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Input current shaping has been required in AC-DC rectifiers in order to comply with regula-
tions that specify limits on input current harmonics. Boost power factor correction (PFC) rectifiers
are widely used to achieve near-unity input power factor and low current harmonic distortion. This
thesis addresses digital control techniques aimed at improving efficiency and reducing harmonic
distortion in digitally controlled single-phase boost PFC rectifiers operating over wide range of
loads. By taking advantage of the flexibility of digital controllers and using a discontinuous con-
duction mode (DCM) detection circuit, several proposed control techniques achieve low current
harmonic distortion and improve system efficiency over wide load range in DCM and in continuous
conduction mode (CCM). In heavy load operation, a simple passive power sharing technique is
introduced for interleaved boost PFC rectifiers to increase system power modularity; in medium
to light load operation, proposed adaptive approaches improve light load efficiency by extending
switching period to achieve low voltage switching and by adjusting switching frequency to scale
with processed power. Furthermore, a new current error estimation approach is applied to relieve
current sensing limitations and to reduce current controller design effort. Digital control techniques
are implemented and verified using field programmable gate array (FPGA) in several boost PFC

rectifier prototypes.
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Chapter 1

Introduction

Most electrical and electronics applications require DC power supplies. Nonetheless, utility
systems usually generate, transmit and distribute power with constant frequency ac voltage. A
rectifier is the power electronics interface that converts ac power to DC power. AC-DC rectifiers
may supply DC power to different electrical loads, but they are all connected to the same ac line
input. To maintain the quality of the ac line, standards and recommendations set current harmonics
and power factor limitations on rectifiers in applications, such as computer power supplies. The
AC-DC rectifier that achieves low current harmonics and a good power factor (close to 1) is called
the power factor correction (PFC) rectifier.

As the front-end stage of most computer power supplies, PFC rectifiers are more in demand
than ever with the progress of information technology. According to the U.S. Environmental Pro-
tection Agency, energy used by servers and data centers was 1.5 percent of total U.S. electricity
consumption in 2006 and is expected to be higher in the future [1]. Environmental impact from
computing power has been addressed recently [1-5]. In response to increasing energy cost and
environmental concerns, various energy efficiency initiatives and programs are addressing power
conversion efficiency and power quality in data centers and computer power supplies [6,7]. For ex-
ample, to qualify for the highest (“Platinum”) certification in the 80 Plus program addressing data
center power supplies operating from 230 Vrms ac line, the power supply efficiency must exceed
91% at 100% load, 94% at 50% load, and 90% at 20% load, with power factor greater than 0.95 at

50% load [6]. It is expected that future energy efficiency program specifications will be even more



demanding in terms of efficiency, power factor and current harmonic distortion requirements for
off-line power supplies over even wider load ranges.

Among the switched-mode PFC rectifiers, boost or buck-boost topologies are more popular
due to their good current shaping ability over the entire ac line period. In general, boost PFC
rectifiers have higher conversion efficiency than buck-boost PFC rectifiers, which makes boost
topology the most popular structure for PFC rectifiers. In boost PFC rectifiers, although analog
control circuits have successfully been applied for current shaping, with the rapid progress of digital
processes, digital control circuits are becoming more attractive due to their potentials for improved
flexibility, programmability, reduced sensitivity to noise, reduced component count, etc.

This thesis focuses on digital control techniques for efficiency improvements and reductions
of current harmonic distortion over a wide range of loads in single-phase boost PFC rectifiers.
An introduction to boost PFC controllers, including analog and digital controllers, is given in the
first part of Chapter 2. Then, motivation for the work presented in this thesis is discussed, while
the last part of Chapter 2 reviews existing boost PFC control approaches to deal with efficiency
improvements and wide load range operation, both in continuous conduction mode (CCM) and in
discontinuous conduction mode (DCM). In Chapter 3, an adaptive switching light load efficiency
improvement approach is introduced. This approach includes a new current sensing correction
factor and an adaptive switching technique to reduce current harmonic distortion and to reduce
switching losses in DCM. Based on the adaptive CCM/DCM control, an adaptive frequency ap-
proach, which further improves light load efficiency, is introduced in Chapter 4. A current error
estimation technique is introduced in Chapter 5 to replace the traditional analog to digital converter
in inductor current sensing. Chapter 6 applies adaptive switching approaches and the passive power
sharing technique in interleaved boost PFC rectifiers to enable system power modularity. Chapter

7 summarizes the original contributions and concludes this thesis.



Chapter 2

Review of Switched-Mode Power Factor Correction Rectifiers

This chapter provides a brief introduction to the existing controllers for boost power factor
correction (PFC) rectifiers and describes the motivation for the research presented in this thesis.
First, basic principles of the boost switched-mode power converter are described in Section 2.1,
followed by an introduction to popular analog and digital boost PFC controllers in Section 2.2.
Then, motivations for the research on efficiency improvement and wide load range operation are
addressed in Section 2.3. Some issues related to the research targets, boost PFC rectifiers with
efficiency improvement and over wide load range operation, are addressed in the last two sections

in this chapter.

2.1 Boost Switched-Mode Power Converter

Boost converter is one of switched-mode power converters, as illustrated in Fig. 2.1. For the
switched-mode power converters, one common modulation is the pulse width modulation (PWM).
PWM converters regulate voltage or current by adjusting the duty ratio (d) of the transistor gate
control signal (g) with a constant switching frequency (fs). During dT interval, g is logic high
and transistor (Q)) conducts, which pulls the switch node voltage (vgs) low. Voltage across inductor
(L) is positive and ramps the inductor current (iz) up. At the end of dT;, @ is turned-off and iy,
flows through the diode (D). During the diode conduction interval, voltage across the inductor is
negative, which makes iy ramp down. If diode D conducts over the rest of the switching period

(Ts), which means that iy, stays positive, the converter is operated in continuous conduction mode
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Figure 2.1: DC-DC boost converter circuits.

(CCM). CCM waveforms are illustrated in Fig. 2.2(a). On the other hand, if i;, ramps down to
zero before the end of T, the converter is in discontinuous conduction mode (DCM), as shown in
Fig. 2.2(b). CCM and DCM differ in dynamics, which affects controller design and bandwidth of

the regulation loop.

2.2 Boost Power Factor Correction Controllers

Single-phase low-harmonic PFC rectifiers are usually the front-ends of electronic power sup-
plies. The PFC rectifier is an AC-DC rectifier that achieves low input current harmonics and a
good power factor (PF). The ideal PFC rectifier has the PF equal to 1 and has zero total harmonic
distortion (THD) for a sinusoidal ac input. PF is defined as the ratio between the real power

transmitted to the load and the apparent power from the source, as

average power

PF = (2.1)

(rms voltage)(rms current)’

THD of the ac current signal is defined as

o
THD = "2 (2.2)

L

h

where I, is the magnitude of the n™ current harmonic.
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Figure 2.4: Block diagram of average current mode controller (boost example).

The input impedance of an ideal PFC rectifier at line frequency can be regarded as a loss-free
emulated resistance (R, ), which transfers power to the output, as the model shows in Fig. 2.3 [8].
In this section, common approaches to control boost PFC rectifiers are shown and classified

into two categories, analog controllers and digital controllers.

2.2.1 Analog Power Boost Factor Correction Rectifier Controllers

There are mainly three different types of the analog controllers in boost PFC rectifiers. These
include average current mode controllers (ACM), critical conduction mode controllers, and charge
controllers, such as nonlinear carrier controllers (NLC).

ACM has both current loop and voltage loop, as shown in Fig. 2.4 [8]. The voltage loop
regulates the output voltage (V,) and generates the power control command (u), which multiplies
the rectified input voltage (vg) to generate the reference current (i,er). Current controller regu-
lates inductor current (iz) to follow 4,.f, and achieves resistive load (R.) to the ac input. The
ACM approach needs a multiplier to generate the reference current; therefore, it is considered a

multiplication approach.



Figure 2.5: Operation waveforms of critical conduction mode control (boost example).



Critical conduction mode controller, also called transition mode (TM) controller, operates the
boost PFC rectifier at the boundary between CCM and DCM, as the waveforms show in Fig. 2.5 [8].
Critical conduction mode controller keeps a fixed transistor turn-on interval (75, ) over half of the
line period (77) and ends the transistor turn-off interval when the inductor current (iz) reaches
zero. Therefore, the switching period (T;) varies over Tp. Critical conduction mode controller

makes the average inductor current (iq.g) follow the input voltage and exhibits loss-free-resistor

(Re) as

Yot Y2 2L (2.3)
Z.avgl iang Ton’

R. =
without the need for reference current multiplication. Critical conduction mode boost PFC con-
trollers are classified as the voltage follower type.

The third approach is nonlinear carrier control (NLC). NLC controller applies the ideal quasi-
steady state conversion characteristic in CCM and shapes the input current without input voltage
sensing [9,10]. NLC forms a simple current loop by using an integrator with reset and a Set-Reset
flip-flop with a nonlinear carrier waveform generator, as illustrated in Fig. 2.6. When the amount

of charge through the inductor (vg) reaches the nonlinear carrier waveform (vc), the gate signal

resets, as

DT
vo(DT,) = / ip(r)dr = VOéeTs (D)(1 - D), (2.4)
0

with corresponding waveforms shown in Fig. 2.7. The advantages of NLC are that it requires no
input voltage sensing or multiplication, and current compensator design requirements are reduced.

In addition to the analog PFC controllers mentioned above, digital PFC controllers are getting
more and more attention. An overview of some recently developed digital PFC controllers is given

in the next section.



2.2.2 Digital Power Factor Correction Rectifier Controllers

Early developments of digitally controlled boost PFC rectifiers involved control algorithms
suitable for digital signal processors (DSP) and control algorithms with extra features, such as
improving the voltage loop dynamic response [11-16]. Predictive current control (PCC) is one of
the DSP suitable control algorithms. Different from the digital average current mode control, PCC
applies predictive rules to simplify the digital current loop design. The simplest predictive control
rule is equivalent to adding a duty ratio feed-forward term in the digital average current feedback
controller to reduce current distortion [17-21]. Some sensorless approaches take advantage of the
flexibility of the digital controller and then estimate or predict the other parameters. Input voltage
estimation approach, inductor current rebuilt approach and digital nonlinear carrier approach have
been developed. The input voltage estimation approach estimates the input voltage using distur-
bance observers [22]. The input current rebuilt approach estimates the inductor current based on
the input/output voltages and the transistor on/off intervals [23]. The digital nonlinear carrier
approach uses the quasi-steady state relationship between input and output voltages to calculate
the required duty ratio [24]. In addition, digital control can also be applied in DCM by calculating

the duty ratio appropriately [25].

2.3 Research Motivations

Efficiency is always the first consideration for power supplies. With the increase of energy
prices, high efficiency power supplies gain more and more attention. Demanding high efficiency
power supplies is based not only on economic reasons but is also based on environment protection
considerations. With the explosion of the information technology, the environmental impact of
computer power supplies has been considered and addressed [1,2].

Nowadays, power supply companies have started to shift their focus from heavy load efficiency
to high efficiency over a wide load range. Electronic systems are not always operated at the

rated power; they are also operated at light load, in sleep mode, or in stand-by mode. In regular



10

in D
i G
. 7]
¢ R ¢ V3R
0 _
4 = -
cet Driver " =
Integrator X
Vot
Q():[>R Q
Ve (1) S
o Q reset v,
CLK
Carrier | ¥ | Voltage |©v.% Vier
Generator [~ | Controller |* (29'

Figure 2.6: Block diagram of nonlinear carrier controller (boost example).

power supplies, efficiency drops dramatically at light load [26]. From an energy loss point-of-view,
this is equivalent to having low efficiency. Therefore, energy standards have started to set the
efficiency criteria across the whole range of the load conditions [6,7]. The 80plus program launched
specifications for power supplies in 2004, as 80% efficiency at 20%, 50%, 100% rated power [6].
Today, all computer power supplies have to pass the 80plus standard in order to obtain an Energy
Star certificate [7].

