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Abstract— Power MOSFET is the basic control element in all
types of power electronic converters. Recent studies are focused on
charging Battery using Solar Energy to eliminate the energy crisis.
This paper analyzes the losses associated with Power MOSFET used
to charge batteries from solar energy. N channel and P channel
HEXFET Power MOSFET Devices are chosen. Efficiency of the
Photo-Voltaic (PV) charger is derived for different switching
frequencies of device. Efficiency of PV system with N channel device
is better with complicated gate driver circuit, compared to P channel
device. Solar panel of 100W and battery of 12V, 42Ah capacity is
chosen for this application. Maximum power point voltage of solar
cells occurs at 17.5V. Direct controlled connection between solar cell
and battery is one method of battery charging. Second approach uses
Buck converter to charge the battery. Both techniques use power
MOSFET for control purpose. Parameters available for controller for
this application are Solar panel voltage/current and Battery
voltage/current. As the battery voltage is fixed, it is shown that
sensing battery current for control purpose provides better results
compared to usual Maximum Power Point Tracking (MPPT)
algorithms. Spartan 6 Field Programmable Gate Array (FPGA) based
battery charge controller is implemented based on the results of this
paper. Results and discussions of this paper are useful for the selection
of switching device, duty cycle and the operating frequency.

Keywords— Buck converter, Filed Programmable Gate Array,
Power MOSFET, Switching losses, Transfer characteristics.

HOTO-VOLTAIC  energy storage system uses DC-DC

converters with MPPT algorithm for maximum energy
transfer [1]. MPPT algorithms use solar panel voltage and
current to locate maximum power point. Maximum power is
delivered to load by MPPT based controllers [2-6]. In a battery
charging system, source voltage of N-MOSFET is fixed at
battery voltage. Therefore, conventional MPPT algorithm does
not deliver maximum current for battery charging [7]. This
paper analyses losses involved in the power device by applying
switching signals at different frequencies and duty cycles.
Detailed analysis of MOSFET characteristics in a photo-voltaic
system is required to find the switching requirements. Transfer
characteristics of the device indicate
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the gate drive requirement for switching. It is derived by
connecting the power MOSFET between solar panel and
battery, with various gate voltages, as shown in figure 1. In this
case, battery charging is possible only if solar panel voltage is
sufficiently greater than battery voltage. N channel and P
channel HEXFET Power MOSFET characteristics curves are
obtained with battery load. Simple battery charging circuit can
be easily designed using power MOSFET between solar panel
and battery.
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Figure 1 Power MOSFET coupled between PV cell and battery
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Figure 2 Battery charging through power converter
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Efficiency of battery charging system is improved by
connecting DC-DC converter between solar panel and battery.
If battery voltage does not match with solar panel
specifications, suitable DC-DC converter is used. Boost
converter is used if battery voltage is greater than solar panel
voltage [8-10]. Buck converter is used, if battery voltage is less
than solar panel voltage. It consists of inductance, capacitance
and power electronic semi-conductor devices [3]. Inductor and
capacitor sizing is decided by switching frequency of power
electronic components. Higher frequency leads to smaller
values of inductor and capacitor with improved output
regulation [11-15]. Power electronic components are designed
with low on state resistance, fast switching rate, higher voltage
and current carrying capacity [16]. Efficiency of converter
depends on the losses of power MOSFET and converter. It is
analyzed for various switching frequencies applied to different
configurations of switching devices. In this work, solar panel is
connected to battery through buck converter as shown in figure
2. Buck controller is easily controllable and stable DC_DC
converter [8,17]. FPGA is chosen to generate PWM signals of
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converter. It supports fast and parallel execution of complex
algorithms with easier programming techniques. [11,12,18].

