
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