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Abstract

Power Factor Correction (PFC) pre-regulator has been widely used for con-
verting ac power into dc power for the consumption of mains-connected dc loads
while limiting the amount of current harmonics being injected to the mains.
Typically, its control circuitry consists of an inner current control loop and an
outer voltage control loop. The bandwidth of the inner current control loop
is typically configured to be large, which causes the input current of PFC pre-
regulator to closely track the reference signal generated by the outer voltage loop.
For the outer voltage loop, which regulates the average output voltage of PFC
pre-regulator, a narrow bandwidth is commonly utilized in order to significantly
attenuate the sampled double-line frequency component. Such a two-loop config-
uration leads to high power factor and input current with extremely low THD.
However, the resultant narrow bandwidth also gives rise to poor dynamic response
of PFC pre-regulator.

Various methods have been proposed to achieve high power factor and fast
dynamic response simultaneously. One of the well-developed strategies is the
ripple cancellation approach. The main idea of this approach is that the double-
line frequency component that exists in the sampled output voltage is eliminated
by subtracting a replica of the sampled output voltage ripple from the actual
one to generate a ripple-free signal to be further processed by the voltage error
amplifier. As aresult, an undistorted and sinusoidal input current can be obtained

even if the bandwidth of the voltage error amplifier is increased considerably

vil



compared to conventional design.

By comparing the graphical representation of the actual PFC pre-regulator’s
output voltage with that of the idealized output voltage’s equation, it is shown
that the output voltage ripple does not match the description of the idealized
equation when a PFC pre-regulator operates outside certain range of operating
conditions. In view of this, a new ripple estimation network consisting of an
amplitude tuner and a phase shifter is proposed for generating an ideal replica
of the sampled output voltage ripple. The proposed amplitude tuner and phase
shifter are derived from switched-resistor circuits with adjustable gain and phase
angle realized by controlling the duty cycle of the switched-resistor circuits. The
proposed ripple estimation network is tested by implementing it on a boost PFC
pre-regulator. It is shown that the proposed ripple estimation network provides an
accurate ripple estimation/cancellation over a wide range of operating conditions,
thus producing minimum global cancellation error, and consistently gives rise to
near-unity power factor and fast dynamic response of PFC pre-regulator under
these conditions.

Considering the complexity of the precise ripple estimation network proposed
above, its circuitry is simplified as inferred from the main figures of merit of PFC
pre-regulator under the action of ripple cancellation. Another ripple estimation
method is suggested to minimize the local (instead of global) cancellation error,
which is derived and found to be a function of the phase difference between the
sampled and the estimated output voltage ripple signal. The simplified ripple
estimation network is verified experimentally on a boost PFC pre-regulator. It
is demonstrated that under this method the estimated output voltage ripple is
consistently operated at its optimum amplitude that gives rise to the minimum
local cancellation error in the presence of phase estimation error. This method
also results in high power factor and low THD of PFC pre-regulator’s input

current.



Finally, the last and the simplest ripple estimation method is developed by
simply equalizing the amplitudes of the sampled and estimated output voltage
ripples and imposing a constant phase angle to the estimated signal. The per-
formances of these three proposed ripple estimation/cancellation methods are
investigated and compared by implementing them on the same boost PFC pre-
regulator power stage. By comparing the experimentally measured figures of
merit, it is shown that the first method provides the most precise ripple esti-
mation/cancellation which leads to near-unity power factor over a wide range of
operating conditions, while the simplest method provides an economical solution
for achieving high (but not unity) power factor and fast dynamic response of PFC

pre-regulator.
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Chapter 1

Introduction

1.1 Introduction

Power factor correction (PFC) pre-regulators have been increasingly used for
limiting the level of harmonic currents injected into the mains power line, and
converting ac power into dc power for mains-connected dc loads. In order to reg-
ulate the amount of harmonic currents injected by mains-connected non-linear
loads, there are different kinds of international standards, such as EN 61000-3-
2 [1] and IEEE STD 519-1992 [2], which specify the limitations on the harmonic
content of the line current being drawn from the mains. To conform with these
industry standards, PFC pre-regulators have become indispensable as the inter-
facing converter between the mains and the loads. Although PFC pre-regulators
are very effective in controlling the harmonic content of line current, its dynamic
response is typically sluggish since their bandwidths are typically designed to be
small in order to achieve high power factor and fulfill the requirements outlined
in international standards.

In this chapter, the basic concepts of power factor and total harmonic dis-
tortion are briefly reviewed, and subsequently the requirements of the interna-

tional standards related to the regulation of harmonic current content are given.



Subsequently, the basic operation of a typical PFC pre-regulator with average
current-mode control is analyzed, and the trade-off between power factor and dy-
namic performance of PFC pre-regulator is demonstrated by means of simulation

results. Finally, the objectives of this research work are outlined.

1.2 Power Factor and Total Harmonic Distor-
tion

The power factor (PF) of an ac circuit is defined as the ratio between the real
power delivered to the load and the apparent power delivered to the circuit, as
expressed by Eq. (1.1). Real power, P,,,, in turn, is defined as the average value of
the product of instantaneous input voltage vy, (t) and instantaneous input current
iin(t) over an ac period T, whereas apparent power is defined as the product of

the root-mean-square (rms) values of the input voltage Vj.,,s and input current

]irm:;'
PE Real power (1.1)
Apparent power
1 /7
Pay = = / Vin ()ion ()t (1.2)
T Jo
1 /7
=] = 2 (4)dt 1.
Vi =\ | 000 (13)
1 /7
I — /= 2 1.4
irms T\/O Zln(t)dt ( )

For a mains-connected system, the input voltage v;,(t) is the same as the
mains voltage, which is ideally a pure sinusoidal voltage given by the following

form.

vin(t) = V2V, sin (Wiinet) (1.5)

where V; and wy;y. is the rms value and the angular frequency of the line voltage,



respectively.

The input current i;,(t), on the other hand, has a waveform that depends on
the characteristic of the load connected to the mains, therefore it is assumed to
comprise of the fundamental and harmonic components. As a result, the input

current can be expressed by the following general form.

Zm(t) = \/511 SiIl (wlm@t + 51) + \/512 SiIl (2wlmet + 52)

+ V2550 (3wiinet + 03) + ... (1.6)
where [, I, I3, ... are the rms values of the fundamental (I;) and harmonic
components (I, I3, ...), and dy, dg, 03, ... are the corresponding phase shifts

relative to the input voltage vy, ().

From Eq. (1.2)-Eq. (1.4), the real power, rms value of the input voltage and

input current can be calculated as Eq. (1.7), Eq. (1.8), and Eq. (1.9), respectively.

Povg = Vil cos &y (1.7)

Do = B AI3+TE+ .

S RO R

By substituting Eq. (1.7)-Eq. (1.9) into Eq. (1.1), the resultant power factor (PF)

is given by Eq. (1.10).

I
PR — Vi1, cos oy _ oS 01 (1.10)

\/1]1\/1 + <%>2 + <%>2+ \/1 + (%)2 + (%)2 + ...




Another important parameter for measuring input current’s quality is the total
harmonic distortion (THD) of the current, which is defined as the ratio between
the root-sum-square of the rms values of the higher harmonic components (I;
i > 2) and the rms value of the fundamental component. Mathematically, it can

be expressed as

rap = Yt it \/<12)2 + (§>2 . (1.11)

Il [_1 [1

By substituting Eq. (1.11) into Eq. (1.10), the definition of power factor (PF)

can be rewritten as
1

V1+THD?

From Eq. (1.12), it can be seen that the value of power factor depends on

PF = (cosdy) - (1.12)

two variables, one being the phase difference between the input voltage and the
fundamental component of the input current §;, and the other being the total
harmonic distortion (THD) of the input current. In order to attain a unity power
factor, i.e. PF = 1, the values of both §; and THD should be minimized, i.e.
01 = 0 and THD = 0. In fact, these two requirements can be fulfilled by means
of interfacing power loads to the mains terminal using power-factor-correction

(PFC) pre-regulators, as will be discussed later.

1.3 International Regulations and Standards

In this section, the content of some international standards focusing on lim-
iting the harmonic content of the input current of mains-connected devices will
be briefly reviewed. Power electronics engineers are required to design power
converters that fulfill these regulations and standards. For universal 50/60 Hz
applications, the most popular international standards concerning the regulation

of input current’s harmonic content and, hence, power factor of mains-connected



devices are EN 61000-3-2 [1] and IEEE STD 519-1992 [2].

1.3.1 EN 61000-3-2

The European standard EN 61000-3-2 is applicable to the electrical and elec-
tronic equipments having an input current up to 16 A per phase, and which
are intended to be connected to the low-voltage ac mains [1]. Under this stan-
dard, electronic equipments are classified into four different classes with each class
having specific limitations on harmonic current content. The criteria for classi-

fication are given below, and the harmonic current limits for different classes of

equipments are listed in Table (1.1), Table (1.2) and Table (1.3).
e Class A — All other equipments.

e Class B — Portable equipments; arc welding equipments that is not profes-

sional equipment.
e Class C — Lighting equipments.

e Class D — Computers, monitors, radio, and television receivers with input

power ranging from 75 W to 600 W.



Table 1.1: Maximum permissible harmonic current content for Class A and Class
B equipments.

Class A Class B
Harmonic order Maximum permissible harmonic current
n A
Odd harmonic
3 2.3 3.45
5 14 1.71
7 0.77 1.155
9 0.40 0.60
11 0.33 0.495
13 0.21 0.315
15< n <39 0.15x8/n 0.225x8/n
Even harmonic
2 1.08 1.62
0.43 0.645
0.30 0.45
8< n <40 0.23x8/n 0.345%x8/n

Table 1.2: Maximum permissible harmonic current content for Class C equip-
ments.

. Maximum permissible harmonic current
Harmonic order

% of the input current at the fundamental frequency

n %
Odd harmonic
3 30x A
5 10
7
9 5
11< n <39
3

(odd harmonics only)

Even harmonic
2 2

Note: A is the circuit power factor.




Table 1.3: Maximum permissible on harmonic current content for Class D equip-
ments.

. Maximum permissible harmonic Maximum permissible
Harmonic order

current per watt harmonic current
n mA/W A

Odd harmonic
3 3.4 2.30
5) 1.9 1.14
7 1.0 0.77
9 0.5 0.40
11 0.35 0.33

13< n <39
3.85/n 0.23x8/n

(odd harmonics only)

1.3.2 IEEE STD 519-1992 Standard

Besides the European standard EN 61000-3-2, IEEE STD 519-1992, published
by the Institute of Electrical and Electronics Engineers (IEEE), specifies some
recommendations and requirements on controlling the level of harmonic current
injected into the utility system [2]. Table (1.4) shows the harmonic current limits
stated in IEEE STD 519-1992. Under this standard, the maximum permissible
harmonic current distortion is classified based on the ratio between the maximum
short-circuit current I, and the maximum demanded load current (fundamental

frequency component) I, at the point of common coupling (PCC).



Table 1.4: Harmonic current distortion limits for general distribution systems
(120 V through 69000 V) specified by IEEE STD 519-1992.

Maximum Harmonic Current Distortion in Percent of I,

Individual Harmonic Order (Odd Harmonics), n
Iso/Ip, % <11 11<n<17 17<n<23 23<n<35 35<n TDD

< 20 4.0 2.0 1.5 0.6 0.3 5.0
20-50 7.0 3.5 2.5 1.0 0.5 8.0
50-100 10.0 4.5 4.0 1.5 0.7 12.0
100-1000  12.0 9.5 5.0 2.0 1.0 15.0
> 1000 15.0 7.0 6.0 2.5 1.4 20.0

Note: TDD = Total demand distortion.

1.4 Basic Operation of PFC Pre-regulator

To comply with the above regulations or standards, the use of power-factor-
correction (PFC) pre-regulators are popular due to their capability to control
input current waveform and provide output voltage regulation [3|, [4]. By using
appropriate control circuitry, the input current of PFC pre-regulator can be reg-
ulated to be sinusoidal and in phase with the mains line voltage. As a result, the
total harmonic distortion of the input current can be significantly reduced, thus

giving rise to high power factor, hence the name power factor correction.

1.4.1 Power Stage of PFC Pre-regulator

Three fundamental non-isolated switch-mode power supply topologies — buck,
boost and buck-boost converter — are commonly chosen to realize power-factor
correction [5], [6], [7], [8], [9], [10], [11], [12], [13], [14], [15], [16], [17], [18], [19],
[20], [21], [22], [23]. However, by comparing their characteristics, it is found that
boost converter is particularly suitable for this function [24], [25], [26], especially
for medium-to-high power applications, since it offers a direct control of the con-

verter’s input current by controlling the inductor current [27], [28], [29], [30]. On



the contrary, for buck and buck-boost converter, their input current is charac-
terized by higher level of EMI due to its discontinuous/pulsating nature, which
results in higher total harmonic current distortion and lower power factor. There-
fore, in the following sections, discussions will be mainly focused on boost-derived

PFC pre-regulators.

1.4.2 Standard Control Strategy for PFC Pre-regulator

. L D
Vin(D)| JEv N vo(0)

)T (1) i(0)

Vi) { s T cT R,
TTl . &
M

AP 4]
Current Error /l/]

Amplifi
i vcea(t) Vyamp (t)

Irer (1)

K ‘ vin(t)’ Vvea(’) Voltage Error N ,Bvo (t)
Amplifier \+J+
Vref

Figure 1.1: Configuration of standard boost PFC pre-regulator with ACM control.

Average current mode (ACM) control has been widely used in medium-to-high
power PFC pre-regulator due to the resulting low level of THD generated. Fig. 1.1
shows the standard configuration of a boost PFC pre-regulator under ACM con-
trol [31], [32], [33]. Its control circuitry consists of two feedback loops, one inner
current control loop and one outer voltage control loop. The inner current loop
is typically designed to have a large bandwidth so that the inductor current is
controlled to closely track the reference current signal i,.¢(t), which is generated

by multiplying the rectified input voltage K, |vy,(t)| by the output signal of the
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voltage error amplifier v,.,(t). Since the sampled input voltage is purely sinu-
soidal, the only factor that can affect the inductor current waveform, and hence,
the PFC pre-regulator’s input current waveform and power factor, is the output
signal of the voltage error amplifier. The outer voltage control loop is responsible
for regulating the PFC pre-regulator’s output voltage by comparing the sampled
output voltage [v,(t) to the reference voltage Vs, and the resulting error volt-
age is amplified by the voltage error amplifier. In practice, due to the pulsating
nature of the PFC pre-regulator’s input power, low-frequency voltage ripple at
double-line frequency will be constantly present in the PFC pre-regulator’s out-
put voltage. If the double-line frequency component is not sufficiently attenuated
by the voltage error amplifier, a significant portion of it will exist at the output
of the voltage error amplifier. As a result, the reference current waveform i, s(t)
will be significantly distorted due to the presence of higher harmonic components
resulting from the multiplication of two time-varying waveforms, K, |v;,(t)| and

Uyea(t), and the power factor will be degraded.

In order to maintain a near-unity power factor, the crossover frequency of the
PFC pre-regulator’s loop gain is typically limited to 1/10 to 1/5 of the double-line
frequency (between 10 Hz and 20 Hz) in order to provide a sufficient attenuation of
the double-line frequency component [34], [35], [36]. When this condition is met,
the output voltage of the voltage error amplifier will be approximately constant,
hence the current reference signal and the PFC pre-regulator’s input current
will be approximately sinusoidal. The main drawback in limiting the unity-gain
frequency of the loop-gain function to low value is, however, the resulting poor

dynamic response of the PFC pre-regulator.
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1.5 Trade-off between Power Factor and Dynamic

Performance of PFC Pre-regulator

To demonstrate the effects of unity-gain frequency of the loop-gain function
on the input current waveform and dynamic response of PFC pre-regulator, an
ACM-controlled boost PFC pre-regulator is simulated in PSIM and the simulation
results are shown in Fig. 1.2 (for step load decrease from 100% to 50%) and
Fig. 1.3 (for step load increase from 50% to 100%). The PFC pre-regulator is
simulated with an input voltage of 110 V,,s/60 Hz, nominal output voltage of
400 V, and nominal load resistance of 800 2. The value of the inductor L and

output capacitor C, are chosen to be 1 mH and 16 uF, respectively.

Fig. 1.2 shows the input current and output voltage waveforms of the PFC
pre-regulator under a step load decrease from 100% to 50%. For Fig. 1.2(a) and
Fig. 1.2(b), the unity-gain frequency of the PFC pre-regulator’s loop-gain function
is designed to have a small value of 10 Hz, whereas for Fig. 1.2(c) and Fig. 1.2(d),
it is designed to have a larger value of 60 Hz. It can be seen from Fig. 1.2(a) that
the input current is approximately sinusoidal with a measured PF of 0.993 when
the unity-gain frequency of the loop-gain function is low, while it is significantly
distorted with measured PF of 0.93 when the crossover frequency is increased,
as shown in Fig. 1.2(c). However, by comparing the simulated output voltage
waveform shown in Fig. 1.2(b) and in Fig. 1.2(d), a lower unity-gain frequency
of the loop-gain function is seen to cause a larger overshoot in output voltage
with a longer settling time, which constitutes the main drawbacks of this control
strategy since some components will have to withstand high voltage stress during

transient state.

In addition, the PFC pre-regulator is also simulated under the condition of

a step load increase from 50% to 100%, and the results are shown in Fig. 1.3.
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Figure 1.2: Input current and output voltage of boost PFC pre-regulator with
narrow bandwidth [(a) and (b)] and wide bandwidth [(c¢) and (d)] under step load
decrease, from 100% to 50%.