Photo-voltaic energy storage system with a solar panel of
100W,, Vi 0f 17.5V, Iy, of 5A and a battery of 12V, 42Ah are
considered in the proposed research work. Section Il describes
overall photo-voltaic charging system and its hardware
specifications. Section 111 discusses the transfer characteristics
of power electronic components connected between solar panel
and battery. Converter efficiency is analyzed in section IV for
various switching frequencies applied to different devices.
Section V discusses the results obtained with the experimental
set-up and controller implementation using FPGA. Section VI
concludes with the power component requirements and its
characteristics applied to battery charging.

Il. PHOTO-VOLTAIC BATTERY CHARGING SYSTEM

Specifications of solar panel are given in Table 1. Solar
panel peak voltage is greater than rated battery voltage.
Therefore battery charging is achieved either by connecting
switch between solar panel and battery as shown in figure 3 or
by using Buck converter as shown in figure 5. PWM generator
output circuit controls the switching device according to the
battery charge state.

TABLE 1 SPECIFICATIONS OF SOLAR PANEL

Characteristics Specification
Rated power, P 100Wp

Peak power voltage, Vmpp 17.5V

Peak power current, |y, 5A

Open circuit voltage, V. 21.4V

Short circuit current, Iy 6A
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Figure 3 Switch controlled Battery charger

HEXFET Power MOSFET devices are used as switching
devices. They are voltage controlled devices, which require a
voltage between gate and source terminal for current to flow in
the drain terminal [19-22]. System performance is monitored
for both N and P channel devices. Important parameters of the
switching devices are given in Table 2

Table 2 Switchin
IRFP150N — N channel

Device Parameters
IRF9530 — P channel
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MOSFET MOSFET
VGS(th) =2to4V VGS(th) =-2to -4V
Vpss = 100V Vpss = -100V
RDS(on) =0.036Q2 RDS(on) =0.2Q
Ip =42A Ip = -14A

Charge pump circuit is required for gate of N channel
MOSFET, which is achieved by a driver and opto-isolator
circuit. Complementary pair switching transistors 2N2907A
and PN2222A are used to improve the drive strength of signal.
Opto-isolator TLP250 is used for isolation [23].

Buck converter capable of handling 500W is designed with
the following requirements
Switching frequency = 1 MHz maximum
Current ripple < 0.04A
Voltage ripple < 0.01V
Charging current = 10A maximum
Duty cycle = 5% to 95%

Specifications of converter are given as follows and shown
in figure 4
Input voltage : varies between 14V-20V
Output voltage : 11V - 14.5V (Battery no load
threshold limits)

MOSFET : IRFP150N / IRF 9530
Diode : MBR1545
Inductance : 100pH

Capacitance: 1000pF
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Figure 4 Buck Converter
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Figure 5 Converter based Battery charger



INTERNATIONAL JOURNAL OF CIRCUITS, SYSTEMS AND SIGNAL PROCESSING

Volume 9, 2015

BAT+

N1+ C1

IM1- cz

INZ2+ °
y PWM

IMz- El

T

C OhiP

]

H

Figure 6
PWM
Generation
circuit

L

TL494 pulse width modulator IC is used to generate the
PWM signal of converter. Battery voltage is fed back to PWM
generator circuit using potentiometer, that can be adjusted to
vary the duty cycle of PWM signal. Frequency of PWM signal
is varied by varying the resistance of oscillator circuit. Circuit
shown in figure 6 uses resistance R13(potentiometer) to vary
frequency and R16 to adjust the duty cycle

Il. MOSFET TRANSFER CHARACTERISTICS COUPLED

BETWEEN PV CELL AND BATTERY

HEXFET N channel power MOSFET IRFP150N and P
channel device IRF9530 are chosen to study the transfer
characteristics. Connection of MOS devices between PV cell
and battery is shown in figure 7.