As the front-end of power supplies, power factor correction rectifier is the main block to
achieve high power factor and to maintain the low line current harmonic distortion. In order to
maintain grid network quality, most of the consumer electronic devices rated from 75W to 1kW
are required to meet the low-frequency harmonics limits of the European standard (EN61000-3-
2), adopted in 2001. For the power factor limitation, computer power supplies have to meet 0.9
PF at the 100% rated power to be certified by Energy Star. Some applications, such as lighting
applications, have different standards [7].

Furthermore, since 2007, Climate Saver Computing Initiative (CSCI) and other initiatives

have aimed to set stricter standards, including using rating levels of bronze, sliver, gold, and
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H Rated Power H Bronze ‘ Sliver ‘ Gold ‘ Platinum H
n at 20% load 82% 85% 87% -
n at 50% load 85% 88% | 85% -
n at 100% load 82% 85% | 8% -
PF at 20% load 0.8 0.8 0.8 -
PF at 50% load 0.9 0.9 0.9 —
PF at 100% load 0.95 0.95 0.95 -

Table 2.1: Climate Savers Computing specifications for multi-output power supply units (n: effi-
ciency, PF: power factor).

platinum levels, which not only push the efficiency limitation to be higher over wide load range,
but also change the power factor requirement from full load to medium load range [6]. The highest
performance requirements for data center applications, are set for the platinum level: at 20%, 50%,
100% of the rated load, minimum efficiencies are 90%, 94% and 91%, with 0.9 power factor at
50% rated power (Table 2.1 and Table 2.2) [2,6]. It is believed that in the near future, both the
efficiency limitation and the current harmonics standard are going to be stricter and be applied to
even lower power levels.

Due to the high efficiency and the low current harmonics requirements of the PFC rectifiers
over a wide range of loads, a study of the boost PFC control approaches for reducing current
harmonic distortion and improving the efficiency over wide load range is presented in this thesis.
The issues related to the wide load operated boost PFC rectifiers are discussed in the next section,

followed by the issues of the efficiency improvement in the boost PFC rectifiers.

24 Issues in Wide Load Operated Boost PFC Rectifiers

Among the controllers shown in Section 2.2 for the single-phase boost PFC rectifiers, the
voltage follower approaches work as resistance emulators by operating the converter at DCM or
boundary between CCM and DCM; multiplier approaches shape the input current to track the
reference current with current mode regulation, such as ACM; NLC takes advantage of the CCM

quasi-steady-state relationship to emulate input resistance without input voltage sensing. Most of
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H Rated Power H Bronze ‘ Sliver ‘ Gold ‘ Platinum H
n at 10% load —~ 5% | 80% 82%
n at 20% load 81% 85% | 88% 90%
n at 50% load 85% 89% | 92% 94%
n at 100% load 81% 85% 88% 91%
PF at 10% load - 0.65 0.65 0.65
PF at 20% load - 0.8 0.8 0.8
PF at 50% load - 0.9 0.9 0.9
PF at 100% load 0.9 0.95 0.95 0.95

Table 2.2: Climate Savers Computing specifications for single-output power supply units (n: effi-
ciency, PF: power factor).

the boost PFC controllers tend to operate in a limited load range in order to keep the power stage
operating in the desired mode, CCM, DCM, or boundary between CCM and DCM.

The approaches intended for CCM operation can also run in DCM but with increased current
harmonic distortion. In order to operate in CCM over a wide range of loads, there are two ap-
proaches that can be utilized. One is to increase the inductance value (L); the other is to increase
the switching frequency (fs). Increasing the inductance value not only slows the system dynam-
ics but also increases the size and the cost of the inductor. Increasing the switching frequency
introduces more switching loss, which results in poor efficiency especially at light load.

In the approaches intended for DCM operation or boundary between CCM and DCM opera-
tion, current sense is not necessary for input current shaping. As a result, they cannot be operated
in CCM. Under CCM/DCM boundary operation, critical conduction mode PFC rectifiers change
the switching frequency a lot, which increases the size of the input filter. DCM PFC controllers
have to be able to operate in DCM at the rated power. Therefore, the large current ripple increases
the system power loss and the electromagnetic interference (EMI) at heavy load.

In order to have the high efficiency PFC rectifier over wide range of loads, PFC controller
has to be able to operate in both modes, CCM and DCM. Some dual-mode approaches operate
two different controllers in different modes. Besides, when boost PFC rectifiers operate in DCM,

there is DCM current oscillation phenomena, which causes DCM current distortion. This section
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discusses the issues related to wide load range operated boost PFC rectifiers, including dual-mode

operation and DCM distortion.

2.4.1 Dual-Mode Operated Boost PFC Controllers

For getting the low current harmonic distortion, non-mixed-mode controller approaches keep
the same operation mode over the entire ac line period (77). Non-mixed-mode PFC rectifiers
always operate in one mode. CCM occurs over the entire Ty, if

2L
R, < ==CCM (2.5)

— Ascom

The boost PFC operates in DCM for the entire 77, at light load if

2Lpom
Tspcwm - ( — ‘%) 7

where V}; is the peak line voltage over the line period.

Re >

(2.6)

Two different non-mixed-mode approaches result in operating in single mode over the entire
line period T7. One is changing the switching frequency; the other is changing the equivalent
inductance. An approach based on changing the equivalent inductance (L.q) to control the PFC
operation mode is presented in [27]. It separates the boost inductor into two and adds a switch
leg between the two inductors, as shown in Fig. 2.8. At heavy load, while boost PFC operates
in CCM, it uses a nonlinear carrier controller with both inductors in series. At light load, the
switch leg shorts as a capacitor; part of the inductor (L) with the capacitor (Cy) leg forms a
DC side input filter before the boost PFC power stage. Due to the reduction of the inductance
value, boost PFC operates in DCM over the entire line period. In DCM, it still uses the nonlinear
carrier controller with a modified carrier waveform. In addition, some core materials vary their
permeability and their corresponding inductance values with different DC bias to achieve wide load
range operation [28,29].

The approach of changing the switching frequency is similar to the approach of changing the
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Figure 2.8: Dual mode boost PFC rectifier by changing L.

equivalent inductance value. It changes the switching frequency (fs) to enforce the boost PFC
rectifier to operate in one mode over the entire 77, [30]. The controller uses the predictive current
control and calculates the required duty ratio for two different switching frequencies in either of
the operating modes, CCM and DCM. Both approaches of changing the switching frequency and
changing the equivalent inductor can operate over a wide range of loads and can reduce the current
distortion due to the mode transition. However, non-mixed-mode PFC rectifiers have relatively
large peak current in DCM and have low efficiency around the mode transition.

Dual-controller PFC rectifiers are able to operate in dual-mode within the ac line period.
There are two approaches to changing the modes within 77,. One has constant on-time and variable
frequency in both CCM and DCM [31]; while the other operates at a constant frequency in CCM and
at varying frequency in DCM [32,33]. In CCM, the constant on-time approach uses the predictive
valley current controller to calculate the off-time; while in DCM, it uses the estimated off-time
without current sensing (Fig. 2.9). On the other hand, the constant frequency approach uses the
digital average current mode control (DACM) in CCM [32,33]. When the boost power stage is in
DCM, the constant frequency approach uses a semi-TM approach, which operates around CCM and
DCM boundary with adding a constant charge-recovery interval as the discontinuous conduction
period, as illustrated by the waveforms in Fig. 2.10. Constant on-time and semi-TM controllers
achieve high switching frequency around input voltage zero-crossing when the converter processes

less power. This results in reduced efficiency.
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Figure 2.9: Operation waveforms illustrating constant on-time control in boost PFC rectifier.
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Figure 2.10: Inductor current waveform illustrates DACM + semi-TM operation.
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2.4.2 DCM Current Oscillation

When the boost PFC rectifier operates in DCM, there is a current oscillation phenomenon,
DCM oscillation, which causes increased current distortion at light load. It has been studied and
verified that DCM oscillation affects the current harmonic distortion when the boost PFC rectifier
operates in DCM [34].

DCM oscillation happens during the discontinuous conduction interval (Fig. 2.11). During
discontinuous conduction interval, inductor (L) and switch node capacitance (C;) form a low-
damping LC resonant tank, where energy bounces between L and C,. The DCM oscillation starts
from the time when the diode stops conducting and the switching node voltage (vg4s) equals to
output voltage (V). Due to the voltage potential difference between rectified input voltage (vg)
and V,, iz, rings around zero and vg, rings around vy. This is called the DCM oscillation.

For constant switching frequency operation (fs = 1/7s), the boost transistor may start to
conduct at any vgs in the discontinuous conduction interval (Ty.,,) because of the DCM oscillation.
Therefore, the inductor current level is not always zero at the time when the boost transistor starts
to conduct, which affects the average current over T;. Also, the switch node capacitance (Cy) is
composed of inductor parasitic capacitance and semiconductor parasitic capacitance, including the
transistor and the diode parasitic capacitance. Semiconductor parasitic capacitances are nonlinear
capacitances which are affected by the voltage across the devices. Therefore, the constant frequency

operated PFC rectifiers suffer from the DCM current distortion due to the DCM oscillation (Fig.
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Figure 2.12: Waveforms illustrate DCM current distortion due to DCM oscillation (boost example).

2.12).

In order to reduce the current distortion due to the DCM oscillation, RC damping approaches
have been studied in [34]. An RC snubber leg, consisting of a capacitance (Csy) in series with a
resistor (R, ) at the switching node, is added as illustrated in Fig. 2.13. The RC damping approach
successfully reduces the DCM oscillation and the DCM current distortion. However, the snubber
leg, R, and Csy,, has to be a low impedance path to produce the damping effect. As a result,

losses are increased and converter efficiency is reduced.

2.5 Efficiency Improvement in PFC Rectifiers

In the past few years, efficiency improvement approaches for the boost PFC rectifiers from
component, control and topology aspects have been developed [35]. From the component point of
view, silicon carbide (SiC) diode and the new structure of metal oxide silicon field effect transistor
(MOSFET), CoolMOS, have reduced the PFC loss [36,37]. SiC diodes have less reverse-recovery
charge than the regular silicon diodes. CoolMOSs have lower on-resistance than the regular vertical
power MOS transistors; SiC diode and CoolMOS make transistor turn-on time shorter and reduce
the transistor conduction loss. From the control point of view, paralleling modules with a shedding
approach improves the light load efficiency but increases the number of components, as Fig. 2.14
shows [38-40]. Burst mode operation also helps to improve the light load efficiency, but also

possibly generates audio noise [41]. Conduction angle control saves the switching loss but increases
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Figure 2.13: Boost PFC rectifier operated in DCM with RC damping snubber.

the current harmonic distortion by keeping the transistor turned-off around zero-crossings of the
line input voltage (vgc), as shown in Fig. 2.15 [42].

From the topology point of view, active snubber approaches to achieve zero voltage switching
(ZVS) or zero current switching (ZCS) reduce reverse recovery loss of boost PFC rectifiers by adding
extra components and increasing overall system complexity [43-45]. Bridgeless boost PFC rectifiers
increase overall efficiency by eliminating the full bridge rectifier and eliminating one conduction loss
component in the conduction path (Fig. 2.16) [35,46,47].

Among the various efficiency improvement approaches, some could be combined together.
For the topology selection, in comparing the complexity of the system with the performance im-
provement, the regular boost PFC with full bridge rectifier approach is still the most attractive one.
Recently, bridgeless boost PFC rectifiers and interleaved boost PFC rectifiers get more attention
due to the heavy load efficiency improvement and improved system modularity. For the controller
selection, a smart but complicated PFC controller is difficult to be embedded in the regular analog
PFC controllers. A digital controller can easily add extra functions without increasing the cost
much. Digital control becomes the first choice to design the smart boost PFC controller.