A similar effect of reduced unity-gain frequency of the loop-gain function on the
dynamic response of the PFC pre-regulator’s output voltage can be observed,
that is, it results in a larger undershoot with a longer settling time. Thus, from

these simulation results, it can be concluded that there is a performance trade-off
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Figure 1.3: Input current and output voltage of the boost PFC pre-regulator with
narrow bandwidth [(a) and (b)] and wide bandwidth [(c) and (d)] under step load
increase, from 50% to 100%.

1.6 PFC Pre-regulator with High Power Factor
and Fast Dynamic Response: A Literature

Survey

Many researchers have proposed various control strategies, both analog and

digital implementations, to achieve a near-unity power factor without sacrificing
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the dynamic response of PFC pre-regulator. In this section, we will explore these
prior works and make a comparison between them, and reveal their respective

advantages and disadvantages.

1.6.1 Two-Stage Solution

As discussed, conventional PFC pre-regulator usually suffers from the prob-
lem of slow dynamic response. Attempting to improve the dynamic response
unavoidably leads to degradation in power factor, and vice versa. In order to
satisfy both power factor and dynamic response requirements, it is suggested
that a dc-dc converter having fast dynamic response is cascaded with the slow-
responding PFC pre-regulator [37], [38]. A block diagram showing the two-stage
solution is depicted in Fig. 1.4. The first stage is an ACM-controlled boost PFC
pre-regulator that is designed to shape a sinusoidal input current for attaining a
high power factor, while the second stage is a large-bandwidth dc-dc converter.
By designing the bandwidth of the second-stage dc-dc converter to be large, a
tight regulation of the output voltage can be achieved. However, it is well known
that the cost incurred by this approach is high and the overall efficiency is low,
approximately 80% [39], [40], since the power delivered to the load is processed
twice [41], and the number of switching components is higher, which results in a
higher switching loss. Therefore, two-stage solution generally suffers from high
cost and low efficiency, making it unsuitable for low-power applications.

To compensate for these disadvantages, researchers had proposed a number
of single-stage isolated power-factor correctors power supplies (S?[P?), with the
aim of combining the two converters involved in two-stage solution into a new,
single-stage converter [42]. By appropriately repositioning the active switches
of the two cascaded converters and, subsequently, sharing a single switch, the

switching loss can be considerably reduced. Two S?IP? topologies are depicted
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Figure 1.4: Configuration of two-stage solution.

in Fig. 1.5 [43], [44], [45]. The common drawback of S*IP? is that a high voltage
stress maybe imposed on the dec-link capacitor (Cy indicated in both Fig. 1.5(a)
and Fig. 1.5(b)) and the adjacent components. This may lead to the use of
devices with high voltage rating and, subsequently, reduction in converter’s ef-
ficiency. Since the voltage applied on the dc-link capacitor is a function of the
switching frequency, variable frequency control has been suggested in order to
keep the voltage stress of the dc-link capacitor low [46]. However, the additional
control circuit, which varies the switching frequency according to the dc-link ca-
pacitor’s voltage, increases the complexity of the feedback controller. On the
other hand, since it is difficult to regulate both input current waveform and out-
put voltage simultaneously by controlling a single switch, it has been proposed
that the input stage (PFC) (usually implemented by boost or buck-boost con-
verter) is operated in discontinuous-conduction mode (DCM) for natural power
factor correction. However, DCM operation mode is not suitable for medium-
to high-power applications due to the presence of high peak input current and

associated high copper and core losses.

1.6.2 Sliding-Mode Control

Sliding-mode (SM) control, a non-linear control method applied to variable

structure systems, is often employed to control dc-dc converter due to its su-
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Figure 1.5: Examples of S?IP? topologies. (a) buck-boost PFC + flyback regula-
tor proposed by Wu et al. [43], (b) boost PFC + forward regulator proposed by
Lee et al. [44] and Siu et al. [45].

perior stability and robustness against uncertain parameters [47], [48]. In [49],
the authors applied SM control based on hysteresis-modulation for improving
the dynamic response of PFC pre-regulator. A simplified block diagram of SM-
controlled PFC pre-regulator is shown in Fig. 1.6. The major difference between
SM control and conventional ACM control is that the voltage error signal is am-

plified and added to the current error signal to form a sliding function 1. The



17

sliding function is passed as input to a hysteretic block which is responsible for
generating the switching signal that causes the resultant value of the sliding func-

tion v to equal zero.
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Figure 1.6: Configuration of sliding-mode control scheme for achieving both high
power factor and fast dynamic response.

It is reported in the literature that the dynamic performance of the output
voltage of PFC pre-regulator can be further improved if the ratio between K,
and K; (as indicated in Fig. 1.6) is made high, or, in other words, when the
voltage error term dominates the sliding function ¢). The only benefit of doing
so is, however, that the overshoot/undershoot of the PFC pre-regulator’s output
voltage is reduced during transient state. The settling time still depends on the

design of the outer voltage loop and the input current waveform will be distorted.

1.6.3 Boundary Control

Besides sliding-mode control, boundary control which utilizes a second-order

switching surface is another non-linear control scheme used to achieve both sinu-
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soidal input current and fast dynamic response in PFC pre-regulator [50], [51].
With this control scheme, the relationship between state variables (i.e. ir, v,)
is first derived and plotted on state-space plane in order to identify the target
operating trajectory of the converter. Fig. 1.7 shows the target operating trajec-
tory of a boost PFC pre-regulator, discussed in [51]. Having known the target
trajectory, the PFC pre-regulator’s switch is controlled in such a way that the
instantaneous values of the state variables are varying along the target operating
trajectory. Whenever there is a step load change, a new trajectory is formed and
the state variables are controlled to follow the new trajectory. In this way, the
converter can reach the new steady state within one to two switching cycles. Since
PFC pre-regulator usually operates from the mains voltage which has a frequency
that is much smaller than the switching frequency, it will take less than one line
cycle to reach the new steady state. Although this control scheme exhibits an
extremely fast dynamic response, it requires a large amount of computational
power for analyzing complex system equations, and some calibration processes

are needed to compensate for the variances in the converter’s components.

1.6.4 Regulation-Band Approach

Regulation-band approach is another control scheme devised for achieving
sinusoidal input current and fast dynamic response in PFC pre-regulator. Rathi
et al. [52] proposed a circuitry, shown in Fig. 1.8, that realizes the regulation band
approach. It is a control strategy that switches between a slow and a fast voltage
control loop for meeting different control objectives. The slow voltage control
loop is employed in steady state to limit the total harmonic distortion of input
current and maintain a high power factor, while the fast voltage control loop is
used in transient state to achieve a fast dynamic response. The main challenge of

this technique is, however, the synchronization between the switching time of the
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Figure 1.7: Conceptual evolution of the actual and target operating trajectories
of a boost-derived PFC pre-regulator, in normalized state-variable plane.

controllers and the line frequency. Similarly, in the work of Nasirian et al. [53], it is
found that the conversion ratio of the selected converter topology is a function of
both switching frequency and duty ratio, thus, the converter’s output voltage can
be regulated in transient state using a fast control loop associated with switching
frequency variation and in steady state using a slow control loop associated with
duty cycle variation. However, the main difficulty is the requirement of costly

sensing components with high measurement accuracy and speed.

1.6.5 Notch-Filter Approach

The cascading of notch filter in series with the voltage error amplifier is a
control strategy that is aimed at eliminating the sampled output voltage ripple
before it is processed by the voltage error amplifier. Due to the imbalance between
the instantaneous input power and the average output power, the output voltage
of PFC pre-regulator constantly contains double-line-frequency voltage ripple. If

a notch filter is designed to have its band-stop frequency coinciding with the
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Figure 1.8: Configuration of regulation-band approach in PFC pre-regulator.

double-line frequency, the sampled output voltage ripple can be significantly at-
tenuated before it is processed by the voltage error amplifier. When the voltage
error amplifier’s input signal is ripple free, its voltage gain can be increased (for
improving the PFC pre-regulator’s dynamic response) while its output signal re-
mains ripple free. Therefore, a sinusoidal inductor current reference signal and
input current waveform can be obtained. In general, the transfer function of the

notch filter is given by

2 2
7+ Wnotch

Hnotch S) =
( ) 82 + Swngc}l + wnotchz

(1.13)

where wy,pen and @ is the notch-frequency and the quality factor, respectively.
In order to have a strong attenuation at the double-line frequency, the quality
factor of the notch filter should be high and the center frequency must be accu-
rately tuned. In [54], an analog notch filter is realized using the circuit shown
in Fig. 1.9. However, as shown in Fig. 1.10, the quality of the notch filter will
be degraded when component tolerances are present, which cannot be avoided in

practice.
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Figure 1.9: Notch filter realized by analog circuit.
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Figure 1.10: Bode plot of analog notch filter in the presence of component toler-
ances.

Instead of analog implementation, digital controller represents a better tool for
realizing high-quality notch filter [55], [56], [57] due to its better stability, higher
precision and adaptiveness [58]. When the higher harmonic components appear in

the output voltage of PFC pre-regulator, more advanced solutions such as digital
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comb filter [59] and MAF filter [60] having multiple notch frequencies can be
used. These filters are capable of adjusting the notch frequency/ies automatically
in response to variation in line frequency (usually ranging from 50 Hz to 60 Hz).
However, the need for digital implementation and higher cost make notch-filter-

based approaches not economically feasible for all applications.

1.6.6 Ripple Cancellation Approach

Another family of solution based on ripple estimation/cancellation has been
proposed to eliminate ripple from the error voltage [61], [62], [63]. With this
solution, an estimated reproduction of the sampled output voltage ripple is gen-
erated by additional circuitry and subtracted from the feedback output voltage
with the aim to produce a ripple-free error signal for further processing by the
voltage error amplifier. As a consequence, the bandwidth of the voltage control
loop can be increased without amplifying the double-line frequency component
and, hence, a near-unity power factor can be attained.

Assume that an ideal PFC pre-regulator has a power factor of unity, and its
input current is sinusoidal and in phase with the input voltage. Its instantaneous
input power is equal to its instantaneous output power as given by the following

power balance equation.

dv,(t) N v,(t)?

Pin - -Pm 2 inel) = Co%
cos (2wyinet) o R

(1.14)

where P, and wy;,. is the average input power and the angular line frequency,
respectively, v,(t) is the instantaneous output voltage of the PFC pre-regulator.

Under the assumptions that efficiency is 100% and output capacitor C, is
very large such that all harmonic current at the double-line frequency 2wy;,. flows
through the output capacitor, the output voltage ripple 9,(t) can be described by

the idealized formula given by Eq. (1.15), where P, is the average output power
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of the PFC pre-regulator.

Ty(t) = it (2wiinet) (1.15)

a 2wline CoV:)

Based on this equation, various circuitries have been proposed to estimate the
output voltage ripple and subtract it from the sampled output voltage. In [64],
a ripple estimation network consisting of a bandpass filter, an amplifier with
fixed gain, and a 90° phase shifter was presented, and a reproduction of the cir-
cuit diagram is shown in Fig. 1.11. The advantage of this circuit is its simplicity.
However, any inaccurate estimation of the input parameters to the idealized equa-
tion, for example, efficiency, output capacitance and line frequency, will cause an
inaccurate estimation of the output voltage ripple and results in a distortion of
the input current waveform. To alleviate this problem, an adaptive ripple es-
timator was proposed in [65], and its configuration is shown in Fig. 1.12. The
amplitude of the estimated output voltage ripple is forced to track the amplitude
of the sampled output voltage ripple. However, the main drawbacks of this more
accurate ripple estimator are the needs for phase locked loop (P.L.L.) and the

additional high-pass filters being used are required to be identical.

1.6.7 Other solutions

Besides the main categories of solutions discussed above, some researchers
demonstrated other ways to achieve good dynamic performance without degrad-
ing the power factor. One of these methods is line-voltage-feedforward, which
improves the dynamic response of PFC pre-regulator under line-voltage varia-
tions [28], but it will not compensate for load changes and fast-scale line-voltage
variations [4]. Another method is load-current-feedforward which provides fast
compensation for load changes [66]. However, it tends to lower the efficiency of

PFC pre-regulator, particularly in high-power applications, due to the insertion
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Figure 1.12: Ripple compensation network proposed by Wall et al. [65].

of current-sense resistor in the load current’s path.
Another solution is to add a sample-and-hold (S/H) circuit between voltage
error amplifier and multiplier [67]. Despite that a high power factor is achieved,

the S/H circuit usually suffers from noise problem and the maximum bandwidth of
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the outer voltage loop is limited to the line frequency. Similar technique has been
suggested in [68] but more samples are obtained within one line cycle. However,
a more complex circuit is necessary unless a digital controller is used.

Alternatively, in the works of Zheng et al. [69], [70], the authors proposed a
method to decouple the current control loop from the voltage control loop, and
monitor them by means of two independent controllers and switches. Besides
the requirement of an extra data-mapping process, the overall efficiency of the
proposed converter is reduced compared to a standard boost converter due to the
utilization of more switches.

Besides increasing the closed-loop bandwidth, it is reported in [71] that the
dynamic response of PFC pre-regulator can be improved by reducing its out-
put impedance. This can be achieved by including an additional inner loop
designed with reference to the PFC pre-regulator’s reference model obtained by
frequency-domain analysis. However, as stated in [54], the resulting improvement

in dynamic response is less significant compared to the aforementioned methods.

1.7 Research Objectives

In the current research work, main focus is directed at ripple estimation and
cancellation, which provides a practical and economical solution to achieve near-
unity power factor and fast dynamic response of PFC pre-regulator simultane-
ously. As discussed before, the existing ripple estimation methods are all for-
mulated based on an idealized equation, i.e. Eq. (1.15), which can give rise to
accurate ripple estimation over a limited range of operating conditions only. In
view of this limitation, a new ripple estimation/cancellation circuit that over-
comes the limitation is desirable and will be proposed in this research work. In
the first stage, attention will be given to ripple estimation network that will gen-

erate an accurate replica of the sampled output voltage ripple, and give rise to
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perfect ripple cancellation. The performances of the proposed ripple estimation
network are investigated by implementing it on a PFC pre-regulator and test-
ing it under a wide range of operating conditions. Next, in the second stage,
efforts will be dedicated to reduce the complexity of the proposed ripple estima-
tion network, while maintaining satisfactory power factor and dynamic response
performances. Based on mathematical derivation of the main figures of merit,
two other ripple estimation/cancellation methods will be proposed. Finally, the
performances of these ripple estimation/cancellation methods will be compared
and analyzed in terms of power factor and THD of PFC pre-regulator’s input
current. Based on the comparisons, suggestions will be given on the preferred
ripple estimation/cancellation method based on user’s power-factor and THD

requirements.

1.8 Outline of the Thesis

The contents of this thesis are organized as follows:

In Chapter 1, the definitions of power factor of ac circuit and total harmonic
distortion of input current are discussed. Several international regulations and
standards aimed at limiting the harmonic content of current drawn by mains-
connected devices are briefly reviewed. By means of simulation results, the
trade-off between power factor and dynamic response of PFC pre-regulator is
demonstrated and discussed. Following this, a literature review of existing so-
lutions aimed at achieving both high power factor and fast dynamic response is
presented. Finally, the research objectives and the organization of this thesis are
given.

In Chapter 2, a new ripple estimation network consisting of an amplitude tuner
and a phase shifter is proposed and its operating principle is thoroughly discussed.

The performances of the proposed ripple estimation network are investigated
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by implementing it on an ACM-controlled boost PFC pre-regulator and testing
it under a wide range of operating conditions. The resulting improvements in
measured power factor and input current’s THD are demonstrated by comparison
with a similar boost PFC pre-regulator without ripple estimation/cancellation.

In Chapter 3, the main figures of merit of PFC pre-regulator with ripple can-
cellation is derived mathematically, and the results suggest the existence of an
optimum amplitude of estimated output voltage ripple that leads to minimum
local cancellation error in the presence of phase estimation error. Based on this
finding, an alternative ripple estimation method is proposed and is verified experi-
mentally by implementation on a boost PFC pre-regulator. Similar to Chapter 2,
the performances of this alternative ripple estimation/cancellation method are
tested and analyzed in depth.

In Chapter 4, the two ripple estimation methods proposed in Chapter 2 and
3 are briefly reviewed and compared with one that adopts further simplified am-
plitude and phase estimation approaches. Through the performance comparison
between the three ripple estimation/cancellation methods, suggestions are made
in relation to the preferred choice of method based on user’s power-factor and
THD requirements.

In Chapter 5, conclusions and suggestions for future research are given.
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Chapter 2

A Ripple Estimation Method
Based on Minimum Global

Cancellation Error

2.1 Introduction

In Chapter 1, it has been shown that the crossover frequency of PFC pre-
regulator’s loop gain is commonly configured to be very small in order to achieve
near-unity power factor, and this inevitably gives rise to poor dynamic response.
Ripple estimation/cancellation method is used to eliminate the double-line fre-
quency component from the sampled output voltage before it propagates into the
voltage control loop, hence the requirement of small bandwidth is not mandatory.
The method based on ripple estimation/cancellation is attractive in the fact that
it is located external to the voltage control loop and hence can be designed in-
dependently without affecting the dynamic response of PFC pre-regulator. The
existing ripple estimation circuits, however, are only accurate under specific con-
ditions, beyond which power factor will be degraded. In view of this, a new

ripple estimation/cancellation network consisting of an amplitude tuner and a

29
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phase shifter based on switched-resistor circuits is proposed and verified exper-
imentally on a 200-W boost PFC pre-regulator. It is shown that the proposed
ripple estimation network not only provides accurate ripple estimation over a
wide range of operating conditions such as variation in load power, line voltage,
line frequency, and output capacitor’s value, it also gives a way to decouple the
power factor of PFC pre-regulator from its controller bandwidth. With the aid
of the proposed ripple estimation network, the desired features of fast dynamic

response and unity power factor are both achieved.

