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1. Introduction

Latterly, concerning power quality, many problems have received the attention of researchers,
including Power Factor Corrector (PFC) [1]. This is proportional to the increase in equipment that
uses DC sources which increases the use of nonlinear devices in the form of rectifiers. Most power
electronics devices use full-wave rectifiers, which are nonlinear in nature. Nonlinear loads with
power factors adversely affect the system power factor.

The appearance of nonlinear devices results in low power factor operation and high harmonic
distortion [2]. The IEC 61000-3-2 Harmonics Regulation defines the power factor in several
applications, such as portable tools (class B), lighting equipment (class C), computers (class D),
etc. [3]. Harmonics can also reduce the quality of the electrical power system which can cause
negative impacts on other equipment in a grid.

Power factor improvement is required in this case to meet harmonic standards, longer device
lifetime, and proper operation of other devices in the system. Other advantages of PFC include
increased electrical system capacity [4], diminished power losses and switching losses in the
distribution system [5], increased system efficiency [6], decreased voltage drops that cause
overheating [7], and premature failure in the case of motor loads and other inductive equipment
[8]. Active-type power factor correction circuits typically use a power supply counting to reduce
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the harmonics of the alternating input current (AC) and regulate the unidirectional (DC) output
voltage. The converter topology increases the voltage (boost) continues to be used in various
applications AC to DC and another way. The boost type converter is the most popular series of
active power factor improvements in the electric vehicle battery charger [9], electric aircraft [10],
and HVAC application [11].

According to the inductor current waveform, the operating modes of the boost power factor
correction converter are grouped into continuous current conduction mode (CCM), critical current
conduction mode (CRM), and discontinuous current conduction mode (DCM) [12]. CRM and
DCM PFC boost converters have advantages such as zero current when the switch is connected
and no diode reverse current. The switching frequency of the CRM boost power factor
improvement converter varies. Meanwhile, the inductor and EMI filter design are more difficult.
In addition, the DCM boost power factor correction converter is operated at a constant switching
frequency. To achieve a power factor close to unity with a simple circuit composition, conventional
boost converters with interrupted conduction mode operation are widely used by the industry [13].

In terms of control, proportional-integral (PI) or conventional control is a good solution but has
limited performance when used in non-linear induction motor systems. Meanwhile, fuzzy logic
controllers have the advantage of controlling systems with high nonlinearity. Fuzzy logic has been
widely used as a speed control system because of its reliability, efficiency, and simple algorithm
[14].

IBC design with CCM requires a larger inductor design than DCM [15]. So with these
considerations, the proposed system uses the DCM technique. The use of an interleaved boost
converter (IBC) has led to the flow of parallel current through the inductor which results in the use
of a lower loading inductor and capacitor. By operating the IBC at a 50% voltage cycle ratio, the
voltage and ripple current have been greatly diminished.

This paper contributes to the design, analysis, and implementation of interleaved boost
converter (IBC) as a Power Factor Corrector (PFC) using a fuzzy controller which affects the value
of the harmonic system. Hardware systems built on a small scale with varying resistive loads are
lamps. The discontinuous current mode (DCM) interleaved boost converter technique is applied to
the system to produce a system power factor close to unity. Details of the converter design are also
explained for the real hardware implementation design. The improvement in the power factor was
proven in simulation and experimental which matched the results.

2. Converter Design and System Controller

2.1. Interleaved Boost Converter (IBC)

The proposed converter is shown in Fig. 1 that the interleaved boost converter (IBC) is two
parallel boost converter circuits. The circuit with inductor L, diode D4, switch S; forms a boost
circuit, and inductor L, diode D5, switch S, from the parallel boost circuit. Capacitor C is used to
maintain the output ripple voltage and R is the load resistance.
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Fig. 1. Interleaved Boost Converter (IBC) topology

2.2.Discontinuous Conduction Mode (DCM)

Conventional boost converters have been widely used for active power factor improvement
circuits due to their simple and reliable topology. However, this new circuit uses a dual boost
converter connected in parallel. Inductor L, and switch S; are used as a power factor improvement
circuit while inductor L, and switch S, replace the active filters to improve the quality of input
currents containing harmonics. Active filters also reduce switching losses in the circuit. IBC circuit
analysis based on such a single boost converter in Discontinuous Conduction Mode (DCM). The
DCM IBC operation has three different types such as:

e Switch on and diode reverse bias
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Fig. 2. DCM operation during 0 < t < D;Ty.

