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digital signal controller that operates the corsei continuous conduction

Keyword: mode, thereby significantly reducing input curreatmonics. The theoretical
Fuzzy logic analysis of the proposed converter is then develophile an experimental
Hybrid electric vehicle digital control system is used to implement the nemntrol strategy. A

Microcontroller detailed converter operation, analysis and constchtegy are presented

along with simulation and experimental resultsdnoiversal ac input voltage
(100-240V) to 380V dc output at up to 3.0 kW loadl & power factor
greater than 0.98. Experimental results show thvaratdges and flexibilities
of the new control method for plug-in hybrid eléctehicle (PHEV) battery
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1. INTRODUCTION

AC-DC conversion of electric power is widely usadeveral applications such as adjustable-speed
drives, switch-mode power supplies, uninterruptedvegr supplies (UPSs), and battery energy storage.
Conventionally, ac—dc converters, popularly reférte as rectifiers, are implemented using diodes and
thyristors to provide uncontrolled and controlled mbwer with unidirectional and bidirectional povfw
[1]. Plug-in hybrid electric vehicle (PHEV) is altyd vehicle with a storage system that can beaneggd by
connecting the vehicle plug to an external elegaver source [2]. The most common charger power
architecture includes an ac—dc converter with pdaetor correction (PFC) [3] followed by an isoldtdc-
dc converter with input and output EMI filters [@urrent pulses with high peak amplitude are drasvomfa
rectified voltage source with sine wave input aagacitive filtering. The current drawn is discontius and
of short duration irrespective of the load connédi® the system. Since many applications demandCa D
voltage source, a rectifier with a capacitive filie necessary. However, this results in discomtisuand
short duration current spikes. When this type ofrent is drawn from the mains supply, the resulting
network losses, the total harmonic content, anddb&ted emissions become significantly higher.

Journal homepage: http://iaesjournal.com/online/index.php/IJPEDS



326 O ISSN: 2088-8694

At power levels of more than 500 watts, these pmmomisl become more pronounced. Major
drawbacks include poor power quality in terms ¢édted current harmonics, resulting in voltageadisin
and poor power factor (PF) at the input ac mairs slaw varying rippled dc output at the load ermly |
efficiency, and large size of ac and dc filters [bjvo factors that provide a quantitative measurdhef
power quality in an electrical system are Powertéta(PF) and Total Harmonic Distortion (THD). The
amount of useful power being consumed by an eéadtgystem is predominantly decided by the PF ef th
system.

This paper focuses primarily on design and impleatén of Power Factor Correction (PFC) using
a low cost microcontroller for plug in hybrid eldctvehicle charger. The software implementatiorP&C
using the 8-bit microcontroller is explained inaétFuzzy logic based control algorithm was impéered
for better performance of the proposed convertercdnclusion, some test results and waveforms are
presented to validate the digital implementationhef PFC converter. The low cost and desired pmdace
capabilities of the digital controller, combinedthva wide variety of power electronic peripheralstsas an
Analog-to-Digital Converter (ADC) and a Pulse Widitodulator (PWM), facilitate the digital design and
development of a plug-in hybrid electric vehicleaier.

1.1 Boost Topology

Power Factor is a parameter that gives the amdumbrking power used by any system in terms of
the total apparent power. Power Factor becomempartant measurable quantity because it often tesul
significant economic savings. The objective of RE@ make the input to a power supply look likeimple
resistor. This allows the power distribution systenoperate more efficiently, reducing energy comgtion.
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Figure 1.Proposed boost PFC converter

A boost topology PFC converter boosts the inputaga and shapes the inductor current similar to
that of the rectified AC voltage. The voltage rgtiof the power switch is equal to the output vadtagting
of the converter. The basic boost converter dinsushown in Fig.1.The boost topology PFC convectn
be operated in Continuous Conduction mode unlikeerobasic topologies, such as the buck converter or
buck-boost converter. This mode reduces harmonitecd in the input current. However, the operaiion
continuous conduction region depends on the indwetluie and the amount of load on the system.

