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Abstract—Power-factor-correction (PFC) preregulator com-
monly suffers from slow dynamic response due to the need to
operate with small closed-loop bandwidth for realizing low total
harmonic distortion of input current. Ripple cancellation is one
of the widely adopted strategies to achieve high power factor and
fast dynamic response simultaneously. The main idea is to elimi-
nate the double-line frequency component in the sampled output
voltage by means of subtracting a replica of the output voltage
ripple from the sampled output voltage. In this paper, a systematic
derivation and analysis of the main figures of merit of PFC pre-
regulator incorporating ripple cancellation is presented. Based on
the equations obtained, three variants of a family of ripple cancel-
lation methods based on switched-resistor circuits are proposed.
The performances of these methods are experimentally investi-
gated and compared by implementing them in a 200-W average-
current-mode-controlled boost PFC preregulator. By comparing
the measured figures of merit, it is shown that near-perfect rip-
ple cancellation is achievable when the amplitude and phase angle
of the sampled output voltage ripple are estimated independently,
whereas a more cost-effective solution is provided by another ap-
proach that tracks the ripple amplitude only at the expense of
decreased power factor and increased total harmonic distortion.

Index Terms—Fast response, low-frequency ripple, power fac-
tor correction (PFC), ripple estimation/cancellation, unity power
factor.

I. INTRODUCTION

OWER-FACTOR-CORRECTION (PFC) preregulators

have been commonly used for converting ac power into
dc power for mains-connected dc loads. They also serve the
need to limit the level of harmonic current injected into the
mains power line, as specified in international standards such as
EN 61000-3-2 [1] and IEEE STD 519-1992 [2]. For medium-to-
high power applications, boost PFC preregulator with average
current mode (ACM) control is particularly attractive as it offers
adirect control of PFC preregulator’s input current and gives rise
to low total harmonic distortion (THD) of input current and low
conduction loss. The configuration of a boost PFC preregulator
with ACM control is shown in Fig. 1. Generally, the bandwidth
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Fig. 1. Configuration of standard boost PFC preregulator with ACM control.

of the inner current control loop is configured to be large, which
causes the inductor current to closely track the reference signal
irer(t) that results from the multiplication of the sampled recti-
fied input voltage K, |vi(¢)] by the output signal of the voltage
error amplifier v, (t). For the outer voltage control loop, it is
responsible for regulating the PFC preregulator’s output voltage
by comparing the sampled output voltage (v, (t) to the refer-
ence voltage Vi, and the resulting error voltage is amplified by
the voltage error amplifier. In practice, the bandwidth of voltage
error amplifier is usually designed to be small in order to provide
a sufficient attenuation of the double-line frequency component
that is present in the output voltage of PFC preregulator [3], [4].
Although this configuration leads to unity power factor (PF)
and input current with very low THD, the small bandwidth be-
ing employed also gives rise to poor dynamic response of PFC
preregulator.

Researchers had proposed various strategies, in the form of
both analog and digital implementation, to achieve near-unity
PF without sacrificing the dynamic response of PFC preregula-
tor. Two of these methods are load-current feedforward [3] and
line-voltage feedforward [S]-[6] that provide fast compensation
against load and line-voltage variations, respectively. However,
as is true for all feedforward methods, selection of the optimum
feedforward gain that will provide exact compensation requires
accurate modeling of the PFC preregulator in question. Devi-
ation from the optimum feedforward gain due to unmodeled
circuit parameters will give rise to residual perturbation that
must be compensated by the typical slow voltage feedback loop
of conventional PFC preregulators, leading to slow recovery
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of the output voltage. Thus, although feedforward methods
are effective in reducing voltage undershoot/overshoot during
transient state, a fast voltage feedback loop is still desirable.
Besides, since the optimum feedforward gain is a function
of the operating point of PFC preregulator, it must be adap-
tively changed at different line voltage and load conditions for
maintaining optimality, which complicates the controller design.

Two-stage solution that includes the cascading of a wide-
bandwidth dc—dc converter provides a tight regulation of output
voltage [7], [8]. However, the massive increase in component
count and low efficiency make it unsuitable for low-power appli-
cations. To avoid these problems, various single-stage isolated
PF corrector power supplies (S2IP?) were proposed [9]-[11].
Although switching loss is lowered by the reduction of switches,
a high-voltage stress is imposed on the dc-link capacitor unless
some additional control circuitry is implemented [12]. This,
however, complicates the controller design.

Sliding-mode control is a nonlinear control method that is
used to improve the dynamic response of PFC preregulator.
In [13], overshoot and undershoot voltages during step-load
changes are reduced by controlling the switching behavior ac-
cording to a desired sliding function. However, despite the re-
duced overshoot and undershoot, the settling time of output
voltage does not improve compared to the conventional design.
Similar to sliding-mode control, boundary control is another
nonlinear control method that is used to achieve both sinusoidal
input current and fast dynamic response in PFC preregulator
[14], [15]. The PFC preregulator’s switch is controlled in such
a way that the instantaneous values of the state variables (i.e.,
i, and 9,) are varying along the targeted operating trajecto-
ries. This method is attractive as PFC preregulator can reach its
steady state within one to two switching cycles after step-load
changes. However, a large amount of computational power is
required for analyzing complex system equations, and some cal-
ibration processes are needed to compensate for the variances
in converter’s components’ values.

Another approach to achieve both fast dynamic response and
high PF simultaneously is to eliminate the sampled output volt-
age ripple before it is processed by voltage error amplifier.
One way to implement this approach is by using a notch filter
[16]-[19]. By inserting a notch filter that provides strong attenu-
ation at the double-line frequency, the amplitude of the sampled
output voltage ripple can be significantly reduced before it is
processed by voltage error amplifier. As a result, the bandwidth
of voltage error amplifier can be increased without distorting
input current’s waveform. Although the notch filter can be re-
alized using analog devices [20], it can lead to performance
degradation due to the presence of component tolerances. Dig-
ital implementation enables the realization of a high-quality
notch filter [21], [22] due to greater stability, higher precision,
and programmability. However, high implementation cost limits
its use to specific high-end applications only.