e Switch off and diode forward bias
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Fig. 3. DCM operation during D; Ty < t < (D, + D,)Ts.

e Switch off and diode reverse bias
L
A 0 S
+ YL -

" C_) —: R§ v

+

Fig. 4. DCM operation durung (D; + D,)Ty < t < T.
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The mathematical equation of DCM IBC operation is shown below [16]:

V.(t) =V, )
ic(t) = =2 0)
@ =V -V €))
i(0) = ic(6) + 22 )
ic(t) = i(t) - 22 (5)
V. (t) =0 (6)
i(t)=0 (7
ic(t) =22 ®

Where, V,(t)= inductor voltage; V= supply voltage; V(t)= load voltage; i(t)= inductor
current; i (t)= capacitor current; R=load resistance.

Equations (1) and (2) are obtained from the IBC circuit with a switch connected and a forward-
biased diode that shows in Fig. 2. While (3) - (5) operate when the switch is connected and the
diode is forward biased that shows in Fig. 3. And finally, (6) - (8) when the switch is not connected
and the diode is reverse biased that shows in Fig. 4. Equations (1), (3), and (6) are used to draw the
inductor voltage wave as shown in Fig. 5. With a balanced voltage per second, this wave does not
contain a DC component when the converter operates in a stable condition. The inductor current
graph based on (4) and (7) can be illustrated in Fig. 6a which is followed by the diode current graph
in Fig. 6b.

The correlation of the proposed IBC system can function as a power factor corrector which is
explained in detail in [16] where the power factor improvement series, input resistance ry(t) is
calculated from supply voltage 1, and supply current is(t) every one switching period. The
equation for the input resistance r;(t) is stated below:

() = par ©

Where, 1, (t)= input resistance; D= duty cycle; T;= time sampling; L= inductor.

Since the values of L, D and T do not change, the input resistance is constant. Based on (9) with
a sinusoidal input voltage and constant r;(t) input resistance, the i;(t) current follows the
sinusoidal input waveform so that the load is resistive which has a power factor of close to unity.
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Fig. 5. The waveform of inductor voltage V, (t) Discontinuous Conduction Mode (DCM) boost
converter
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Fig. 6. The waveform of converter current (a) inductor current i(t) (b) diode current i, (t).

2.3. Inductor Design

The main component of the converter is the inductor design because it will affect the input and
output currents. The power factor correction converter is used according to the following
conditions:

e Input voltage 1 : 28.82 volt
¢ Output voltage V, : 48 volts
o Efficiency n 1 90%

Switching frequency f;  : 40 kHz
So, the design of the converter inductor begins with the calculation of time sampling Ts, duty
cycle D, and load resistance R as below:

Ts = é = ﬁ = 25us (10)
v
Vo =5 (11)
=¥
1-D=3 (12)
28.82
1-D= T (13)
D =04 (14)
=% (15)
48
= (1.25)2 = 3840 (16)
D(1-D)?R
Lipin = % (17)
__ 0.4x(1-0.4)%x38.4
Linin = 2X40000 (18)
Lopin = 69.1487 uH (19)
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For IBC DCM operation = L<Lmin
L =X 69.1487 pH (20)
L =34.57 uH (21)
Where, T,= time sampling; f;= switching frequency; V,= output voltage; V= input voltage; D=
duty cycle; R=load resistance; L,,;,= minimum inductor; L= inductor.

The proposed system has an IBC output current value I, = 1.254, so the calculation of the
output capacitor C is as below:

Ippeak = 3 = == = 3.1254 (22)
Iprms = Ippear¥VD = 3.125xv0.4 = 1.97644 (23)
Ierms = v/ (Iprms)? = (1)? (24)
Ierms = 4/(1.9764)% — (1.25)2 (25)
Icrms = 1.53A (26)
C = erme™%s (27)
C = =202 = 318.75uF (28)

Where, Ippeqr= diode peak current; Ip,,s= diode rms current; I¢,,,s= capacitor rms current;
C= output capacitor;D= duty cycle; T;=time sampling; AV,= permitted output voltage differences
(0.1% from output voltage).