IRF9530N Figure 7 MOS  device
IRFP150N
1L
| 1671
GATE VOLTAGE T —
‘ GATE VOLTAGE

connected between PV cell and battery

Flow of drain current charges the battery and increases
battery voltage with drain to source voltage decreasing from 7V
to 0.15V. Maximum drain current is 5.36A with single N
channel MOS device and it is increased to 5.41A with two
devices in parallel. Parallel connection of devices reduces on-
resistance of device and increases drain current. Drain current
flow with gate to source voltage and drain to source voltage is
shown in figure 8.

Flow of drain current charges the battery and increases
battery voltage with drain to source voltage decreasing from 7V
to 0.15V. Maximum drain current is 5.36A with single N
channel MOS device and it is increased to 5.41A with two
devices in parallel. Parallel connection of devices reduces on-
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Figure 8
Characteristics of NMOS device
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resistance of device and increases drain current. Drain current
flow with gate to source voltage and drain to source voltage is
shown in figure 8.
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Figure 9 Characteristics of

PMOQOS devices

In case of P channel devices, gate voltage need not be higher
than source. Gate signal can be derived from the input signal
and charge pump circuit is not required. On-resistance of P
channel MOS is higher and drain current is comparatively
reduced. Maximum drain current for this case is 5.16A with
single device and 5.3A with two devices in parallel.
Characteristic curves of PMOS device is shown in figure 9.

Battery can be charged by applying a constant voltage to
gate terminal to switch on power MOSFET. Control circuit is
added to maintain output terminal at constant voltage or
current. The device is in continuous conduction state and
conduction loss of the device is involved. This type of system is
classified into linear regulators, which has poor efficiency.
Switching regulators called converters are used for better
efficiency. Converter performance with different combinations
of Power MOSFET devices is discussed in the following
section.

Figure 10 Efficiency of converter with different MOS devices
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IV. CONVERTER PERFORMANCE WITH MOS DEVICES

Battery charging depends on the current flow. Higher
current flow enables faster battery charging. Conventinal
MPPT is not effective for battery charging system, since the
output voltage is fixed at battery voltage, which is not V,, of
PV cell. This paper analyzes the efficiency of converter by
varying switching frequency for different MOSFET
configurations. Input / output measurements of converter is
taken for four cases of power electronic component
connections as given below

Single N channel power MOSFET
Two N channel power MOSFETS in parallel
Single P channel power MOSFET
Two P channel power MOSFETSs in parallel

The efficiency of the Converter is defind in equation 1,

- Output Power
Efficiency = @)
Total Input Power
Where,
Output Power =Total input power-Total Power losses  (2)

Power loss in the MOSFET is given by
Power Loss = switching loss(Ps,) + Conduction 10Ss(Pcon )(3)

V. xI.
Where P, = — ~in (Trise XT ta )st (4)
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Based on the experimental results, loss estimation is shown for
Single NMOS Device, with following parameters

P

con—loss Rds(on) x (5)

Rds(on)=0.036Q; [in=4.79A; Vin=14.39V, l,u=4.89A,
Vouy = 12.27V, Fow = 1000HZ; Tise = 200Qs; Tran = SUS;

P, (1439x439 % (200 + 5)us x 1000 HZ
P, = 7.21 Watts
12.27
Peon toss = 489 X .036 x 20 = 734 Watts
1237489 — 870 = 87%

eff:r:e'nf]. - m

System shown in figure 5 is used for converter analysis. Duty
cycle is kept constant for all cases. At lower frequencies,
conduction period of MOS devices is more compared to
conduction period at high frequencies. Therefore efficiency of
converter with two NMOS devices is lowered at lower
frequencies due to combined conduction losses of two devices.
PMOS devices provide comparable efficiency with simple gate
driving circuit. Figure 10 shows switching frequency of 1MHz
provides best efficiency for the converter.

Maximum current flow is achieved with maximum duty
cycle for NMOS device. Results of this analysis are shown in
figure 10 and listed in Table 3. Measurements are taken under
frequently varying atomspheric conditions such as cloudy and
sunny environment. For PMOS devices, maximum current flow

36
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occurs for minimum duty cycle.