In this chapter, a mathematical expression of the output voltage of a generic
PFC pre-regulator is first derived in Section 2.2. In Section 2.3, the working
principles of the proposed ripple estimation network, including the generation of
ripple template, amplitude tuning, and phase shifting, are discussed in detail.
Simulation results will be presented in Section 2.4 in order to verify the opera-
tion of the proposed ripple estimation method and its method of implementation.
The proposed estimation circuit is then implemented and verified experimentally
on a 200-W ACM-controlled boost PFC pre-regulator under different operating
conditions in Section 2.5. In this section, comparisons are made with a conven-
tional PFC pre-regulator without ripple estimation network. Finally, conclusion

is given in Section 2.6.

2.2 Mathematical Description of PFC Pre-regulator’s

Output Voltage

Since the function of ripple estimation circuit is to generate a replica of the
sampled output voltage ripple, a mathematical description of a generic PFC pre-
regulator’s output voltage is useful to aid the analysis of the circuit’s operation.

Assuming that the line voltage is v;,,(t), and the PFC pre-regulator’s input current
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iin(t) is closely regulated to track the line voltage waveform, i.e. at unity power
factor, we have

Vin(t) = V), sin (wiinet) (2.1)
Gin(t) = Ipsin (Wyinet) (2.2)

where V), and I, is the peak value of the line voltage and the PFC pre-regulator’s
input current, respectively, and wy;,. is the angular line frequency.
Under this condition, the instantaneous input power p;,(t) of the PFC pre-

regulator is given by

Pin(t) = vin (V)i (t) = V1, sin? (Wiinet) = Pin — Pin €08 (2Wpinet) (2.3)

where Py, = V,1,/2.

Assuming that the PFC pre-regulator has an efficiency of 100%, this instan-
taneous power is delivered to the output RC' network formed by the output
capacitor C, and load resistor R,, and the power balance is described by the

following differential equation.

du,(t) N vo(t)?

-Pz'n - Rn COos (2wlinet> - Covo<t) dt R

(2.4)

Solving Eq. (2.4) gives the exact solution of the PFC pre-regulator’s output

voltage v,(t) as

1
\/]— + (wline ROCO)2

vo(t) =V, |1 o8 (2wiinet — tan™t (wiine RoC,)) (2.5)

The normalized output voltage v,(t)/V, is plotted in Fig. 2.1 for different
values of k, where k = wy;,,. R,C,. On the same plots, the idealized output voltages

described by Eq. (1.15) are plotted for the same values of k for comparison. It
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can be seen that the output voltage ripple can be described satisfactorily by a

sinusoidal function over a wide range of k. Compared to the generalized solution

given by Eq. (2.5), it can be shown that the output voltage ripple as described

by Eq. (1.15) is valid only when k is large. For small to medium value of k, the

phase shift introduced by the RC' network will deviate from 90°, hence Eq. (1.15)

cannot provide an accurate ripple estimation under these conditions. Therefore,

to enable a more concise presentation of the analysis in the following sections

without sacrificing accuracy, the PFC pre-regulator’s output voltage is assumed to

< 0°,

T

with —90° < 0

be represented by the more general form given by Eq. (2.6),

where V, and V, is the PFC pre-regulator’s average output voltage and output

a,).
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2.3 Proposed Ripple Estimation Circuit

In this section, the proposed ripple estimation/cancellation circuit is discussed
in detail. Fig. 2.2 shows the complete block diagram of the PFC pre-regulator
system consisting of the PFC pre-regulator’s power stage (refer to Fig. 1.1) and
the proposed ripple estimation circuit. Initially, the ripple template o,4(t) is
generated from the sampled rectified line voltage K, |v;,(t)| and the reference
signal for the PFC pre-regulator’s input current i,.;(¢). The output voltage ripple
Uo(t), which acts as the reference for adjusting the amplitude and phase of the
ripple template, is sampled by stepping down the PFC pre-regulator’s output
voltage v,(t) by a factor of a. The dc component in the sampled output voltage
is removed by a High-Pass Filter (HPF), and the resulting sampled output voltage

ripple is described by Eq. (2.7).

at,(t) = —aV, cos(2wiinet + 6,.) (2.7)

By taking the sampled output voltage ripple a®,(t) as reference, the ripple
template 0,4(¢) is modified in amplitude by the amplitude tuner, and subsequently
in phase by the phase shifter. The sampling gains o and [ are chosen to be dif-
ferent in value, where a > (3, to improve the signal-to-noise ratio of the sampled
output voltage ripple a®,(t) for more accurate processing by the ripple estima-
tion circuit. To correct for this difference, the modified ripple template 0% (¢) is
adjusted by a gain of A = 3/« before it is subtracted from the sampled output
voltage v,(t). The modified ripple template A0, (t) should be identical to the
sampled output voltage ripple 59,(t) and the subtraction of one by the other
will ideally produce a ripple-free signal for further processing by the voltage error
amplifier. Since no ripple is to be attenuated by the voltage error amplifier, it

can be designed to provide more voltage gain at high frequencies for meeting the
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requirement for fast dynamic response. Since the estimated output voltage ripple
Vest(t) only affects the input signal of the voltage error amplifier, while the line
voltage feedforward function, which is typically implemented in commercial PFC
controllers, only acts on the output signal of the voltage error amplifier, the pro-
posed ripple estimation network is inherently compatible with the existing PFC

controller architecture.

iin(t) ‘Vo(t) _ R
Power Factor Correction _L
vin(?) { 4& Pre-regulator Co Ry IB

irer (1) BV, (1)

Vyea(?)

Voltage Error | - farSd
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Ripple Template I: Ej
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vrt (t) Amplitude v;t (t) Phase [ | \7;’t (t) High-Pass
: Tuner Shifter Filter |
av, ()

Figure 2.2: PFC pre-regulator system with proposed ripple estimation circuit.

2.3.1 Ripple Template Generation

Fig. 2.3 shows the block diagram of the ripple template generator which is used
to produce a ripple template from the sampled rectified line voltage K,, |vi, ()]
and the inductor’s current reference i,.¢(¢). Since a unity power factor is as-
sumed, these signals can be described by K, V), [sin(wjinet)| and I, [sin(wiinet)| R,
respectively, where K, is the line-voltage step-down ratio and R, is the current
sense resistor’s value. The desired ripple template 0,4(t) is generated by multiply-

ing these two signals, followed by high-pass filtering which removes the resulting
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dc component. In order to avoid the introduction of additional phase shift, the
high-pass filter’s cut-off frequency is configured to be approximately 1 Hz, i.e.
two decades lower than the double-line frequency. The overall ripple template
generation process is described by Eq. (2.8), where G; and G is the amplifica-
tion gain for K, |v;,(t)| and 4,.f(t), respectively, and V;; is the ripple template’s
amplitude given by V., = P, K,,RsG1G>. Since the amplitudes of the sampled
rectified line voltage K, |vin(t)| and the inductor’s current reference i,.¢(t) are
typically small, these signals are pre-amplified using non-inverting amplifier be-

fore undergoing multiplication.

Vmate(t) = [G1Em |[vin(t)]] - [GZiref (t)] = Vit (1 — cos(2wiinet))

B 5,0(t) = — Vi cos(2wiinet) (2.8)

Km |vin(t)|

| High-Pass Filter |

| |

| |

} RHa }

| A |

Viult (t) } } ~
3 V. (t

| C|__C| Op-am 1 I't=( )

| Ha Hb - }

‘ |
iref(t) i RHb }

| |

| |

| |

| |

Figure 2.3: Block diagram of the proposed ripple template generator.
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2.3.2 Amplitude Tuner

In order to generate a replica of the sampled output voltage ripple ad,(t) de-
scribed by Eq. (2.7), the ripple template 0,4(t) is fed to the input of the amplitude
tuner circuit, which will equalize the amplitude of the ripple template 0,,(t) with
that of the sampled output voltage ripple at,(t). The schematic diagram of the
amplitude tuner circuit is shown in Fig. 2.4. It is mainly an inverting amplifier
with adjustable gain, the value of which is determined by the amplitude difference
between 0,4(t) and av,(t). To realize an electronically adjustable gain, the fixed
feedback resistance used in conventional inverting amplifier is replaced by two re-
sistors Rs, and Ry, each connected in series with a switch having a turn-on time
of dT; and (1 — d) Ty, respectively, where d is the duty cycle of switch Sy, and
1/T; is the switching frequency which is significantly higher than the double-line
frequency. A switching frequency of 20 kHz is chosen but its choice can be fur-
ther optimized by taking into consideration other factors including the inverting
amplifier’s bandwidth, switching delays, and component size (Rppr and Crpr)
of the output Low-Pass Filter (LPF). The duty cycle d is derived from the pulse-
width modulator according to the output of the error amplifier, which compares
the amplitude of /,(t) to that of ad,(t) (sampled using standard peak detector

circuit respectively).

Fig. 2.5 shows the main waveforms of the amplitude tuner. It operates by
amplifying the ripple template signal ,4(¢) with a gain of —Ra, /Ry and — R,/ Ry
during dTs and (1 — d) T, respectively, where R; is the input resistance of the
amplitude tuner. Its instantaneous output signal 0,(t) is smoothed by an LPF
for obtaining an amplitude-modified version of the input ripple template, but
shifted 180° in phase. Since the ripple template has the largest amplitude under
full-load condition, the inverting amplifier’s gain should be chosen such that its

output does not saturate under the same condition. By the principle of duty-cycle
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averaging, the average voltage gain of the inverting amplifier H,(d) is given by

H,(d) = —R;(Id) (2.9)
Ry(d) = dRyq + (1 — d) Ry (2.10)

After the ripple template v,4(t) is processed by the amplitude tuner circuit,
the amplitude of the modified ripple template .,(¢) should be equal to that of the
sampled output voltage ripple at,(t), and its phase should be inverted compared
to U,4(t) due to the inverting amplifier’s negative voltage gain. Although the LPF
will introduce additional phase shift to the filtered signal, the amount of phase
shift is generally small and negligible since the filter’s cut-off frequency is designed
to be significantly higher than the double-line frequency 2wy;,.. Hence, in steady
state, the output signal of the amplitude tuner can be closely approximated by
Eq. (2.11).

0., (t) = aV; cos (2wiinet) (2.11)
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Figure 2.4: Schematic diagram of the proposed amplitude tuner.
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Tline/ 2

Figure 2.5: Operation waveforms of the proposed amplitude tuner.

2.3.3 Phase Shifter

R
NN
vai( t) —e )\% R .Op Amp V, 0( t)

Figure 2.6: A standard All-Pass Filter (APF).

After the amplitude of the ripple template has been adjusted, the modified

ripple template 0/,(t) is fed to the input of the phase shifter for phase adjustment.
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The proposed phase shifter is derived from a standard All-Pass Filter (APF) as

depicted in Fig. 2.6, which has a transfer function H,(s) given by Eq. (2.12).

_ 1-5RyCy 1—5/w,

H — = 2.12
o(5) 14+ sRsCyp 1+ 5s/w, ( )
where
wy = (2.13)
° RyCy '
Hy(s)| = 1 (2.14)
ZHy(s) = —2tan™" (WRyCy) (2.15)

When an input signal at frequency w passes through the APF, a frequency-

dependent phase shift of —2tan™! (wRyC}) is introduced by the filter, and the
signal will emerge at the output as a phase-shifted version of the input with no
change in amplitude. This implies that, when w is fixed, the amount of phase
shift introduced will also be fixed. For our purpose, the amount of phase shift
should be made adjustable for a fixed w, and this is done by replacing R4 with two
resistors Ry, and Ry, arranged to switch alternately at high frequency, as depicted
in Fig. 2.7. Similar to the amplitude tuner, the switching frequency of the phase
shifter is chosen to be 20 kHz. It can be deduced that, when the duty cycle
d is 0 and 1, the amount of phase shift introduced will be —2tan™! (wRgCy)
and —2tan~! (wRy,Cy), respectively. If the two resistors are chosen such that
Rgo > Ryp or Ry < Ry, a phase shift of 0° to 180° is realizable when d is varied
between 0 and 1. As shown in Fig. 2.8 for the case of w = wyjp., this is equivalent
to adjusting the phase shift contribution along the vertical line w/wy;,e = 1 when
d is varied. It can also be seen that, for realizing a phase shift of 0° to 180°, Ry,

and Ry, should differ by at least four orders of magnitude.

The output signal of the APF ,4(¢) is a phase-shifted version of its input
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Figure 2.7: Schematic diagram of the proposed phase shifter.
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Figure 2.8: Phase curves of Hy(s) for different values of wyine/w,.

Hence, it should take the following form, with

with no change in amplitude.

< 0°.

¢

—180° < 6

(2.16)

aV,. cos (2wiinet + 65)

() =

Ups

Recall that the sampled output voltage ripple av,(t) is given by —aV;. cos (2wiinet + 6,.).

Since the maximum phase contribution from the APF is 180°, a@,(t) should be

re(t)

first inverted in order to limit the phase difference between —ad,(t) and
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to within the desired range. Next, their phase difference can be obtained by

multiplication and low-pass filtering as described by Eq. (2.17).

2
—al,(t)0ps(t) = (aVr) [cos (4wiinet + 0, + 0) + cos (0, — 0)]

2
rer (aV})?
i

cos (6, — 6,) (2.17)

One problem associated with the use of cos (6, — 6,) is that it is impossible
to distinguish between the two cases: (6, > 6,) and (6, < 64). This problem can
be solved by adding a phase shift of 90° to —a®,(t) before the multiplication is
performed. The 90° phase shift is realized using an RC' HPF. This modifies the

above calculations to

V’,'d 2
o Jops(t) = (a2 ) [cos (dwiinet + 0, + 6, + 90°) + cos (0, — O, + 90°)]
line

aV,)?

—ad,(t +

—~

LPF
=

sin (0, — 0,) (2.18)

The plot of sin(x) versus z, where x = 6, — 0, is shown in Fig. 2.9. It can be
seen, therefore, that the signal emerging from the LPF is positive when 6, > 0,,
negative when 64 < 0,, and zero when 6, = 0,. This signal is compared to zero
and the difference is regarded as the phase error signal and is used to adjust the

phase contribution from the phase shifter by means of pulse-width modulation.

In steady state, the condition 4 = 60, holds and the output signal of the
APF 0,,(t) will be 180° out-of-phase compared to the sampled output voltage
ripple a,(t). Thus, a unity-gain inverting amplifier is added to correct the phase

difference. The resulted output signal of the phase shifter ¢,(¢) will be in phase
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Figure 2.9: Plot of sin(z) versus z, where z = 6, — 6,.

and equal in magnitude with the sampled output voltage ripple ad,(t), that is,

() = —aV,cos (2etinct +0)

= —Og‘/;, COS (2wlinet + 97”)

(2.19)

pla

and subtracted from the sampled output voltage 5v,(t) in the voltage control

(t) is stepped down by a factor of A

"
rt

Finally, the estimated ripple v

free signal for further

loop. The result of subtraction should produce a ripple

processing by the voltage error amplifier as described by Eq. (2.20).

)) = At (t)

(t
Vi+ aute) - (0)

BV + 0,

=B
= BV

av,

(2.20)
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2.4 Simulation Results

The proposed ripple estimation/cancellation circuit is simulated with PSIM
in the context of a boost PFC pre-regulator designed to have a nominal output
power of 200 W. The PFC pre-regulator is simulated with an input voltage of
110-Vrms/60-Hz and an average output voltage of 400 Vdc. The value of the
boost inductor is 1 mH and the output capacitor C, is intentionally selected to
be small (16 pF). A similar boost PFC pre-regulator without ripple estimation
circuit is simulated for comparison. In order to have a fair comparison, both
PFC pre-regulators are designed to have the same closed-loop bandwidth. The
loop gain’s crossover frequencies of both PFC pre-regulators (with and without
any ripple estimation network) are increased to the point where the output signal
of the voltage error amplifier of the PFC pre-regulator without ripple estima-
tion/cancellation begins to saturate, as shown in Fig. 2.11(b). Based on this
requirement and the control-to-output transfer function derived in [72] and [73],
the closed-loop bandwidth of both boost PFC pre-regulators are approximately
60 Hz. The uncompensated and compensated loop gains of both boost PFC

pre-regulators are plotted in Fig. 2.10.