This study focuses on the use of digital control for high efficiency over wide load range in

single-phase boost PFC rectifiers.
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Figure 2.14: Multi-phase boost PFC rectifier.
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Figure 2.15: Waveforms illustrating conduction angle control in PFC rectifier.
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Chapter 3

Adaptive Switching CCM/DCM Current Control in Boost PFC

Wide load range operated boost power factor correction (PFC) rectifiers require current
shaping ability in both continuous conduction mode (CCM) and discontinuous conduction mode
(DCM). As mentioned in Chapter 2, most PFC controllers suffer from current harmonic distortion
by operating in improper mode. Most of the dual-mode controllers have a discontinuity problem
during mode transitions. In addition, boost DCM oscillation introduces current harmonic distortion
when the converter is operating at light load in DCM. Although the RC damping approach relieves
the current harmonic distortion, it reduces both the light load efficiency in DCM and heavy load
efficiency in CCM [34].

In this chapter, a digital boost PFC controller that can operate over a wide range of loads
with high efficiency is introduced. First, a review of the digital average current control (DACM) and
the digital predictive current control (PCC), are discussed in Sec. 3.1. Then, a proposed approach,
which corrects the digital current sensing error, is addressed. Sec. 3.2 introduces a new adaptive
switching approach to reduce DCM current distortion without compromising system efficiency. A
detail of the adaptive switching CCM/DCM current controller is presented in Sec. 3.3, followed by
experimental results, including efficiency improvement and DCM current distortion reduction, in

the last section.
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3.1 Current Sampling Issue and Current Sensing Correction Factor

3.1.1 Digital Average Current Control / Predictive Current Control

DACM is one of the most popular control approaches in digitally controlled PFC rectifiers
(Fig. 3.1). DACM senses output voltage (V,) and passes the voltage error signal (e,) through
a voltage controller, which regulates the output voltage. Output of the voltage controller, power
command (u), is multiplied with rectified input voltage (vy) to generate current reference (iyf).
To reduce the current sampling rate, DACM controller senses the inductor current at the middle
of the transistor conduction interval or diode conduction interval. The sensed current (ir, sense)
approximately represents the average inductor current over the entire switching period in CCM [17].
Current error (e;), the difference between iy.r and i, sense, feeds into a current controller and a
digital pulse width modulator (DPWM) to generate a gate control signal (g), which controls the

boost transistor (Q).

+ Ty - i i
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Figure 3.1: Block diagram of digital average current mode controller.

Predictive current control (PCC) technique is a high performance current control algorithm
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with relatively simple digital implementation. Based on the low current sampling rate, PCC
is a modification of DACM by using predictive rules. The next sensed inductor current value
(i1 sense[n + 1]) can be expressed as a function of the previous sensed inductor current value

(L sense[n]), the controlled duty ratio (d[n]) and the operating conditions, as

. . v |%

'LL,sense[n + 1] = ZL,sense[n] + fg Ty — fa T - (1 - d[n]) s (31)

where d is the duty ratio; L is the boost inductor value; and Ts = 1/ f5 is the switching period.
By rewriting Eq. 3.1 and replacing iz, sense[ + 1] with the desired sensed current 4,.¢, the

required duty ratio (d[n]) to regulate inductor current can be calculated as

L

d[n] = T.V, ’ (iref - Z'L,sense[n]) + (1 - :;;) . (32)

Eq. 3.2 uses the inductor current relationship in a single cycle to calculate the duty ratio for
the next switching period based on current error and input/output voltage information. Depending
on the predictive rule, the inductor current error can be canceled out in the next switching period,
or next few periods.

Some predictive rules use multiple cycles to calculate the required duty ratio [17], as

din] = 757+ (ires = iLsense[n]) + (1 - ”Vg) - (1 —~ fj) —dn—1]. (3.3)

The current predictive rule can be considered as a modification of the digital average current
mode control. Eq. 3.2 and Eq. 3.3 can be segmented into the digitally proportional current control
rule plus a feed-forward term, which is the estimated steady state duty ratio in CCM.

From the small signal point of view, compared to the single cycle predictive rule (Eq. 3.2),
the multiple-cycles predictive rule (Eq. 3.3) has an extra high frequency pole and increases the

feed-forward gain. Ideally, the single cycle predictive rule reduces current error and regulates
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inductor current in one cycle; while the multiple-cycle predictive rule takes multiple cycles (Fig.

3.2). However, multiple-cycle predictive rule also allows longer conversion time for current sensing.

3.1.2 Digital Current Sensing Error and Current Sensing Correction Factor

In DACM or in average PCC, the inductor current is usually sensed in the middle of the
transistor conduction interval (7,,) or diode conduction interval (T,¢f). In CCM, the sensed
current (if sense) can represent the average current ({ip)s, ) over the entire switching period (75),
as shown in Fig. 3.3. However, in DCM, iy, sense 1O longer represents <iL>TS- The DCM current
sensing error introduces some current distortion during light load operation.

To remove the current sensing error, a current sensing correction approach has been developed
[48]. It introduces a current sensing correction factor (), which is the ratio between the sensed
current (ir, sense) and the average current (i L>Ts' The current sensing correction factor proposed

in [48] is based on estimation, as

S »

iL,sense R.T; Vo — Vg

Adding the current sensing correction factor in the controller successfully combines the CCM
and DCM controllers as a single controller over wide load range. However, the estimated current
sensing correction factor in Eq. 3.4 requires complicated calculation including a fast divider op-
eration and a square root operation. Instead of using the estimation approach to calculate k, a
new approach, based on measurement, is introduced in this chapter. In DCM, the sensed current
value only represents an average current value over the conduction interval, sum of the transistor
conduction interval (T5y,) and diode conduction interval (T,s¢) (Fig. 3.3). The conduction interval
is the difference between Ty and discontinuous conduction interval (T, ). Therefore, the sensing

based current sensing correction factor is

iL,avg o Ton +Toff _

1— Tdcm
Z‘L,sense Ts Ts
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Figure 3.2: Single-cycle and multiple-cycle predictive rules.
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Figure 3.3: Current sensing in digital average current control under CCM (top) and DCM (bottom).
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Instead of calculating the estimated value, this new approach detects Ty, and uses a simple
multiplication in the digital controller to correct the current sensing error.
Adding the current sensing correction term, the complete set of the CCM/DCM predictive

current controller rules is as follows:

Ton [TL + 1] = AT(m[n] + Ton,ffa (36)
ATop[n] = a-ein] +a- B -ei[n — 1] + ATy, [n — 1], (3.7)
€; [TL] =T [TL] : iref - (TS [n] — Taem [’I’L]) : Z'L,sensea (38)

. (1 _ Y . Uy '2Lu
T(m,ff—mm[Ts( 2. ﬂ ) Ts], (3.9)

where « is the term related to the current feedback gain; ( is related to the zero location of the
proportional and integral (PI) current feedback compensator; and T, ss is the feed-forward term
from PCC.

From the stability point of view, x is always equal to 1 in CCM. Current loop stability in
CCM is exactly the same as the regular average predictive current controller [17]. In DCM, for the
estimation approach (Eq. 3.4), the current loop stability of current sensing correction approach in
current loop has been addressed in [48]. However, since the proposed current controller has current
sensing correction factor feedback, the block diagram of the current control loop can be constructed
as shown in Fig. 3.4.

In addition to the current feedback loop, there is an extra x feedback loop. Applying  in
Eq. 3.2 and correcting the duty ratio feed-forward in DCM (Dy) as Eq. 3.10 and Eq. 3.11, small

signal discrete transfer functions in z domain can be expressed:

: (iref — K- iL,sense[n]) + foa (310)



o =min| (1-2) - (1) | =

R Vo
Gra(2) = = = , 3.12
i) =5 = (312)
d Lll sense 1
1 2L Vs, 1
T.(2) = = . - 14
(2) 2\] R.T, <Vo—vg> z (3:14)

where T} is the s loop gain. The k loop has a gain always lower than 1, and the feedback loop is

stable.
There are several ways to detect Ty.,,. One simple way is to detect inductor current zero-
crossing by a comparator and a digital controller to count Ty.,,. This Ty, detection approach is

shown in the next section.

3.2 DCM Oscillation and Adaptive Switching

3.2.1 DCM Switch Approach and DCM Comparator

As mentioned in Chapter 2, DCM oscillation is one of the issues that causes current harmonic

distortion at light load. Damping approach has been developed using an RC snubber leg to damp
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out DCM oscillation [34]. RC damping approach reduces the current harmonic distortion in DCM,
but it increases the snubber loss in both CCM and DCM. Instead of using the RC snubber leg, a
new approach to reduce current distortion due to DCM oscillation is proposed and developed in
this section.

The main idea is to store the DCM oscillation energy (F¢, ) from switching node capacitance

(Cy) to inductor. The DCM oscillation energy stored in C is

Vo
Fe, = / C(vas) - vasdvgs. (3.15)
0

A comparator and a switch (Qpcoas) across the secondary winding of the inductor are added,
as shown in Fig. 3.5. During T}, interval, when the switching node voltage (vg4s) rings to be
equal to the rectified input voltage (vq), the controller sets the gate signal of the DCM switch
(gpcwr) high to store the oscillation energy in the magnetizing inductance (Ljps) and circulates
current through Qpcas. In order to find the correct timing to turn Q) poas on, a DCM comparator
is added across the inductor secondary winding to detect the inductor voltage (vy) polarity. This
comparator signal (spcar) also helps to detect CCM/DCM boundary and to measure Tgep,, as
shown in Fig. 3.6. Ty, information can be applied in Eq. 3.5, to correct the current sensing error
and to reduce current harmonic distortion in DCM.

When boost transistor is turned on, energy stored in C, is discharged immediately. Adding
some dead-time (Tp) between boost gate signal (g) and DCM gate signal (gpcs) saves energy

(Esave), which depends on vy, as

Vo Vo
Esqve = min /Cm(vds) Vs AVgs, 2 /Ca:(vds) Vs AV . (3'16)
0 Vg

Ideally, DCM switch approach can recover most DCM oscillation energy in the boost PFC
rectifier. However, the DCM switch has to be implemented using semiconductor switches, tran-
sistors and diodes. The DCM switch has to be able to block positive and negative voltages, and

to allow current flow in one direction. Non-ideality of the DCM switch, forward voltage on the
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Figure 3.5: Block diagram of a boost PFC rectifier using the DCM switch.

diode and on-resistance of the transistor, reduces the saved energy (detailed analysis is shown in
Appendix A). In addition, due to the non-ideality of the DCM switch, some parasitic capacitance
exists. This is equivalent to adding extra capacitance at the switching node. Therefore, although
the DCM switch approach reduces the input current harmonic distortion due to the DCM oscilla-
tion, its losses diminish efficiency improvements. Experimental results and waveforms are shown

in Appendix A.

3.2.2 Adaptive Switching Approach

Due to the non-ideality of the DCM switch, the approach becomes one of the damping
approaches. For high efficiency at light load, an adaptive switching approach is introduced in this
section. The input current distortion due to the DCM oscillation is mainly caused by the uncertainty
of the inductor current level when the boost transistor starts to conduct. If the transistor is always
turned on at zero inductor current, the DCM current distortion will be reduced, as illustrated in
Fig. 3.7. Therefore, the main idea of the adaptive switching approach is to adjust the turn-on
timing of the boost transistor to meet zero inductor current condition. On the other hand, there

are two zero inductor current conditions during DCM oscillation. One is at high switching node
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Figure 3.6: Operation waveforms illustrating the DCM switch approach.
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Figure 3.7: Operation waveforms illustrating adaptive switching approach.

voltage, while the other is at low switching node voltage, as shown in Fig. 3.7. If the boost
transistor turns on at low switching node voltage, it saves the most switching node energy without
adding extra active snubber circuits (Eq. 3.16).