Active PFC must control both the input current #mel output voltage. The current is shaped by the
rectified line voltage so that the input to the wenter appears to be resistive. The output voliagentrolled
by changing the average amplitude of the currepgmamming signal. The effective resistance of the
resistive load specified to the AC line varies dipaccording to the power demands of the actual.ldde
line current remains proportional to the line vgia

The basic function of PFC is to make the input enrrdrawn from the system sinusoidal and in-
phase with the input voltage. Figure 1 shows thepament blocks required for PFC and the PFC stage
interfaced to a microcontroller. This is an AC-t&Ronverter stage, which converts the AC inputagstto
a DC voltage and maintains sinusoidal input curegrd high input Power Factor. As indicated in Ibheck
diagram, three input signals are required to imgletnthe control algorithm.
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The input rectifier converts the alternating voeiaat power frequency into unidirectional voltage.
This rectified voltage is fed to the chopper citd¢aiproduce a smooth and constant DC output veltaghe
load. The chopper circuit is controlled by the PVEitching pulses generated by the microcontrobesed
on three measured feedback signals:

« Rectified input voltage
« Rectified input current
« DC bus voltage

The only output from the microcontroller is firipylses to the boost converter switch to control the
nominal voltage on the DC bus in addition to préisgna resistive load to the AC line. The output DC
voltage of the boost converter and the input cdarterough the inductor are the two parameters dnat
essentially controlled using active PFC.The techaigised here for PFC is the Average Current Mode
control.

In Average Current Mode control, the output voltageontrolled by varying the average value of
the current amplitude signal. The current signatatculated digitally by computing the product bkt
rectified input voltage, the voltage error compéosautput and the voltage feed-forward compensator
output. The rectified input voltage is multiplied énable the current signal to have the same sasjiee
rectified input voltage waveform. The current sigshould match the rectified input voltage as dpses
possible to have high Power Factor. The voltage-feevard compensator is essential for maintairéng
constant output power because it compensatesdaratations in input voltage from its nominal valu

2. PFC SOFTWARE IMPLEMENTATION

The inner loop in the control block forms the catréoop. The input to the current loop is the
reference current signaldrer and the actual inductor currentl The current error compensator is designed
to produce a control output such that the inductorent ¢ follows the reference currenicker. The current
controller Gl produces a duty cycle value afterrappate scaling to drive the gate of the PFC MOBFE

The outer loop in the control block forms the vg#aoop. The input to the voltage loop is the
reference DC voltage dérer and the actual sensed output DC voltage. he voltage error compensator is
designed to produce a control output such thatDtiebus voltage Yc remains constant at the reference
value Veef regardless of variations in the load currenahd the supply voltage¥. The voltage controller
Gy produces a control signal, which determines theregice currentabrer for the inner current loop as
shown in Figure 2.
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Figure 2. PFC software implementation

The output voltage is controlled by the voltageeoompensator. When the input voltage increases,
the product of {c and \f, increases, and thereby increasing the programsigmgl. When this signal is
divided by the square of the average voltage sighabsults in the current reference signal beduced
proportionally. The outcome is that the currentdduced proportional to the increase in voltagerdby
keeping the input power constant. This ensures th@treference control outputcker from the voltage
compensator is maximum such that the rated outparepis delivered at minimum input voltage.
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2.1 Fuzzy control system

Fuzzy logic controllers (FLC) have the advantagesarking with imprecise inputs, not needed an
accurate mathematical model, handling nonlinedsly For controlling such a complicated system, FLC
looks very promising for this application. The inpto a PFC fuzzy logic controller are usually aroeE
and a change of erraiE as given in Eq. (1) and Eq. (2) respectively.