An alternative solution based on ripple estimation/
cancellation has been proposed to eliminate ripple component
from error voltage by subtracting an estimated replica of the
output voltage ripple from the sampled output voltage [23]-
[25]. As a result, an undistorted and sinusoidal input current
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can be obtained even if the bandwidth of voltage error amplifier
is increased considerably compared to conventional design. In
the work of Spiazzi et al. [26], the authors proposed a ripple
estimation circuit that consists of a bandpass filter, an amplifier
with a fixed gain, and a 90° phase shifter. Ripple estimation
is made according to an idealized equation of output voltage
ripple derived by assuming that PFC preregulator’s efficiency is
known and output capacitor is very large. Despite its simplicity,
it is prone to estimation error due to uncertainties in estimating
the parameter values used in the equation, which can lead to
distortion in the input current of PFC preregulator. To allevi-
ate this problem, an adaptive ripple estimator was proposed in
[27], where the amplitude of the estimated output voltage ripple
is forced to track the amplitude of the sampled output voltage
ripple. However, the drawback is the need for a phase locked
loop and that the additional high-pass filters are required to be
identical.

In view of the limitations of these methods, a precise ripple
estimation/cancellation circuit consisting of an amplitude tuner
and a phase shifter was proposed in [28]. The estimated out-
put voltage ripple is made to track the sampled output voltage
ripple accurately both in magnitude and in phase angle over a
wide range of operating conditions. Although near-ideal ripple
estimation/cancellation is achievable, the proposed ripple esti-
mation network is very complex as it involves many switching
circuitries. In this paper, two other ripple estimation methods are
proposed. It can be shown that these methods and the method
proposed in [28] can all be inferred from the figures of merit of
PFC preregulator and constitute a family of switched-resistor-
circuit-based ripple estimation methods. It will be shown that
these methods can differ considerably in terms of complexity of
hardware implementation and THD and PF performances. This
paper aims to present a detailed study on their implementation
and characterization of their performances.

This paper is organized as follows. The figures of merit of
PFC preregulator are first derived in Section II. Based on an anal-
ysis of the equations obtained, three ripple estimation methods
are proposed in Section III. Following this, the hardware imple-
mentation of these ripple estimation methods are discussed in
Section IV along with a detailed explanation of their operating
principles. In Section V, the performance of the three ripple es-
timation methods are investigated and compared by implement-
ing them on a 200-W ACM-controlled boost PFC preregulator
power stage. Through the performance comparisons under dif-
ferent operating conditions, suggestions are given to choose the
preferred method based on user’s PF and THD requirements.
Finally, conclusion is given in Section VI.

II. DERIVATION OF MAIN FIGURES OF MERIT

In this section, the main figures of merit of PFC preregulator
with ripple cancellation are derived. Fig. 2 shows the basic
configuration of a PFC preregulator’s outer voltage control loop
with ripple estimation/cancellation, where Sv, (t) and veg(t) is
the sampled output voltage and the estimated output voltage
ripple, respectively. In this voltage control loop, the estimated
output voltage ripple vey () is first subtracted from the sampled
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Fig. 2. Basic configuration of the PFC preregulator’s outer voltage control
loop including ripple estimation/cancellation.

Fig. 3.

Plot of A; versus p, where p = Ve / BV .

output voltage 5v, (t) in order to produce an (ideally) ripple-free
output voltage feedback signal v,¢(t). Next, the error voltage,
Ve (t) = Vier — vr(t), is amplified by the compensation network,
and its output signal v, (t) is subsequently multiplied by the
rectified line voltage template K, |viy(¢)| to obtain the input
current reference signal i.¢(¢) that determines the line current
waveform.

Assume that the PFC preregulator is operating with unity PF
and its output voltage contains a dc component and a double-line
frequency component. According to [28], the output voltage of
PFC preregulator has the general form described by (1), where
Wiine is the angular line frequency and 6, = tan™! (wjine R, C,)
varies in the range of 0° < 6, < 90°. The resulting sampled
output voltage (v, (t) is given by (2)

Vo (t) - ‘/;) + ﬂo (t)
= V, =V, cos (2wiinet — 60,) (1
6”0 (t) = ﬂ (Vo + U, (t))

- ﬂV;) - ﬂv; Ccos (2wlinet - 90) (2)

where V,, and V; is the average output voltage of PFC preregu-
lator and the amplitude of output voltage ripple, respectively.

Assume that the estimated output voltage ripple has an am-
plitude of V. and a phase angle of 8 (with respect to line
voltage), it can be written mathematically as

vest(t) = — Vi cos (2wlinet - eest) 3)

where 0° < O < 90°.

By subtracting the estimated output voltage ripple ve (t) from
the sampled output voltage Sv, (t), the resultant signal, v,¢(t) =
Vie + 0i(t), which constitutes the input of the compensation
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network, is given by

Urf(t) = [, (t) - Uest(t)

- [ﬁ‘/;) - ﬁ‘/r COS (2wlinet - 90)} - [_Vvesl COS (2wlinet - gest)}
0
BV + A - BV, - cos (2uinet — b) , ifp > 270
_ €OS Oogt
— o
BV, — Ay - BV, - cos (2wiinet — brr) , if p < —
€08 Oogt
“4)
where
Vest
p— 5
v )

Ay = /[0 — 08 (e — 0,) + 50 (Bess — 0,)  (6)

i 0c< — si 00
6, = tan™" (H) , where — 90° < 6 < 90°.
est o
(N

Typically, 6, tends to approach 90° for most PFC preregula-
tors with reasonably large output capacitor in order to provide
a low impedance path for the flow of the double-line frequency
component. In fact, this condition is assumed in all existing
ripple estimation methods, and therefore, 0. is typically fixed
at 90°. Based on this assumption, the value of p is always less

than %g‘ (since cos B = 0), and hence, only the case of
p < <% s considered in the following analysis.

— COS Oeg
After subtraction, v,¢(t) is further processed by the compen-

sation network, which includes a reference voltage Vs and a
voltage error amplifier. Let Ga,,,,, and 6y, . be the gain and
the phase shift introduced by the compensation network at the
double-line frequency, respectively; the output signal of the volt-
age error amplifier is given by

'Uvea(t) = Viea + @vea(t)
= ‘/vea + G2w1me . Al : ﬂw - COs (2wlinet - 01'f + 920.11;“6)

GQWIine ) Al ! ﬂv

= Viea |1+ = cos (2wiinet + (B2, — Oit))
.V\.’ea

®)

where V.., is the average value of the voltage error amplifier’s
output signal.