2.4.Fuzzy Logic System Control

Fuzzy logic controllers are an alternative to modern control systems that do not require a
mathematical model of a system. This controller is still effective because it has a stable system
response. IBC requires a controller to stabilize the output voltage. The designer controller in
closed-loop simulation with input voltage from the rectifier. The closed-loop simulation circuit of
the IBC is shown in Fig. 7. Using the triangular membership function in the Mamdani fuzzy model,
we can relate each variable, for example, errors and the change of error or delta errors in the rules
to provide output.

COs (D)= Fuezy Logic
Controller Unit Delay
Duly oycle
" Logical
Cper ator

Vief

Fig. 7. Design of fuzzy controller of PFC IBC in Matlab Simulink

The fuzzy design uses the Mamdani type with two inputs, error and delta error, and one output
that drives the IBC switching mosfet. Both input and output use the form of a triangular
membership function. Meanwhile, the fuzzy rules will provide a variable output value change. The
FIS editor is used to enter fuzzy variables. The overall coordination of the FIS editor, membership
function editor, and rule editor fuzzy logic controller is shown in Fig. 8.

Jati., A Power factor corrector using interleaved boost fuzzy-logic converter: design, analysis, and implementation 28



Journal of Engineering and Applied Technology
Vol. 2, No. 1, March 2021, pp. 23-35

Membership Function Editor

< Rule Editor PFC =&

Fuzzy
€—> Inference &> |- = =
System (FIS) A -
[LI M _ewerse | pssre | counpere | I
FIS Editor L
Rule Editor

Fig. 8. A whole Fuzzy Inference System (FIS) PFC IBC

3. Simulation and Experimental Results

Based on the block diagram system design in Fig. 9, the proposed system parameters are 18.94
volt input voltage and 48 volt output voltage Interleaved Boost Converter (IBC) for designing the
converter as a PFC and voltage regulator. The type of converter switch is IRFP460 Mosfet. The
simulation results are carried out in the Matlab Simulink software with the same parameters as the
hardware design. The simulation and hardware implementation were carried out in two stages,
namely testing the system without and with the power factor improvement converter.

The experiment uses a variation of the resistive load in the form of a 220 volt 100 W lamp
installed in parallel. There are three types of load variations based on the number, namely 3, 4, and

5 parallel lamps of 100 W. With a resistive load in parallel, each test with a load variation produces
different input and output currents.

Interleaved
Source > Rectifier > Boost > Load
Converter
A
Y
Mosfet Voltage
Driver Sensor
ettt
|M|crocontroller | f
| |
| I
. | Fuzzy l
Setpoint > <
P | 7| controller | :
|

Fig. 9. System diagram block of PFC IBC.
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3.1. Matlab Simulation

The Matlab simulation uses the same system parameters as the experiment to compare the
results of both results. The block diagram of the Matlab Simulink simulation is shown in Fig. 10.
In a DC power supply system with a large filter capacitor, it produces a pure DC output voltage
without a ripple but has a phase-shifted of input voltage and input current wave.

The input current wave is not sinusoidal shaped due to the fundamental value mixed with the
currents from the effect of charging and discharging the capacitor. The difference in voltage and
current waveform causes the input-side power factor not according to the applicable standard
(<85%) as shown in Fig. 11. The input voltage waveform in the top graph Fig. 11 is sinusoidal and
the bottom graph is distorted input current.
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Tap 1e-06 s

3

powergui

55
2

V3
Output

Laar 00— ]ﬁj“_
D2
V1
Input
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w

- sz vt
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Fig. 10. System simulation of PFC IBC in Matlab Simulink.

The use of large output side filter capacitors can be eliminated by a power factor corrector
converter such as an IBC. Therefore, systems using IBC do not require large filter capacitors to
produce the input voltage and current at the same phase. The current wave in the system with IBC
is shown in the Matlab simulation shown in Fig. 12. The top graph is the input voltage and the
bottom one is input current. Both voltage and current have the same phase with more spikes in the
current waveform. It is caused by converter switching.

Fig. 11. Input voltage vs input current without PFC IBC.
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Fig. 12. Input voltage vs input current with PFC IBC

3.2. Experimental Result

To evaluate and prove the superiority of the power factor improvement converter in this
application, implementation hardware has been built. The converter circuit is determined based on
the design described in the previous section and the prototype form is given in Fig. 13.