The simulated (i) output voltages, (ii) scaled-down input voltages and in-
put currents, and (iii) voltage error amplifier’s output signals of both PFC pre-
regulators (with and without ripple estimation network) under nominal operating
conditions are shown in Fig. 2.11(a) and Fig. 2.11(b). The average output volt-
ages v,(t) of both PFC pre-regulators are 400 Vdc. By comparing the simulated
input currents in both cases, it can be seen that the input current waveform is
significantly improved and resembles an ideal sinusoidal one with the inclusion
of the proposed ripple estimation network. The improvement is mainly due to
the reduction in amplitude of the ripple component in the output signal of the

voltage error amplifier vy, (t).
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Figure 2.11: Simulated input and output waveforms of boost PFC pre-regulator

(a) with and (b) without ripple estimation/cancellation under nominal operating
shifter circuits are shown in Fig. 2.12 and Fig. 2.13, respectively. Initially, an

input or line current

conditions
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Figure 2.12: Simulated operating waveforms of amplitude tuner ((a) ,¢(t): un-
modified ripple template, (b) 7, (t): unfiltered amplitude-tuned ripple template,
(c) 0.,(t): filtered amplitude-tuned ripple template, (d) av,(t): sampled output
voltage ripple).

unmodified ripple template 0,4(¢) having a simulated peak-to-peak voltage of
2.5 V,p is injected into the amplitude tuner (which has a maximum gain Ry,/R;
of 4 and a minimum gain Ry,/R; of 0.3), whereas the sampled output voltage
ripple a?,(t) is simulated to have a peak-to-peak voltage of 5.98 V,,. Despite the
large amplitude difference between the ripple template o,4(¢) and the sampled
output voltage ripple ad,(t), the amplitude tuner is capable of equalizing the

amplitudes of the modified ripple template 9/, (¢) and the sampled output voltage
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Figure 2.13: Simulated operating waveforms of phase shifter ((a) o.,(¢):
amplitude-tuned ripple template, (b) ¢,(¢): amplitude-and-phase-tuned ripple
template or estimated output voltage ripple, (c) ad,(t): sampled output voltage

ripple).

ripple a?,(t). After amplitude tuning, however, there still exists a phase difference
between the modified ripple template ¢/,(¢) and the sampled output voltage ripple
at,(t), as shown in Fig. 2.13. This problem can be solved by further processing the
amplitude-tuned ripple template 77,(¢) through a phase shifter. From Fig. 2.13,
it can be observed that the phase shifter has successfully minimized the phase
difference between the output signal of the phase shifter 0/%,(¢) and the sampled
output voltage ripple a®,(t) without altering its amplitude. As a result, the
output signal waveform of the phase shifter ¢/,(¢) is nearly identical to that of

the sampled output voltage ripple ad,(t).

In order to account for the difference in sampling ratios (o and (), the esti-
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Figure 2.14: Simulated input and output waveforms of difference amplifier ((a)
Bu,(t): sampled output voltage, (b) ves:(t): estimated output voltage ripple, (c)
vr¢(t): difference amplifier’s output signal, (d) é;,(¢): input or line current).

mated output voltage ripple ves () is obtained by stepping down the output signal

of phase shifter by a factor of A\ = 5/« before it is subtracted from the sampled

output voltage using difference amplifier. The simulated operating waveforms of

the difference amplifier are shown in Fig. 2.14. It can be seen that the ampli-

tude of the estimated output voltage ripple v.s(t) (with a peak-to-peak voltage

of 500 mV,;,) closely matches that of the sampled output voltage ripple (with a

peak-to-peak voltage of 520 mV,,,). After subtraction, the sampled output volt-
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age ripple is greatly reduced in amplitude and the resultant signal v, ¢(¢), which
will be further processed by the voltage error amplifier, is nearly ripple-free. As a
result, even with an increased bandwidth of the voltage control loop, the output
signal of the voltage error amplifier v,¢,(t) is almost always ripple-free as depicted
in Fig. 2.11(a), which leads to a near sinusoidal input current waveform as shown

in Fig. 2.14.
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2.5 Experimental Verification

Table 2.1: Specifications of boost PFC pre-regulator prototype.

Description Parameter Value
Nominal input or line voltage (rms) Vi 110 Vs
Nominal input or line frequency Srine 60 Hz
Nominal output voltage Vs 400 V
Nominal output power P, 200 W
Nominal load resistance R, 800
Output capacitance C, 16 pF
Maximum gain of amplitude tuner Roo/ Ry 4
Minimum gain of amplitude tuner Rop/ Ry 0.3

In this section, the proposed ripple estimation/cancellation circuit is verified
by its implementation in an ACM-controlled boost PFC pre-regulator with the
specifications listed in Table 2.1. The PFC pre-regulator’s unity-gain-bandwidth
is designed to be approximately 60 Hz in order to emulate the worst-case sce-
nario where the output voltage ripple is large and the unity-gain-bandwidth is
significantly larger than that encountered in conventional design (< 10 Hz) for
achieving fast dynamic response. To demonstrate the improvement in power
factor as a result of implementing the proposed ripple estimation/cancellation
circuit, a second PFC pre-regulator is constructed with the same specifications

but with no the ripple estimation/cancellation circuit implemented.

Fig. 2.15 shows the steady-state input and output waveforms of the boost PFC
pre-regulator prototype implemented with the proposed ripple estimation /cancellation
circuit. The measured average output voltage and current is 402.9 V and 513.6 mA,
respectively, and the efficiency is 90 %. The power factor was measured to be
0.999 by using Voltech Single-Phase Power Meter PM100. The total harmonic
distortion (THD) of the PFC pre-regulator’s input current is calculated to be

4.62 % from the FFT spectrum shown in Fig. 2.20(a). The near-unity power
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Figure 2.15: Input and output waveforms of boost PFC pre-regulator prototype
(vin(t): input or line voltage, i;,(t): input or line current, v,(t): output voltage,
io(t): output current).

factor as well as low THD verify that the PFC pre-regulator’s input current
iin(t) is very close to an ideal sinusoidal waveform and is in phase with the line
voltage v;,(t). Considering that the prototype was designed to have a large
unity-gain-bandwidth and therefore insufficient attenuation at the double-line
frequency, the achievement of near-unity power factor implies that the effect of
the double-line frequency component has been successfully attenuated by ripple
estimation/cancellation, and that the PFC pre-regulator’s unity-gain-bandwidth

can be designed independently from its power factor requirement.

Next, the operation of the proposed ripple estimation/cancellation circuit is
verified by probing into the main operating waveforms of its individual parts,
beginning with the amplitude tuner. Fig. 2.16 shows the input and output wave-
forms of the amplitude tuner. Recall that 9,4(¢) is the unmodified ripple template,
at,(t) is the sampled output voltage ripple based on which the amplitude of 0,.(%)
is tuned, and 94 (t) and ©/,(t) is the unfiltered and filtered amplitude-tuned ripple
template, respectively, where |0/,(t)| = |a¥,(t)|. From the measured waveforms,
it can be seen that the unmodified ripple template 0,4(¢) has a peak-to-peak volt-

age of 2.31 V,, while the sampled output voltage ripple a?,(t) has a peak-to-peak
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Figure 2.16: Main operating waveforms of amplitude tuner (9,4(¢): unmodified
ripple template, 0,,(t): unfiltered amplitude-tuned ripple template, o/,(¢): filtered
amplitude-tuned ripple template, ad,(t): sampled output voltage ripple).

voltage of 5.8 V,. At the output of the amplitude tuner, the amplitude of the
modified ripple template o/,(¢) has been tuned to the same value as that of the
sampled output voltage ripple ad,(t), i.e. 5.8 V. Fig. 2.16 also shows that the
additional phase shift caused by the LPF at the amplitude tuner’s output is small

and negligible.

The amplitude-tuned ripple template 7/,(¢) is further processed by the phase
shifter that equalizes its phase with that of the sampled output voltage ripple
at,(t). The main operating waveforms of the phase shifter are shown in Fig. 2.17.
It can be observed that despite the initial large phase difference between the
amplitude-tuned ripple template o/,(¢) and the sampled output voltage ripple
at,(t) (the reference waveform), the phase shifter has correctly matched the phase
of the former to that of the latter. In other words, the output of the phase shifter
0%, (t) represents a near-ideal replica of the sampled output voltage ripple ad,(t).
Before it is subtracted from the sampled output voltage fv,(t), the output of the
phase shifter ”,(t) is stepped down by a factor of A = 3/« to account for the
different sampling gains used in the ripple estimation network (a) and voltage

control loop ().
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Figure 2.17: Main operating waveforms of phase shifter (¢/,(¢): amplitude-tuned
ripple template, 97,(¢): amplitude-and-phase-tuned ripple template or estimated
output voltage ripple, av,(t): sampled output voltage ripple).

The accuracy of the estimated output voltage ripple veq(t) [= A0 (t)] can
be evaluated by measuring the output of the difference amplifier that performs
the subtraction between the sampled output voltage [v,(t) and the estimated
output voltage ripple v.s(t). Fig. 2.18 shows the input and output waveforms
of the difference amplifier, from which it can be seen that despite the presence
of a significant amount of double-line frequency component (with a peak-to-peak
voltage of 520 mV,,;,) in the sampled output voltage, the output of the difference
amplifier v, ¢(t) [= Bu,(t) —vest(t)] is near ripple-free (with a peak-to-peak voltage
of 50 mV,,) with an average value of 2.53 V. Since it forms the input signal to
the voltage error amplifier, it can be deduced that the output of the voltage
error amplifier is also near ripple-free, hence the input current i;,(t) of the boost
PFC pre-regulator, as shown in Fig. 2.18, is an undistorted, near-ideal sinusoidal

waveform.

Next, two boost PFC pre-regulators, one with ripple estimation/cancellation
and the other without, are compared in terms of their power factor and dynamic
response performances when both are subjected to step changes in operating con-

ditions. Fig. 2.19(a) and (b) shows the measured input and output waveforms of
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Figure 2.18: Input and output waveforms of difference amplifier (57,(t): sampled
output voltage ripple, veq(t): estimated output voltage ripple, v, ¢(t): output of
difference amplifier, i;,(t): input or line current).

the PFC pre-regulator with ripple estimation/cancellation when subjected to a
step load decrease and increase, respectively. Fig. 2.19(c) and (d) shows the same
waveforms of the PFC pre-regulator without ripple estimation/cancellation under
the same step load changes. Since both PFC pre-regulators are designed to have
the same unity-gain-bandwidth, they exhibit very similar dynamic characteristic
in response to the step load changes, with a settling time of approximately 38 ms.
However, in the former case, the PFC pre-regulator operates consistently with a
near-unity power factor of 0.999 before and after the step load changes, while in
the latter case, the PFC pre-regulator’s power factor varies as the load condition
changes (0.952 at nominal load and 0.92 at half-load). Fig. 2.20 shows the FFT
spectra of the PFC pre-regulator’s input current with and without ripple estima-
tion/cancellation under full-load and half-load conditions. With the aid of the
proposed ripple estimation/cancellation network, the THD of the input current
has been reduced from 25.17 % to 4.62 % at full load and from 31.05 % to 3.31 % at
half load. Fig. 2.21 shows that even when the operating conditions have changed
significantly with a 50% reduction in load, the ripple estimation/cancellation cir-

cuit is able to generate an accurate replica of the sampled output voltage ripple,
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Figure 2.19: Input and output waveforms of boost PFC pre-regulator with [(a)
and (b)] and without [(c) and (d)] ripple estimation/cancellation under step de-
crease [(a) and (c¢)] and increase [(b) and (d)] in load.

and hence eliminates it before it propagates through the voltage error amplifier.
With the implementation of ripple estimation/cancellation, the double-line fre-
quency component at the input of the voltage error amplifier has been reduced

in amplitude from 269 mV,, to 32 mV,,.

Subsequently, the two boost PFC pre-regulators are subjected to step changes
in line voltage and frequency, both of which are commonly encountered in practice
by PFC pre-regulators. In the former case, the line voltage is stepped from the
nominal value of 110 V., to 150 Vs and back to 110 V., while in the latter

case, the line frequency is stepped from the nominal value of 60 Hz to 50 Hz and
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Figure 2.20: FFT spectra of the input current of boost PFC pre-regulator proto-
type with [(a) and (b)] and without [(c) and (d)] ripple estimation/cancellation
under full-load [(a) and (c)] and half-load [(b) and (d)] conditions.

back to 60 Hz. The measured input and output waveforms for both cases are

shown in Fig. 2.22 and Fig. 2.23, respectively.

In the case of line voltage variation, the PFC pre-regulator with ripple esti-
mation/cancellation operates with a power factor of 0.999 at V;,, =110 Vs and
0.998 at V;, =150 V,,s. Near-unity power factor is achieved under both line
voltages due to the elimination of the double-line frequency component from the
voltage control loop by means of ripple cancellation. As depicted in Fig. 2.24,
the THD of the input current at V;, =150 V., has been reduced from 45.74 %

to 5.09 % with the aid of proposed ripple estimation/cancellation network. As
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Figure 2.21: Input and output waveforms of difference amplifier under half-load
condition (87,(t): sampled output voltage ripple, v.q(t): estimated output volt-
age ripple, v, f(t): output of difference amplifier, i;,(¢): input or line current).

shown in Fig. 2.25, the double-line frequency component at the input of the volt-
age error amplifier has been reduced in amplitude from 500 mV, to 48 mV,,, after
ripple cancellation. On the contrary, the power factor of the PFC pre-regulator
with no ripple estimation/cancellation has decreased from 0.952 at V;,, =110 Vs
to 0.862 at V;, =150 V.. Once again it is shown that the implementation of
ripple estimation/cancellation can significantly reduce the sensitivity of PFC pre-

regulator’s power factor to changes in operating conditions.

In the case of line frequency variation, the PFC pre-regulator with ripple es-
timation/cancellation operates with a power factor of 0.999 at both f;,. =50 Hz
and fi;n. =60 Hz, while the power factor of the PFC pre-regulator with no ripple
estimation/cancellation has decreased slightly from 0.952 at f;;,. =60 Hz to 0.951
at fine =0 Hz. It can be calculated from the FFT spectra shown in Fig. 2.26
that the THD of the PFC pre-regulator’s input current at f;,. =50 Hz is reduced
by approximately 83 % with the aid of ripple estimation/cancellation. Fig. 2.27
shows that the proposed ripple estimation/cancellation circuit is capable of track-
ing the line frequency variation and producing an accurate estimation of the sam-

pled output voltage ripple. With the aid of ripple estimation/cancellation, the
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Figure 2.22: Input and output waveforms of boost PFC pre-regulator with [(a)

and (b)] and without [(c) and (d)] ripple estimation/cancellation under step in-
crease [(a) and (c)] and decrease [(b) and (d)] in line voltage.

double-line frequency component at the input of the voltage error amplifier has

been reduced in amplitude from 590 mV,, to 59 mV,,, after ripple cancellation.

Finally, the influence of output capacitor’s size on the performance of boost
PFC pre-regulator with ripple estimation/cancellation is investigated by dou-
bling its output capacitance from 16 uF to 32 pF. In general, increasing output
capacitance has the effect of increasing the phase shift 0, (towards —90°) of the
output voltage ripple 0,(t) relative to the ripple template v,4(t), and vice versa,
hence altering output capacitance provides a useful test to check if the ripple

estimation/cancellation circuit can adaptively adjust and match the phase of the
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Figure 2.23: Input and output waveforms of boost PFC pre-regulator with [(a)
and (b)] and without [(c) and (d)] ripple estimation/cancellation under step de-
crease [(a) and (c¢)] and increase [(b) and (d)] in line frequency.

ripple template to that of the output voltage ripple correctly. In addition, the
output capacitance of PFC pre-regulators may change during their operation
due to temperature change or aging, thus it is important that the ripple esti-
mation/cancellation circuit will consistently produce accurate estimation of the
output voltage ripple under these varying conditions. Such feature is impossible
with the non-adaptive ripple estimation/cancellation circuit based on the use of
Eq. (1.15). Fig. 2.28 shows that the double-line frequency component at the in-
put of the voltage error amplifier has been reduced in amplitude from 257 mV,,

to 35 mV,,, after ripple cancellation. Hence, the desired near-unity power factor
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Figure 2.24: FFT spectra of the input current of boost PFC pre-regulator proto-
type (a) with and (b) without ripple estimation/cancellation at V;, =150 V.

and low THD of the PFC pre-regulator’s input current (3.46% calculated from
the FFT spectrum shown in Fig. 2.29) are unaffected by a significant change in

output capacitance.
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Figure 2.27: Input and output waveforms of difference amplifier at f;;,. =50 Hz
(BU,(t): sampled output voltage ripple, ves(f): estimated output voltage ripple,
vr£(t): output of difference amplifier, 4;,(¢): input or line current).
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Figure 2.28: Input and output waveforms of difference amplifier at C, =32 pF
(BU,(t): sampled output voltage ripple, ves(f): estimated output voltage ripple,
vrp(t): output of difference amplifier, 4;,(¢): input or line current).
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63
2.6 Conclusion

In this chapter, a ripple-free fast controller for PFC pre-regulator was pro-
posed. The PFC pre-regulator acquires its fast response from a wideband (com-
pared to conventional PFC controller), ripple-free controller enabled by the elim-
ination of the double-line frequency component from the feedback loop by means
of ripple estimation/cancellation. In contrary to the previously reported versions
of ripple estimation/cancellation circuits, which depend on several fundamental
assumptions that inherently limit their accuracy and range of applicability, the
proposed one is based on the reproduction of the actual output voltage ripple
by tuning the amplitude and phase of a ripple template using switched-resistor
circuits. Although the proposed circuit is more complex compared to the ba-
sic version reported in [64], this generalized two-step approach enables accurate
estimation of the output voltage ripple under a wide range of operating condi-
tions, and its effectiveness was experimentally verified on a 200-W boost PFC
pre-regulator under changes in load power, line voltage, line frequency, and out-
put capacitance. It was demonstrated that, when compared to a conventional
PFC pre-regulator having the same unity-gain bandwidth, the one implemented
with the proposed ripple estimation/cancellation circuit can achieve near-unity
power factor while exhibiting fast dynamic response. Finally, integration of the
proposed ripple estimation/cancellation circuit with the existing commercial PFC
controllers is expected to lead to significantly improved power-factor and dynamic

performances at the expense of small additional cost.
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Chapter 3

A Ripple Estimation Method
Based on Minimum Local

Cancellation Error

3.1 Introduction

In Chapter 2, a precise ripple estimation/cancellation circuit that consists of
an amplitude tuner and a phase shifter was proposed. The estimated output
voltage ripple is capable of tracking the sampled output voltage ripple closely
both in magnitude and in phase angle over a wide range of operating condi-
tions. As a result of precise ripple cancellation, both input and output signals of
the voltage error amplifier are approaching ripple-free, which leads to near-unity
power factor and low THD of input current. Although near-ideal ripple estima-
tion/cancellation is achievable, the proposed ripple estimation network is very
complex as it involves many switching components and their control and drive
circuitries. In this chapter, attempt will be made to find ways to reduce the com-
plexity of the proposed ripple estimation/cancellation circuit, while maintaining

high power factor and fast dynamic response of the PFC pre-regulator.
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In this chapter, the figures of merit of PFC pre-regulator implemented with
ripple cancellation are first derived in Section 3.2. Based on the results obtained,
an equation describing the optimum amplitude of estimated output voltage rip-
ple that leads to minimum local cancellation error is obtained in Section 3.3. In
Section 3.4, a new ripple estimation method that tracks the optimum amplitude
and minimizes local cancellation error is proposed. Simulation results will be
presented in Section 3.5 to verify the operation of the proposed ripple estimation
method and its method of implementation. Following this, an experimental proto-
type is constructed and tested under different operating conditions in Section 3.6
using a 200-W boost PFC pre-regulator as power stage. Finally, conclusion is

given in Section 3.7.