Following that, vy, () is multiplied by the rectified line volt-
age template K, V), |sin (winet)| to obtain the input current
reference waveform i.¢(t), as given by (9), where K, is the
line-voltage-step-down ratio and V), is the peak value of the line
voltage

iref(t) - Km ‘/p |Sin (wlinet)| ‘/vea

4 GQUJline i Al ) ﬂv

x |1 = cos (2wiinet + (020, — Orf))
‘/:/ea

(€))



LEUNG et al.: FAMILY OF RIPPLE ESTIMATION-CANCELLATION METHODS BASED ON SWITCHED-RESISTOR CIRCUITS

0.46 I

0.4} ot o

0.42 — /
0.4— :

0.38

0.364_\3_ | *

2611

1.6

—_—0 -0 =90°

1 . 5 est o

=

\ /

0% 02 04 06 08 1 12
P
(b)

= i S ; 0.0053
A J
0.8 0.9 1 1.1 1.2
(@)
Fig. 4. Plotof Ay versus p for different values of (Oest — 0, ), Where p = Vegt/ BV
iin(t) Vo(t)
Power Factor Correction
vinll) Pre-regulator G R,
Vesi(?)
Vo(?)
Ripple Estimation Network
Fig. 5. PFC preregulator with ripple estimated network.

The input current reference waveform iy (¢) is then compared
with the sensed inductor current i, (¢) R, through the inner cur-
rent control loop, where iy, (¢) and Ry is the inductor current and
inductor current sensing resistor, respectively. As the bandwidth
of the inner current loop is typically large, the sensed inductor
current is assumed to closely track the input current reference
waveform, i.e., if, (t) Rs = iw(t). Hence, the switching-cycle-
averaged inductor current is given by

) K, Vo Viea | .
i1 (8) = SR fin )
Gow, - Ay - BV,
x |1+ Mm‘/—lﬂ €08 (2wiinet + (O20y,. — Hrf))} .
vea

(10)

Since the inductor current is equal to the rectified input current
of PFC preregulator, the input current waveform can be obtained
as follows:

KV Viea .
iin(t) = T’J sin (Wipet)
Goy, - Ay - BV,
X |1+ 2]‘“61/—15 COs (2wnnet + (92wune — 9,1))
= Z‘inl (t) + Z‘in3 (t) (11)

where
. KV, Veea ki A\
2inl (t) = Rp\/l — (kﬁl Al)COS (GQW““E — 9,-[) + (%)
. _ k?l A1 sin (egw L grf)
5 L 1 line
X sin {wlmet tan (2 A, cos (02%“6 ~ 0) (12)
. K, V,V, kA .
Ging (t) = Rp = ( 12 1) sin (Bwiinet + (020, — Oir))
| (13)
and
by = 2oV (14)

Viea

By using (11)—(14), the THD of the input current and PF of
the PFC preregulator can be derived as given by (15) and (16),
respectively. It can be seen that both THD and PF are related to
the values of k;, Ay, 6., and O;¢. They further show that when
the product k; A; is small, low THD and high PF are obtained.
Therefore, small values of the product k; A; are desirable for
achieving high PF and low THD of PFC preregulator’s input
current

THD = P (15)
VA~ 4 (k1 A1) cos (03,0, — Or) + (1 A1)?
PF \@ (1 — 05 (k‘l Al) COS (02%5 — 0rf)) (16)

\/2 + (kl A1)2 —2 (kl Al) cos (ng““c — grf)

III. FAMILY OF THREE RIPPLE ESTIMATION METHODS

As discussed in the previous section, in order to achieve high
PF, it is necessary to minimize the value of the product k; A;.
However, from (14), it can be observed that k; is directly pro-
portional to G'a,,,., Which is related to the unity-gain bandwidth
of PFC preregulator. This implies that when the bandwidth of
PFC preregulator is increased for improved dynamic response,
k1 will also be increased accordingly. In this case, A; should be
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on Method 1.
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on Method 2.
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Fig. 8. Basic configuration of a standard all-pass filter.

minimized in order to reduce the value of the product ky A; as
much as possible so that both fast dynamic response and high
PF can be achieved simultaneously. In this section, three ripple
estimation methods are discussed based on an analysis of the
relationship between A; and p for different values of (G — 6,).

A. Minimization of Global Cancellation Error

Recall that A; is a function of p and the phase difference
between f.y and 6, as given by (17). A graphical representation
of A; plotted against p for different values of (fey — 6,) is
shown in Fig. 3. From the graph, it can be seen that when
p =1 and Oy = 0,, the value of A; is zero. Minimum global
cancellation error occurs under this condition, which leads to
zero THD of PFC preregulator’s input current and unity PF
despite the use of large unity-gain bandwidth for attaining fast
dynamic response. In this paper, this ripple estimation method
is defined as Method 1 (or M1) with p = 1 and .y = 6,, where
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the estimated output voltage ripple vey () is described by (18)

Ay = \/[p — 08(fest — 0,)]2 + sin® (fest — 6,)
Method 1 : (17)
Uesl(t) M _(ﬁ‘/r> COS(2wlinet — 90)

Oest=0,
(18)

B. Minimization of Local Cancellation Error

When the condition 0. = 6, cannot be attained, an alterna-
tive solution is sought to achieve minimum local cancellation
error in the presence of phase estimation error (feg — 0, # 0).
By differentiating A; with respect to p, as shown in (19), it
can be solved that A; is at its local minimum value given by
Ay = sin (Be — 6,) when p = cos (Bt — 6,)

p — o8 (Ot — 6,)

dA, =
dp VP2 —2pcos (fesc — 0,) + 1
cos(Bes—0, .
A 2T in (B — 6,) (19)

Since p = Ve /BV,, it can be deduced that, when ey # 0,,,
the estimated output voltage ripple veg () should have an am-
plitude of BV, cos (fesy — 6,) in order to achieve minimum A,
associated with a given phase estimation error (6. — 6,,). The
overall estimated output voltage ripple that results in local
minimum of A; is given by

Method 2 :
Vess=BV, cos(Oest—0,
ves () b L [BV; cos (e — 6,)]
X €08 (2wiinet — Oest) - (20)

Equation (20) serves as the basis for an alternative ripple
estimation method that results in minimum local cancellation
error when the phase estimation error is nonzero. In this paper,
this ripple estimation method is defined as Method 2 (or M2)
with p = cos (Best — 6,) and Oeg # 0,.

