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 This Paper proposes a method to improve the efficiency of charging the 
battery used in autonomous electric vehicle powered by foldable roof-
mounted solar photovoltaic (PV) generation system. The conventional 
vehicle battery charging application from solar PV consists of a boost 
converter in the frontend followed by a full bridge converter with discrete 
switches. Here an attempt is made on the total scheme with a micro 
integrated package to have better conversion efficiency with high power 
density. The total system is controlled digitally incorporating zero voltage 
transition (ZVT) in the full bridge conversion. A typical specification with a 
power level of 300-400 W was targeted and achieved. 
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1. INTRODUCTION 

In recent times of rapidly growing power demand and very slowly improving supplying ability, 
there are more chances of power outage presently and zero energy production from fossil fuels in future. 
Also, most of the remote areas are not connected to the grid and they do not have power supply. These areas 
can generate power on their own using renewable resources such as solar PV energy systems. This solar PV, 
if mounted on vehicles it can produce its energy indigenously and provided storage systems enable its usage 
at times of demand. The efficiency of the solar PV energy system exclusively depends on the PV panels, 
converters and the Maximum Power Point Tracking system. The efficiency of a single PV cell is very low[2]. 

The efficiency of hard switching converters is low. So they can be replaced by the soft switching 
converters that have very less losses and high efficiency. Use of good and efficient MPPT algorithm also 
improves the system efficiency [1]. It is possible to achieve the maximum efficiency with a single stage 
conversion. Yet, a two stage conversion is implemented in this scheme in order to provide the isolation 
between the source and the load. Hence, a galvanic isolation by means of high frequency transformer is 
provided and the entire scheme is now managed using analog based control systems. The present scenario in 
DC-DC Converters is to switch at high frequencies, in the range of a few MHz, with a scope to achieve high 
power densities [1]. 

Boost Converter is implemented in the scheme in order to boost the voltage from the solar PV 
energy systems. The boost converter with the duty ratio, D > 0.5, it provides the desired voltage, targeted for 
the application [3]. Full bridge converter is used as a second stage converter from DC to AC with a fixed 
duty ratio of 0.5, such that it converts the DC to AC with minimized losses through ZVT scheme 
implemented in Phase Shifted FBC operation modes [4]. 
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High frequency transformer which is used for galvanic isolation is provided with higher turns on the 
secondary in order to mitigate the considerable losses that occurs during switching in the full bridge 
converter though ZVT scheme is implemented [5]. The analog IC used here for controlling the PWM pulses 
to the MOSFET's inside the package is UC3526 [6] for boost operation and UC3872[6] for PSFBC with ZVT 
scheme operation. The electric vehicle used for the study uses 72V lead acid accumulators which consist of 
12V battery each connected in series of 6 numbers to power the vehicle during acceleration [1]. 
 

 
 

Figure 1. Block diagram of proposed scheme 
 
 
2. FOLDABLE SOLAR PV ENERGY SYSTEMS 

Solar PV energy systems are used to convert the trapped solar light into electricity. PV cells are the 
layers undergo a process of addition of impurities, usually called doping to materialize a P-N junction. A 
very thin grid (metallic) is planted on the top of the PV cell which faces the sun. As the light is incident on 
the surface of the cell, charge carriers are generated, which originates an electric current when the cell 
becomes a part of a loop or is connected to a load [2]. As the energy of the incident photon becomes 
sufficient to break the covalent bond and detach the electrons of the semiconductor, charge carriers are 
generated. Photons that have lower energies than the energy gap of PV cell are not of any use and they help 
generating no voltage. Whereas Photons that have energy surpassing the band gap can produce electricity, 
but the energy associated with the band gap is only made use of. The remaining energy will be dissipated in 
the form of heat. 

The single diode model of a PV cell is shown in Figure 2. It includes a current source, a diode, in 
parallel connected to the current source which represents the photocurrent, a series resistance Rse and a 
parallel resistance Rsh. 
 