In order to turn the boost transistor on at the lowest switching node voltage, DCM oscillation
information is required. In DC-DC applications, since the input voltage is roughly a constant value,
the DCM oscillation period can be considered constant. A simple RC delay can be applied to turn
the boost transistor on at low switching node voltage [49-51]. RC delay approach has been applied
to AC-DC rectifiers in transition mode (TM) to approximately achieve low voltage switching [32,33,
51]. However, DCM oscillation period changes a lot with different components and operating points
in boost PFC rectifiers. Instead of applying the estimated delay time for low voltage switching, the
proposed adaptive switching approach uses DCM comparator signal (spcas) to precisely measure
part of the DCM oscillation period (Tps.) (Fig. 3.7). Taking advantages of digital control, the
controller applies half T,s. after the rising edge of spoas to make the transistor turn-on at the
lowest switching node voltage. The hardware implementation of the adaptive switching approach

is a simple secondary winding of the inductor with a DCM comparator, as shown in Fig. 3.8.
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Figure 3.8: System block diagram for adaptive switching current controller.
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Figure 3.9: Block diagram of current controller (adaptive switching CCM/DCM control).

3.3 Adaptive Switching CCM/DCM Current Control

Adaptive switching CCM/DCM control combines the two proposed approaches described in
previous sections, the new current sensing correction factor and the adaptive switching approach.
Adaptive switching CCM/DCM control is based on the predictive current control with trailing
triangle modulation and uses PI compensator for current loop (Eq. 3.2). The block diagrams are
shown in Fig. 3.8 and Fig. 3.9. On the other hand, since the adaptive switching approach slightly
changes the switching period, its control rule is modified from the constant frequency predictive rule.
Instead of using a constant switching period (T5), the adaptive switching CCM/DCM controller
uses the measured switching period (7s,) to calculate the current sensing correction term (Eq.
3.8). The modification affects the current compensator gain and zero location only (Eq. 3.7).

The complete set of the adaptive switching CCM/DCM predictive current control law is listed

in the following equations:

Tonln + 1] = ATon[n] + Ton s, (3.17)

ATy[n] = a-ein] +a- B -en— 1]+ ATy,[n — 1], (3.18)

€ [n] = Tsw [TL] : iT@f - (Tsw [n] — Tdem [n]) : iL,sense, (319)
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Figure 3.10: Operation waveforms of adaptive switching CCM/DCM current controller.

v v 2Lu
T, ¢ =min | Ty - _ 9 T, - _ 9) . . .
ff =min l ( v ) ; \/ ( V)T ] (3.20)

The approach described here is based on the assumption that the DCM oscillation period T,
does not change much between two consecutive switching periods. The digital controller uses the
DCM comparator signal spoas to measure and store the oscillation period T,s.. After expiration of
the nominal (CCM) switching period T, the controller waits for a low-to-high transition of spcas,
and extends the transistor turn-off time by T,s./2 so that the next DCM oscillation cycle ends at
the point when the inductor current is zero and the drain voltage is at a minimum, as shown in
Fig. 3.10. The adaptive switching controller is implemented as a state machine, as shown in Fig.
3.11. Referring to the waveforms in Fig. 3.10, a switching period starts from the first transistor
conduction state Sgon1; after the transistor is turned-off, the system is in the diode conduction
state Spon. If comparator signal spcoas stays low for the entire transistor turn-off interval 7, ¢, the
system operates in CCM, ending the period in the second transistor conduction state Sgon2. On
the other hand, if DCM comparator output spcas flips to logic high before the end of Ti,f, the
system operates in DCM. Depending on spcar, the state machine toggles between Sy, and Sy .p
to measure Ty,.. Before moving to transistor turn-on state Sgon2, the system waits for one half of

Tyse to achieve valley switching at the minimum of vy, ringing.
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Figure 3.11: DPWM state machine of adaptive switching CCM/DCM current controller.
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3.4 Current Loop Dynamics Improvement in DCM

Continuous-time averaged small-signal models for duty-cycle control to inductor current dy-
namics have been derived in [8,48]. According to these models, compared to CCM dynamic re-
sponse, the DCM response has a lower gain and does not include an integral term. Based on
the discrete-time modeling approach in [52,53], discrete-time small-signal responses including A /D
sampling and modulator delay effects can be derived for CCM (G;4.—ccar) and DCM (Gig»—ponr)

operation, as

1 V,T. 1
Gid=.com = — = OLS o1 (3.21)
in veTs 1
G. == =95 .22
id=-DOM = 5T (3.22)

Using the fixed PI compensator G,.,, the corresponding current loop gain magnitude and
phase responses for CCM and DCM operations are shown in Fig. 3.12. It can be observed that the
gain and the cross-over frequency are much lower in DCM, resulting in poor current regulation and
increased current distortion in DCM. This issue has been addressed in [48] by applying different
compensators for DCM and for CCM operation, based on a CCM/DCM mode transition estimation.
The estimation, however, may be subject to errors due to inductance tolerances or current sensing
errors.

In order to maintain high current loop bandwidth in CCM and in DCM, a modified PI com-
pensator (Gjc._nr) is applied. The compensator parameters, « and (3 in Eq. 3.18, are adjusted based
on the measured discontinuous conduction period Ty, thus eliminating possible mode estimation

errors, as

Vo — Vg T
Vg + chlamp Ton,ff

a, (3.23)

Qdem =
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Bdem = —0.25. (3.24)

In DCM, the compensator gain ae,, is increased and the zero location Bgep, is shifted. Vigmp
clamps the gain to a finite value around zero-crossings of the line voltage. Fig. 3.13 shows how the

modification results in much improved bandwidth of the current control loop in DCM.

3.5 Results and Discussion

A 300W boost PFC rectifier (fs ~80kHz; L =0.5mH; C' =220 uH) is built as shown in Fig.
3.14, using field programmable gate array (FPGA) development platform to implement the digital
controller. Its experiment setup is shown in Fig. 3.15.

At heavy loads, in CCM operation, all of the controllers operate exactly the same as the
constant frequency predictive current controller. They all result in low current harmonic distortion,
as illustrated by Fig. 3.16 and Fig. 3.17.

At medium load to light load conditions, when DCM occurs for most of the ac line period,
constant frequency operated predictive current controller with and without CCM/DCM current
sensing correction are shown in Fig. 3.18(a) and Fig. 3.18(b), respectively. Current controller with
CCM/DCM correction achieves lower current distortion. The DCM current sensing correction
improves current control and reduces distortion.

Besides, in DCM, in contrast to the constant frequency operation (Fig. 3.19(a)) adaptive
switching CCM/DCM current controller starts to turn the boost transistor at low switching node
voltage in DCM, as illustrated by the experimental waveforms in Fig. 3.19(b).

At light loads, input current distortion using the adaptive switching CCM/DCM controller
(Fig. 3.20(a)) is significantly reduced compared to the predictive CCM/DCM current controller
(Fig. 3.20(b)). The DCM distortion is reduced by switching at the lowest drain voltage, thus
reducing nonlinear effects of inductor current ringing on current regulation performance.

At very light load (5% rated power), DCM current distortion becomes more severe in constant
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Figure 3.14: System block diagram on hardware implementation for adaptive switching current
controller.

Figure 3.15: Evaluation board and experimental setup.
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Figure 3.16: Experimental boost PFC converter waveforms, rectified line voltage v, and line current
iqc, adaptive switching CCM/DCM controller (fs = 80 kHz; 300 W).
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Figure 3.17: Experimental boost PFC converter waveforms, rectified line voltage v, and line current
iqc, adaptive switching CCM/DCM controller (fs = 80 kHz; 200 W).
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node voltage vgs, gate drive signal g and DCM comparator signal spcons (fs =~ 80 kHz).
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frequency operation, such as predictive current control (Fig. 3.21) and predictive CCM/DCM cur-
rent control (Fig. 3.22). Adaptive switching reduces total current harmonic distortion dramatically,
as shown in Fig. 3.23.

Fig. 3.24 compares the total harmonic distortion (THD) performance of the considered con-
trollers, including predictive current control, predictive CCM/DCM current control, and adaptive
switching CCM/DCM current control.

Some distortion over the line at light load case is a result of the discrete number of the
oscillation periods allowed. With low current loop bandwidth in DCM, some distortion may occur
as shown in Fig. 3.25(a). However, applying the modified current controller in DCM (Sec. 3.4)
achieves an alternative number of oscillation periods and reduces the current harmonic distortion,
as shown in Fig. 3.25(b).

For efficiency testing, the power stage has been tested with two different diode types, a fast
soft recovery diode (FFPF04S60S) and a Silicon Carbide diode (CSD04060). The nominal switching
frequency in the experimental setup is 80 kHz. Measured efficiency as a function of output power is
compared in Fig. 3.26 for the considered control approaches. As expected, at high loads, efficiency
is slightly better with the Silicon Carbide diode because reverse recovery losses are lower. At
intermediate and light loads, when the converter operates in DCM most of the time, losses due
to the switch-node capacitance are more significant. As a result, the adaptive switching approach
offers more significant efficiency improvements with the Silicon Carbide diode, which has a larger

capacitance. Results are summarized in Table 3.1.
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Figure 3.21: Experimental boost PFC converter waveforms, rectified line voltage v, and line current

iac, predictive current controller (fs = 80 kHz; 15 W).
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Figure 3.22: Experimental boost PFC converter waveforms, rectified line voltage v, and line current
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Figure 3.23: Experimental boost PFC converter waveforms, rectified line voltage v, and line current
iqc, adaptive switching CCM/DCM controller (f; = 80 kHz; 15 W).
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Figure 3.24: Current harmonic distortion comparison (vg—pms=115V; fs = 80 kHz).
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Figure 3.25: Experimental boost PFC converter waveforms in DCM, inductor current iy, switching

node voltage vgs, gate drive signal g and rectified input voltage v, (fs ~ 80 kHz).
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Power | Efficiency | Power | THD

Factor
CCM Predictive Current Control 300W | 95.3% 0.999 2.2%
CCM/DCM Predictive Current Con- || 300W | 95.3% 0.999 2.2%

trol
Adaptive Switching CCM/DCM | 300W | 95.3% 0.999 2.2%
Current Control

CCM Predictive Current Control 150W | 94.7% 0.999 2.8%
CCM/DCM Predictive Current Con- || 150W | 94.5% 0.999 2.8%
trol

Adaptive Switching CCM/DCM | 150W | 95.1% 0.999 2.8%
Current Control

CCM Predictive Current Control 50W 93.6% 0.987 15.9%
CCM/DCM Predictive Current Con- || 50W 93.8% 0.994 7.3%
trol

Adaptive Switching CCM/DCM | 50W | 94.6% 0.994 5.9%
Current Control

CCM Predictive Current Control 15W 88.6% 0.950 21.2%
CCM/DCM Predictive Current Con- || 15W | 88.6% 0.933 15.6%
trol

Adaptive Switching CCM/DCM | 15W 91.0% 0.937 10.7%

Current Control

Table 3.1: Performance comparison of experimental CCM predictive current controller, CCM/DCM
predictive current controller and adaptive switching CCM/DCM current controller (vge rms = 115V;
fs = 80kHz)(transistor: STP25NMG60N; diode: CSD04060).



Chapter 4

Adaptive Frequency CCM/DCM Current Control in Boost PFC

At light load, switching loss is usually the dominant part of the power loss. Pulse frequency
modulation (PFM) reduces the switching frequency to reduce the switching loss at light load. PFM
is a well-known control approach to improve light load efficiency in DC-DC converters [54-56].
Similar ideas have been applied in power factor correction (PFC) rectifiers. One approach is
the burst mode, which reduces the equivalent switching frequency [41]. Another approach is the
conduction angle control, which keeps the transistor turned-off around input voltage zero-crossings
to improve efficiency [42]. In the constant on-time control, the switching frequency is adjusted
based on the load [31,57].