C. Egqualization of Ripple Amplitude Only

Since A; is closely related to both the THD of input current
and PF, as suggested by (15) and (16), the performance of PFC
preregulator is expected to be similar if A; does not vary sig-
nificantly. By plotting the graph of A; against p with (65 — 6,)
as parameter, as shown in Fig. 4, it can be observed that the
value of A; at p = 1 does not differ significantly from that at
p = cos (O — 0,) [see Fig. 4(a)], except when (fey — 0,) is
large [see Fig. 4(b)]. Based on this observation, an alternative
ripple estimation method based on equalization of ripple ampli-
tude only (i.e., p = 1) is proposed. This method is defined as
Method 3 (M3) and the estimated output voltage ripple is given
by

Method 3 :

(ﬁV)COS(ZUlme - est) (21)

es!?é 0o Vest
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TABLE I
SPECIFICATIONS OF BOOST PFC PREREGULATOR PROTOTYPE

Description Parameter Value
Nominal input or line voltage (rms) Vin 110 Vi s
Nominal input or line frequency Sline 60 Hz
Nominal output voltage Vs 400V
Nominal output power P, 200 W
Nominal load resistance R, 800 €2
Filter inductance L, 1 mH
Output capacitance c, 16 uF

From the above analysis, three ripple estimation methods have
been proposed. They are (a) Method 1: p =1 and O = 6,;
(b) Method 2: p = cos (fest — 0,,) and Oeg # 0,; (¢) Method 3:
p = 1and Oy # 0,. A more detailed description of these ripple
estimation methods and their methods of implementation are
presented in the next section.

IV. HARDWARE IMPLEMENTATION

In this section, the methods of implementation of the three
ripple estimation methods are discussed in detail. The block
diagram of a PFC preregulator with ripple estimation network
is depicted in Fig. 5. First, an unmodified ripple template
Ur(t) is obtained by the ripple template generator proposed in
[28], which multiplies the stepped-down rectified line voltage
K, |vin(t)| and the input current reference signal iye(t),
followed by high-pass filtering that removes the dc component.
It can also be generated by multiplying K, |vin(t)] to itself,
i.e., K2 |vi(t)|, and removing the dc component by high-pass
filter. This method ensures that a sinusoidal ripple template
is obtained even when the input current is distorted. For both
approaches, the resulting ripple template vy (t) is given by (22),
where V}; is the amplitude of the ripple template

Ut (t) = — Vi cos (2wiinet) - (22)

Subsequently, the amplitude and phase angle of the ripple
template 7y (t) are modified through the ripple estimation net-
work in accordance with the sampled output voltage ripple
aw, (t). The output of the ripple estimation network veg(t) is
then subtracted from the sampled output voltage Sv,(t) in or-
der to produce an (ideally) ripple-free output voltage feedback
signal v,¢(t) for further processing by the voltage error amplifier.

A. Ripple Estimation Method Based on Minimum Global
Cancellation Error

In order to achieve minimum global cancellation error (i.e.,
Method 1: p =1 and 6.5 = 6,), the ripple template 0, (¢) is
modified in amplitude by an amplitude tuner, and subsequently
in phase angle by a phase shifter. The block diagram of the
ripple estimation network used to generate the estimated output
voltage ripple based on Method 1 is shown in Fig. 6. The detailed
description of the operating principle of the amplitude tuner and
phase shifter are given in [28] and will not be repeated here.
The sampled output voltage ripple @, (t), which is used as the
reference signal for both the amplitude tuner and phase shifter, is
obtained by scaling down the PFC preregulator’s output voltage
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input or line voltage, ii,(¢): input or line current, v, (¢): output voltage, i, (¢): output current) [(a) Method 1; (b) Method 2; (¢) Method 3].

by a factor of «, followed by high-pass filtering. In order to avoid
the introduction of additional phase shift, the high-pass filter’s
cutoff frequency is configured to be approximately 1 Hz, i.e.,
two decades lower than the double-line frequency. During steady
state, the output signal of the phase shifter ¢/;(¢) will be of the
same amplitude and phase angle as the sampled output voltage
ripple a0, (t). Finally, in order to account for the difference
between two sampling ratios (a and (3), the estimated output
voltage ripple vey(t) is obtained by stepping down the output
signal of the phase shifter 0/;(¢) by a factor of A = 3/« before
it is subtracted from the sampled output voltage Bv, (t) using a
difference amplifier. Hence, the estimated output voltage ripple
Vest (t) is given by

~1

vea(t) = A-Ty(t)
= A-[—aV; cos (2winet — 6,)]
B () b cos (2enet — )
= =BV, cos (2wiinet — 6,)
= 8o @9

Recall that the sampled output voltage ripple 39, (t) is given
by — 3V, cos (2wjinet — 0,). It can be deduced that the estimated
output voltage ripple veg (t) are of the same amplitude and phase
angle as the sampled output voltage ripple 50, (t), which fulfills
the conditions required by Method 1, i.e., p = 1 and e, = 0,,.
Under such a condition, the result of subtraction (i.e., Bv, (t) —
Vest(t)) will produce a ripple-free signal for further processing
by the voltage error amplifier.

B. Ripple Estimation Method Based on Minimum Local
Cancellation Error

From the above analysis, a precise ripple estima-
tion/cancellation method which incorporates an amplitude tuner
and a phase shifter will give rise to minimum global cancellation
error. Although the estimated output voltage ripple is an accurate
replica of the actual one, the ripple estimation network is very
complex as it involves many switching components and their
associated gate drive circuitries. Alternatively, as discussed in
Section III-B, the estimated output voltage ripple veg () should

have an amplitude of Viy = SV, cos (et — 6,) in the presence
of phase estimation error in order to give rise to a minimum lo-
cal cancellation error between the sampled output voltage ripple
(7, (t) and the estimated output voltage ripple veg(t).

