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Abstract

Nowadays, renewable energies are considered as an important source of non-polluting and free
energy. Solar energy in the form of photovoltaic systems is one of the most prominent of them. Using this
type of energy can be an affordable and suitable solution to supply electricity to the consumers who do not
have access to the distribution network due to geographical conditions. Regarding to low efficiency and
high cost of installing solar panels, receiving the maximum power of them is taken into consideration. DC-
DC converters are one of the key components of solar energy systems. These converters have the
switching losses and their efficiency is not so high. This paper explores the switching losses in hard
switching boost converter and by providing a soft switching boost converter, reduces switching losses and
increases the efficiency of solar energy systems. The performance of the converter has been studied and
simulations indicate its performance.
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1. Introduction

Nowadays, with dwindling resources of fossil fuels and growth of the concerns about
air pollution, the use of renewable energies is growing. Among these energies, solar energy
could be a good alternative to the fossil fuels due to the availability, non-polluting, unlimited and
low cost of the maintenance of the solar equipments. Besides the above advantages, the
produced energy by these systems have some disadvantages such as high installation cost and
low efficiency (about 9 to 16%). Since implementing solar systems are expensive and due to the
nonlinearity of output characteristics of these arrays, using these systems efficiently is not
possible without using power electronic converters and suitable control methods. Several
methods are suggested to increase the efficiency of solar systems and receiving the maximum
power of them which are referred as Maximum Power Point Tracking (MPPT). The major
difference between the above mentioned methods is in the indexes such as convergence
speed, oscillations around the point of maximum power in steady-state, implementation cost
and complexity and number of the required measurement equipments [1].

Connecting photovoltaic systems to the electrical grid is usually done using a DC-DC
converter and an inverter (Figure 1). DC-DC converter is applied with control strategy to
following the maximum power point of the array. In this paper, we have used the boost
converter. The efficiency of these systems are low, but the efficiency could be increased in two
ways, one by using following maximum power point method and the other is using the
functionality of switching supplies.
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PV Switched mode power
supply

Figure 1. The components of photovoltaic system and their connection to the network
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Due to the high switching losses, hard switching DC-DC converters don’'t have a good
efficiency. Also, their switching frequency is low. By the soft switching methods, the switching
frequency of the converter could be increased and the switching losses could be decreased. By
increasing the frequency of the converter, the size of the converter is decreased and also the
electromagnetic interference (EMI) is prevented [2].

In this paper, both hard switching boost converter and soft switching boost converter
which are used in solar energy systems are studied. Switching losses in the hard switching
converter are calculated and indicates that using soft switching methods, switching losses could
be decreased, resulting in increased efficiency.

2. Evaluation and Selection of Indicators for DG Installation

A solar panel is a collection of photovoltaic cells that are connected in series or in
parallel with each other. Each PV cell is a p-n semiconductor junction that converts solar
radiation energy to the electrical energy. An equivalent circuit model for PV cell is shown in
Figure 2, in which Iy, indicates photodiode current, R;, Rsn and R are respectively nonlinear
impedance of p-n junction, inherent shunt impedance and series resistance within the cell. R
resistance is very small and Rg, resistance is very large, thus to simplify the circuit, both can be
neglected.
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Figure 2. equivalent circuit of a solar cell

According to the equivalent circuit of the PV cell, the output current of the PV array is as

\'
ey =Nplp =Noplg {exp(%ﬁj_]} (1)

In which lpy and Vpy are the current and voltage of the PV array, Ns and N, are the
number of cells in series and in parallel, q is the charge of each electron (1.6*10™° Coulomb), k
is the Boltzmann’s constant (1.38*10% J/°K), T is the temperature of the PV array (°K) and n is
the ideal p-n junction coefficient (between 1 to 5). In addition, Is, refers to the inverse saturation
current of a PV cell, which is dependent on the PV array temperature and can be calculated
using the following equation:

3
n E
Isat =|0>< T_ x exp M i_i (2)
T, nk (T, T

In which, Ty is the cell reference temperature, |y is inverse saturation current of cell at Tq
and Eg,p is the voltage of the semiconductor air gap in PV array. In Equation (1), Ip, varies with
changing the radiation dose S; and array temperature T. That can be analyzed as follows:

follows:

I :ISC,TOXSi+Ki(T _To) (3)
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In which, ls.1o is the short circuit current of the array in T, temperature and K; is the
temperature coefficient. According to the Equation (1), the output power of the PV array (Ppy)
can be identified as follows:

q Vv
PPv :IPVVPV :NPIPhVPV _NPlsaI PV {eXp[ﬁﬁj_l} (4)

This equation shows that the produced power Ppy depends on the radiation dose S; and
temperature T of the PV array [3-4].

3. Hard Switching Boost Converter

Boost converter is shown in Figure 3. Here solar cell is modeled with a voltage source.
When the key is turned on, the inductor current increases linearly and the diode D is off. When
the key is turned off, the energy stored in the inductor is transferred to the load through D. The
input inductor must be large enough so the input current could be ripple-free. For CCM mode L
should be L>L;,. While the diode is off, the capacitor provides the load current so the capacitor
should be large enough so that its voltage remains constant. For boost model, we have the
equations below [5]:
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Figure 3. The boost converter
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Figure 4. Voltage, current and power losses Figure 5. Voltage, current and power losses
during turning on the key during turning off the key
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In hard switching boost converter, the voltage of the key decrease and the current
begins to rise, while turning on the key. And the current of the key begins to decrease and
voltage to increase while turning off the key. At these switching times, there is an overlap
between voltage and current of the key and thus switching losses arise. Voltage, current and
power losses in the boost converter during turning on the key is indicated in Figure 4. Also the
voltage, current and power losses during turning off the key is shown in Figure 5.