Table 3 Experimental Measurements

Solar Solar Battery Battery Duty
panel panel voltage current cycle
voltage current V) (A) %
V) (A)
18.2 1.7 12.7 1.62 40
19.4 0.58 12.6 0.53 50
18.8 1.64 13.4 1.56 60
16.6 1.88 13.09 1.75 70
15.4 2.09 13.3 1.95 80
14.6 2.25 13.3 2.09 90

V. EXPERIMENTAL SET-UP AND FPGA BASED
CONTROLLER IMPLEMENTATION

A. Experimental Set-up

Experimental set-up used to analyze converter performance
is shown in figure 11. Zero voltage switching signals of drain
current with V4 and PWM signal is shown in figure 12 and 13.
Switching frequency of 1 MHz with 95% duty cycle is chosen
for power MOSFET.

B. FPGA based controller

Spartan 6 FPGA is used to generate switching signal and
control battery charging. It is programmed to generate PWM
signal of 1MHz switching frequency with 95% duty cycle, for
maximum efficiency of converter with single NMOS device.

Fig. 12 Vg and Iq

Fig.13 PWM and |4
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Switching signal generation is based on battery charge status.
So it senses battery voltage to decide battery status. Following
battery parameters are considered for controller design.

1. Open-circuit voltage after full charge: 12.6-12.8V

2. Open-circuit voltage after full discharge: 11.8-12.0V

3. Loaded at full discharge: 10.5V

4. Float charging: 13.8V for gelled and 13.4V for wet cells
5. Typical (daily) charging: 14.2-14.5V

Based on the above parameters, controller set points are
decided to connect /disconnect battery with solar panel/ load
for charging/discharging. It prevents the battery from over
charging / discharging and improves the life of battery. Set
points are defined as follows.

Buck Converter

»  Switching Device

PWM Generator

Figure.11 Experimental Set-up

High voltage solar disconnect (HVD) : 14.3V
Battery is disconnected from solar panel (Battery is fully
charged) and Load is connected with battery.

High voltage solar reconnect (HVR) :  13.3V
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Battery is connected with solar panel for charging at no
load

Low voltage load disconnect (LVD) :  11.0V
Load is disconnected from battery (Battery is fully
discharged) and Battery is connected with solar panel

Load reconnect voltage (LVR) : 12.75V
Load is connected with battery and Battery is connected
with solar panel

Spartan 6 FPGA XC6SLX45-3CSG324C is chosen for
controller implementation. Operating clock frequency of
Spartan 6 FPGA is 50MHz, it is down converted to 1MHz to
supply switching signal of converter with 95% duty cycle.
Battery voltage is sensed by FPGA by potential divider voltage
sensor and Analog to Digital converter. Flow chart of the
FPGA program execution is shown in figure 14. FGPA
Hardware utilization of this program is less than 1% of
resources and it is chosen to improve the control architecture
for automatic PWM generation for better efficiency, according
to the type of device and converter [24] with improved battery
charging algorithm.

Start

A

»| Read Battery
voltage
Disable
PWM
11V < Battery Enable
voltage PWM
<13.3V\,
Battery voltage Engble PWM
Disconnect

Figure 14 Flow chart of battery charge controller

VI. CONCLUSION

Power electronic components play vital role in the
performance of converters. This paper analyzes various
MOSFET configurations in PV battery charger. Results show
choosing PMOS device with low on-resistance delivers better
performance with simple control circuit. N channel MOS
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devices operate at maximum effeciency with complex driving
circuit. Based on the experimental results, a controller is
designed to generate switching signal for efficient battery
charging and controls the load. Controller is implemented using
Spartan 6 FPGA. More intelligence can be incorporated by
including temperature compensation, variable PWM signal
generation according to type of power MOSFET for maximum
efficiency and extend the controller algorithm for multi-level
systems. ASIC implementation of controller enables the
developmemnt of module integrated converters.
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