 

 
 

Figure 2. Equivalent circuit of PV cell 
 
 

𝐼  𝐼 𝐼 𝐼  (1) 
 

𝐼  𝐼 𝐼 1 𝐼  (2) 

 
Where, 
I  = Output current of PV panel (A) 
IPV  = Current generated by the PV cell (A) 
Id = Current through diode (A) 
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Ish = Current through shunt resistor (A) 
Rse = Series Resistance (R) 
Q = Charge of the electron (1.6 x 10-19C) 
K = Boltzmann constant (1.381 x 10-23J/K) 
T = Junction temperature (K) 
N = Diode ideality factor (1~2) 
 

The power of the PV cell is P = VI (3) 
 
Where, 
V  = Output voltage of the PV panel 
I  = Output current of the PV panel 
 
 

Table 1. Requirement specification of the PV panel 
Parameters Values 

`Rs 0.62 Ω  
Isc 6.98 A 
Rsh 250.57 Ω 
Voc 49.87 V 
N 1.3 

 
 

Table 1 shows the parameters for the Solar PV panel. From the specifications the experimental 
operation has been done. The power rating and the maximum voltage of the solar PV panel has shown in the 
Table 2. Using the PV cell power (3), the rating of the module is proposed. Table 2 demonstrates the MPPT 
rating of the PV panel. Here, for tracking maximum power from the PV panel, the perturb and observe 
method is implemented. 

 
 

Table 2. MPPT ratings of the PV panel 
Parameters Values 

Pmax 372W   
Impp 6.55A 
Vmpp 41.58V 

 
 
3. PROPOSED POWER CIRCUIT DESIGN 
3.1.  Proposed Solar PV Based micro-integrated converter  

Closing the switch which is usually an electronic device (MOSFET) that operates in two states: 
When the switch is ON for a time duration DT (D is the duty ratio), the switch conducts the inductor current 
and the diode becomes reverse biased. This results in a positive voltage across the inductor. The virtues of 
lossless transitions using Zero Voltage Switching techniques have already been traditional in power 
management applications. Effects of the parasitic circuit elements are used advantageously to assist the 
resonant transitions as opposed to being dissipative snubbed. This resonant tank functions to position zero 
voltage across the switching device prior to turn-on, eliminating any power loss due to the simultaneous 
overlap of switch current and voltage at each transition. High frequency converters operating from high 
voltage input sources stand to gain significant improvements in efficiency with this procedure. 

Rather than driving both of the diagonal full bridge switches together, a purposeful delay will be 
introduced between their turn-on commands with the Phase Shifted approach. This delay will be adjusted by 
the voltage loop of the control circuit, and in effect results as a phase shift between the two drive signals. The 
effective duty ratio is exclusively to this Phase Shifted technique [4], two of the switches in series with the 
transformer can be ON, yet the applied voltage to the transformer is zero. These are not diagonal switches of 
the full bridge converter, but either the two upper or two lower switches. In this mode the transformer 
primary is essentially short circuited and clamped to the respective input rail. Primary current is maintained 
at its previous state since there is no voltage available for reset to take place. This dead band fills the void 
between the resonant transitions and power transfer modes of the conversion cycle. Switches can be held in 
this state for a certain period of time which corresponds to the required off time for that particular switching 
cycle. 
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Figure 3. Open loop analysis of the proposed system 
 
 

Table 3. Design Parameters 
Parameters Values 

Input Voltage 44.6V 
Output DC Voltage 72V 
Rated Power 350W 
Swiching Frequency 50kHz, 100kHz 
Boost Inductor (Lb) 0.46mH 
Boost Capacitor (Cb) 6.8µF 
Transformation Ratio 1 
Inductive filter (Lf) 1mH 
Capacitive filter (Cf) 100 µF 
Battery 12V,7Ah 

 
 

 
 

Figure 4. Closed loop analysis of the proposed system 
 
 

These are not diagonal switches of the full bridge converter, but either the two upper or two lower 
switches. In this mode the transformer primary is essentially short circuited and clamped to the respective 
input rail. Primary current is maintained at its previous state since there is no voltage available for reset to 
take place. This dead band fills the void between the resonant transitions and power transfer modes of the 
conversion cycle. Switches can be held in this state for a certain period of time which corresponds to the 
required off time for that particular switching cycle.  

The open loop simulation analysis of the proposed scheme is shown in Figure 3 and closed loop 
simulation analysis shown in Figure 4 is performed using the analog IC’s-UC3526 and UC3872. Based on 
the design parameter in Table 3, the closed loop analysis implemented using the analog IC, which provides 
better accuracy for the converter scheme is to operate at desired gating pulse. The switching frequency 50 
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kHz is used at boost stage and 100 kHz is used at phase shifted conversion stage to improve the efficiency. 
Hence, the open loop has given an efficiency of 83.52% whereas with combined closed loop converter 
testing, the efficiency has improved to 87.34%. 
 
 
4. RESULTS AND PERFORMANCE ANALYSIS 
4.1.  Need for packaged switches for efficiency improvements 

The switches, modelled as package (Microsemi package – APTC60HM7BT3G) helps to improve 
the power densities as the volume per area loss are reduced. The packaged switches aids in the compact 
design of the power boards, hence the space requirement and thermal design constraints are comparatively 
less than the conventional design. 
 