Fig. 7 shows the basic configuration of the ripple es-
timation/cancellation network based on Method 2 (p =
08 (Best — 0,) and Oeg # 0,,). As discussed earlier, the output
voltage ripple of PFC preregulators has a typical phase shift that
approaches 90° in the presence of reasonably large output capac-
itor, a condition that is generally met by PFC preregulators for
achieving small output voltage ripple size. Hence, for Method 2,
the ripple template 0y (¢) is phase shifted by 90°, i.e., fes = 90°,
using a standard all-pass filter as shown in Fig. 8, which results
in a phase-shifted ripple template v/,(¢) described by

~/
Urt

(1) = — Vi cos (2wiinet — 90°) . (24)

The phase-shifted ripple template 9/, (¢) is then fed into an am-
plitude tuner, which will equalize the amplitude of the phase-
shifted ripple template ¢/, (¢) with that of the reference signal
Var(t). According to (20), the amplitude of the estimated output
voltage ripple should be made proportional to cos (feq — 6,),
which in turn is related to the phase difference between the esti-
mated and the sampled output voltage ripple, i.e., (fese — 0, ). To
do this, the sampled output voltage ripple a0, (t) and the phase-
shifted ripple template ¢/,(¢) are passed to a phase difference
detector, which will generate the phase difference signal and
the value of cos (6. — 6,). The output of the phase difference
detector, i.e., cos (fes — 0,), is then multiplied by the sampled
output voltage ripple a¥,(t) to obtain the reference signal for
the amplitude tuner vy (t), as described by

0o)] - [t (t)]
0,)] - [—aV,. cos (2wiinet

Ve (1) [cos (Bese —

= [cos (fest — = 0,)]

0,).

—aV, cos (fest — 0,) cos (2wiinet — (25)

Under the action of the amplitude tuner, 0);(¢) will acquire
the same amplitude as the reference signal vy (¢), i.e., |04 (t)| =
'V, cos (Best — 6,). Considering that e is set to 90°, the output
signal of the amplitude tuner is therefore given by (26). Finally,
the estimated output voltage ripple vey (t) is obtained by scaling
the output signal of the amplitude tuner oj;(¢) by A = 8/« as
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Fig. 13. Measured input and output waveforms of difference amplifier under nominal condition (57, (¢): sampled output voltage ripple, ves (¢): estimated

output voltage ripple, v,¢(t): output of difference amplifier, ii,(¢): input or line current) under the actions of ripple estimation/cancellation method [(a) Method 1;

(b) Method 2; (c) Method 3].
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ripple template, v, (¢): exclusive-or (XOR) gate’s output signal, vy (¢): refer-
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described by

~I

(1) 22=22 v, cos (90° — 6,)
X €08 (2wiinet — 90°)
Vest(t) = A - Ue(t)
= A - [V cos (90° — 6,) cos (2wiinet — 90°)]
— BV, cos (90° — 6,) cos (2wiinet — 90°) . (27)

(26)

1) Phase Difference Detector: The schematic diagram of
the proposed phase difference detector is shown in Fig. 9. It is
used to detect and generate a signal that represents the phase
difference between the phase-shifted ripple template o}, (¢) and
the sampled output voltage ripple a0, (¢) and subsequently ap-
proximates the cosine value of the phase difference. The key
operating waveforms of the phase difference detector are de-
picted in Fig. 10.

The operation of the phase difference detector is described
as follows. It takes the two input signals, 7;,(¢) and a0, (t), and
compares them individually with 0 V to detect the zero crossing
points (ZCP) of each signal. By comparing the output signals of
the two comparators, v (t) and vys (t), through an exclusive-or

(XOR) gate, the phase difference between 0/, (¢) and a@,(t),
i.e., 0, = Oy — 0,, is reflected by the duty cycle of the XOR-
gate’s output signal v, (¢). The sequence of actions described
are shown in Fig. 10(c)—(e). Since its operation is based on
the detection of ZCP, the proposed phase difference detector
may suffer a degradation in accuracy when the input signals are
distorted. However, in the proposed application, the line current
is not expected to be severely distorted, hence the distortions of
the input signals are expected to be small and should not have a
significant impact on the measurement accuracy.

Recall that the objective of the phase difference detector is
to calculate the cosine value of the phase difference between
the input signals, i.e., 9,(t) and a®,(t). This is achieved by
adding a low-pass filter (R;—C'y) and a gain stage of o to con-
vert the phase difference information from duty cycle to radian,
and subsequently use the result to approximate its cosine value,
i.e., vy, (t) = cos (vg(t)), where vy, (t) is the output signal of the
phase difference detector. Considering that (6 — 6,) is usually
small, as §, — 90° for reasonably large output capacitor, the co-
sine function can be realized using small-angle approximation,
as given by (28), where ¢ is in radian, in order to realize it using
analog circuit.

2
~1-— s
2

Finally, the output signal of the phase difference detector
v, (t) is multiplied by the sampled output voltage ripple v, (t)
to produce the reference signal for the amplitude tuner v (t), as
described by

V(1)

cos () (28)

U () -, (t)
[cos (Best — 0,)] - [~V cos (2wiinet — 6,)]
—aV, cos (Bese — 0,) cos (2wiinet — 6,)

Ben=507, —aV, cos (90° — 6,) cos (2wiinet — 0, ) . (29)

By using the ripple estimation circuit discussed above, the
estimated output voltage ripple wveg(t) will operate with an
amplitude that is proportional to the phase difference between
the sampled output voltage ripple and the phase-shifted ripple
template, i.e., Ve = BV, cos (feq — 0,), in order to achieve
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Fig. 15. Measured input and output waveforms of difference amplifier under half-load condition (57, (¢): sampled output voltage ripple, vest(t): estimated
output voltage ripple, v.s(t): output of difference amplifier, ii,(¢): input or line current) under the actions of ripple estimation/cancellation method [(a) Method 1;
(b) Method 2; (¢) Method 3].
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Fig. 16. Measured input and output waveforms of difference amplifier at Vi, = 150 V5 (87, (t): sampled output voltage ripple, veq(t): estimated output
voltage ripple, v(t): output of difference amplifier, ii,(¢): input or line current) under the actions of ripple estimation/cancellation method [(a) Method 1;
(b) Method 2; (¢) Method 3].
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Fig. 17. Measured input and output waveforms of difference amplifier at fiie = 50 Hz (50, (t): sampled output voltage ripple, ves(£): estimated output
voltage ripple, vy¢(t): output of difference amplifier, 4;,, (¢): input or line current) under the actions of ripple estimation/cancellation method [(a) Method 1;
(b) Method 2; (¢) Method 3].

