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Abstract: In this paper a design procedure of parallel-connected LLC converters for PV powered car battery charging is presented. Matching the characteristics of the converters and the PV generator is shown to be critical to achieving efficient conversion. Experimental results are presented to demonstrate the efficiency of the proposed design procedure.
The aim of this research is to investigate the design procedure for matching between the parameters of the converters and the photovoltaic generator.
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1. Introduction
The proposed system for electric vehicle battery charging is based on a photovoltaic (PV) generator, backup battery and two DC/DC converters as shown in Fig.1. All converters and sources are separate with individual switches. The system works in the following modes: renewable energy harvesting to charge the backup battery during the day; charging the electric vehicle battery during the night using energy from the backup battery or alternatively from the public grid if the accumulated energy is not enough; car battery charging directly from photovoltaic system during the day.
This paper presents the design procedure and experimental results of the second DC/DC converter, which is accomplished from six LLC half-bridge resonance converters in parallel as shown in Fig.2. In this research the converters are powered directly from the PV generator, the design of which is also shown. 
The proposed system is flexible and allows for future upgrade. Larger installed power for powerful batteries or faster charge is achievable with adding more modules and converters.
Resonant LLC converters have been the object of wide research [1,2,3,4] due to their significant advantages: high efficiency; soft switching on the first side, achievable with zero voltage switching (ZVS); soft switching on the second side, achievable with zero current switching (ZCS); ability of line and load regulation. Some publications are focused on battery charging and parallel operation of the converters [1,2, 3] and many reports present their precise design procedures [5,6,7].
The use of the LLC converters in parallel, powered by a PV generator is presented. Several assumptions are made:

· Although the converter takes energy from a backup battery or electrical grid, in some conditions it is possible to be powered from the PV generator via a DC/DC converter. In this case, the input power can vary over large ranges, which requires the line regulation to be considered on the design level. 
· In the nominal condition all converters in parallel must work with point gain equal to one (), which requires equality between switching  and resonance frequency. 
· The converters have to adhere to all mandatory for LLC topology requirements: work with ZVS in the inductive region on a gain-normal frequency diagram; work in the vicinity of the point; work on the maximum efficiency for these class of converters, which is around 95%.

The aim of this research is to investigate the design procedure for matching between the parameters of the converters and the photovoltaic generator. This requires design of the converter with a relatively wide input voltage range (for example in range of 300V), compared with a conventional grid connected system (in range of 60V). The input voltage depends on solar energy variation as well as ambient and surface temperature of the modules, and because of this the design procedure of the PV generator is also presented.
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Figure 1: Block diagram of the entire system for battery charging
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Figure 2: LLC converters for electrical vehicle charging in parallel

The schematics from Fig.2 uses the following elements: Q1, Q2 – MOSFET transistors used for half bridge, with reverse diodes D1, D2 and Cs1, Cs2 Drain-Source junction capacitors; Lr, Cr – resonance inductance and capacitor; Lm – magnetic inductance; Tr – transformer; Dr1, Dr2 – second side rectifier; Lo, Co – second side filter; Rs – current sense resistor.




2. Design of the resonant LLC converter

The design procedure, based on first harmonic analysis [7,8], is applied for the six converters in parallel. The substitute circuit is shown in Fig. 3, where  is resonant capacitor;  in magnetizing inductance;  is parasitic capacitance on the first side of the transformer and the PCB layout;  is reflected load resistance.

[image: ]
Figure 3: Substitute resonance circuit.

The basic equations describing the design procedure are [5,6,7,9]:
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where:  G is the gain; 

  																	(2)

is the quality factor; 

 																		(3)

is the normalized frequency; 

 																	(4)

is ratio of the total primary inductance to the resonant inductance. 
The reflected load resistance is: 

 														(5)

where is output load.
The resonant capacitor  and resonance inductance  are calculated respectively as: 

 															(6)
 															(7)

The parasitic capacitor is usually not present in the substitution circuit in established design procedure. In Fig.3,  represents the sum of the parasitic drain-source capacitance  and parasitic capacitance of the transformer’s first side. In order to describe the minimum dead time  should not be neglected as a parameter, especially when high voltage, high power MOSFET transistors are used. 
Equation (1) including  can be written as:

 																(8)

where. 