Burst mode and conduction angle control results in higher current distortion; the constant
on-time approach reduces the switching frequency only based on the load. However, within the
line period (77,), since the PFC rectifiers regulate the input current (i ) to follow the waveshape of
the input voltage (vgy), the power level processed around peak line voltage is quite different from
that around line voltage zero crossing. In order to reduce the light load switching loss based on
the overall power level and instantaneous transmitted power level, a new approach is introduced in
this chapter. Sec. 4.1 addresses the principles of the adaptive frequency approach, which combines
PFM and current shaping. Then, details of the adaptive frequency CCM/DCM current control are

presented in Sec. 4.2. Experimental results are given in Sec. 4.3.
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4.1 PFM and Current shaping

In regular pulse width modulation (PWM) converters, constant frequency operation makes
the converter efficiency drop dramatically at light load. The conduction loss reduces with the power
level; however, since the switching loss is a strong function of operating frequency, the switching
loss does not change much with different power levels. Once the switching loss dominates the
system loss, the overall efficiency decreases dramatically. As a result, converters operating at high
switching frequency tend to have lower efficiency at light load. On the other hand, low frequency
operated converters have high current stress and introduce more conduction loss at heavy load.

To achieve high efficiency for wide load range, PWM plus PFM approaches have been de-
veloped in DC-DC switched-mode converters [54-56]. The PWM plus PFM approach combines
constant frequency PWM operation at heavy load and PFM operation at light load.

Adaptive frequency approach is similar to the PWM plus PFM approach. At heavy load,
when the boost converter is operated in continuous conduction mode (CCM), it runs the regular
predictive current control (PCC); while at light load, when the boost converter is operated in
discontinuous conduction mode (DCM), it adjusts the operating frequency.

The main idea of the adaptive frequency approach is based on using switching frequency to
shape the inductor current instead of using duty ratio (Fig. 4.1). Generally, constant frequency

PFC controller directly shapes the inductor current by the duty ratio (dpcas) in DCM, as

2L )
1 g 4.1
dpcm \/ReTs ( Vo)’ (4.1)

which requires the power command (u=1/R.) and rectified input voltage (v,) information.

Instead of using the duty ratio to shape the inductor current, the proposed adaptive frequency
approach extends the minimum switching period (75), to shape the inductor current. By applying
the same transistor conduction period (7,,) as in the regular CCM operation and by changing the
switching period in DCM (Ts pcar), the adaptive frequency approach makes the average current
({iL)7,) the same as in constant frequency case, as illustrated in Fig. 4.1.

To achieve correct current shaping, the required turn-on period has to be
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Inductor Current i,

I [./. T
------ 17, e
|

le———— 7. —» I
: ’ Ts‘, peny T —» .
. O — . L | |
Gate Signal g Gate Signal g
Shaping by Duty Ratio Shaping by Switching Frequency

Figure 4.1: DCM current shaping by duty ratio or shaping by switching frequency.

v
Ton,pom =T - (1 - V‘?) =dpcm - Ts,pcm. (4.2)
o

Therefore, the DCM switching frequency of the adaptive frequency approach (T pcar) has

to be adjusted as

v R
Topom =17 - ( - Vg) : 275 (4.3)

In the proposed adaptive frequency approach, the CCM switching frequency is constant,
fsmaz = 1/Ts min. The DCM switching frequency variation is based on keeping the transistor duty
cycle constant. Fig. 4.2 shows variations of the transistor duty ratio and the switching period over
one half of the line period at an intermediate load. When the converter operates at heavy load
under constant frequency operation in CCM, the switch duty ratio is approximately independent
of load. In DCM, with constant frequency operation, a lower duty ratio is required as the load
is reduced. The proposed adaptive frequency controller keeps the same duty ratio during DCM
operation,

Ton _ 2L
TS,DCM ReTs’

Dpewm (4.4)

but allows the switching period to vary as Eq. 4.3. Note that the constant DCM duty ratio approach

also enables a smooth transition between constant-frequency CCM and variable-frequency DCM
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operation of the controller. The switching frequency variation is shown in the bottom part of Fig.
4.2, while the corresponding duty ratio variation is shown in the top part of Fig. 4.2.

A light load example is shown in Fig. 4.3. As opposed to constant frequency operation,
where current shaping is accomplished by adjusting the duty ratio, the switching period is adjusted
in the adaptive frequency technique.

At very light loads, depending on the selection of the maximum switching frequency fsmax
and inductance value L, the adaptive frequency CCM/DCM controller may operate below 20 kHz,
which may result in audible noise. A limit to the maximum allowed switching period (T maz)
is imposed to limit the minimum allowed switching frequency, as shown in Fig. 4.4. When the
adaptive frequency controller hits the lower frequency limit at very light loads, current shaping is

based on the current feedback only, without the feed-forward term.

4.2 Adaptive Frequency CCM / DCM Current Control

The adaptive frequency CCM/DCM controller is also taking advantage of the adaptive switch-
ing CCM/DCM control described in Chapter 3. The adaptive frequency CCM/DCM controller
applies the current sensing error correction and makes boost transistor turn on at the lowest drain
voltage. The system block diagram and current controller block diagram are shown in Fig. 4.5
and Fig. 4.6 respectively, which make use of the same hardware implementation as the adaptive
switching approach.

Adding the lower frequency limitation, the complete set of adaptive frequency CCM/DCM

controller equations is as follows:

Tonln + 1) = AT, [n] + Ton £, (4.5)

T [TL + 1] = max [Ts,min7 Ts,DCM] > (46)
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Figure 4.2: Duty ratio and switching frequency variations over half of the line period; compar-
ison of constant frequency and adaptive frequency operation at medium load (vg—rms =115V;
fsmaz =80kHz; 105 W).
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Figure 4.3: Duty ratio and switching frequency variations over half of the line period; comparison of
constant frequency and adaptive frequency operation at light load (vg—rms =115 V; fs mar =80k Hz;
50 W).
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T, pon = min [Ts,max, T2 in (1 - UVQ> fL} , (4.7)
Ton[n] = a-ei[n] +a- B -en— 1]+ ATp,[n — 1], (4.8)
eiln] = Tswn] - iref — (Tow[n] — Tiem[n]) - iL sense, (4.9)
Typns; = min [<1— 1";) T ims 2Lum , (4.10)

where T ., is the constant switching period selected for CCM operation, T ;4. is the maximum
allowed switching period. In DCM, coeflicients o and (3 are adjusted according to DCM current
controller shown in Chapter 3. Notice that adaptive frequency does not require complex digital
operations, such as square root calculation and fast divider operation. The only divider operation
required is R., which is one over power command (u), as Eq. 4.7. In the digital voltage loop,
u updates once per line period. Therefore, using a multiplication and a feedback loop is a cost

effective approach to implement divider operation .

4.3 Results and Discussion

A 300W boost PFC rectifier (fsmaz ~80kHz; fomin ~20kHz; L=0.5mH; C' =220 pH)
built for adaptive switching CCM/DCM current control (Chapter 3), also works as the platform to
demonstrate adaptive frequency CCM/DCM current control. System block diagram with compo-
nent information is shown in Fig. 4.7.

To demonstrate operation of the adaptive frequency approach, experimental waveforms, ac
line current i,. and rectified line voltage vy, are shown in Fig. 4.8(a) and Fig. 4.8(b). Because the

adaptive frequency CCM/DCM current control is also taking advantage of the adaptive switching
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Figure 4.4: Duty ratio and switching frequency variations over half of the line period; compar-
ison of constant frequency and adaptive frequency operation at very light load (vg—rms =115V;
fsmaz =80kHz; 30 W).
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CCM/DCM control to form the low voltage switching, compared with constant frequency predictive
current control (Fig. 4.8(a)), the adaptive frequency CCM /DCM current control reduces the current
harmonic distortion dramatically (Fig. 4.8(b)).

A zoom-in of the waveforms at the top of the line period shown in Fig. 4.8(b) shows the
valley voltage switching with the switching frequency of about 54kHz (Fig. 4.9(a)). A zoom in
closer to the zero-crossing of the ac line voltage in Fig. 4.8(b) shows how the switching frequency
is reduced to about 37kHz (Fig. 4.9(b)).

Fig. 4.9(a) and Fig. 4.9(b) also show significant changes in the DCM oscillation period
Tyse at different operating points, which is a result of the fact that the switch-node capacitance is
highly nonlinear. Therefore, as discussed in Chapter 3, the proposed adaptive switching approach
based on on-line measurement of the oscillation period has advantages over fixed delay approaches
previously applied to AC-DC PFC rectifiers [32,33,51].

At very light load (5% rated power), adaptive frequency CCM/DCM current controller shapes
the inductor current by the current feedback only. When operating frequency reaches its lowest
boundary, the adaptive frequency CCM/DCM current controller keeps the same feed forward term.
More current harmonic distortion is introduced compared to the adaptive switching CCM/DCM
current control shown in Chapter 3 (Fig. 4.10).

Fig. 4.11 compares the total harmonic distortion (THD) performance of the considered
controllers, including the predictive current control, the predictive CCM/DCM current control, the
adaptive switching CCM/DCM current control, and the adaptive frequency CCM/DCM current
control.

For efficiency testing, the same as the adaptive switching CCM /DCM current control shown in
Chapter 3, two different diodes have been tested, including a fast soft recovery diode (FFPF04S60S)
and a Silicon Carbide diode (CSD04060). The nominal switching frequency in the experimental
setup is 80kHz; the minimum switching frequency in the adaptive frequency controller is set to
20kHz. Measured efficiency as a function of output power is compared in Fig. 4.12 for the con-

sidered control approaches. Adaptive frequency CCM/DCM current controller offers even more
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Figure 4.8: Experimental boost PFC converter waveforms, rectified line voltage v, and line current

tac (fs,maz =80kHz; fs min =20kHz; 30 W).
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Figure 4.9: Experimental boost PFC converter waveforms in DCM using adaptive frequency
CCM/DCM current controller, corresponding to Fig. 4.8(b), inductor current iy, switching node
voltage vgs, gate drive signal g and DCM comparator signal spoar (fsmae =80kHz; fs min =20kHz;

30 W).
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efficiency improvements compared to the adaptive switching CCM/DCM current controller. The
results are summarized in Table 4.1.

In comparison of the system complexity, Table 4.2 lists the total equivalent gate count of
the controllers. The DCM feed-forward term, which requires a square root operation, increases
the number of gate count in both CCM/DCM predictive current controller and adaptive switching
CCM/DCM current controller in Chapter 3. Although adaptive frequency CCM/DCM current
controller always uses the CCM feed-forward term, it requires some multiplication operations to
calculate the switching period in DCM. Nevertheless, with some extra complexity (DCM compara-
tor) and less than 1/3 extra area in digital circuitry (Table 4.2), it can achieve high efficiency and

low harmonic distortion over wide range of loads.
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Power | Efficiency | Power | THD
Factor

CCM Predictive Current Control 300W | 95.3% 0.999 2.2%
CCM/DCM Predictive Current Con- || 300W | 95.3% 0.999 2.2%
trol
Adaptive Switching CCM/DCM Cur- || 300W | 95.3% 0.999 2.2%
rent Control
Adaptive Frequency CCM/DCM || 300W | 95.3% 0.999 2.2%
Current Control
CCM Predictive Current Control 150W | 94.7% 0.999 2.8%
CCM/DCM Predictive Current Con- || 150W | 94.5% 0.999 2.8%
trol
Adaptive Switching CCM/DCM Cur- || 150W | 95.1% 0.999 2.8%
rent Control
Adaptive Frequency CCM/DCM || 150W | 95.1% 0.999 2.8%
Current Control
CCM Predictive Current Control 50W 93.6% 0.987 15.9%
CCM/DCM Predictive Current Con- || 50W 93.8% 0.994 7.3%
trol
Adaptive Switching CCM/DCM Cur- || 50W | 94.6% 0.994 5.9%
rent Control
Adaptive Frequency CCM/DCM | 50W | 94.7% 0.996 5.0%
Current Control
CCM Predictive Current Control 15W 88.6% 0.950 21.2%
CCM/DCM Predictive Current Con- || 15W 88.6% 0.933 15.6%
trol
Adaptive Switching CCM/DCM Cur- || 15W 91.0% 0.937 10.7%
rent Control
Adaptive Switching CCM/DCM | 15W | 92.5% 0.944 12.0%
Current Control

Table 4.1: Performance comparison of experimental CCM predictive current controller, CCM/DCM
predictive current controller, adaptive switching CCM/DCM current controller, and adaptive fre-
quency CCM/DCM current controller (vgerms = 115V; fs = 80kHz)(transistor: STP25NM60N;
diode: CSD04060).
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H H Total Equivalent Gate Count H

CCM Predictive Current Control 9.2k
CCM/DCM  Predictive Current 11.0k
Control

Adaptive Switching CCM/DCM 11.2k
Current Control

Adaptive Frequency CCM/DCM 12.1k
Current Control

Table 4.2: Total equivalent gate count of experimental CCM predictive current controller,
CCM/DCM predictive current controller, adaptive switching CCM/DCM current controller, and
adaptive frequency CCM/DCM current controller (vgerms = 115V; fs = 80kHz).