3.2 Derivation of Main Figures of Merit of PFC

Pre-regulator with Ripple Cancellation

Voltage Error Ve(l‘) - !v’f (t) + ﬂV (t)
Amplifier %+ : %_ o

Km | Vin(t)|

Figure 3.1: Basic configuration of the PFC pre-regulator’s outer voltage control
loop including ripple estimation/cancellation.

Fig. 3.1 shows the basic configuration of a PFC pre-regulator’s outer-voltage
control loop including ripple estimation/cancellation, where [v,(t) and veq(t)
is the sampled output voltage and the estimated output voltage ripple, respec-
tively. In the voltage control loop, the estimated output voltage ripple v (t)
is first subtracted from the sampled output voltage [v,(t) in order to produce

an (ideally) ripple-free output voltage signal v,¢(t). Next, the error voltage,
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Ve(t) = Viey — vp4(t), is amplified by the compensation network, and its output
voltage vyeq(t) is subsequently multiplied by the rectified line voltage template
Ky, |vin(t)| to obtain the input current reference signal 4,.7(t), which, essentially,

determines the line current waveform.

Assume that the PFC pre-regulator is operating with a unity power factor
and its output voltage (with respect to line voltage) contains a dc component
and a double-line frequency component, as described by Eq. (3.1), where wyn,
is the angular line frequency and 6, = tan™! (wyneRoC,) varies in the range of

0° <6, <90°. The resulting sampled output voltage Sv,(t) is given by Eq. (3.2).

vot) = Vi +0,(1)

= V, =V, cos 2wiinet — 0,) (3.1)

Boo(t) = B (Vo+ (1))
= 6‘/0 - 5‘/; COos (2wlinet - 00) (32)

where V, and V, is the average output voltage and the amplitude of the output

voltage ripple, respectively.

Assume that the estimated output voltage ripple has an amplitude of V4 and
a phase angle of 0., (with respect to line voltage), it can be written mathemat-
ically as

Uest(t) = _Vrest COS (2wlinet - eest) (33)

where 0° < 6., < 90°.

By subtracting the estimated output voltage ripple veq(t) from the sampled

output voltage (v,(t), the resultant signal v, ;(¢) with reduced ripple size, which
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constitutes the input of the compensation network, is given by Eq. (3.4).

Urp(t) = Buo(t) — vest(t)
- [ﬁ‘/o - 6‘/;" COs <2wlinet - 90)] - [_V:ast COs (zwlinet - 068t>]

6‘/0 + Al . ﬁ‘/r - COS (2wlinet — Hrf) if 0> cos o

coS Ocst

- (3.4)
BV, — Ay - BV, - cos (QWlmet — Qrf) if p < C((:)c;seizt
where
V:?st
- 3.5
ST (3.5)
Al - \/[p — COS (66375 - 90)]2 + Sin2 (963t - 90) (36>

in 6,y — sin
0, = tan™? (p P Vest — ST ) , where —90° < 6,; <90°  (3.7)

pcos B — cosb,

Commonly, 6, is close to 90° for most PFC pre-regulators with reasonably
large output capacitor in order to create a low impedance path for the flow of
the double-line frequency component. In fact, this condition is imposed in all
existing ripple estimation methods and, therefore, 6. is typically set to be 90°
(i.e. Bt = 90°) such that the phase difference between the estimated output
voltage ripple ves(t) and the sampled output voltage ripple S7,(t) is (ideally)
equal to zero, i.e. (fest — 0,) — (90° —90°) = 0°. Based on this assumption,

cos 0,

the value of p is always less than w050 and, hence, only the case of p < <ot

cos Oest

(0t = 90°) as given by Eq. (3.4) is considered in the following analysis.

After the subtraction, v,¢(t) is further processed by the compensation net-
work, which includes a reference voltage V,.y and a voltage error amplifier. Let
Gaw,;,. and Oy, be the gain and the phase shift introduced by the compensa-

tion network at the double-line frequency, respectively, the output signal of the
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voltage error amplifier is given by Eq. (3.8).

Uvea(t) - %ea"’qjvea(t)

- Vtvea + Gleme : Al . ﬁ‘/:,« - COS <2wlmet - erf + 020)””6)

G2wline ) Al ) 5‘/

= Viea |1+ v = cos (2wiinet + (0o, — Orp)) | (3.8)

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

Subsequently, v,q(t) is multiplied by the rectified line voltage template K,,V,, [sin (wynet)|
to obtain the input (or line) current reference waveform 4,.(t), which is given by
Eq. (3.9), where K, is the line-voltage-step-down ratio and V,, is the peak value
of the line voltage.

Wiine A : r
GQ lmev 1 Bv CcOS (2wlmet + (92wlz‘ne — Hrf))

Z-7“ef (t) = Km‘/p |Sin (wl'met)‘ Vvea 1+

(3.9)

The input current reference waveform i, ¢(t) is then compared with the sensed
inductor current iy (t)Rs through the inner current control loop, where iy (t) 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.

ir(t)Rs = irer(t). Hence, the switching-cycle-averaged inductor current is given

by

KnVpViea | . G, - A1 - BV,
—p |S].n (wlznet” 1 + 2 line 1 /8

.
i (t) R, Viea

COs (2wlzn5t + (02wline - 07"]0))
(3.10)

Since the inductor current is equal to the rectified input current, the input
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current waveform can be obtained as follows.

K LA,
i) = 2 i 1) |1 E BT o (4 (O, 611)
= i1 (t) + i3 () (3.11)
where
KV Vaea A\
iimi(t) = —p\/ 1 — (k1 Ay) cos (O, — Orp) + ( - 1)
R, 2
. _ klAl sin (620_, —
inel — tan™! Line 3.12
St |:CU[ an (2 — ]{,'1141 COS 92%"6 — ( )
K,V Vieo k1A .
Gins(t) = pf ( 12 1) sin (3wiinet + (020, — Orp)) (3.13)
and
Gl BV,
ky = % (3.14)

By using Eq. (3.11)-Eq. (3.14), the total harmonic distortion (THD) of the
input current and power factor (PF) of the PFC pre-regulator can be derived as
given by Eq. (3.15) and Eq. (3.16), respectively. The total harmonic distortion
(THD) and power factor (PF) are plotted as a function of (6s,,,,, — 6,7) with k1 4;
as parameter in Fig. 3.2 and Fig. 3.3, respectively. Assuming that PI-controller is
chosen for the compensation network of the voltage control loop, and since 8s,,, .
ranges from —90° to 0°, the resultant phase angle (6. — 0r7) is bounded by
—180° and 90°.

THD = h Ay (3.15)
\/4 —4 (k'lAl) COS (egwlme - erf) + (]{31141)2
PF — \/§ (1 —0.5 (k?lAl) COS (sz”ne — Hrf)) (316)

V2 (k1A =2 (k1 A)) 05 (O, — Orp)
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From Eq. (3.15) and Eq. (3.16), it can be seen that both THD and PF are
related to the values of ki, Ay, 0y, and 6,;. However, as depicted in Fig. 3.2
and Fig. 3.3, it can be observed that when the resultant value of kjA; is small,
a small total harmonic distortion as well as a high power factor are obtained. In
other words, they imply that small values of the product ki A; are desirable for
achieving high power factor.

100
80

60

20

Total Harmonic Distortion (THD %)

\

|
-980 -135 -90 -45 0 45 90
szﬁm—’ erf (dw)

Figure 3.2: Total harmonic distortion (THD %) versus (6s,,,,. —6, ) with different
values of ki A;.

1.05

Power Factor (PF)

0.8

0.75

O—'ZBO

5
szlh’l; Hrf (dw)

Figure 3.3: Power factor (PF) versus (6a,,,, — 6ry) with different values of k1 A;.
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3.3 Optimum Amplitude of Estimated Output
Voltage Ripple in the Presence of Phase Es-
timation Error

As discussed in the previous section, in order to achieve a high power factor, it
is necessary to minimize the value of the product k1 A;. However, from Eq. (3.14),
it can be observed that k; is directly proportional to Gy, ., which is related to
the closed-loop bandwidth of the PFC pre-regulator. This implies that when the
bandwidth of the PFC pre-regulator is extended for improved dynamic response,
ky will also be increased accordingly. In this case, A; should be minimized in
order to reduce the value of the product ki A; as much as possible so that both

fast dynamic response and high power factor can be accomplished simultaneously.

20— N

0 0.2 0.4 0.6 0.8 1 12 14 16 18 2

0
Figure 3.4: Plot of A; versus p, where p = V. /BV,.

Recall that A; is a function of p and the phase difference between 6., and 6,
as given by Eq. (3.17). A graphical representation of A; plotted against p for dif-
ferent values of (0. — 6,) is shown in Fig. 3.4. By differentiating A; with respect
to p, as is done in Eq. (3.18), it can be solved that A; is at its minimum value

when p = cos (05t — 0,), which gives Ay = sin (0.5; — 0,) as given by Eq. (3.19).
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Al = \/[p — COS (eest - 90)]2 -+ Sin2 (Qest — 90) (317)

dAi _ p—cosWest —00) (3.18)
PRV rr ey |

| A1gminy || = \/[(Cos (Best — 05)) — €08 (Best — 0,))° + sin? (Gegy — 6,)
= \/ sin? (Qs — 0,)
= |sin (Oest — 06,)| (3.19)

Since p = V. /BV,, it can be deduced that, when 0., # 6,, the estimated
output voltage ripple v.s(t) should have an amplitude of SV cos (0.5 — 6,), i.e.
Vest = BV, cos (Best — 0,), in order to achieve minimum A;. The overall estimated

output voltage ripple that results in minimum A; is given by Eq. (3.20).

Vest(t) = — [BV; €08 (Oest — 0,)] cos (2wiinet — Oest) (3.20)

Eq. (3.20) serves as the basis for an alternative ripple estimation method that
results in minimum cancellation error when the phase estimation is non-zero. The
idea is to eliminate the use of phase shifter, as in done in Chapter 2, and hence
gives rise to a simplified ripple estimation circuit. A more detailed description
of the proposed ripple estimation method and its implementation is given in the

next section.
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Figure 3.5: PFC pre-regulator system with proposed ripple estimation circuit.

3.4 Ripple Estimation Based on Minimum Lo-
cal Cancellation Error and Its Implementa-

tion

Fig. 3.5 shows the block diagram of a general PFC pre-regulator implemented
with the proposed ripple estimation/cancellation circuit. An unmodified ripple
template 9,4(t) is obtained by the ripple template generator, which multiplies the
stepped-down rectified line voltage K, |vi,(t)| and the input current reference
signal i,.f(t), followed by high-pass filtering that removes the dc component.
Assuming that unity power factor is achieved, these two signals can be written as
K.,V sin(wiinet)| and I, |sin(wyinet)| Rs, respectively, where I, is the peak value

of the PFC pre-regulator’s input current. Thus, the ripple template 0,4(t) is
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generated by the process described by Eq. (3.21).

[GL B [0in (D] - [Gatres (2)]
= [GLEnVy [sin(wimet) ] - [Galy [sin(wimet)| ]
= V(1 — cos(2wiinet))
P G(8) = Vi cos (2wimet) (3.21)
where G and G is the amplification gain for K, |v;,(t)| and 4,.f(t), respectively,
and V. = P, K,,R.G1G5.

As discussed earlier, the output voltage ripple of PFC pre-regulators has a
typical phase shift that approaches 90° in the presence of a reasonably large
output capacitor, a condition that is generally met by PFC pre-regulators for
achieving small output voltage ripple size. Hence, in the proposed ripple esti-
mation method, the ripple template 9,4(t) is constantly shifted by 90° and the

phase-shifted ripple template ¢/,(¢) is given by Eq. (3.22).

@;t(t) - _‘/T’t COS (2wlinet - 900) (322)

The phase-shifted ripple template o,,(¢) is then fed into the amplitude tuner,
which will equalize the amplitude of the phase-shifted ripple template v.,(¢) with
that of the reference signal v,,(t). According to Eq. (3.20), the amplitude of the
estimated output voltage ripple should be made proportional to cos (0.s — 6,),
which in turn is related to the phase difference between the estimated and sampled
(actual) output voltage ripple, i.e. (fest — 0,). The rest of this section describes
the method to obtain (6. — 6,) from the output voltage ripple. The output volt-
age ripple is first sampled from the PFC pre-regulator’s output with a sampling

gain of « followed by high-pass filtering. The sampled output voltage ripple is
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given by Eq. (3.23).

av,(t) = aV, —aV, cos (2wiinet — 0,)

B 0b,(t) = —aV, cos (2winet — 6,) (3.23)

Next, the sampled output voltage ripple at,(t) and the phase-shifted ripple
template 7,(t) are passed to the phase difference detector, which generates the
phase difference signal and the value of cos (6.s; — 6,). The output of the phase
difference detector, i.e. cos (6.5t — 6,), is multiplied by the sampled output voltage
ripple a?,(t) to obtain the reference signal for the amplitude tuner, as given by
Eq. (3.24).

Var(t) = —aV, cos (O — 0,) cos (2wiinet — 0,) (3.24)

By modifying the amplitude of the phase-shifted ripple template o.,(¢) through
the action of the amplitude tuner, it (0/,(¢)) will acquire the same amplitude as
the reference signal v, (t), i.e. |0/ (t)] = aV; cos (st — 0,). Considering that G
equals to 90° as discussed earlier, the output signal of the amplitude tuner is

therefore given by Eq. (3.25).

or(t) = —aV, cos (90° — 6,) cos (2wyinet — 90°) (3.25)

Finally, due to the difference between the sampling ratios o and [, as illus-
trated in Fig. 3.5, the output signal of the amplitude tuner 7, (¢) is adjusted by a

gain of A = 8/« before it is subtracted from the sampled output voltage Sv,(t).

3.4.1 Phase Difference Detector

The schematic diagram of the proposed phase difference detector is shown

in Fig. 3.6. It is used to detect and generate a signal that represents the phase
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Figure 3.6: Schematic diagram of the proposed phase difference detector.

difference between the phase-shifted ripple template ¢/, () and the sampled output
voltage ripple a7,(t), and subsequently approximates the cosine value of the phase
difference. The key operating waveforms of the phase difference detector are

depicted in Fig. 3.7.

The operation of the phase difference detector is described as follows. It takes
the two input signals, 0/,(t) and a¥,(t), and compares them individually with
0 V to detect the zero crossing points (ZCP) of each signal. By comparing the
comparator’s output signals, v (t) and vs(t), through an exclusive-or (XOR)
gate, the phase difference between v/,(t) and ad,(t), i.e. 8, = .5t — 0,, is reflected
by the duty cycle of the XOR-gate’s output signal v,(t). The sequence of actions
described are shown in Fig. 3.7(c)—(e).

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. ©.,(¢) and
at,(t). This is achieved by adding a low-pass filter (R; — Cy) and a gain stage of
o to convert the phase difference information from duty cycle to radian, and sub-
sequently use the result to approximate its cosine value, i.e. v, (t) = cos (v4(t)),

where v,,(t) is the output signal of the phase difference detector. Considering
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Figure 3.7: Operating waveforms of the proposed phase difference detector.

that (0 — 0,) is usually small, as 6, — 90° for reasonably large output capac-

itor, the cosine function can realized using small-angle approximation, as given

by Eq. (3.26), in order to realize it using analog circuit.

where ¢ is in radian.

(3.26)
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Finally, the output signal of the phase difference detector v,,(t) is multiplied
by the sampled output voltage ripple a,(t) to generate the reference signal for

the amplitude tuner v,,.(t), as described by Eq. (3.27).

varll) = ot) - ()
= [cos (Best — 0,)] - [~V cos (2wiinet — 6,)]

= —aV, cos (Ot — 0,) cos (2wyinet — 0,) (3.27)

3.4.2 Amplitude Tuner

Ry Su

0,0 70
é -]

:| Peak
i |Detector

Amplifier "

Peak
/l/l Detector
Viamp(£) |
v, t)

(reference signal)

Figure 3.8: Schematic diagram of the proposed amplitude tuner.