4. Soft Switching Boost Converter

In soft switching methods, a high frequency resonator circuit is added to the above
mentioned hard switching circuit. The resonance circuit may include only L and C elements or it
may include additional elements such as key and diode. Therefore, the voltage and current
oscillate and cross zero point and as a result provides the soft switching conditions for the
power switches. By the resonance circuit, switch waveform is built in a way that minimize the
switching losses, decrease the switching stress and prevent EMI resulting in improvement in the
efficiency of the circuit. Various techniques of soft switching boost converter have been
proposed so far and extensive researches in this area are ongoing [6].

The proposed soft switching boost converter is indicated in Figure 6. An inductor, two
capacitors and two diodes are added to the hard switching boost circuit. This converter has only
one key and using resonance this key could turn on or off at zero voltage switching (ZVS) and
zero current switching (ZCS) condition. The operation of the circuit includes 7 steps as follows.
The waveforms of the operation of the circuit are indicated in Figure 7.
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Figure 6. Soft switching boost converter Figure 7. Waveforms of the converter

4.1. State 1- to<t<t;:
In this state, the key is off and the output DC current of the solar panel directly
transferred to the load through L; and D. At this time, the current of the main inductor begin to

decrease. Considering initial conditions i,,(2)=0 Vcu(®)=Vy 4nq Vo2 =0 6 have the
following equation:
-V in t
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4.2. State 2- t1<t<t,:
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Figure 8. Equivalent circuit for each to<t<t;

At the beginning of this state, the key in the condition of ZCS (due to L, inductor) turns
on. The current of the L, inductor begins to increase linearly. As the current of the L, becomes
equal to the current of the L,, this state ends.
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Figure 9. Equivalent circuit for each t;<t<t,

9)

(10)

When the current of the L, becomes equal to the current of the L3, diode D goes off and
this state starts. At this moment resonance between capacitance C,; and inductor L, is started
and the voltage of the capacitance C,; decreases and at the end of this state, it reaches zero.
Also the current of the load is fed from the output capacitance.
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Figure 10. equivalent circuit for each t <t<ts

4.4, State 4- t<t<t,:

As the voltage of the capacitance C,; becomes zero, diodes D; and D, turn on. The
current of the inductor L, remains constant in this mode and the current of the inductor L;
increases linearly.

iLl(t) = I min +VLit
1

iLZ(t):iLZ(tS) 17)

(16)
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Figure 11. Equivalent circuit for each tz<t<t,

4.5, State 5- {4<t<ts:

At the beginning of this state, we turn off the key at ZVS condition. In this case, two
separate circuits are formed. The current of the L; inductor charges C,; capacitance and make
the voltage of C,; capacitance to be increased to the output voltage. Also the resonance
between L, and C,, cause charging the capacitance and the current of the inductor L, becomes
Zero.

iLl(t) = iLl(tA) (18)
i, (t)=1_,(t;)cos(ampt) (19)
V., O)=2,i,(t;)sin(w;t) (20)
1
W, = —F—
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Figure 12. Equivalent circuit for each t4<t<ts

4.6. State 6- ts<t<tg:

At the beginning of this state, the capacitance C,, is charged to its maximum voltage
and the current of the inductor L, is zero. At this moment, the resonance between L, and C,,
cause the energy of the capacitance to be transferred to the inductor and the current of the
inductor L, begins to rise in the opposite direction. At the end of this state, the voltage of C,,
becomes absolutely zero.
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Figure 13. Equivalent circuit for each ts<t<ts

4.7. State 7- tg<t<t;:

In this state, inverse parallel diode of the key turned on and transfer the current of the L,
to the load and finally its current becomes zero. In addition L, transfer energy to the load by
diode D and its current decreases [7].
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Figure 14. Equivalent circuit for each tg<t<t;

5. Control Circuit

Measured values of the output voltage and current of the solar cell and output voltage of
the boost converter are given to the controller. The output power of the solar cell and reference
power MPPT are compared and after passing the controller, the converter output reference
voltage is made. This value is compared with the output voltage of the converter and the pulses
for the switch gate are made. Overview diagram is shown in Figure 15 [8-9].
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Figure 15. Overview diagram of the solar cell connected to the converter

6. Simulation

The simulation is performed by PSIM software. Voltage and current of the key is
indicated in Figure 16. As it is obvious, the key is turned on in ZCS mode and is turned off in
ZVS mode. Therefore the switching losses are minimized [10].

The current of the L, is indicated in Figure 17 and Figure 18 shows the current of the L;.
Based on the status of the key, the current of L, is increased and decreased linearly. Also
based on the resonance the current of L, is increased and absorbs the energy and by turning off
the key, this energy returns back to the circuit.
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Figure 16. Voltage (above) and Current (below) of the key
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Figure 17. Current of the inductor L, Figure 18. Current of the inductor L,

7. Conclusion

Switching losses in hard switching boost converters which is used in solar cells are high

and because of this, solar power systems have low efficiencies. By using soft switching
methods these losses can be eliminated, thus the efficiency of the converter could be increased.
Suggested converter has only one key and is turned on and off in soft mode. The performance
of the converter is fully described and simulations affirm its performance.
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