Chapter 5

Current Error Estimation

In addition to the dual mode operation over wide load range, the need for current sampling
and analog to digital conversion (ADC) is another importnat issue to be addressed in digital
controllers for power factor correction (PFC) rectifiers. For universal input operation, since the
duty ratio changes from about 5% to 100%, an ADC with relatively short conversion time is required
to obtain the corresponding digital current value. In order to achieve low conversion time, a high
speed ADC is required for current sensing. On the other hand, inductor current varies a lot over
the line period (77,) in boost PFC rectifiers. PFC rectifiers process high current at peak of the line
voltage and almost no current at the line voltage zero crossings. For wide load range operation,
medium to high resolution is necessary for current sensing ADC to achieve low current harmonic
distortion. Therefore, high speed and medium resolution ADCs are the common choices for current
sensing in digital PFC controllers.

In order to reduce sampling rate of the current sensing, digital boost PFC controllers often
sample current once per switching period with precise timing of sampling. It is possible to have
some current sensing offset due to the sampling time shift. Besides, when the duty ratio is close
to 0% or 100%, current sampling and hold may be affected by the switching noise. Alternatively,
sampling on either transistor conduction interval or diode conduction interval is one solution [13,58].
However, continuity in current sensing values between alternative conduction intervals is highly
dependent on the sampling timing, which can be affected by the gate drive delay and the transistor

turn-on/turn-off delay [58].
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In order to achieve a wide load range operated boost PFC rectifier and relieve all of the current
sampling issues mentioned above, a new current error estimation approach in both continuous
conduction mode (CCM) and discontinuous conduction mode (DCM) is proposed in this chapter.
This chapter is organized as following: Sec. 5.1 describes the principle of the new current error
estimation approach. A small signal discrete model of the current dynamics based on current
error estimation is shown in Sec. 5.2. A low design effort current controller based on current
error estimation is introduced in Sec. 5.3. Implementation issues in the digital current controller
combining the current error estimation and the adaptive approaches of Chapters 3 and 4 are

discussed in Sec. 5.4, followed by experimental results and discussion in Sec. 5.5.

5.1 Principle of Current Error Estimation

To design a digital controller for universal-input boost PFC rectifier over a wide range of
loads, a new current error estimation approach in both CCM and DCM is proposed in this chapter.
The proposed approach uses a digital to analog converter (DAC) and a single current comparator
to measure the timing information, which can indicate the difference between reference current and
average inductor current (Fig. 5.1). The hardware of the current error estimation is similar to
that of the one bit voltage and current sensing in [59-63]. By using comparator signals, current
comparator signal and DCM comparator signal shown in Chapter 3, inductor error current can
be estimated and applied in the digital control algorithm, as shown in Fig. 5.1. The current
comparator signal (sz,) compares the inductor current (iz) and the reference current (iy.s), where

current reference signal is the output of DAC fed from the digital controller.

5.1.1 Current Error Estimation in CCM

The idea of current error estimation in CCM is based on 50% duty ratio of sy, signal when
current error is zero. The current error is estimated using the duty ratio of sy, the inductance value
(L) and the input/output voltages (vq, V,). Operation waveforms of the current error estimation

in CCM are shown in Fig. 5.2.
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As Fig. 5.2 shows, current error (Ai), which is the current difference between i, ¢ and average
inductor current over a switching period (ir)r,, is related to the time intervals (ATy, AT) and

inductor rising and falling slopes,

Vo — vy

v
Ai = AT, - 2L = AT, . -2 1
i T 2= (5.1)

Let the sum of the two time intervals (AT, AT,) be AT, which is proportional to ATy, AT,

Vo Vo
. (5.2)
Vg

AT = ATy - = AT, -
Vo — Vg
In CCM, when i,y equals to (i), , AT is exactly zero. The sum of sy, logic-low intervals at

transistor or diode conduction periods, 711 + T2, equals to one half of the switching period (7).

Therefore, AT is

T
AT =T +Tpa — 5 (5.3)

By combining Eq. 5.1 to Eq. 5.3, in CCM, the current error (e;) can be estimated using Eq.

5.4, as

. Ts V;) - v
e~ Ai = <TL1 + Ty — 2) <V9> (z) . (5.4)

5.1.2 Current Error Estimation in DCM

Current error can also be estimated in DCM, as illustrated in Fig. 5.3. Current error (A7)
in DCM is also related to the time intervals (AT}, AT5) and the inductor rising and falling slopes
(Eq. 5.1).

In DCM, the average inductor current (ir,)7, is equal to one half of the peak inductor current

i1 peak times the current sensing correction factor (k),
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Figure 5.3: Waveforms illustrating current error estimation in DCM.

U (1 _ Td%) , (5.5)

iL,peak/2 B
which has been introduced in Chapter 3.
From Eq. 5.5, the relationship between iy, peqr and (i L>TS can be expressed as a function of

the conduction period (T,onq), as

(iL), 1 <Tcond) . (5.6)

2K = - ==
UL, peak 2 Ts

Based on the geometry of the waveforms shown in Fig. 5.3, it is known that desired T7, is

proportional to the ratio between the average inductor current and the peak inductor current,

<iL>T 1
VLT T +T , 5.7
1L, peak CZcond ( H L2)ref ( )

where (Tr1 + Tr2)rey is the desired value of T7..

From Eq. 5.6 and Eq. 5.7, AT can be described as

2

T
AT =Ty +Tr2 — (Tp1 + Tr2),ep = Trn + Tro — ﬁnd- (5.8)
S
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Therefore, estimated current error (e;) in DCM can be expressed as.

. Tc20nd Vo — Vg Vg
e = Ai = (TLl + T2 — o ) < v ) <L> . (5.9)

Eq. 5.4 and Eq. 5.9 show that a current reference DAC and two comparators can be used to
estimate the current error in both CCM and DCM. Current error estimation in CCM (Eq.5.4) is a

special case of estimate in DCM (Eq. 5.9), when Tg,,q is equal to Ts.

5.1.3 Resolution Considerations In Using Current Error Estimation

Current error estimation trades time resolution for current sensing ADC resolution. The
relationship between current sensing resolution and time resolution is depended on inductor current
ramp up/down slopes, as illustrated in Fig. 5.2. There is a linear relationship between current error

(Ad) and time intervals (AT = AT} + AT5). Eq. 5.1 can be rewritten as

Ai = (AT) (“;) , (5.10)

where v, is the equivalent voltage across the inductor to produce corresponding AT'. The equivalent

voltage is

Veqg = (Ug) (V‘;U") , (5.11)

which is always a positive number.
To make the current resolution equal to the time resolution, the following equation has to be

valid,

I'mas [ Veq T
9Napc (L) (QNDPWM) ’ (5.12)
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where Napc and Nppw s are the number of bits in ADC and DPWM respectively, and 1,4z is
maximum possible inductor current at maximum power.

The equivalent number of bits in current sensing (Ngpc) can be expressed as

2 Prax 1 L
N =N l _— — — 1
ADC pPwM +10og2 K Vatomin > (Ts> (Ueqﬂ ; (5.13)

where P4, is the rated power and V}; is line peak voltage.

Eq. 5.13 shows that the current sensing resolution using current error estimation varies with
vy, and the worst case happens when v, is one half of V,,. Ideally, by selecting large L, the sensing
resolution increases. However, due to the small inductor current ripple, interval detecting will be

affected by the offset in comparator. This is a tradeoff in selecting the inductor value.

5.2 Current Dynamics Using Current Error Estimation

Current error estimation senses the timing information based on inductor current comparator
signal, which is different from the regular discrete-time current feedback system. Small signal
discrete-time model of the current dynamics using current error estimation is also different from
the regular discrete-time current dynamics discussed in Chapter 3. For the stability consideration
and current controller design purpose, the discrete current dynamic model using current error

estimation in both CCM and DCM are presented in this section.

5.2.1 Current Dynamics Using Current Error Estimation in CCM

In CCM, operation waveforms related to current error estimation are shown in Fig. 5.4. It
is shown that the inductor valley current (iz,) can be expressed as a function of switching period

(Ts) and transistor conduction period (7,,), as

(vg — Vo)

iroln] = izoln — 1] + T - + Tonln] - % (5.14)
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Figure 5.4: Waveforms to illustrate sampling in small signal discrete model in CCM using current
error estimation.

iry can also be expressed as a function of the sy, logic low period during transistor/diode

conduction (Trr, = Tr1 + Tr2) and Ty, which is part of Trr. The difference equation is

(vg — Vo)

v,
— + T [n] - T (5.15)

irw[n] = iLe[n — 1]+ Tpp[n] -

By combining Eq. 5.14 and Eq. 5.15, Eq. 5.16 shows the difference equation, as

Ty (vg— V) +dn] - Ty - Vo = Tppln] - (vg — Vo) + Tpaln] - V. (5.16)

Applying z-transform to Eq. 5.16, the small signal discrete-time relationship is

Ty (vg— V) + D(2) - Ty - Vo = Tpp(2) - (vg — Vo) + Tpa(2) - Vo (5.17)

Since Tr;, and T} are depended variables, their relationship can be expressed as

(TLL[TL - 1] - TLl[n - 1]) (V:, — Ug> = TLl[TL] * Vg (518)

Applying z-transform to Eq. 5.18, the small signal discrete-time relationship between T,

and 771 can be found as
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Figure 5.5: Waveforms to illustrate zero effect in small signal discrete model in CCM using current
error estimation.

(Vo =vg) - Trr(2) = [vg - 2+ (Vo = vg)] - Tra(2). (5.19)

From Eq. 5.17 and Eq. 5.19, small signal discrete transfer function from duty ratio d to T,

in CCM can be expressed as

Tpo(z) - Vo o [ZJFW}
D) =V o1 (5:20)

The small signal discrete-time model changes the gain based on the slopes of the transis-
tor/diode turned-on intervals. The small signal discrete transfer function from d to Tz has the
maximum gain when input voltage (vy) is exactly one half of the output voltage (V). Eq. 5.20
also shows an integration effect, which is the same as the average model from d to i;. However,
d to Ty transfer function, Eq. 5.20, has an extra zero at high frequency. Fig. 5.5 illustrates an

example of the zero effect, which illustrates the period doubling in duty ratio.