By using v,-(t) as the reference signal, the phase-shifted ripple template
0/,(t) is modified in amplitude through the action of the amplitude tuner. The
schematic diagram of the amplitude tuner is shown in Fig. 3.8. It is essentially an
inverting amplifier with an adjustable gain as determined by the amplitude dif-
ference between v.,(t) and v,,.(t). To realize an electronically adjustable gain, the
fixed feedback resistance used in a conventional inverting amplifier is replaced by

two resistors Ry, and Rgyp, each connected in series with a switch having a turn-on
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time of dTs and (1 — d) Ty, respectively, where d is the duty cycle of switch S,
and 1/T} is the switching frequency. The output signal of the inverting amplifier
Uqt(t) is then smoothed by a low-pass filter (R, — C,) (having a cut-off frequency
that is much lower than the switching frequency but higher than the double-line
frequency) to obtain an amplitude-modified version of the phase-shifted ripple
template. By the principle of duty-cycle averaging, the average voltage gain of

the inverting amplifier H,(d) is given by

H,(d) = —R;(d> (3.28)
Ry(d) = dRyq + (1 — d) Ry (3.29)

At steady state, the amplitude of the modified ripple template 0,,(t) is equal
to that of the reference signal v, (t), i.e. [U40(t)] = @V cos(fest — 6,), while
its phase is inverted compared to its input signal o,,(¢). Recall that o/,(t) =
— V3t cos (2wiinet — 90°). The filtered amplitude-tuned ripple template is therefore
given by Eq. (3.30).

Dao(t) = aV,. cos (Best — 0,) cos (2wyinet — 90°)

eestzgoo

aV,.cos (90° — 6,) cos (2wyinet — 90°) (3.30)

In order to provide the required phase inversion, a unity-gain inverting am-
plifier is added after the low-pass filter. The result, as given by Eq. (3.31), is the
desired estimated output voltage ripple signal given by Eq. (3.20), except for a

difference in gain, i.e. a vs .

o (t) = —aV, cos (90° — 0,) cos (2wiinet — 90°) (3.31)
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To account for this difference in gain, the output signal of the amplitude tuner

~1
Urt

(t) is modified by a gain of A = 3/« before it is subtracted from the sampled
output voltage fu,(t). This produces the estimated output voltage ripple v (%)

as given by Eq. (3.32), which agrees with Eq. (3.20).

watt) = (2) -0

«
= (g) - [—aV, cos (90° — 6,) cos (2wyinet — 90°)]
= —pV,cos(90° — 0,) cos (2wiinet — 90°) (3.32)

3.5 Simulation Results

In this section, the proposed ripple estimation/cancellation circuit, which
mainly consists of a constant-90° phase-shifter, an amplitude tuner and a phase
difference detector, is simulated with a 200-W boost PFC pre-regulator as power
stage. The nominal input voltage is 110-Vrms/60-Hz, while the boost inductor
and the output capacitor is 1 mH and 16 uF, respectively. The loop gain crossover

frequency of the PFC pre-regulator is configured to be 60 Hz.

Fig. 3.9(a) and Fig. 3.9(b) shows the simulated (i) output voltages, (ii) scaled-
down input voltages and input currents, and (iii) voltage error amplifier’s output
signals of PFC pre-regulators with and without ripple estimation/cancellation,
respectively, operating under nominal conditions. The average output voltages
of both PFC pre-regulators are 400 Vdc. With the aid of the proposed ripple
estimation/cancellation circuit, it can be seen that the amplitude of the ripple
component in the voltage error amplifier’s output signal v,e,(t) is reduced, which

leads to a near-sinusoidal input current waveform.

The simulated operating waveforms of the phase difference detector are shown

in Fig. 3.10. A ripple template ,,(¢) with an initial amplitude of 2.5 V,, is
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Figure 3.9: Simulated input and output waveforms of boost PFC pre-regulator
(a) with and (b) without ripple estimation/cancellation under nominal operating

conditions (v,(t): output voltage, vy, (t)": scaled-down input or line voltage, i, (t):

input or line current, v,.,(t): output signal of voltage error amplifier).

first shifted by 90° to form a phase-shifted ripple template v.,(¢) as shown in
Fig. 3.10(a). Through the actions of the comparators and an XOR gate, the phase
difference between 0/,(t) and «av,(t) is reflected by the duty cycle of the XOR
gate’s output signal v, (t). By measuring its duty cycle as indicated in Fig. 3.10(c),
it can be calculated that the (average) phase difference between the phase-shifted
ripple template and the sampled output voltage ripple is approximately 13°, i.e.
Oest — 0, = 13°. Using the small-angle approximation circuit, its cosine value is
calculated to be 0.975, which matches the average value of the phase difference

detector’s output signal v,,(¢) as shown in Fig. 3.10(d).

The output signal of the phase difference detector v,,(t) is then multiplied by
the sampled output voltage ripple av,(t) to obtain the reference signal for the
amplitude tuner v,,(¢), which has a peak-to-peak voltage of 5.40 V,,, as shown in
Fig. 3.11(d). From Fig. 3.11(a)(c), it can be seen that the phase-shifted ripple

template v/,(¢) is modified in amplitude such that the filtered amplitude-tuned



83

15 — & (1) T\
1 AN )I‘I\A:: A \Y A1 AVt A A
os | AN LIA N AX / A\ AN/ AN\
ol A INN NN /NN NN\ S
os N4 NN /A NN/ \N\// \\// \// \
LI /== X /o \eX \NY/ \YX|/ X/ \
2y I m900N 1 NS N/ _NAV . N/ \
L (a)
; 7\ N iy av (t) ™\
1 [/ \ uf \i / 1\ N/ / \
o [\ S (R T A AN [\ [\ [\
1 / \ /i N [ssav,\ \ / \ [/ \
5 / \ /i A\ \ / \ / \/
s |\ ! N __1__\/ \/ \/
PR B U
° s 301 D)
10
5
0
o8 Vm (C)
P _vn() =0.975
0.95
0.9
0.85
0.8
0.3 0.31 0.32 (d) 0.33 0.34 0.35

Time (s)

Figure 3.10: Simulated operating waveforms of phase difference detector ((a)
U,¢(t): unmodified ripple template, ©/,(t): phase-shifted ripple template, (b)
at,(t): sampled output voltage ripple, (c¢) v, (t): exclusive-OR (XOR) gate’s
output signal, (d) v,,(t): phase difference detector’s output signal).

ripple template 9,,(t) and the reference signal ©,,.(t) are nearly equal in amplitude.
However, since 04,(t) is out of phase with ¥, (t) (as well as the sampled output
voltage ripple a¥,(t)), T40(t) is subsequently inverted by a unity-gain inverting
amplifier and the resultant signal 0/,(¢) is shown in Fig. 3.11(c).

After the amplitude tuner, its output signal 97,(¢) is stepped down by a factor
of A due to the difference in sampling ratios (o and f) before it is subtracted

from the sampled output voltage fv,(t) using a difference amplifier, as shown in
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Figure 3.11: Simulated operating waveforms of amplitude tuner ((a) o/,(¢): phase-
shifted ripple template, (b) 04 (t): unfiltered amplitude-tuned ripple template,
(€) Dgo(t): filtered amplitude-tuned ripple template, ©,(t): inverted filtered
amplitude-tuned ripple template, (d) v,,(t): reference signal for the amplitude
tuner).

Fig. 3.12. Recall that the phase difference between the sampled output voltage
ripple and the phase-shifted ripple template (as well as the output signal of ampli-
tude tuner 0/%,(t)) is 13°, i.e. o5t — 0, = 13°. By comparing the amplitude of both
the sampled output voltage ripple 870,(t) and the estimated output voltage ripple
Vest(t), as shown in Fig. 3.12(a) and Fig. 3.12(b), respectively, it can be deduced

that the estimated output voltage ripple vey(t) is operating with an amplitude
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Figure 3.12: Simulated input and output waveforms of difference amplifier ((a)
Pu,(t): sampled output voltage, (b) ves(t): estimated output voltage ripple, (c)
v¢(t): difference amplifier’s output signal, (d) é;,(¢): input or line current).

close to BV,.cos(0.st —0,). After subtraction, the amplitude of the sampled output
voltage ripple is reduced from 485 mV,, to 135 mV,,, as shown in Fig. 3.12(c),

which leads to a near sinusoidal input current.
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Table 3.1: Specifications of boost PFC pre-regulator prototype.

Description Parameter Value
Nominal input or line voltage (rms) V; 110 Vs
Nominal input or line frequency frine 60 Hz
Nominal output voltage Vs 400 V
Nominal output power P, 200 W
Nominal load resistance R, 800
Output capacitance C, 16 pF
Maximum gain of amplitude tuner Raq/ Ry 4
Minimum gain of amplitude tuner Rop/ Ry 0.3

3.6 Experimental Verification

In this section, the proposed ripple estimation/cancellation circuit is verified
by its implementation in an ACM-controlled boost PFC pre-regulator with the
specifications listed in Table 3.1. The PFC pre-regulator’s unity-gain-bandwidth
is designed to be approximately 60 Hz, which is larger than that encountered in
conventional design (< 10 Hz) for achieving fast dynamic response. To demon-
strate the improvement in power factor as a result of implementing the proposed
ripple estimation/cancellation circuit, a second PFC pre-regulator is constructed
with the same specifications but without ripple estimation/cancellation circuit

implemented.

Fig. 3.13 shows the steady-state input and output waveforms of the boost PFC
pre-regulator prototype implemented with the proposed ripple estimation/cancellation
circuit. The measured average output voltage and current is 401.89 V and
516.0 mA, respectively. The power factor was measured to be 0.995, and the total
harmonic distortion (THD) of the PFC pre-regulator’s input current is 7.78 % as
given by the FFT spectrum shown in Fig. 3.18(a). The high power factor and
low THD verify that the PFC pre-regulator’s input current i,,(t) is very close

to an ideal sinusoidal waveform and is in phase with the line voltage v;,(t). Be-
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Figure 3.13: Input and output waveforms of boost PFC pre-regulator prototype
(vin(t): input or line voltage, i;,(t): input or line current, v,(t): output voltage,
i,(t): output current).
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Figure 3.14: Main operating waveforms of phase difference detector (av,(t): sam-
pled output voltage ripple, 0.,(t): phase-shifted ripple template, v,(t): exclusive-
or (XOR) gate’s output signal, v,,.(t): reference signal for the amplitude tuner).

sides, it implies that the effect of the double-line frequency component has been
successfully attenuated by ripple estimation/cancellation.

Fig. 3.14 shows the main operating waveforms of the phase difference detec-
tor. As mentioned in Section 3.3, the amplitude of the estimated output voltage
ripple signal is designed to be BV, cos(f.s — 6,). Hence, the phase-shifted rip-
ple template 7/,(t) is compared with the sampled output voltage ripple av,(t),

and the (average) phase difference between them is approximately 13°, which is
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Figure 3.15: Main operating waveforms of amplitude tuner (2/,(¢): phase-shifted
ripple template, 04 (¢): unfiltered amplitude-tuned ripple template, v,,(t): filtered
amplitude-tuned ripple template, v,,(t): reference signal for the amplitude tuner).

calculated by measuring the high-level time interval of the exclusive-or (XOR)
gate’s output signal. From the measured waveforms, it can be calculated that
the sampled output voltage ripple av,(t) is stepped down by a factor of 0.96
(=5.29 V,,/5.50 V,;,), which is close to cos(fest — 6,), and is further used as the

reference signal of the amplitude tuner v,,.(¢).

Subsequently, the phase-shifted ripple template ¢/,(t) (with a peak-to-peak
voltage of 2.47 V,,,) is modified in amplitude by the amplitude tuner, which equal-
izes the amplitude of its input signal with that of its reference signal v,,.(t) (with
a peak-to-peak voltage of 5.3 V,,). The operating waveforms of the amplitude
tuner are depicted in Fig. 3.15. It can be seen that the filtered amplitude-tuned
ripple template 04,(t) is equal in amplitude but out-of-phase with that of the
reference signal v,,.(t). Hence, the filtered amplitude-tuned ripple template 04,(%)
is first inverted by an unity-gain inverting amplifier, before it is stepped down
by a factor of A\ = 8/« and subtracted from the sampled output voltage Sv,(t)

through a difference amplifier.

Fig. 3.16 shows the input and output waveforms of the difference amplifier

under full-load condition. Recall that the phase difference between the sampled
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Figure 3.16: Input and output waveforms of difference amplifier (57,(t): sampled
output voltage ripple, veq(t): estimated output voltage ripple, v, ¢(t): output of
difference amplifier, i;,(t): input or line current).

output voltage ripple 87,(t) and the output signal of the amplitude tuner o7, (¢)
is approximately 13°. By measuring the amplitude of both the sampled output
voltage ripple [7,(t) and the estimated ripple v.g(t), it can be deduced that
the estimated output voltage ripple v (t) [= A0/, (f)] is of an amplitude close
to BV, cos(fess — 0,), which is the optimum operating amplitude suggested by
Eq. (3.20). After subtraction, the amplitude of the sampled output voltage ripple
is reduced to 115 mVy,, before it is further processed by the voltage error amplifier.
As a result, a near-unity power factor as well as an input current with low THD

is obtained.

Next, two boost PFC pre-regulators, one with ripple estimation/cancellation
and the other without, are compared in terms of their power factor and dynamic
performances when both are subjected to step changes in operating conditions.
Fig. 3.17(a) and (b) shows the measured input and output waveforms of the PFC
pre-regulator with ripple estimation/cancellation when subjected to a step load
decrease and increase, respectively. Fig. 3.17(c) and (d) shows the same wave-
forms of the PFC pre-regulator without ripple estimation/cancellation under the

same step load changes. The settling time of both PFC pre-regulators are sim-
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Figure 3.17: Input and output waveforms of boost PFC pre-regulator with [(a)
and (b)] and without [(c) and (d)] ripple estimation/cancellation under step de-
crease [(a) and (c¢)] and increase [(b) and (d)] in load.

ilar (approximately 38 ms) as their loop gain’s crossover frequency are designed
to be the same. With the aid of ripple estimation/cancellation, the PFC pre-
regulator operates with a power factor of 0.995 and of 0.997 under the conditions
of full-load and half-load, respectively, whereas the power factor of the one with-
out ripple estimation/cancellation decreases to 0.952 at nominal load and 0.92 at
half-load without any ripple estimation/cancellation. Fig. 3.18 shows the FFT
spectra of the PFC pre-regulator’s input current with and without ripple esti-
mation/cancellation under full-load and half-load conditions. With the aid of

the proposed ripple estimation/cancellation, the THD of the input current has
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Figure 3.18: FFT spectra of the input current of boost PFC pre-regulator proto-
type with [(a) and (b)] and without [(c) and (d)] ripple estimation/cancellation
under full-load [(a) and (¢)] and half-load [(b) and (d)] conditions.

been reduced from 25.17 % to 7.78 % at full-load and from 31.05 % to 6.57 % at
half-load.

Fig. 3.19 shows the input and output waveforms of the difference amplifier
when the PFC pre-regulator is operating under half-load condition. It can be seen
that the amplitudes of both the sampled output voltage ripple 57,(t) and the es-
timated output voltage ripple v.s(t) are nearly equal (238 mV,, and 239 mV,,).
After subtraction (i.e. v,¢(t) = fv,(t) — vest(t)), the double-line frequency com-
ponent at the input of the voltage error amplifier has been reduced in amplitude

from 238 mV,, to 30 mV,,. The amplitude of the estimated output voltage rip-
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Figure 3.19: Input and output waveforms of difference amplifier (50, (¢): sampled
output voltage ripple, ves(t): estimated output voltage ripple, v, ¢(t): output of
difference amplifier, i;,(t): input or line current).

ple can be determined and explained by Eq. (3.33). When the load is halved,
the phase angle of the output voltage ripple 6,, as suggested by Eq. (3.1) and
Eq. (3.2), will tend to 90°. Recall that 0.4 is made constant and equal to 90°,
hence, according to Eq. (3.20), the estimated output voltage ripple ves(t) should

have an amplitude that is equal to that of S0,(t).

/8‘/7‘ COs (Qest - 60)
Lt 0o BV, cos (90° — 90°)
= BV, cos (0°)

= e (3.33)

Next, the dynamic response of the PFC pre-regulators under the step changes
in line voltage and frequency are investigated. Fig. 3.20 and Fig. 3.21 shows
the input and output waveforms of both PFC pre-regulators (with and without
ripple estimation network) in response to these step changes, respectively. From
Fig. 3.20 and Fig. 3.22, it can be measured that the power factor at V;, =150 Vs

has been improved from 0.862 to 0.990 in the presence of the proposed ripple
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Figure 3.20: Input and output waveforms of boost PFC pre-regulator with [(a)
and (b)] and without [(c) and (d)] ripple estimation/cancellation under step in-
crease [(a) and (c)] and decrease [(b) and (d)] in line voltage.

estimation network, while the THD of input current decreases by approximately
70 %. These improvements can be explained by means of Fig. 3.23, which shows
that the amplitude of the sampled output voltage ripple is reduced from 440 mV,,
to 118 mV,, after subtracting the estimated output voltage ripple v.s(t) having a
peak-to-peak voltage of 430 mV,. Same as before, the estimated output voltage

ripple v.y(t) is operating with an amplitude of 5V} cos(fess — 6,).

In the case of line frequency variation, both PFC pre-regulators reach their
steady state immediately after the line frequency is stepped from fj;,. =60 Hz

to fiine =50 Hz and back to fi,. =60 Hz, as shown in Fig. 3.21. From the key
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Figure 3.21: Input and output waveforms of boost PFC pre-regulator with [(a)
and (b)] and without [(c) and (d)] ripple estimation/cancellation under step de-
crease [(a) and (c)] and increase [(b) and (d)] in line frequency.

waveforms of the difference amplifier at f;;,. =50 Hz depicted in Fig. 3.25, it can
be seen that the amplitude of both the sampled output voltage ripple 89,(t) and
the estimated output voltage ripple ves(t) are increased when the line frequency
is reduced. However, with the aid of the proposed ripple estimation/cancellation,
the measured power factor is near-unity and the THD of input current is reduced

from 27.46 % to 10.08 %, which can be calculated from Fig. 3.24.