 										(9)

Eventually, the network gain can be expressed as: 

 												(10)

where  
The condition to achieve ZVS is achieved if the expression below is met, which is dependent on the inductances and the parasitic capacitance: 

 											(11)
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Figure 4: Gain – normal frequency dependency
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Figure 5: Quality factor, normalized switching frequency range and zero voltage switching (ZVS) regions.
The minimum  and maximum  input voltages depend on the photovoltaic generator’s characteristics and input power. In design, the input voltage range is determined by minimum  and maximum  gain respectively: 
 												(12)
 												(13)
Where  is voltage drop over the diodes Dr1 and Dr2; n is the turn ratio. 
The following are characteristics of the design converter: 
· Input voltages (from the photovoltaic generator): ; ; . 
· Rated output power: 1500 W. 
· Output voltages: ; ; .
· Efficiency: 0.92 as first assumption; gradually will be improved to maximum efficiency of 0.95. 
· Nominal output current: .
· Switching frequency: 

The quality factor (eq. 2) and inductance ratio are chosen from a Matlab script, specialized for design of the resonance network of the converter. Flowchart 1 shows the necessary calculation procedure for determining the dependency between Gain and normalized frequency Fx (Fig.4 and Fig.5).

Flowchart 1. 
clear 
global Gain1; Gain1 =[]; 
											% Matrices for the gain
global Gain25 ; Gain25 = [];
Q = [0.1, 0.2, ……, 10 ];		% Quality factor

fn = 0:0.01:2 ; 					% 200 values for the
% normalized frequency
% according eq. 3. Value 100 is
% Fx=1 and value 200 is Fx=2

for m = 2:12 		% ratio of total primary
							% inductance to resonant
% inductance between 2 and 12
for i=1:201			% calculation of the Gain according to
% eq. 1
Gain1 (i) =  (fn(i)^2*(m-1)) / ( sqrt( (m*fn(i)^2-1)^2+fn(i)^2*(fn(i)^2-1)^2*(m-1)^2*Q(1)^2 )) ; 
											% 25 or necessary graphics
Gain25
end
plot(fn, Gain1,'-r' … Gain25,'-r')  % plot the graphics for
% the current m
i = 0 ;
pause ;
end 

Fig.4 shows the curve of the Gain (eq. 1, 8, 9), calculated with constant inductance ratio (eq. 4), as function of normalized frequency (eq. 3).
In this design the inductance ratio is chosen:  = 3.5 and Q = 0.8, according to minimum and maximum gains. 
The input voltage tolerance defined minimum (eq. 12) and maximum (eq. 13) gains as 0.78 and 1.51. In this case the working ZVS region and frequency range are shown on fig.5 as follows: minimum switching frequency; maximum switching frequency; resonance frequency. 
According eq. 5 the load at the nominal condition is  and the load at 110% overload is . 
The resonance network has the follows parameters: resonance capacitance  (combined from three capacitors: 18nF, 22nF and 33nF in parallel), resonance inductance and magnetic inductance. With these values the currents of the first and second side can be calculated.
The primary side RMS load current with 110% overload is 7.4 A, determined by the following equation: 

 														(14)

The magnetizing current at resonant frequency (100kHz) is 2.4 A and at minimal frequency is 3.2 A, determined by the following equation: 

 								(15)

The resonant circuit current is 8.7A, determined by the following equation: 

 														(16)

The total secondary side RMS current, determined from the primary side current, is 15.3 A.

 														(17)

The secondary current is equally split into two transformer windings on the secondary side and amounts to 10.8A, calculated by: 

, 																(18)

and the corresponding half-wave average current, according to the assumed circuit in fig.2, is 6.8 A calculated by: 

 													(19)

According to the above calculations, the first side transistors are chosen as type IXFH14N80 [10]. The parasitic capacitance is. Zero voltage switching is achievable according to expression 11, which has to be checked in the worst conditions. In this case, the energy accumulated in resonance and magnetizing inductance with maximum frequency and minimal magnetizing current is 228.8 . The energy accumulated in parasitic capacitors in both transistors is 75.6 . This means that the condition in expression 11 is met and ZVS in inductive region on fig.5 is achievable. The snubber capacitors Cs1 and Cs2 (fig.2) can use the standard value of 82pF.
The dead time at maximum frequency must be equal or higher than 0.0798 , according to: 

													(20)

3. Design of the photovoltaic generator

The experimental photovoltaic generator is built as a stand-alone system, used for powering the designed converters for battery charging. It is designed to match input characteristics of the converters and it has the follows characteristics: installed nominal power 15kW; voltage range:, , ; photovoltaic modules model APL200-18 with nominal power 200Wp at standard test conditions (STC); output current at the maximum power point of 47A; short circuit current of 52.3A. The generator schematic and its connection to the converters seen in Fig.1 are shown on Fig.6. The same figure shows the common parameters between the PV generator and the DC/DC LLC converter. The generator has 80 modules, connected as 5 strings in parallel with each string having 16 modules in series. 