5.2.2 Current Dynamics Using Current Error Estimation in DCM

In DCM, on the other hand, T7; becomes a constant with duty ratio perturbation, as il-

lustrated by the waveforms in Fig. 5.6. The only term affected by duty ratio perturbation is
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the conduction interval (T¢,,q) and the discontinuous conduction interval (Tyem,). The relationship

between Ty, and d is

Vo

Ts — Tgem[n] = d[n] - Ts - m.

(5.21)

Applying z-transform to Eq. 5.21, the small signal discrete-time transfer function from d to

Tdcm is

Tdcm(z) _ ) Vo
D) Vo)

(5.22)

d to Tjem transfer function forms a sample gain relationship which varies with rectified input
voltage vy. When rectified line voltage vy is close to output voltage Vj, there is a large gain form

d to Tdcm-

5.3 Current Controller Design Based on Current Error Estimation

The proposed digital controller using current error estimation is based on the predictive
current mode control, which is an average current mode controller with an additional feed-forward
term. The block diagram of the proposed current controller is shown in Fig. 5.7. A proportional
and integral (PI) current compensator to reduce estimated current error (e;) and a feed-forward

term are added together to form a simple current controller. A set of the operation equations is:

Tonn] =Topn — 1]+ a-en—1]- T+ G- - e[n—2] - Ts + T 15, (5.23)

o= (- B (B2 (9)3). e

(5.25)
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Figure 5.6: Waveforms to illustrate sampling in small signal discrete model in DCM using current
error estimation.

PI compensator Feedforward

DPWM |—

Figure 5.7: Block diagram of current controller (using current error estimation).
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where « and ( are the PI compensator parameters described in Chapter 3.

Note that current control rule (Eq. 5.23 and Eq. 5.24) does not require precise inductor value
(L) estimation. The proposed current controller rule requires voltage information (V, and v,) and
timing information (77, Ts and T¢,y,q) only, which is different from the usual average current mode
control. Therefore, the proposed current control rules using current error estimation (Eq. 5.29 and
Eq. 5.30) form a current controller that requires low design effort and has improved robustness.

From the control rules, in CCM, T¢,,q is always equal to switching period (7s). As a result,
small signal discrete transfer function of the current controller in CCM (Gj.._cconr) can be expressed
as Eq. 5.26. Applying G;.._conr, the current loop bandwidth in CCM is fixed and is independent

of the inductor value, as

e B (52) () ()58 om

In DCM, assuming the current reference (i,.¢) is a constant over the entire switching period,

Ty, is always a constant. Eq. 5.24 is a function of discontinuous conduction period (T, ), as

et = 1= =Rt (5 () (7) oo

Neglecting the higher order terms in Eq. 5.27, small signal discrete transfer function of the

current controller in DCM (Gj.._pcar) can be expressed as

o= 2= () () (D) 55 o

From Eq. 5.20 and Eq. 5.26 in CCM and Eq. 5.22 and Eq. 5.28 in DCM, the corresponding
current loop gain magnitudes and phase responses for CCM and DCM operations are shown in Fig.
5.8. As mentioned in Chapter 3, it can be observed that the gain and the cross-over frequency are

much lower in DCM than that in CCM.
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The modified compensator gain in Chapter 3 requires both the inductor and the load infor-
mation. In order to simplify the current loop and achieve low design effort in current controller,
a modified PI compensator is applied to maintain relatively high current loop bandwidth. The
compensator parameter, 3, in Eq. 5.29 is adjusted based on the operating mode, CCM or DCM. In
DCM, the compensator gain B4, is set to be zero to increase bandwidth in DCM. Fig. 5.9 shows

that the modification results in much improved bandwidth of the current control loop.

5.4 Adaptive CCM/DCM Controller Based on Current Error Estimation

In order to operate the boost PFC over a wide range of loads and to eliminate sampling issues
on current sensing ADC, the proposed digital controller combines the current error estimation and
the adaptive switching for DCM operation. The controller takes advantage of two slow ADC sensing
information (vg, V,) and two fast comparator information (sz, spcar) to shape inductor current,
and combines the adaptive CCM/DCM approach (Chapter 3) to increase light load efficiency and
current error estimation (Sec. 5.1) to relieve the current sensing ADC requirement. This section
shows the implementation of the proposed digital controller.

The state machine of the proposed current controller is built on a digital counter (counter)
based trailing edge digital pulse width modulator (DPWM), which is implemented using field
programmable gate array (FPGA) with 100 MHz clock frequency. The switching period starts
from transistor turned-on state (Sgon); after the transistor is turned off, the system is in the diode
conduction state (Spen). If the DCM comparator signal (spcas) does not flip on before the end
of the nominal operation period (T%), the system operates in CCM and starts another switching
period right at the end of Ts. On the other hand, if spcjs flips on before the end of T, the system
enters state Sy, and starts DCM mode. Depending on spoas, the state machine toggles between
Sver and Sy ,m to measure T,,.. Before starting another switching period, the system waits for one
half of T, to achieve valley voltage switching at minimum wvgs, which extends the actual switching
period to be T,,. Due to the addition of the adaptive switching, the whole set of the current control

rules are modified from Eq. 5.29- Eq. 5.32, and are shown as the follows:
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Tonn] =Topn — 1]+ a-en—1]- T+ 5 - - e;[n—2] - Ts + Top 15, (5.29)

- (- (GG o

2L
Tomff = min [( - ;Z) - Ts, \/( - sz) : Tsu‘| ) (531)

—7/8 CcCM
6= . (5.32)

0 DCM
There are some possible fault conditions. First, when inductor current is away from the
reference current, the controller is out of the linear region. It makes the current error estimation
inaccurate and slows down the current tracking. To enforce the controller to operate in linear
region, the system sets one limitation, as illustrated in Fig. 5.10. The state machine will not start
another switching period until the inductor current 7y, is lower than the reference current i,.r. On
the other hand, due to the control of the transistor turn-on timing, there is no guarantee that the
inductor current will pass the reference current during the transistor turn-on interval. Nevertheless,
keeping relatively high bandwidth and proper current ripple usually results in linear operation of
the controller. However, around input voltage zero-crossings, close-to-one duty ratio is expected. It
is possible that the transistor turn-off noise accidentally flips sy, low and sets the current loop out

of the linear region. Blinding s; to have multiple low states prevents this fault condition around

the line voltage zero crossing.

5.5 Results and discussion

The same boost PFC power stage designed as in Chapter 3 and Chapter 4, a 300W boost

PFC rectifier (f; ~80kHz; L=0.5mH; C'=220puH), is built as shown in Fig. 5.1, using FPGA
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Figure 5.10: Waveforms illustrating a fault condition in current error estimation.

development platform to implement the digital controller with 100 MHz clock as time resolution.
The experimental setup is shown in Fig. 5.11.

Using the current error estimation, proposed digital current controller regulates the inductor
current by having sy, with 50% duty ratio in CCM operation, as illustrated in Fig. 5.12. In DCM
operation, the proposed digital current controller estimates current error using the comparator
signals, sp and spcas , and regulates the inductor current. Fig. 5.13 shows a functional operation
of the current error estimation in DCM with the adaptive switching technique.

At heavy load, when the converter operated in CCM over the entire line period, the current
controller using current error estimation operates at constant frequency and achieves low current
harmonic distortion (Fig. 5.14).

At medium load, when the converter operates in mixed mode (CCM and DCM), there is
more current distortion (Fig. 5.15 at low line voltage; Fig. 5.16 at high line voltage). The current
distortion is caused by the mode detection error, since the DCM detection comparator is using
the voltage mode instead of the current mode detection, DCM detection comparator is not able to
decide the correct operation mode around the light DCM operating mode.

At light load, when the converter operates in DCM over the entire line period, due to the
modified current compensator, the current loop still has relatively high bandwidth. Current dis-
tortion happens around input voltage zero-crossing (Fig. 5.17 at low line voltage; Fig. 5.18 at high

line voltage).



Figure 5.11: Evaluation board and experiment setup (current error estimation).
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Figure 5.12: Experimental boost PFC converter waveforms in CCM using current error estimation,
inductor current ¢y, inductor current comparator signal sy, gate drive signal g and DCM comparator

signal spon (fs = 80 kHz).
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Figure 5.13: Experimental boost PFC converter waveforms in CCM using current error estimation,
inductor current i, inductor current comparator signal sy, gate drive signal g and DCM comparator

signal SDCM (fs ~ 80 kHZ).
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Figure 5.14: Experimental boost PFC converter waveforms, rectified line voltage v, and line current
iac, adaptive switching CCM/DCM controller using current error estimation (fs = 80 kHz; 300 W).
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Figure 5.15: Experimental boost PFC converter waveforms, rectified line voltage v, and line current
iqc, adaptive switching CCM/DCM controller using current error estimation (fs ~ 80 kHz; 100 W).
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Figure 5.16: Experimental boost PFC converter waveforms, rectified line voltage v, and line current
iac, adaptive switching CCM/DCM controller using current error estimation (fs ~ 80 kHz; 200 W).
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Figure 5.17: Experimental boost PFC converter waveforms, rectified line voltage v, and line current
iqc, adaptive switching CCM/DCM controller using current error estimation (fs ~ 80 kHz; 30 W).
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At very light load, the conduction period (Tong) shrinks, while the clock resolution (10ns)
is still the same. Therefore, the error of the current error estimation approach grows, which results
in increased current distortion (Fig. 5.19).

Fig. 5.20 illustrates the total harmonic distortion (THD) performance of the adaptive switch-
ing CCM/DCM current controller using current error estimation at both high line and low line input

voltages. The corresponding high efficiency over wide load range is shown in Fig. 5.21.
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Figure 5.18: Experimental boost PFC converter waveforms, rectified line voltage v, and line current
iac, adaptive switching CCM/DCM controller using current error estimation (fs ~ 80 kHz; 75 W).
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Figure 5.19: Experimental boost PFC converter waveforms, rectified line voltage v, and line current
iqc, adaptive switching CCM/DCM controller using current error estimation (fs ~ 80 kHz; 15 W).
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Chapter 6

Passive Power Sharing in Interleaved Boost PFC

In order to increase power processing capability, paralleling of phase interleaved modules has
been developed in DC-DC converters [64]. By applying phase interleaving among converter modules,
the overall inductor current ripple is reduced. Phase interleaved converters with identical converter
modules achieves the lowest overall current ripple without increasing inductor size or increasing
switching frequency. Fig. 6.1 shows an example of a two-phase buck converter; phase interleaved
operation minimizes output voltage ripple and reduces the size of the output capacitors [64].

Paralleling of phase interleaved modules has been adopted in power factor correction (PFC)
rectifiers to increase power system modularity [38-40,65-77]. In order to extend power range, this
chapter focuses on digital control for interleaved boost PFC rectifiers. Proposed controller combines
passive power sharing approach and adaptive approaches in interleaved boost PFC rectifiers. This
chapter starts from an introduction of interleaved boost PFC rectifiers in Sec. 6.1. Issues related to
active power sharing approach and passive power sharing approach are discussed in Sec. 6.2. Sec.
6.3 discusses efficiency improvement and current mismatch in the passive power sharing approach. It
is followed by an introduction of a new over current protection in Sec. 6.4. Sec. 6.5 discusses issues
related to light load efficiency improvements, including phase interleaving and phase shedding. The

final section shows experiment results.



Figure 6.1: Circuit schematics and waveforms of two-phase interleaved buck converter.
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6.1 Introduction of Interleaved Boost PFC Rectifiers

Parallelling power converter modules has been developed in DC-DC converters. Multiple
modules stack up the power level without changing the selected components and power stage design.
Phase-interleaved operation reduces the inductor current ripple or the capacitance size. Voltage
regulation module (VRM) in microprocessor power supplies is one of the important applications for
multiple modules. For AC-DC rectifiers, interleaved PFC rectifiers starts from the idea of reducing
overall inductor current ripple and input filter size. It is originally designed for multiple phase-
shifted boost PFC modules operated in discontinuous conduction mode (DCM) [38]. An interleaved
boost PFC rectifier, which is operated in continuous conduction mode (CCM), uses two current
loops to shape overall inductor current and to achieve current sharing [40]. Furthermore, attention
has been given to transition mode (TM) interleaved boost PFC rectifiers [39,65,68-71,75,76]. Due
to the varying frequency operation in TM PFC rectifiers, different types of phase latch control
strategies are applied to keep converter modules phase-interleaved.