Finally, the proposed ripple estimation/cancellation network is tested by dou-
bling the output capacitance, i.e. C, — 32 pF. Similar to the case of half-load

condition, the amplitude of the sampled output voltage ripple S7,(t) is reduced
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Figure 3.22: FFT spectra of the input current of boost PFC pre-regulator proto-
type (a) with and (b) without ripple estimation/cancellation at V;, =150 V.

and its phase angle 6, is towards 90°. As depicted in Fig. 3.26, both the sampled
output voltage ripple 50,(t) and the estimated output voltage ripple ves(t) are
nearly equal in amplitude, i.e. |ves(t)| & |80,(t)], while the peak-to-peak volt-
age of the resulting signal v,;(t) after ripple cancellation is only 45 mV,,. This
reduction in amplitude results in a near-unity power factor of 0.995 and a low

THD of the input current of 7.60 % as measured by Fig. 3.27.
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3.7 Conclusion

In this chapter, a ripple estimation method based on minimum local can-
cellation error was proposed. From the presented mathematical analysis, the
estimated output voltage ripple v.q(t) is suggested to operate with an ampli-
tude that is proportional to the phase difference between the sampled output
voltage ripple and the phase-shifted ripple template, i.e. [V, cos(fes — 0,). A
ripple estimation network, which mainly consists of a phase difference detector
and an amplitude tuner, is proposed. The main function of the phase differ-
ence detector is to approximate the cosine value of the phase difference between
the phase-shifted ripple template 0/,(¢) and the sampled output voltage ripple
at,(t). For the amplitude tuner, it equalizes the amplitude of the phase-shifted
ripple template with that of its reference signal. The proposed ripple estima-
tion network is tested under different operating conditions with a 200-W boost
PFC pre-regulator as power stage having a large loop gain’s crossover frequency.
It was demonstrated that the amplitude of the estimated output voltage ripple
Vest(t) is configured to closely track the optimum value of SV, cos(f.ss — 6,) in
response to variations in load, line voltage, line frequency and output capacitor’s
value. From the experimental results, it was verified that near-unity power factor
and low THD of input current are achieved with the aid of the proposed ripple

estimation network.
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Chapter 4

Performance Comparison and
Analysis of Three Ripple

Estimation Methods

4.1 Introduction

In Chapter 2, a precise ripple estimation method based on amplitude and
phase angle tuning is proposed. By estimating amplitude and phase individually,
it enables an accurate estimation of the output voltage ripple under a wide range
of operating conditions. In this chapter, this method is defined as Method 1
with p = 1 and 0.y = 0,. It was shown that the THD of input current is very
low and near-unity power factor is achieved despite the use of large unity-gain-
bandwidth for achieving fast dynamic response in PFC pre-regulator compared to
conventional design. A block diagram representing this ripple estimation method
is shown in Fig. 4.2(a). Its aim is to produce a minimum global cancellation
error by minimizing both amplitude and phase estimation errors. However, high
complexity is the major drawback of this two-step approach.

In Chapter 3, the tunable phase shifter used in Method 1 is replaced by a

101
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constant phase shift of 90° of the ripple template in order to produce a ripple
estimation circuit having a simpler structure. In the presence of phase estimation
error, the optimum amplitude of the estimated output voltage ripple has been
modified from SV, to 5V, cos (90° — 6,), where 6, is the actual phase angle of the
output voltage ripple. An amplitude tuner is used to regulate the amplitude of
the ripple template to the desired value, i.e. 5V, cos(90° —6,). The aim is to
minimize the amplitude of the error signal processed by the voltage error amplifier
in the presence of phase estimation error. In this chapter, this method is defined
as Method 2 with p = cos (0. — 0,) and 0.5y # 6,, where 0.5 = 90°. Although
the design of the phase shifter is simplified, the complexity of the overall ripple
estimation circuit is not reduced significantly due to the requirement of a phase
difference detector.

Recall from Eq. (3.6) that A; determines to the amplitude of v, ¢(t) [= 57,(t)—
Vest(t)], which is a function of p and (0. — 6,). By plotting the graph of A,
against p with (0.5 — 0,) as parameter, as shown in Fig. 4.1, it can be observed
that the value of A; at p = 1 is close to that at p = cos (0.5 — 0,), unless when
(0cst — 0,) is large. Since A; is closely related to both the THD of input current
and power factor, as suggested by Eq. (3.15) and Eq. (3.16), the performance of
PFC pre-regulator is expected to be similar if A; does not vary significantly. As
6, does not deviate significantly from 90° in most PFC pre-regulators, the phase
estimation error (0. — 6,) is usually small when 6. is set to 90°. In this case,
the value of Ay, and hence, the difference in performance of PFC pre-regulator
with the amplitude of estimated output voltage ripple being V., = [V, and
Vest = BV, cos (05t — 0,) is expected to be small. Based on this analysis, the
phase measurement performed by phase difference detector may be omitted and
the sampled output voltage ripple ad,(t) can be used directly as the reference
signal for the amplitude tuner. As a result, the estimated output voltage ripple

Vest (t) will be of the same amplitude as the sampled output voltage ripple 57,(t),
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Figure 4.1: Plot of A; versus p for different values of (0.y — 6,), where p =
‘/est/B‘/?“

i.e. Vo = BV,. In this chapter, this method is defined as Method 3 with p =1
and 0.5 # 0,. Since the phase difference detector is eliminated, the complexity
of the overall ripple estimation circuit can be reduced significantly.

In this chapter, the performance of these three ripple estimation methods
will be tested and compared by implementing them in a 200-W boost PFC pre-
regulator. The methods of implementation are illustrated by the block diagrams
shown in Fig. 4.2(a), (b), and (c¢). Simulation and experimental results are pre-
sented and discussed in Section 4.2 and Section 4.3, respectively, followed by

Conclusion given in Section 4.4.
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4.2 Simulation Results

In this section, the three ripple estimation/cancellation circuits depicted in
Fig. 4.2 are simulated with a 200-W boost PFC pre-regulator as power stage. The
specifications of the boost PFC pre-regulator are the same as those adopted in the
previous chapters. Fig. 4.3(a), (b), and (c) shows the simulated key waveforms of
the PFC pre-regulator when the estimated output voltage ripple is produced by
Method 1, 2 and 3, respectively. With the aid of ripple estimation/cancellation
circuit, the peak-to-peak voltage of the voltage error amplifier’'s output signal
Uyea(t) is significantly reduced, which results in a near-sinusoidal input current as
shown in Fig. 4.3(a)—(c). However, it can be observed that the degree of reduction
realized by Method 1, involving both amplitude tuner and phase shifter, is the
most significant, resulting in the highest power factor. On the other hand, when
the estimated output voltage ripple is produced by Method 2 and 3, the peak-
to-peak voltages of the voltage error amplifier’s output signals have increased,
although remained considerably smaller compared to the case of no ripple es-
timation/cancellation, which is depicted in Fig. 4.3(d), which causes the input
current to become strongly distorted. From the simulation results, it can be seen
that the input current of the PFC pre-regulator and voltage error amplifier’s

output signal corresponding to Method 2 and 3 are not significantly different.

Next, the simulated operating waveforms of difference amplifier under the
actions of the three ripple estimation/cancellation circuits are shown in Fig. 4.4.
Fig. 4.4(a) shows the smallest peak-to-peak voltage of the difference amplifier’s
output signal v,;(t) when Method 1 is used, since the estimated output voltage
Vest(t) is of the same amplitude and phase angle as the sampled output voltage
ripple 50,(t). As a consequence, the double-line frequency component that is
present at the input of the voltage error amplifier is significantly reduced in

amplitude from 520 mV,, to 45 mV,,. Fig. 4.4(b) and Fig. 4.4(c) shows the
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Figure 4.3: Simulated input and output waveforms of boost PFC pre-regulator
[(a)-(c)] with and (d) without the ripple estimation/cancellation under nominal
operating conditions ((a) Method 1: p = 1 and 0.5 = 6,, (b) Method 2: p =
o8 (Oesy — 0,) and 0.5 # 0,, (c) Method 3: p=1 and 0.4 # 0,).

same waveforms when the ripple estimation/cancellation circuits corresponding
to Method 2 and 3 are used. Both circuits apply a fixed phase angle 6. of
90° to the ripple template, while the amplitude of the estimated output voltage
ripple is tuned to SV, cos (6.t — 6,) and BV, for Method 2 and 3, respectively.

After performing subtraction (i.e. Sv,(t) —vest(t)), the resultant signals v, ;(t) are
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similar in appearance and amplitude for both methods, although Method 3 results
in a slightly smaller amplitude of v,¢(t) compared to Method 2. Nevertheless,
this small difference in amplitude is shown to have negligible impact on the input

current and power factor of the PFC pre-regulator.

Figure 4.4: Simulated input and output waveforms of difference amplifier under
the actions of three ripple estimation/cancellation methods, respectively, under
nominal operating conditions ((a) Method 1: p =1 and 0.5 = 6,, (b) Method 2:
p = cos (Oest — 0,) and 0.5 # 0,, (c) Method 3: p =1 and b5 # 6,).

Subsequently, the PFC pre-regulator under the actions of three different rip-
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ple estimation/cancellation circuits is also simulated for load power, line voltage,
line frequency, output capacitor size different from the nominal values. The sim-
ulated waveforms of difference amplifier and PFC pre-regulator’s input current
for these cases are shown in Fig. 4.5. It can be seen that ripple estimation based
on Method 1 is precise in both amplitude and phase angle, which gives an undis-
torted and near-ideal sinusoidal input current. Although some estimation errors
occur in the estimated output voltage ripple produced by Method 2 and 3 (i.e.
Method 2: p = cos (fest — 0,) and 0.5 # 0, and Method 3: p =1 and . # 6,),
the simulated input current waveforms for both cases do not become significantly
distorted. After performing subtraction, it can be observed that the output signal
of the difference amplifier v, ¢(¢) are similar for both Method 2 and 3, resulting
in similar PFC pre-regulator’s input currents and THD performances. Therefore,
when consideration is given to the complexity of ripple estimation/cancellation
circuit, it is evident that Method 3 is more economically viable and hence more
practical as it consists of an amplitude tuner and a conventional 90° phase shifter
only, and is thus more preferable compared to Method 2. However, under very
stringent THD and power factor requirements, the ripple estimation/cancellation
circuit based on Method 1, having independent amplitude tuning and phase shift-

ing actions, is the ideal solution.
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Figure 4.5: Simulated input and output waveforms of difference amplifier and
PFC pre-regulator’s input current waveforms under the actions of three ripple
estimation/cancellation methods under various operating conditions.
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4.3 Experimental Verification

In this section, the three proposed ripple estimation/cancellation circuits are
implemented and tested experimentally. The power stage used in the exper-
iment is a 200-W boost PFC pre-regulator having a unity-gain-bandwidth of
60 Hz. With this setup, the THD and power factor performances of the PFC pre-
regulator under the actions of the three ripple estimation/cancellation methods
will be investigated individually. The dynamic response of the PFC pre-regulator
in the presence of the proposed ripple estimation/cancellation circuits will also

be studied by subjecting it to step load variations.

Fig. 4.6 shows the input and output waveforms of difference amplifier and the
FFT spectra of input current under nominal conditions. With the aid of both
amplitude tuner and phase shifter, the estimated output voltage ripple vegq(t)
produced by Method 1 is of the same amplitude and phase angle as the sam-
pled output voltage ripple 50,(t), which results in a precise cancellation of the
sampled output voltage ripple and reduces its amplitude to 50 mV,, before it
propagates through the voltage error amplifier. As a consequence, a near-ideal
sinusoidal input current i,,(t) with a very low THD of 4.62 % is obtained, and
the measured power factor is 0.999. In comparison to Method 1, the presence of
phase estimation error generated by Method 2 and 3 caused the measured power
factor to decrease to 0.995, and the THD of PFC pre-regulator’s input current
to increase to 7.78 % and 7.33 % for Method 2 and 3, respectively, as a result of
larger ripple present in the difference amplifier’s output signal. Moreover, it can
be observed that both Method 2 and 3 show similar performances in terms of
power factor and THD of input current, hence both methods resulted in similar

input current waveforms.

Fig. 4.7 shows the main operating waveforms when the load is reduced to

50% of the nominal value, i.e. 200 W — 100 W. It can be seen that all three
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ripple estimation/cancellation circuits are able to generate an accurate replica
of the sampled output voltage ripple. Under half-load condition, both the esti-
mated output voltage ripple signals v.g(t) produced by Method 2 and 3 are of
the same amplitude as the sampled output voltage ripple 57,(t), and since the
actual phase angle 6, tends to 90° under half-load condition, which is close to
the estimated phase angle (90°), the resulted phase estimation error therefore
approaches zero and the estimated output voltage ripple matches the sampled
output voltage ripple more closely. As a result, the peak-to-peak voltage of the
difference amplifier’s output signal under the actions of all three methods is about
30 mV,,, which resulted in input current with reduced THD (compared to the
case of full-load condition) and near-unity power factor.

Next, the performances of the three ripple estimation/cancellation methods
are investigated under increased line voltage and decreased line frequency. Fig. 4.8
shows the key waveforms of difference amplifier and the FFT spectra of PFC
pre-regulator’s input current at V;, =150 V., while Fig. 4.9 shows the same
waveforms at fi;,. =50 Hz. Similar as before, the ripple estimation/cancellation
circuit based on Method 1 always produces estimated output voltage ripple veg (%)
that is equal in amplitude and phase angle to the sampled output voltage ripple
B,(t), hence the difference amplifier’s output signal is approximately ripple-free
in both cases. This is confirmed by the low measured THD of input current,
amounting to 5.09 % and 4.58 % at V;, =150 Vs and at fi;,. =50 Hz, respec-
tively. However, when the estimated output voltage ripple ves () is produced by
Method 2 at Vj,, =150 Vs and fiine =50 Hz, a ripple component (of 118 mV,
at Vi, =150 Vs and 132 mV,, at fii,e =50 Hz) exists in the difference ampli-
fier’s output signal v,¢(t), and caused the THD of input current to increase from
5.09 % to 13.59 % at Vj, =150 Vs and from 4.58 % to 10.08 % at fj;,. =50 Hz.
Similar results were obtained when the estimated output voltage ripple ves(t)

is produced by Method 3. Fig. 4.8(e) and Fig. 4.9(e) show that the difference
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amplifier’s output signal is not ripple-free but has an amplitude of 111 mV,,, at
Vin =150 Vypg and 129 mV,,, at fiine =50 Hz, which are similar to those obtained
with Method 2. The imperfect cancellation is predominantly caused by the phase
estimation error between 0., and 0,,.

Finally, the proposed ripple estimation/cancellation methods are examined
under increased output capacitance of PFC pre-regulator, which leads to reduc-
tion in the amplitude of sampled output voltage ripple and its phase angle 6, to
tend to 90°. Under increased output capacitance, the behaviour of the sampled
output voltage ripple is similar to that under half-load condition. From the mea-
sured FFT spectra of input current, as depicted in Fig. 4.10, it was measured
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 %, respectively. The reason for having
achieved low THD of input current and near-unity power factor is due to the fact
that the estimated output voltage ripple ves(t) is of the same magnitude as the
sampled output voltage ripple S7,(t) in all three cases, and the phase difference
(Oest — 0,) approaches zero. As a result, the ripple cancellation error is small and
the output signal of the voltage error amplifier is approximately ripple-free and,
hence, a near-ideal sinusoidal input current reference signal is obtained, which
leads to an undistorted sinusoidal input current.

The measured amplitudes of the input and output signals of difference ampli-
fier and the measured THD of input current under the aforementioned operating
conditions are summarized in Table 4.1 and Table 4.2 for all three ripple estima-
tion/cancellation methods. It can be seen that, when both amplitude tuner and
phase shifter are used to generate the estimated output voltage ripple veq (), the
power factor of PFC pre-regulator is consistently unity and the THD of input
current is very low under various operating conditions. However, if the estimated
phase angle 6., is fixed at 90°, the THD of input current increases and the power

factor is slightly degraded, and the degradation in performance is similar for both
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Method 2 and 3. By comparing the measurement results obtained for Method 2
and 3, the peak-to-peak voltages of the resultant signals after subtraction, i.e.
vr¢(t), and the THD of input currents resulting from both methods are gener-
ally similar. Therefore, it can be concluded that when unity power factor and
extremely low THD of input current is required, Method 1 provides an ideal
solution. Otherwise, Method 3 should be adopted given the simplicity of imple-
mentation and acceptable level of performance in terms of power factor and THD
of input current. Finally, the dynamic response of the boost PFC pre-regulator
implemented with three ripple estimation/cancellation methods was investigated
by subjecting it to step load decrease and increase. The results are shown in
Fig. 4.11. The time taken for the PFC pre-regulator to reach steady state af-
ter step load change is about 38 ms for all three methods. From the above
steady-state and the dynamic tests, it can be concluded that all three ripple esti-
mation/cancellation methods offer practical solutions to achieve near-unity power

factor and fast dynamic response simultaneously.
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Figure 4.6: Measured input and output waveforms of difference amplifier un-
der nominal condition (/37,(t): sampled output voltage ripple, v.s(t): estimated
output voltage ripple, v,¢(¢): output of difference amplifier, i;,(¢): input or line
current) and the FFT spectra of input current under the actions of three ripple
estimation/cancellation methods ([(a) and (b)] Method 1: p = 1 and b5 = 6,
[(c) and (d)] Method 2: p = cos (0est — 0,) and b.5 # 6,, [(¢) and (f)] Method 3:

p=1and b4 #46,).
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Figure 4.7: Measured input and output waveforms of difference amplifier under

half-load condition (80,(t):

sampled output voltage ripple, veq(t):

estimated

output voltage ripple, v,¢(¢): output of difference amplifier, i;,(¢): input or line
current) and the FFT spectra of input current under the actions of three ripple
estimation/cancellation methods ([(a) and (b)] Method 1: p = 1 and 0.5 = 6,,
[(c) and (d)] Method 2: p = cos (Oest — 6,) and b.5 # 6,, [(e) and (f)] Method 3:

p=1and b #46,).
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Figure 4.8: Measured input and output waveforms of difference amplifier at
Vin =150 Vinms (680,(t): sampled output voltage ripple, veq(t): estimated out-
put voltage ripple, v,¢(t): output of difference amplifier, i;,(¢): input or line
current) and the FFT spectra of input current under the actions of three ripple
estimation/cancellation methods ([(a) and (b)] Method 1: p = 1 and 0.5 = 6,
[(c) and (d)] Method 2: p = cos (0est — 0,) and b.5 # 6,, [(¢) and (f)] Method 3:
p=1and b4 #46,).
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Figure 4.9: Measured input and output waveforms of difference amplifier at
frine =50 Hz (57,(t): sampled output voltage ripple, veq(t): estimated output
voltage ripple, v,¢(t): output of difference amplifier, i;,(¢): input or line current)
and the FFT spectra of input current under the actions of three ripple estima-
tion/cancellation methods ([(a) and (b)] Method 1: p =1 and 0.5 = 6,, [(c) and
(d)] Method 2: p = cos (st — 0,) and .5t # 0,, [(e) and (f)] Method 3: p =1
and O.s # 0,).
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Figure 4.10: Measured input and output waveforms of difference amplifier at

C, =32 uF (B7,(1):

sampled output voltage ripple, veq(t):

estimated output

voltage ripple, v,¢(t): output of difference amplifier, i;,(¢): input or line current)
and the FFT spectra of input current under the actions of three ripple estima-
tion/cancellation methods ([(a) and (b)] Method 1: p =1 and 0.5 = 6,, [(c) and
(d)] Method 2: p = cos (fest — 0,) and .5t # 0,, [(e) and (f)] Method 3: p =1
and O.q # 6,).
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Table 4.1: Measured amplitudes of ripple signals associated with three ripple
estimation/cancellation methods.