[image: ]
Figure 6: Schematic of the photovoltaic generator and the common parameters between the generator and the DC/DC LLC converter.

The design procedure of the photovoltaic generator is based on basic equations, which represent voltage and current tolerances as temperature dependent [11,12,13]. The minimum and maximum output voltages from a module are:

						(21)

where:  is the temperature difference between the maximum temperature and the temperature at STC: ,  is the output voltage of one module at the maximum power point, and  is the voltage temperature coefficient. 
With this, the minimum voltage from 16 modules in series is 386V, which will be the minimum voltage for the converter, or the assumed above 300V meets this parameter.

						(22)

where:  is the temperature difference between the minimum ambient temperature and the temperature at the standard test condition: . 
The maximum voltage is 445.6V which corresponds to nominal voltage of the converter, assumed as 450V. 
The maximum output voltage on open circuit (OC) is calculated according to:

						(23)

Maximum voltage on open circuit of the PV generator is 543.4V. This corresponds to assumed maximum voltage of the converter of 550V and would be working input voltage at light load. 
The minimum and maximum current depend on the temperature coefficient, are calculated as:

 					(24)
 					(25)
Where:  is the current at the standard test condition. 
With this the minimum power from 5 strings in parallel is:

 										(26)

The maximum power is: 

										(27)

The nominal power responding to standard test condition is:

					(28)

The parameters of the photovoltaic generator, according to assumed schematic on Fig.6, are shown on Fig.7 – output Volt-Ampere and Fig.8 – output Power-Volt characteristics. The maximum power points are shown as a function of received radiation. With this design, the radiation during the noon hours is typically between  and it produces output power between 8.8-11.9kW, which corresponds to installed power of the six resonant converters in parallel of 9kW installed power. This mean that the designed converter has enough input power.
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Figure 7: Output A-V characteristics of the photovoltaic generator.

With the assumed voltage region the system can even work with small radiation, around (during the first or last hours of the day or worst whether conditions), producing 750W output power. With less power from the generator fewer converters should be operated in order to hold their high efficiency.

[image: ]
Figure 8: Output P-V characteristics of the photovoltaic generator.

4. Experimental results 

An experimental charger was built and tested with several different batteries and converters in parallel, powered by a photovoltaic generator. The following figures show oscillograms of the converters: 
· Fig.9.: Zero voltage switching of the resonant LLC converter. Curves 1 and 2 show gate drive signals. They have equal values, although the oscillogram shows different voltages because of the differences between voltage and differential probes. Curve 3 is voltage over the resonant network, which crosses the zero point in the moment of the switching. Curve 4 is output DC voltage. 
· Fig.10.: Characteristics of the converter, working under regulation with switching frequency smaller than resonant frequency: 1, 2 – gate drive signals; 3 – middle point voltage, which shows ZVS; 4 voltage over the resonant network. 
· Fig. 11.: Output voltage (1) and current (2) of the converter, working under nominal load.
· Fig. 12.: Functional dependency between the efficiency of the converter and output power. Although the first assumption is 92% efficiency, after several calculations the maximum efficiency of 95% is achieved. 
· Fig. 13.: Output voltage (1) and currents (2, 3, 4) on three converters in parallel. Output currents fluctuations depend on the output filter and in this design, they are around 20%.
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Figure 9: Zero voltage switching of the resonant LLC converter. Working frequency: 100kHz; 5 µs/div

[image: ]
Figure 10: Characteristics of the converter. Working frequency: 100kHz; 5 µs/div
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Figure 11: Output voltage and current of the converter
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Figure 12: Efficiency of the converter
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Figure 13: Output voltage and currents. 

5. Conclusion

The proposed system works as battery charging for electrical vehicle, using renewable energy from a photovoltaic generator. The following conclusions can be made: 
· Design procedure of the LLC converter, based on first harmonic approximation is applicable for the investigated stipulated condition: converters in parallel, working in wide voltage range from a photovoltaic generator.
· Under this condition the converter can be designed to work in the ZVS region and normal for LLC converters efficiency. This is experimentally proved. 
· The proposed system is robust, as failure of one of the converters does not stop the entire system. 

This investigation is focused on a part of the entire system shown on fig.1. That suggests wide future research on this direction. 
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