minimum local cancellation error associated with a given phase have the same amplitude and phase angle, which leads to perfect
estimation error. Although the design of the phase-shifting ripple estimation/cancellation. However, high complexity is the
circuit is simplified, the complexity of the overall ripple major drawback of this method. With Method 2, the adaptive
estimation circuit is not reduced significantly due to the need phase shifter used in Method 1 is replaced by a constant phase
for a phase difference detector. shifter of 90° in order to produce a ripple estimation circuit hav-
ing a simpler structure. Under the condition of nonzero phase
estimation error, the amplitude of the estimated output voltage
ripple vey (1) is configured to closely track the optimum ampli-

With Method 1, the estimated output voltage ripple vy (t) tude given by the function BV, cos (et — 0,). Although min-
and the sampled output voltage ripple 37, (t) are configured to  imum local cancellation error can be realized with Method 2,

C. Ripple Estimation Method Based on Equalization of Ripple
Amplitude Only
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Fig. 18. Measured input and output waveforms of difference amplifier at C, = 32 uF (50, (t): sampled output voltage ripple, vesi(¢): estimated output voltage

ripple, vyt (t): output of difference amplifier, 4i (¢): input or line current) under the actions of ripple estimation/cancellation method [(a) Method 1; (b) Method 2;

(c) Method 3].
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Fig. 19. Measured input and output waveforms of boost PFC preregulator
under step decrease [(a), (c), and (e)] and increase [(b), (d), and (f)] in load ([(a)
and (b)] Method 1; [(c) and (d)] Method 2; [(e) and (f)] Method 3).

the overall ripple estimation circuit, including the phase dif-
ference measurement, is not significantly reduced compared to
Method 1.

Alternatively, as discussed in Section III-C, there is a very
small difference in the performance of PFC preregulator when
the amplitude of the estimated output voltage ripple is con-
figured to be Vey = BV, cos (Oest — 0,) or Veg = BV, except
when (05 — 0,) is large. As 6, does not deviate significantly
from 90° for most PFC preregulators, the phase estimation error

(Best — 0,) is usually small when 6 is set to 90°. This enables
a simpler ripple estimation network based on Method 3 which is
depicted in Fig. 11. The ripple template is phase shifted by 90°
and its amplitude is tuned by using the sampled output voltage
ripple a0, (t) as the reference signal. As a result, the estimated
output voltage ripple vey (t) is equal in amplitude to the sampled
output voltage ripple 379, (¢) and is described by

Vesl = 3 V7

Ve () 5205
est—

— (BV;) cos (2wiinet — 90°) . (30)

With Method 3 (p = 1 and ey # 0,), the complexity of ripple
estimation circuit can be significantly reduced by eliminating
the need for a phase shifter or phase difference detector. Among
these three ripple estimation methods, Method 3 provides the
simplest solution as it essentially consists of an amplitude tuner

only.

V. EXPERIMENTAL VERIFICATION

In this section, the three ripple estimation/cancellation meth-
ods are implemented and tested experimentally with a 200-
W boost PFC preregulator having a unity-gain bandwidth of
60 Hz, which is significantly larger than conventional design
(£ 10 Hz) for achieving fast dynamic response. The
specifications of the PFC preregulator prototype are listed in
Table 1. By using this experimental setup, the THD and PF per-
formances of the PFC preregulator under the actions of the three
ripple estimation/cancellation methods will be investigated in-
dividually. The dynamic response of the PFC preregulator in the
presence of the proposed ripple estimation/cancellation circuits
will also be studied by subjecting it to step load changes.

Fig. 12(a) shows the steady-state input and output waveforms
of the boost PFC preregulator prototype under nominal condi-
tions when the estimated output voltage ripple is produced by
Method 1, while Fig. 12(b) and (c) shows the same waveforms
when Method 2 and Method 3 are used, respectively. The mea-
sured average output voltage and current of PFC preregulator in
all three cases are approximately 400 V and 500 mA, respec-
tively, and its efficiency is 90%. Under the action of Method 1,
which involves an amplitude tuner and a phase shifter, the esti-
mated output voltage ripple ves () has approximately the same
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TABLE II
MEASURED PEAK-TO-PEAK RIPPLE AMPLITUDES AND INPUT CURRENT’S PF AND THD UNDER THE ACTIONS OF THREE RIPPLE
ESTIMATION/CANCELLATION METHODS

|80, (t)] [vesi(t)] [vee ()] PF THD;
Nominal condition

Method 1 p=1 520 mV,, 520 mVy,, 50 mV,,, 0.999 4.62%
Hesl = 90

Method 2 p = cos (Oest —0,) 460 mV,,, 450 mV,,, 115 mV,, 0.995 7.78%
Oest # 0,

Method 3 p=1 470 mV,, 470 mV,,, 111 mV,, 0.995 7.33%
938[ # 90

Half load

Method 1 p=1 269 mV,, 267 mVy,, 32mV,, 0.999 331%
eesl = 90

Method 2 p=cos (e —0,) 238 mV,, 239 mV,,, 30mVy,, 0.997 6.57%
965[ # 60

Method 3 =1 243 mV,,, 241 mV,,, 30 mVv,,, 0.998 5.25%
Oest # 0,

Vin = 150 Vi

Method 1 p=1 500 mV,,, 500 mV,, 48 mV,,, 0.998 5.09%
Oest = 0,

Method 2 p = cos (Oest —0,) 440 mVv,,, 430 mV,,, 118 mV,,, 0.990 13.59%
Oest # 0,