E(n) = Iacref - Iac (1)
AE(n) =E(n)-E(n-1) 2

Where . IS calculated by measuring the voltage error compensas given in Eq.(3), voltage feed
forward compensation ¢¢c and V¢ signal as given in Eq.(4)

Verror=Vocrer Ve 3
lacref=VrrcXV acXVErroR 4)

E andAE are calculated and converted to the linguisticaldés during fuzzification. Linguistic
variables are non-precise variables that often eprav surprising amount of information. Fig. 3 shdiws
relations between measured error and the linguistim, such as positive small, positive medium and
positive big. At some point the error is positiveadl and at some point the error is positive big #ipace
between positive big and positive small indicategaor that is, to some degree, a bit of both. Atrézontal
axis in the following graph shows the measuredrispcovalue of error. The vertical axis describes diegree
to which a linguistic variable fits with the crispeasured data.
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Figure 3. The relationship between linguistics able and error

To add the linguistics variable positive big to amputer program running in an embedded
microcontroller, translation the graphical repreagan into meaningful code is needed. The follagyvid
code fragment gives one example of how to do fhi® function error- Positive Big () returns a dagof
membership, scaled between 0 and 1, indicatingléiggee to which a given error can be positive Bhygs
type of simple calculation is the first tool reqdrfor calculations of fuzzy logic operations.

char Error_ Positive Big (i@RISP)

if (CRISP < 0.4)
return(0);
else

if (CRISP >=D.4
return(CRISR.5);
else

{

return(l);

}
}

Rule evaluation is done by using an algorithm wheops compare the antecedent value depending
on the rule being evaluated in a repeated fashidihall rules are evaluated.
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The fuzzy logic controller output is typically aarige in duty ratia\D of the power converter. The
linguistic variables assigned D for the different combinations of E amdE as shown in Table 1 which is

based on a boost converter

Table 1. Fuzzy rule base table

E NB NS ZE PS PB
AE
NB NB NS NS ZE ZE
NS NB NS NS ZE PS
ZE NS NS ZE PS PS
PS NS ZE PS PS PB
PB ZE ZE PS PS PB

The final step in the fuzzy logic controller is tombine the fuzzy output into a crisp systems
output. The result of the defuzzification has tcalreumeric value which determines the change of dytle
of the PWM signal used to drive the MOSFET. Thee\arious methods to calculate the crisp outpdahef
system. Centre of Gravity (COG) method is usedunapplication due to better results it gives. THeG
for our application is expressed mathematicallgiaen in Eq.(5).
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Figure 5. Simulation waveforms of proposed PFCsboonverter
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Where Y][i] is thei™ members of the output vector and FJi] are the iplying coefficients of the output
membership function as shown in Table 1, ABdis the change of duty cycle, and this numberasgnts a
signed number which is added or subtracted fronpthsent duty cycle to generate the next systeponse

for PFC as given by Eq.(6). Fuzzy control outpufaze using Matlab simulation is shown in Figure 4.

Dnew = Dold +AD (6)
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Figure 7. Power Factor versus output power

3. EXPERIMENTAL RESULTS

Simulation waveform of the proposed PFC boost cdavés shown in Figure 5. Curves of the input
current total harmonic distortion are provided igufe 6 for 230V input. The power factor is greatsan
0.98 from half load to full load as shown in FigireDigital implementation of the proposed congolvas
implemented using ATmega32 microcontroller. Proteoféware was used to verify steady state waveforms
of each component. The input current is in phadk imput voltage, it has close to unity power factad its
shape is close to a sinusoidal waveform as shoviigiare 8. Also the output voltage is regulatedratund
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380V as shown in Figure 9.The converter is opegasin70 kHz switching frequency, 230 V input voltag
and 3.0 kW output power.

SW1CEN) input Current Input Voltage

1.99
100

1.80

]
VAC_SENSE_POINT
2.000 2.885 2.010 2.815 2.020 2.025 2.03P

Figure 8. Rectified Input voltage and input current
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Figure 9. Output voltage and rectified input voéiag

4. CONCLUSION

A PFC based AC-DC boost converter topology has lpresented in this paper for the front-end
AC-DC converter in PHEV battery chargers. The pegab converter topology has been analyzed and
performance characteristics presented. A microotlatrbased simulation was done to verify the prof
concept. The total harmonics distortion, reguladethbut dc voltage and power factor was measured an
showed great results. The converter topology shalgh input power factor, high efficiency over iemt
load range and excellent input current harmonicis &n excellent option for single phase PFC smiuin
plug in hybrid electric vehicle charger application
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