4.2.  Closed loop performance analysis of the proposed system 

In order to improve the accuracy and make adapt the system to dynamic conditions on varying solar 
power and load requirements, the closed-loop control of the converter is done using UC3526[5] and 
UC3872[6] IC's for the Boost and PSFBC with ZVT scheme implemented. The functionality of the analog 
IC's is modeled as a physical component for simulation. The Combined Boost and the PSFBC converter 
simulation is in  
Figure 4 and Figure 5. This combined converter will be replaced with Microsemi package-
APTC60HM7BT3G, instead of the discrete switches in order to improve the efficiency and power density 
while realizing as the prototype. The simulation is developed in POWER SIM which is an electronic circuit 
simulation software package. 
 
 

 
 

(a) 
 

 
(b) 

 
Figure 5. (a) Output voltage waveform (b) Output current waveform 

 
 

To evaluate the performance of the proposed system, the results obtained from digital control 
scheme is compared with the analog IC scheme. The comparison of the output voltage waveform clearly 
reveals that for closed loop analysis using the analog control scheme gives a maximum efficiency of 87.34%. 
Whereas the digital control scheme improves the efficiency of conversion by increasing the accuracy which 
results around 90.78% as shown in Table 4 and Table 5. 

Table 4. Performance investigation of digitally controlled open loop proposed system 
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Input  
Voltage 

(V) 

Input  
Current 

(A) 

Input  
Power 
(W) 

Output 
Voltage 

(V) 

Output  
Current 

(A) 

Output 
Power 
(W) 

Duty 
Ratio 
(D) 

Efficiency 
(%) 

44.6 8.67 386.6 52.70 5.76 303.57 0.153 78.56 
44.6 8.67 386.6 57.41 5.41 310.05 0.206 80.21 
44.6 8.67 386.6 75.03 4.72 315.15 0.239 81.52 

 
 

Table 5. Performance investigation of digitally controlled closed loop proposed system 
Input  

Voltage 
(V) 

Input  
Current 

(A) 

Input  
Power 
(W) 

Output 
Voltage 

(V) 

Output  
Current 

(A) 

Output 
Power 
(W) 

Duty 
Ratio 
(D) 

Efficiency 
(%) 

44.6 8.67 386.6 66.71 5.11 338.66 0.153 87.16 
44.6 8.67 386.6 71.49 4.77 341.01 0.206 88.21 
44.6 8.67 386.6 77.64 4.52 350.95 0.239 90.78 

 
 

The ZVT scheme implemented in the proposed phase shifted full bridge converter is shown in the 
Figure 6. From the graph, It is evident that the scheme helps in the minimization of the power loss happened 
during the conversion process with an improved efficiency compared to conventional switching strategy. 
From Figure 7, the galvanic isolated output of the converter along the non-synchronized rectifier is depicted 
and hence it reveals with minimized distortion that aided in the reduction of the filter requirements. The 
Micro-semi package based converter hardware setup is shown in the Figure 8. 
 

 

 
 

(a) 

 
 

(b) 
 

Figure 6. (a) ZVT on and off characterisitics (b) Left and right leg transisiton in PSFBC 
 
 

 
 

Figure 7. Output voltage of the transformer and rectifier of the proposed scheme 
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Figure 8. Hardware setup of the digitally controlled proposed system 

 
 
5. CONCLUSION  

In this paper, a PV interface based micro integrated packaged converter concept for electric vehicle 
battery charging has been proposed. Utilizing the micro integrated package, instead the discrete switches, 
aids in the improvement of the efficiency of the solar power conversion for electric vehicle battery charging, 
hence the power density can be improved by operating the converter in high frequency. With further 
improvements in providing the effective MPPT for solar conversions and digitized control scheme for the 
proposed model would reap a further more increase in efficiency. Neglecting the undesirable losses in the 
converter is a key solution for the enhancement of efficiency and effective power density could be achieved 
simultaneously with this proposed approach.  

Based on analysis, the control parameters have been designed to guarantee detection time and 
maintain the system efficiency. A prototype converter is under implementation to verify the simulation 
results implemented and its experimental results have verified the feasibility of the converter. This study 
should be helpful to implement high efficiency and long lifetime guaranteed PV interface converters with 
minimized losses. In addition, the experimental results have showed that the proposed converter package aids 
battery charging with low EMI and EMC problems during power conversions. 
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