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Abstract—

T

his paper presents an advanced Average Current-Mode Control (ACMC) technique for single phase AC-DC
Boost Converter with Reactive Power Control. The leading phase admittance cancellation (LPAC) principle
has been proposed to eliminate the current phase lead phenomenon. It results in reduction of the current
control loop bandwidth requirement for a given line frequency. These features allow using relatively slow-switching
power devices such as IGBT. Thus it can be used for higher ac line frequency such as in aircraft power system (360800Hz). A theoretical principle & system modeling for bidirectional Boost converter are presented which can be used
as shunt active filter for Harmonic Compensation, independently of the converter operation as an ac-dc converter.
Keywords— Power Factor Correction (PFC), Average Current-Mode Control (ACMC), Active Power Filter, Power
Factor, Harmonics Filter, Converter.
I. INTRODUCTION
Single phase ac-dc static power conversation involves shaping of a sinusoidal ac line voltage waveform into a dc
voltage with a relatively very small ac component. Rectification based on traditional diode rectifier capacitive and
inductive filters draws non-sinusoidal and rich in harmonic current from ac line. As the number of electronic equipment
increases every year, the problem of line current harmonic grows in its significance.
Significant reduction of current harmonics in single-phase circuits can only be achieved by using rectifiers based on
switch mode power converters. These converters can be designed to emulate a resistive load and, therefore, produce very
little distortion of the current. By using pulse-width modulation or other modulation techniques, these converters draw a
nearly sinusoidal current from the ac line in phase with the line voltage. As a result, the rectifier operates with very low
current harmonic distortion and very high, practically unity power factor. This technique is commonly known as power
factor correction (PFC). The existing PFC technology is based on the boost converter topology with average-currentmode control with pulse width modulation (PWM) controlled converter. At the lower power ratings, MOSFETs are used
as switching power devices because of their low conduction losses and high switching speed. For medium and high
power applications, IGBTs can be used in PWM converter with switching frequency up to 30 kHz.
Generally to decrease the distortion in line current due to switching action of power devices, the switching frequency
is kept at least 1000 times the line frequency. So the application of IGBTs in converter at higher line frequency such as in
aircraft power system fails due to their slow switching speed.
In this paper, the LPAC method is introduced to relax the switching speed of converter and thus it also improves the
performance of ACMC technique without any great change in their realization circuit. So before going to LPAC method,
let us see what is the existing ACMC technique used for converter control.
II. AVERAGE CURRENT MODE CONTROL
The boost topology is a popular choice for a single-phase ac-dc pre-regulator with high power factor and low
harmonic distortion of line ac current. The recently proposed ACMC has been widely used in PFC application. The basic
control scheme of Bidirectional Boost Converter is shown in Fig.1
The control method works on the following principle: The inductor current of the converter iL is sensed by a resistor
Rs and compared with a control voltage vc that represents the required average value of the inductor current. The
difference is amplified by the compensator comprising of R l, Rf, Cfz and Cfp. The output of the amplifier is compared to a
triangular PWM signal vm at the comparator inputs to generate switching control signals for the converter. [5]
In a boost converter example given in this paper, the switched variable is voltage applied to output dc link capacitor
or current flowing through an input inductor. The boost PFC converter operating in continuous conduction mode requires
line current sensing and output voltage feedback loop. The current controller (Fig.2) is a PI type controller. The control
ensures that the average value of switched variable achieves its desired reference value within one switching cycle, hence
the name one cycle control.
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Fig. 1 Control Scheme of Bidirectional Boost Converter
The bandwidth of the current controller should be high enough to pass all significant harmonics of rectifier sine wave.
For that the loop crossover frequency to line frequency ratio should be at least 150. The frequency response of current
loop controller is shown in Fig.3

Fig. 2 Current loop controller

Fig. 3 Frequency response of Current loop Controller

If this ratio is much smaller, a zero-crossing distortion of line current waveform appears due to the leading phase of
the current relative to the line voltage. This leading phase is a result of control action of the current loop compensation
scheme [6]. A PFC converter with a zero-crossing distortion of the line current may not be able to meet harmonic
distortion requirement. The zero-crossing distortion is not significant in bidirectional converter, but it has to be taking
into account for unidirectional converter.

Fig. 4 Zero Crossing Destortion
III. SYSTEM MODELING
In Bidirectional PFC Boost converter, an input filter capacitor at the ac line terminals is commonly used to provide a
low-impedance path for the inductor current switching ripple in order to reduce propagation of the switching noise into
the line. The required filtering capacitance is a function of the converter switching frequency and does not depend on the
line frequency. However, this capacitor does affect the total current drawn from the line. Reactive current drawn by this
capacitor is proportional to the line frequency. Because of this current, power factor of the converter is less than unity
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even if the converter without the filtering capacitor operates with unity power factor. At the utility line frequency (50-60
Hz), this current is relatively small and does not cause noticeable power factor degradation. However, in applications
with much higher line frequencies such as in aircraft power systems (360–800 Hz), the input capacitor current becomes
significant. For example, a 1.5-μF input capacitor typical for a 500W converter draws a current of only 113 mA from a
240-V, 50-Hz line but as much as 0.8 A at 360 Hz, which causes a 21° phase shift of the total current at full load and
even larger phase shift at a lower load.
Traditional design of a PFC boost converter utilizes a two-loop control structure (Fig. 5), with an outer voltageregulating control loop providing reference to an inner Current-shaping loop [11].