Interleaved
Boost
Converter
Trafo Step Display +
Down Controller
Rectifier

Fig. 13. Complete hardware implementation

Testing the system without IBC with the observed parameters are the input voltage and current
waveform, the amount of Total Harmonic Distortion (THD), and the power factor. Total Harmonic
Distortion (THD) is the whole summing of harmonic current in the system. This test uses a Fluke
43B Power Harmonic Analyzer. The test was carried out with a lamp load of 220V, 100W. The
first experiment with a rectifier without filter capacitor and the second experiment with a rectifier
in parallel filter capacitor. Test result data are shown in Tables 1 and 2.

For the calculation of DF (Distortion Factor) by calculating the current of each odd harmonic
component. The value of DF determines the size of a distorted wave by comparing the fundamental
current and the measured harmonic current. At the load of 5 parallel 220 VV 100 W lamps, Table 3
shows the order harmonic current data. Then the DF value for the load of 5 lamps 220 V 100 W
without IBC is as follows:

_ 0.59
0.59240.524+0.332+0.162+0.042+0.032

DFy =0.68 (29)
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Table 1. The system without PFC IBC (rectifier without capacitor)

Virac Vout lout linac
Load PF DPF

M M AW
5lamps 558 48 050 040 1 1

Table 2. The system without PFC IBC (rectifier with capacitor)

Vinac Vout lout linac
Load PF DPF DF

) B VAR G

5lamps 55.8 48 050 0.85 0.67 1 0.68

Table 3. The harmonic current of the system without PFC IBC (rectifier with capacitor)
Harmonic order

Load
1 3 5 7 9 11
5lamps 059 050 033 0.16 0.04 0.03

Next, test the system with an IBC without a large output capacitor filter. The experiments were
carried out with a rectifier without a capacitor filter. Test data results are shown in Tables 4 and 5.
The power factor of the three load systems has an average of 0.91. Based on the measured order
harmonic currents as in Table 5, the DF values for loads of 3,4 and 5 220 V 100 W lamps with IBC

are as follows:

122
] ) 30
DFS ‘/1'222+0'432+0-032+0.082+0_022 0.94 ( )
1.22
] B 31
DFs V12+0.422+0.042+0.072+0.022+0.012 091 1)
DF; 0.49 _ 082 -

V0.49240.292+0.162+0.07240.022+0.032

Table 4. System with PFC IBC and load variation

Vinac Vout lout linac
Load PF DPF DF

M M A @A
5lamps 20.66 481 050 130 093 1  0.94

4lamps 20.66 481 040 109 091 1 0.91
3lamps 20.66 481 030 0.61 0.90 1 0.82

Table 5. The harmonic current of system with PFC IBC and load variation
Harmonic order

3 5 7 9 11
5lamps 1.22 043 0.03 0.08 0.00 0.02
4 lamps 1.00 042 0.04 0.07 0.02 0.01
3lamps 049 029 0.16 0.07 0.02 0.03

Load
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System testing without Interleaved Boost Converter is carried out to know the system power
factor value before power factor improvement is carried out. So that we can find out the magnitude
of the power improvement using the PFC circuit. Because without the Interleaved Boost Converter
(IBC) the rectifier output goes directly to the load, so it uses a 1-phase variac to adjust the 48volt
output voltage. Testing the rectifier without a capacitor filter using a 220 volt 100watt lamp load
which produces a pf near unity. Fig. 14a shows the test results using 5 parallel 220 volt 100watt
lamps without IBC and a rectifier without filter capacitor. While testing the rectifier with a filter
capacitor using the same load produces a pf of 0.67 which is shown in Fig. 14b.

The results of testing the system with an Interleaved Boost Converter (IBC) with a lamp load
of 220 volts 100 W are shown in Fig. 15b. The resulting power factor is 0.93.

POMER 10

(b)

Fig. 14. Power factor system without PFC IBC (a) Rectifier without capacitor (b) Rectifier with
capacitor

POMER 16

(b)
Fig. 15. Power factor system (a) without PFC IBC (b) with PFC IBC

4. Conclusion

The power factor improvement converter circuit using interleaved boost converter (IBC) mode
has been achieved both simulation and experimentally. The proposed power factor compensation
is close to unity. The simulation results that were successfully carried out in the Matlab Simulink
software regarding IBC as a series of power factor improvements with fuzzy logic controllers can
increase the power factor (pf) to 0.94. To evaluate the IBC design, it has been proven that the
implementation of tools with various loads can achieve the best power factor improvement from
0.67 to 0.93. The result of harmonic compensation using IBC can reduce THDi from 72.3% to
33.4%. The proposed system has the potential to be applied to a larger system capacity.
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