Method 3 p=1 450 mV,, 450 mV,,, 111 mV,, 0.991 13.44%
9&51 # 00

Jine = 50 Hz

Method 1 p= 590 mV,, 580 mVy,, 59 mV,, 0.999 4.58%
Ot = 0,

Method 2 p=cos (e —0,) 530 mV,, 520 mVy,, 132 mV,, 0.992 10.08%
s # 0,

Method 3 p= 530 mV,,, 530 mV,,, 129 mV,,, 0.993 9.81%
9851 # 6()

C, =32 uF

Method 1 p=1 257 mV,,, 258 mV,,, 35mv,, 0.999 3.46%
essl = 60

Method 2 p = cos (st — 0,) 238 mV,, 241 mV,,, 45 mV,, 0.995 7.60%
eesl ?é 90

Method 3 p=1 242 mV,, 243 mV,,, 39mV,, 0.997 6.19%
Oest # 00

amplitude and phase angle as the sampled output voltage ripple
B, (t),1.e., p = 1 and Oy = 6,, as depicted in Fig. 13(a). Since
the estimated output voltage ripple vey(t) is almost identical
to the sampled output voltage ripple 57, (t), difference ampli-
fier’s output signal v,¢(t) [= Bv, (t) — ves (t)] is near ripple-free
(with a peak-to-peak voltage of 50 mV), which gives rise to
near-ideal sinusoidal input current ¢, (t) with a PF of 0.999 and
a very low THD of 4.62%. On the other hand, when the es-
timated output voltage ripple ves (¢) is produced by Method 2
and 3, as shown in Fig. 13(b) and (c), respectively, the average
phase difference between the phase-shifted ripple template oy, (¢)
and the sampled output voltage ripple «d,(t) is approximately
13°, i.e., By — 0, = 13°, which is calculated by measuring the
high-level time interval of the exclusive-or (XOR) gate’s output
signal v, (t) shown in Fig. 14. Since the phase estimation error is
nonzero, the peak-to-peak voltage of the difference amplifier’s
output signal v,(t) increases (compared to Method 1), which
leads to a slight increment in the THD of the PFC preregulator’s

input current (7.78% for Method 2 and 7.33% for Method 3).
Moreover, it can be observed that both Method 2 and 3 produce
difference amplifier’s output signals that are similar in ampli-
tude; hence, both methods result in input current waveforms
with similar PF and THD.

Fig. 15(a)—(c) shows the main operating waveforms under
50% load (i.e., P, = 200 W — 100 W) when Methods 1-3 is
used, respectively. As usual, Method 1 generates an accurate
replica of the sampled output voltage ripple, which causes the
peak-to-peak voltage of the double-line frequency component
at the input of the voltage error amplifier to reduce from 269
to 32 mV,,,. When Methods 2 and 3 are used, it can be seen
that the estimated output voltage ripple vey(t) in both cases
are of the same amplitude as the sampled output voltage ripple
(70, (t). This can be explained by referring to (31). When the
load is halved, the phase angle of the output voltage ripple 6,,,
as suggested by (1) and (2), will tend to approach more closely
to 90°. Recall that 0. is made constant and equal to 90° for
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TABLE III
SIMULATED PEAK-TO-PEAK RIPPLE AMPLITUDES AND INPUT CURRENT’S PF AND THD UNDER THE ACTIONS OF THREE RIPPLE
ESTIMATION/CANCELLATION METHODS
187, (1)] [vest(t)] [oee(t) | PF THD;
Nominal condition
Method 1 p=1 520 mV,, 510 mV,,, 45 mVy, 0.993 1.39 %
Oest = 0,
Method 2 p = cos (lest — 0,) 485 mV,,, 470 mV,,, 135mV,,, 0.990 6.13 %
005[ # 9()
Method 3 p=1 485 mV,,, 486 mV,,, 125 mV,,, 0.990 6.05 %
055( # 9(}
Half load
Method 1 p=1 273 mVy,, 271 mV,, 22 mVy,, 0.993 1.42%
ges( = 90
Method 2 p=cos (O —0,) 250 mV,, 248 mV,,, 48 mVy,, 0.991 4.13%
Oest 7£ 0o
Method 3 p=1 250 mV,,, 250 mV,,, 50 mV,,, 0.991 3.99%
Ocst # 0o
Vin = 150 Vi
Method 1 p=1 520 mV,,, 515mV,, 46 mVy,, 0.993 1.99%
90.\[ = 90
Method 2 p = cos (es —0,) 460 mV,,, 435 mV,,, 125 mV,,, 0.978 10.69%
oesl 7& 90
Method 3 p=1 460 mV,,, 460 mV,,, 120 mV,,, 0.978 10.46%
055[ # 90
fiine = 50 Hz
Method 1 p=1 630 mV,, 630 mV,,, 65mV,, 0.993 2.68%
Ot = 0,
Method 2 p=cos (e —0,) 578 mV,, 545mV,, 153 mV,,, 0.985 9.22%
Oest # 0,
Method 3 p=1 575 mV,,, 575 mV,,, 145 mV,,, 0.985 9.38%
065( # 9()
C, =32 uF
Method 1 p=1 263 mV,,, 260 mV,,, 32mv,, 0.993 1.29%
lgesn = 90
Method 2 p=cos (O — 0,) 256 mVy,, 250 mVy,, 50 mVy,, 0.993 2.05%
055\ % 9(}
Method 3 p=1 250 mV,,, 250 mV,,, 45 mVy, 0.993 2.00%
053[ # 90

both Method 2 and 3. Hence, according to (21), the estimated
output voltage ripple veg (¢) should have the same amplitude as
the sampled output voltage ripple 57, (¢). It can be observed that
the estimated output voltage ripple veg () produced by all three
methods are able to track the sampled output voltage ripple
B0,(t) closely. As a result, the peak-to-peak voltages of the
difference amplifier’s output signals in all three cases are small
(~30 mV},;,), which resulted in input current waveforms with
very low THD (compared to the case of full-load condition) and
near-unity PF.

|Vest (1) =
Oesi=60,=90°

ﬂu COS (eest - 00)
BV, cos (90° —90°)
BV, cos (0°)

= BV,

Next, the performances of the three ripple estima-
tion/cancellation methods are investigated under increased line