Fig. 5 Full-bridge PFC converter with an input filter capacitor
Hi—current loop compensator, Hv—voltage loop compensator,
Fm—modulator gain, kx—multiplier gain,
hs—current sensor gain,
hvs and hvos—voltage sensors gain.
In practice, the dc link capacitance C is large enough such that it could be treated as a voltage source. Under this
assumption, dc voltage Vo and the voltage loop compensator output Vc are constant values [8]. Then, the dynamic model
of the converter is described by the block diagram in Fig. 6. The power stage line-to-current and control-to-current
transfer functions are
(1)
where r is an equivalent resistance of the current path. The compensator is a PI-type controller with the zero placed at
or near the loop crossover frequency:

(2)

Fig. 6 Current loop control diagram of the converter
From Fig. 6, the total input admittance of converter is
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(3)
Where Ti is the current loop gain:
(4)
According to (3), the total input admittance of the converter can be represented by two admittance branches Y1(s),
Y2(s) and the input capacitor Ci (Fig. 7):
(5)

Fig. 7 Input admittance of the converter with the input filter capacitor
Below the current loop crossover frequency, neglecting r,

(6)
(7)
(8)
Component Y2(s) is the closed-loop current-reference-to-current transfer function (current reference term), which
provides desired input admittance magnitude with zero phase below crossover frequency of the loop gain Ti. This branch
of the input admittance draws a current in phase with the line voltage, with the magnitude determined by Vc, which
corresponds to the load power. Component Y1(s) is the closed-loop voltage to current transfer function (leading-phase
admittance term) plus admittance of input filter capacitor YCi(s), which has a 90º leading phase below the crossover
frequency (Fig. 8). This branch draws a leading-phase current, which is independent of the converter load and increases
with the line frequency for a given current loop bandwidth [8],[6]. This is the reason why the current phase lead effect is
observed at higher frequencies, which causes the zero-crossing distortion of the line current and increased harmonic
content.

Fig. 8 Closed-loop input admittance and its components
IV. LEADING PHASE ADMITTANCE CANCELLATION
From the discussion above, it is clear that we need to compensate the effect of admittance component Y1(s) in order to
eliminate the current phase lead and the resulting zero-crossing distortion. The leading-phase admittance cancellation
(LPAC) method uses an additional term Y3(s) in the admittance equation (5) to cancel the leading-phase term Y1(s). Then,
the current reference term is left as the only one that determines the magnitude and phase of the line current [6]. A new
input from vg with a transfer function Hc(s) is introduced at the summing junction in order to cancel the undesired voltage
term in (3) as shown in Fig. 9.
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(a)
(b)
Fig. 9 Full-bridge PFC converter with an input filter capacitor and LPAC
From Fig. 9(b), the total input admittance of the converter is,
(9)
According to (9), equation (5) is modified into,
(10)

Fig. 10 Input admittance of the converter with LPAC
Below the current loop crossover frequency, neglecting r and using the Y3(s) to cancel the effect of Y1(s) and YCi(s),
(11)
From (11), the LPAC transfer function is given as

(12)
As shown in Fig. 10, Y3(s) draws a current opposite to the current Y1(s) and YCi(s) and, thus, cancels its effects at
frequencies within current loop bandwidth. The result in Fig. 11, demonstrate that the frequency range of undistorted
current operation is drastically extended for more than a decade.

Fig. 11 Close loop input admittance with LPAC
Dash—uncompensated, Solid—LPAC-compensated
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V. IMPLEMENTATION OF THE LPAC
A generic implementation of the LPAC in a standard PFC control system is shown in Fig. 12. Hc(s) is part of the
compensator circuit; it is added to the system by means of an RC-CC network from the rectified line voltage to the
negative input of the current loop amplifier.
Assume for generality that the RC-CC Circuit is connected to vg through a gain hC of LPAC network amplifier. Then,

(13)

(14)
Where

(15)

Fig. 12 Implementation of the bidirectional PFC converter with LPAC
Comparing equations (12) and (14), we obtain
(16)
(17)
Eq.(16) and Eq.(17) shows that the achieved compensation of current phase lead is load invariant and line frequency
invariant.
Thus in such a manner, the LPAC can be used to cancel Ci current as well such as the total current is in phase with
the line voltage (Fig. 13), and the converter truly operates with unity power factor. The voltage and current waveforms of
the converter without and with LPAC are shown in Fig. 13 (a) and (b) respectively.

(a)
Fig. 13 Bidirectional PFC converter operation (a) without and (b) with LPAC-compensator
fac = 500 Hz, fsw = 90 kHz, Ci = 1.5 μF, Po = 100 W
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VI. SHUNT ACTIVE POWER FILTER
Shunt active power filter is an important and recent application of Bidirectional PFC boost converter [4], [14]. For a
single phase power supply, most economical, traditional Peak detection method is now replaced by Average CurrentMode Control technique. A typical block diagram of Shunt Active Power Filter using ACMC with LPAC is shown in Fig.
14.

Fig. 14 Shunt Active Power Filter
The shunt active power filter is used for reactive power and harmonic compensation of power supply. Active filter
using ACMC with LPAC has many advantages over traditional Peak detection method.
 It requires only one voltage and current sensor.
 Good control on reactive power regulation.
 Dynamic response has been improved.
 Also applicable for higher line frequency supply.
 It has very low Switching noise.
VII.
CONCLUSIONS
Due to the slower switching speed of IGBTs, we are unable to use them in PFC boost converter with ACMC for
higher line frequency power system. The lower switching speed causes zero-crossing distortion which reduced the
performance of PFC and harmonic reduction.
This problem can be solved by LPAC compensation which also takes in account the effect of input filter capacitor
and keeps power factor very close to unity.
This method also enables to use Active Power Filter using ACMC for higher frequency power system.
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