BU()]  |vest(t)] lvrg(t)]  PF
Nominal condition
—1
Method 1 9'0 , 520 mVyp 520 mVyp, 50 mVy,  0.999
est — Vo
= Ocst — 0o
Method 2 CQOS (#; ) 460mV,, 450 mV,, 115mV,, 0.995
est o
~1
Method 3 9'0 g 470 mV,, 470 mV,, 111mV,, 0.995
est o
Half load
—1
Method 1 Qp , 269 mV,, 267 mVy, 32mVy, 0.999
est = Vo
= 988 - 00
Method 2 CHOS (#; ) 938 mv,, 239mV,, 30mV,, 0997
est o
=1
Method 3 9’0 g 243 mV,, 241 mV,, 30mV,, 0.998
est o
‘/in =150 Vrms
=1
Method 1 9’” , 500 mVp, 500 mVy, 48 mV,, 0.998
est — Vo
= 969 - 90
Method 2 Ceos (#'; ) M0mv,, 430mv, 118mV,, 0.990
est o
=1
Method 3 9’” Ly 450 mV,, 450 mVy,, 111mV,, 0.991
est o
fline =50 Hz
=1
Method 1 9’) , 590 mVyp 580 mVyp 59 mVy,  0.999
est — Vo
= ees - 00
Method 2 CQOS (#; ) 530mv,, 520mV, 132mV, 0992
est o
=1
Method 3 9’) iy 530 mVp, 530 mVy, 129 mV,, 0.993
est o
C, =32 uF
=1
Method 1 0’) , 957 mVpp 258 mVy, 35 mVp,  0.999
est — Vo
= Qes - 90
Method 2 CQOS (#; ) 938wV, 241mV,, 45mV,, 0995
est o
=1
Method 3 P 242 mV,, 243mV,, 39mVp, 0.997

Hest 7& 00
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Table 4.2: Measured total harmonic distortion of input current resulting from
three ripple estimation/cancellation methods.

1st 3rd 5th

Harmonic Harmonic Harmonic

THD

Nominal condition

Method 1 ap - 10 1.98 A 852 mA  334mA 462 %
est — Vo
p = cos (Best — 0,)
Method 2 1.92 A 145 mA 357mA 7.8 %
eest 7é 00
Method 3 p=1 1.93 A 133 mA 82 mA  733%
aest 7é 00
Half load
Method 1 9” - 19 950 mA 189mA  25.1mA 331 %
est — Up
p = cos (Best — 0,)
Method 2 940 mA 58.2 mA 20.7 mA 6.57 %
aest ?é 00
Method 3 p=1 941 mA  439mA  226mA 525 %
gest 7£ 90
Vtm =150 Vrms
—1
Method 1 9’) ) 138 A 605mA  356mA 5.0 %
est — Vo
- Ges - 00
Method 2 7= 5 West =00) ) 56y 175 mA  59.6 mA  13.59 %
eest 7é 00
—1
Method 3 p 137 A 172 mA 65.8 mA  13.44 %
Qest 7‘& 90
fline =50 Hz
—1
Method 1 9” , 1.99 A 780mA 471 mA 458 %
est — Vo
= Oest — 0o
Method 2 7 = 5 West =00) 5 50 o 197 mA  425mA  10.08 %
eest 7é 90
—1
Method 3 p 1.98 A 183 mA 65.3mA  9.81 %
eest 7£ 00
Co, =32 uF
—1
Method 1 9p , 1.96 A 63.9mA  23.0mA 346 %
est — Vo
= Oest — 0o
Method 2 7~ 5 West =00) ) o9 ) 136 mA  462mA  7.60 %
Hest 7£ 90
—1
Method 3 p 1.91 A 111 mA 108 mA  6.19 %

aest ?é 90
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Figure 4.11: Measured input and output waveforms of boost PFC pre-regulator
under step decrease [(a),(c) and (e)] and increase [(b), (d) and (f)] in load ([(a)
and (b)] Method 1: p =1 and 0.4 = 0,, [(c) and (d)] Method 2: p = cos (fess — 6,)
and 0.5 # 0,, [(e) and (f)] Method 3: p =1 and 0.5 # 0,).
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4.4 Conclusion

In the beginning of this chapter, the two ripple estimation/cancellation meth-
ods proposed in the previous chapters were reviewed. The possibility of obtaining
a further simplified ripple estimation/cancellation circuit by means of imposing a
fixed amount of phase shift (of 90°) and equalizing the amplitudes of the sampled
and estimated output voltage ripples was discussed. By comparing the experi-
mentally measured figures of merit, it was demonstrated that Method 1, which
utilizes both amplitude tuner and phase shifter, provides the most accurate esti-
mation under different operating conditions, which leads to undistorted sinusoidal
input current of PFC pre-regulator and unity power factor. From the mathemati-
cal analysis presented in Chapter 2, the amplitude of the estimated output voltage
ripple is suggested to be BV, cos (0.5 — 0,) in order to achieve a minimum local
cancellation error and high power factor in the presence of phase estimation error.
However, from the simulation and experimental results obtained in this chapter,
it was shown that there is no significant difference on the overall power-factor
and THD performances of PFC pre-regulator when the estimated output voltage
ripple is tuned to BV cos (0.5 — 0,) or BV,. Therefore, by taking power-factor
performance (or THD performance) and circuit complexity into consideration si-
multaneously, it is suggested that Method 1 is chosen when strict power factor
and THD requirements must be fulfilled. Otherwise, Method 3 provides a simple
yet sufficiently good solution for achieving satisfactory power factor and dynamic

respomnse performances.



Chapter 5

Conclusions and Suggestions for

Future Work

This chapter summarizes the main contributions of this research project and

some suggestions for future work will be given.

5.1 Contribution of this thesis

PFC pre-regulators are typically required to have low loop gain’s crossover
frequency to give sufficient attenuation of the double-line frequency component
in the feedback control loop, which is aimed to produce near-unity power factor
and low THD of input current. However, the main drawback of this configuration
is that the dynamic response of PFC pre-regulator becomes sluggish. Ripple can-
cellation approach is a solution that aims to eliminate the double-line frequency
component in the sampled output voltage by subtracting a replica of the sampled
output voltage ripple from the actual one. As a result, input and output signals
of the voltage error amplifier are ideally ripple-free, which gives rise to near-unity
power factor while the closed-loop bandwidth of the PFC pre-regulator can be

kept large. However, the existing ripple estimation methods typically suffer from
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the problem of non-adaptivity, the objective of this thesis is to investigate im-
proved ripple estimation/cancellation methods that have high flexibility to adapt
to various operating conditions.

From the power balance equation, a generalized equation describing the out-
put voltage of PFC pre-regulator was first obtained. It was found that the output
voltage of PFC pre-regulator does not always behave as that suggested by the
idealized equation adopted by previous researchers. In order to have a precise
ripple estimation/cancellation under a wide range of operating conditions, a new
ripple estimation circuit, which consists of a ripple template generator, an ampli-
tude tuner and a phase shifter, both are based on switched-resistor circuits, was
proposed. By implementing it in a 200-W boost PFC pre-regulator configured
with the closed-loop bandwidth of 60 Hz, it was shown by both simulation and
experimental results that the estimated output voltage ripple and the sampled
output voltage ripple can be made nearly identical. After subtraction between
the two, a near-ripple-free signal was obtained and serves as the input to the
voltage error amplifier. It was also shown that the quality of ripple estima-
tion is not degraded under large variations of load, line voltage, line frequency
and output capacitor’s value. By subjecting the PFC pre-regulator (with and
without ripple estimation/cancellation) to various step changes in operating con-
ditions, it was demonstrated that near-unity power factor and low THD of PFC
pre-regulator’s input current are achieved with the aid of the proposed ripple es-
timation/cancellation circuit, while the PFC pre-regulator exhibits fast dynamic
response with settling time of about 38 ms.

Although near-unity power factor and fast dynamic response of PFC pre-
regulator are achievable, high complexity is the major drawback of the proposed
ripple estimation/cancellation circuit. In order to simplify the proposed ripple es-
timation network, the main figures of merit of PFC pre-regulator under the action

of ripple cancellation were derived mathematically. From the results obtained, it
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was shown that high power factor and low THD of input current can be attained
if the estimated output voltage ripple is operated at its optimum amplitude of
BV, cos (Best — 0,) in the presence of phase estimation error. Besides, since the
phase angle of the PFC pre-regulator’s output voltage ripple usually approaches
90°, the design of phase shifter involved in the proposed ripple estimation circuit
can be simplified. The simplified ripple estimation network was tested experi-
mentally with a 200-W boost PFC pre-regulator as power stage that is designed
to have a loop gain’s crossover frequency of 60 Hz. It was demonstrated that
the phase angle of the estimated output voltage ripple is constantly 90°, while
its amplitude is closely tracked to be 8V, cos (0.5t — 6,). Although the estimation
is not as accurate as that achieved with both amplitude tuner and phase shifter,
the amplitude of the sampled output voltage ripple is significantly attenuated be-
fore it propagates into the voltage error amplifier. Hence, from the experimental
results, it was verified that near-unity power factor and weakly-distorted input
current are attained by means of the simplified ripple estimation network.

After deriving the previous two ripple estimation methods (labelled as Method 1
and 2, respectively), another ripple estimation method (labelled as Method 3) was
developed to employ an amplitude tuning method that promotes further reduced
complexity. While the phase angle of the estimated output voltage ripple is 90°,
its amplitude is tuned to BV, instead of SV, cos (0. —0,) as with Method 2.
Among the three methods, the configuration of Method 3 is the simplest since it
essentially consists of an amplitude tuner only. By comparison of experimentally
measured figures of merit, it was found that the first ripple estimation method,
which consists of separate amplitude tuner and phase shifter, provides the most
accurate ripple estimation/cancellation under a wide range of operating condi-
tions, which results in near-unity power factor and input current with very low
THD. Although there are some estimation errors produced by Method 2 and 3,

they do not cause a significant degradation in power factor of PFC pre-regulator
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and the input current waveform. From the operating waveforms of difference
amplifier and the measured input current obtained with Method 2 and 3, it was
demonstrated that the overall performances of these two methods are similar.
Hence, it can be concluded that Method 1 is an ideal solution when unity power
factor and an input current with extremely low THD are required. Otherwise,
Method 3 should be adopted since it provides a simple yet sufficiently good solu-

tion for achieving satisfactory power factor and dynamic response performances.

5.2 Suggestions for Future Work

Besides the conventional 50-60 Hz utility applications, PFC pre-regulators
are used in airborne systems operating at 350-800 Hz for compliance with more
restricted regulations, such as RTCA DO-160, which demand an extremely low
THD of input current. Besides the problem of input current distortion around
the zero crossings of input voltage, PFC pre-regulators in these applications are
required to have an undistorted sinusoidal input current while exhibiting fast
dynamic response. As discussed, Method 1 produces THD of input current that
is extremely low over a wide range of operating conditions. Hence, this ripple
estimation method is highly preferred for airborne systems that require both
undistorted input current and fast dynamic response performances.

In this work, the performances of PFC pre-regulator (with and without ripple
estimation/cancellation) have been investigated for resistive load only. In some
applications, PFC pre-regulators are utilized to power non-linear loads, such as
LEDs. To conduct a comprehensive analysis of the performance of the proposed
ripple estimation methods, non-linear loads should be used and tested experimen-
tally. LEDs will serve as a good choice of non-linear load due to their non-linear
voltage-current characteristic that is sensitive to ambient conditions, with which

the robustness of the proposed ripple estimation methods can be subjected to
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more stringent tests.

As presented, the main challenge in realizing a notch filter using analog circuit
is that the quality of the notch filter will be degraded in the presence of component
tolerances. Since variable effective resistance can be achieved by the method of
switched resistor, the effects of component tolerances can be compensated by
replacing fixed resistors by switched-resistors in analog notch filter. With this
modification, high quality factor and accurately-tuned notch frequency can be

obtained.
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Appendix A

Low-Frequency Small-Signal
Model of Ideal PFC

Pre-regulator

The small-signal model and transfer function of PFC pre-regulator are derived
as follows. As usual, in small-signal analysis, all switching processes are averaged
over a complete half-cycle of the input voltage. Hence, the input voltage of PFC
pre-regulator is considered as dc source having an amplitude corresponding to its
root-mean-square (rms) value.

Fig. A.1 shows the standard configuration of a boost PFC pre-regulator under
ACM control. Before deriving its small-signal model and transfer function, some

assumptions need to be made:

e The bandwidth of the inner current control loop is much wider than that
of the outer voltage control loop, which causes the sensed inductor current

to closely track its reference signal.

e The output voltage of PFC pre-regulator is assumed to be constant over

one switching cycle.
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Figure A.1: Configuration of standard boost PFC pre-regulator with ACM con-
trol.

e All components are ideal.

Assume that the PFC pre-regulator is operating with an efficiency of 100 %,

hence from the principle of power balance,

V;'Tmsliv“ms - ‘/0]0 (A]-)

where Vs and I;,.,,s are the rms values of PFC pre-regulator’s input voltage and
input current, respectively, and the average output voltage and average output

current of the PFC pre-regulator are denoted by V, and I,, respectively.

Since the reference signal for the PFC pre-regulator’s input current is obtained
by multiplying the output signal of voltage error amplifier with the sampled
rectified input voltage K,,Vims, the PFC pre-regulator’s input current can be
described by Eq. (A.2), where K,,, and R; is the line-voltage step-down ratio and

the current sense resistor’s value, respectively, and V., is the average value of



the voltage error amplifier’s output signal.

K
Iirms - _ ‘/z'rms %ea
R

S

By substituting Eq. (A.2) into Eq. (A.1), Eq. (A.3) is obtained.

K., 2

Rs irms

‘/'uea, = V;)Io

By introducing small perturbations into the variables in Eq. (A.2) and Eq. (A.3)

and, subsequently, eliminating the DC and the second-order terms, two small-

signal equations of PFC pre-regulator can be obtained as described by Eq. (A.4)

and Eq. (A.5), which leads to the small-signal model depicted in Fig. A.2. Based

on the small-signal model, the control-to-output transfer function of the PFC pre-

regulator can be obtained as given by Eq. (A.6), assuming that the perturbation

to input voltage Ujms 1S zero.
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Figure A.2: Small-signal model of boost PFC pre-regulator with ACM control.



Appendix B

List of Components
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Figure B.1: Schematic diagram of the proposed amplitude tuner.
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Figure B.2: Schematic diagram of the proposed phase shifter.
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Figure B.3: Schematic diagram of the proposed phase difference detector.
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Table B.1: List of components.

Amplitude tuner [refer to Fig. B.1]

Name Value
Ry 300 Q
Ro, 1.2 kQ
Ray 90 Q
Ripr 800
CLpr 0.22 uF
D1, Do 1N4001
Rp1, Rpo 12 kQ
Cp1, Cp2 2.2 uF
Reomp 8 kQ
Ceomp 2.2 uF
Operational amplifier, Op Amp TL082
Comparator, Comp LM311
Phase shifter [refer to Fig. B.2]

Name Value
R 10 kQ
Ryq 300 Q
Ry, 31.6 k2
Cy 680 nF
Rairr 1.33 kQ
Caifr 1 uF
Rrpr1, Rrpr 10 kS2
CrLpri 0.56 uF
CLpr2 0.27 uF
Operational amplifier, Op Amp TLO082
Comparator, Comp LM311
Phase difference detector [refer to Fig. B.3]
Name Value
Ry 2.43 kQ
Cy 4.7 uF
Comparators, Comp LM393

Exclusive-or (XOR) gate CD4030
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