3D

voltage and decreased line frequency. Fig. 16 shows the key
waveforms of the difference amplifier at Vi, = 150 V,,5, while
Fig. 17 shows the same waveforms at fj;,e =50 Hz. It can be seen
that the ripple estimation/cancellation circuit based on Method 1
always produces estimated output voltage ripple vey(t) that is
equal in amplitude and phase angle to the sampled output volt-
age ripple 30, (t); hence, the difference amplifier’s output signal
ue(t) is approximately ripple-free in both cases. This is con-
firmed by the measured low THD of input current, amounting
t05.09% and 4.58% at Vi, = 150 V5 and fiine = 50 Hz, respec-
tively. However, when the estimated output voltage ripple veg (t)
is produced by Method 2, a ripple component (of 118 mV/,, at
Vin = 150 V5 and 132 mV,, at fiine = 50 Hz) exists in the
difference amplifier’s output signal v(¢), and caused the THD
of input current to increase from 5.09% to 13.59% at Vi, =
150 V15 and from 4.58% to 10.08% at fii,e = 50 Hz. Similar
results were obtained when the estimated output voltage ripple
Vest (t) is produced by Method 3. Figs. 16(c) and 17(c) show that
the difference amplifier’s output signal v, (¢) under the action of
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Method 3 is not ripple-free but has an amplitude of 111 mV/,;, at
Vin = 150 Vs and 129 mVy,;, at fiine = 50 Hz, which are simi-
lar to those obtained with Method 2. The imperfect cancellation
is predominantly caused by the phase estimation error between
Oos and 0,,.

Finally, the proposed ripple estimation/cancellation methods
are examined under increased output capacitance of PFC pre-
regulator, i.e., C, = 16 uF — 32 uF, which leads to reduction
in the amplitude of the sampled output voltage ripple and causes
its phase angle 6, to approach more closely to 90°. Under in-
creased output capacitance, the behaviour of the sampled output
voltage ripple is similar to that under half-load condition. From
the measured input current, as depicted in Fig. 18, it was found
that the THD of input current with Method 1 is 3.46%, while
with Method 2 and 3 it increased to 7.60% and 6.19%, re-
spectively. The reason for having achieved low THD of input
current and near-unity PF for all three cases is due to the fact
that the estimated output voltage ripple veg (¢) should have the
same magnitude as the sampled output voltage ripple 30, (t)
as the phase difference (0.5 — 6,) approaches zero. As a
result, the ripple cancellation error is small and the out-
put signal of the voltage error amplifier is approximately
ripple-free, and hence, an undistorted sinusoidal input current
is obtained.

Table II summarizes the measured amplitudes of the input
and output signals of difference amplifier and the measured PF
and THD of input current under the aforementioned operating
conditions for all three ripple estimation methods. The corre-
sponding simulation results obtained from PSIM are given in
Table III. It can be seen that, when the amplitude and phase angle
of the sampled output voltage ripple are estimated individually,
the PF of PFC preregulator is consistently unity and the THD
of input current is very low under various operating conditions.
However, if the estimated phase angle 0. is fixed at 90°, the
THD of input current increases and PF is slightly degraded,
and the degradation in performance is similar for both Meth-
ods 2 and 3. By comparing the measurement results obtained
for Method 2 and 3, the peak-to-peak voltages of the differ-
ence amplifier’s output signals and the THD of input currents
resulting from both methods are generally similar. Therefore,
it can be concluded that when unity PF and extremely low
THD of input current are required, Method 1 provides an
ideal solution. Otherwise, Method 3 should be adopted given
the simplicity of its hardware implementation and accept-
able level of performance in terms of PF and THD of input
current.

Finally, the dynamic response of the boost PFC preregulator
implemented with the three ripple estimation/cancellation meth-
ods was investigated by subjecting it to step load decrease and
increase. The results are shown in Fig. 19. The time taken for
the PFC preregulator to reach steady state after step load change
is about 38 ms for all three methods since the PFC preregu-
lator’s unity-gain-bandwidth remains unchanged in all cases.
From the above steady-state and the dynamic tests, it can be
concluded that all three ripple estimation/cancellation methods
are effective solutions to achieve near-unity PF and fast dynamic
response simultaneously.
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VI. CONCLUSION

In this paper, the main figures of merit of PFC preregulator
were first derived. Deducing from the mathematical analysis, a
family of three ripple estimation methods were proposed and
their hardware implementation was discussed. The three meth-
ods include: 1) Method 1: p =1 and 6.y = 0,; 2) Method 2:
p = o8 (fest — 0,) and Oeg # 0,; and 3) Method 3: p = 1 and
Oest # 0,, where p = Vo /BV, and 0, is the phase angle of
sampled output voltage ripple. It was shown that the complex-
ity of the ripple estimation circuit based on Method 1 is the
highest, albeit precise ripple estimation/cancellation and min-
imum global cancellation error are achieved, which gives rise
to unity PF and zero THD of PFC preregulator’s input current.
When there exists phase estimation error, Method 2 provides
a minimum local cancellation error. Although the design of
phase shifter is greatly simplified, the complexity of the overall
ripple estimation circuit, however, is not reduced significantly
due to the need for a phase difference detector. Finally, it was
shown that the configuration of Method 3 is the simplest since
it essentially consists of an amplitude tuner only. The proposed
three ripple estimation methods were tested experimentally un-
der different operating conditions with a 200-W boost PFC pre-
regulator as power stage having a large unity-gain bandwidth.
By comparison of the experimentally measured figures of merit,
it was found that Method 1, which consists of separate ampli-
tude tuner and phase shifter, provides the most accurate ripple
estimation/cancellation under a wide range of operating condi-
tions, and results in near-unity PF and input current with very
low THD. Although phase estimation errors are inherent with
Methods 2 and 3, they do not cause a significant degradation in
PF and distortion of input current waveform. From the operat-
ing waveforms of difference amplifier and the measured input
current waveforms, it was demonstrated that the overall perfor-
mances of Methods 2 and 3 are largely similar. Hence, it can
be concluded that Method 1 is an ideal solution when unity PF
and input current with extremely low THD are required. Other-
wise, Method 3 should be adopted since it provides a simple and
cost-effective solution for achieving high (but not unity) PF and
fast dynamic response.
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