Recently, digital controllers, which can easily build precise phase interleaving, have been
developed in interleaved boost PFC rectifiers to increase system power modularity [66,67]. Digital
controllers can easily add some other extra features, such as phase shedding, without much extra
cost [67].

It can be concluded that interleaved boost PFC rectifiers offer a number of benefits. They
reduce the overall inductor current ripple without increasing inductor value or switching frequencys;
they increase power level without changing component selection. However, there are also some
drawbacks of interleaved boost PFC rectifiers. The total number of components increases. It

becomes more difficult to sense inductor current and to design the pulse width modulator (PWM).

6.2 Active Power Sharing and Passive Power Sharing

Power sharing becomes an issue in parallel converter modules when they are operated in

CCM. Different power sharing techniques have been developed in past years. In the approaches
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reported so far, power sharing among the paralleled modules operating in CCM has been based on
active current sharing control that requires individual current sensing in each module, as shown in
a two-phase example in Fig. 6.2.

However, since the modules share a common ground terminal, typically at the negative ter-
minal of the output filter capacitor, and they are all supplied from the same ac line input voltage,
current sensing of the separated inductor current values is not available. Generally, two current
sensing transformers are applied together with peak current mode control, which results in some
current distortion around medium to light load operation [73]. Another common approach is to
sense the total inductor current based on input-side sensing resistance, and to add an extra cur-
rent sharing control loop and extra current sensing on the switch or the diode legs, as shown in
Fig. 6.3 [66,67]. These active power sharing approaches either require extra current sensing or
compromise current distortion.

An alternative, simpler approach based on passive power sharing is proposed here. It uses
only one current sensing circuit (as shown in Fig. 6.4) and a digital controller driving the power
MOSFETs with phase shifted control signals having identical duty ratios. Such passive power
sharing approach has earlier been proposed for multi-phase DC-DC microprocessor power supplies
[78], where it was shown to yield minimum overall conduction losses and improved efficiency (at
heavy loads) at the expense of unequal distribution of currents among the modules. The passive
power sharing approach can only be precisely applied using digital control techniques to optimize
efficiency for heavy loads; other approaches are applied to extend high efficiency operation to light
load, such as phase shedding and adaptive approaches discussed in previous chapters [79].

A discussion of efficiency and current mismatch tradeoffs for passive power sharing in multi-

phase PFC rectifiers such as the two-phase example shown in Fig. 6.4, is given in the next section.

6.3 Efficiency Improvement and Current Mismatch in Passive Power Sharing

A digital controller can produce perfectly matched phase shifted control signals for each

module. This property has enabled effective passive current sharing in multi-phase DC-DC con-
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verters [78]. This section examines the outcomes in terms of conduction losses and current mismatch
of the passive power sharing approach when the paralleled PFC modules are operated with identical

(but phase shifted) switch control signals.

6.3.1 Reduction of Conduction Losses Due to Passive Power Sharing

An ideal single-phase PFC presents a resistive load to the ac line [8]. As shown in Fig. 6.5, a
two-phase PFC rectifier is modeled as two emulated resistances (Re1, Re2) on the input side with
corresponding controlled power sources P,.; and P,., respectively. To simplify the analysis of
passive power sharing, conduction losses are approximately modeled as equivalent series resistances
Rpeq1 and Rpeq2. Furthermore, the simplified analysis assumes that the inductors are well matched,
Ly = Lo.

In CCM operation, under small ripple assumption and Ry, < R, the conduction loss (Peonq)

can be found as

L

1
Pcond ~ (R21 RLeql + RL@qQ) : VaQC,rmm (61)
e

Rz,
where Ve rms is the root-mean-square (RMS) value of the input ac line voltage. It follows that the

conduction loss (Eq. 6.1) is minimized if the PFC module emulated resistances satisfy the following

condition:

Rey o RLeql
Re? RLeq2

(6.2)

In Fig. 6.6, the normalized conduction loss, which is the conduction loss with respect to the
minimum conduction loss over different R, and R4 ratios, illustrates how the minimum conduction
loss occurs when Eq. 6.2 is satisfied.

In multi-phase PFC rectifiers with active equal power sharing, current controllers for each

module are implemented to make the current split evenly among the modules. With evenly shared
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power, the emulated resistances are the same for all modules, R,y = Reo. As a result, in the
presence of conduction loss mismatches (Rreq1 7# Rreq2), equal current sharing does not achieve
minimum conduction loss. If the controller drives the power switches with identical duty ratios,
while controlling the total input current, it can be shown that the resulting emulated resistances
meet Eq. 6.2, which means that the passive power sharing approach minimizes the total conduction
losses. A more detailed analysis can be performed based on the models averaged over a switching
period T, as shown in Fig. 6.7.

In the PFC rectifier with active power sharing, each phase shares equal current (Fig. 6.7(a)).
Assuming the inductor values are the same in all phases, and taking into account only conduction
losses, overall efficiency of the PFC rectifier with active power sharing can be found by integrating

the power loss over the line period, as

_ RLeq
2R’

Tactive = 1 (63)

where Ry = (RLeql + RLqu) /2 is the nominal equivalent series resistance, and R, is the total
emulated resistance.

In the passive power sharing PFC rectifier, each phase operates at the same duty ratio (Fig.
6.7(b)). Assuming the inductor values are the same in all phases and that the time constant of
the inductor (77, = L/Rpeq) is much shorter than one half of the line period (77,), overall efficiency
of the passive power sharing PFC rectifier becomes a function of the equivalent series resistance

mismatch (ARreq = |Rreqi — Rreq2]), as

Ry AR?

Leq
active = 1- . 6.4
Mact 2R, ' 8R.Rieq (6.4)

From Eq. 6.3 and Eq. 6.4, the reduction in conduction loss by passive power sharing is shown
in Fig. 6.8 as a function of the relative R, mismatch AR /Rpe,. One may note that, although

the reduction in conduction losses due to passive power sharing is relatively small, the approach
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Figure 6.8: Reduction of conduction loss using passive power sharing in the two-phase boost PFC
rectifier in CCM.

can result in efficiency improvements at heavy loads where conduction losses dominate. A detailed

analysis of converter efficiency with active and passive power sharing is presented in Appendix B.

6.3.2 Current Mismatch Due to Passive Power Sharing

In the presence of component mismatches, passive power sharing helps to reduce conduction
losses. A disadvantage is that each phase processes different amount of power, and the resulting
current mismatch increases the current stresses on the components. With passive power sharing,
the current mismatch can be related to a mismatch in the equivalent series resistances, a mismatch
in the inductance values, and the phase shift between the PFC modules. This section presents
an approximate analysis of each of these three effects separately. From the model in Fig. 6.7(b),

considering the Ry, mismatch only, the maximum relative current difference can be found as

Vit ARpe

max [Aif] = SR, Ry
e eq

(6.5)

where V) is the peak ac line voltage. The current-mismatch penalty is illustrated in Fig. 6.9,
which shows the maximum current mismatch as a function of the R; mismatch.

Considering the inductance mismatch only, the maximum current difference can be found as
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Figure 6.9: Maximum current mismatch using passive power sharing in two-phase boost PFC
rectifier in CCM.

V AL
2_RMe . (TLCUL) . T, (66)

max [Air] ~

where L is the nominal inductance (mean value of all the inductance) and 77, is the nominal inductor
time constant. Under an assumption that the inductor time constant 77, is much shorter than one
half of the line period 77, the maximum current mismatch due to inductor mismatch Eq. 6.6 is
much smaller than the current mismatch due to Ry mismatch, as Eq. 6.5. This conclusion is
in contrast to the case when PFC rectifiers operate in DCM or in transition mode (CCM/DCM
boundary) [68,69], when the current mismatch is caused mainly by the inductor value mismatch.
Even in the case when the modules are perfectly matched, a current mismatch occurs in PFC
rectifiers with passive power sharing due to phase-shifted control signals in combination with time-
varying input voltage. By noting that the large-signal models averaged over a switching period
(Fig. 6.7(b)) are linear, an s-domain approach based on the closed-loop model shown in Fig. 6.10
can be applied to examine this effect. The phase shift between the phases is modeled by a transfer
function G4(s). The total inductor current iy, is well regulated by the current controller G, to track
the reference current (iref = vy/Re).

From the model in Fig. 6.10, the current mismatch can be found as
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Air(s) = ”ifés) | (Gals) - 1) (2Gig(s) - Re — 1)

‘ aumam T (1+Ga(s) |

(6.7)

From Eq. 6.7, it can be observed that the current mismatch is due to the phase shift (G4(s) #
1), and the time-varying input voltage vy(s). Assuming a well-regulated input current, a first-order
approximation for the delay transfer function Gg4(s), and a sinusoidal ac input voltage at 60 Hz,
the maximum current mismatch is shown in Fig. 6.11 as a function of Ry /R, for several values
of the input voltage Ve rms, and inductance L. For heavy loads with dominant conduction loss,
the current mismatch due to phase shift is relatively small. A more detail analysis of the current

mismatch in passive power sharing is shown in Appendix B.

6.4 Over Current Protection

Although passive power sharing minimizes the conduction losses, as described in Sec. 6.3.1,
the resulting current mismatch discussed in Sec. 6.3.2 may result in additional current stresses.
Therefore, it is of interest to consider ways to provide per-module over-current protection without
compromising the current-sensing simplicity and modularity of the passive power sharing approach.
An over-current detection circuit proposed in this chapter is based on monitoring the charge-up
time for the switching node capacitance (C}) as an indication of the peak inductor current. Upon
transistor turned-off interval, it takes time to charge C, and lift switching node voltage vgs up
to the output voltage after the diode turns on. For a given v, and C, the total required charge
Q. supplied by the inductor to charge C, from 0 to v, is a fixed value. The charge up time ¢, is

therefore inversely proportional to the inductor peak current iz, peqk, as

Vg
7:L,peak “te= Qc = /0 Ca;(vds) dvds~ (68)

As shown in Fig. 6.4, the DCM detection comparators are included to detect polarity change
of the voltage across the inductor [79]. The same comparators can be used to determine the time

when vy, reaches vy after the boost transistor is turned off, as shown in Fig. 6.12.
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The digital controller simply counts the time interval t; between the gate signal g high-to-low
transition and the corresponding transition in the DCM comparator signal Spcas. It should be
noted that ¢4 is a sum of the switching node charge-up time (t.), gate drive delay (t4cp), and
the comparator delay (tqcomp). The last two terms are highly dependent on the component
selections and their variations, so a calibration is required in a practical implementation of the
proposed over-current protection. Fig. 6.13 shows examples of vys waveforms for different inductor
peak currents.

Most of tg4 is when vy is low, which is due to the larger transistor drain to source capacitance
at low vgs. When vy is high, the charging-up slope is much steeper. The peak current occurs
around the peak line voltage v, = Vis, which corresponds to a lower capacitance as vgs reaches vg.
Therefore, t4 increases only slightly with increasing input voltage, which means that the calibration
can be performed at just one voltage. Time resolution of the digital controller system clock (10 ns
in the experimental prototype) is too low for precise current detection. In order to measure t4
more precisely, a delay line based timer has been constructed as shown in Fig. 6.14, improving the
timing resolution to about 2 ns.

Experimental results showing ¢4 as a function of i, yeqr at v4 =100V are shown in Fig. 6.15.

This result can be used to to calibrate the proposed over-current protection function.

6.5 Phase Interleaving and Phase Shedding

In order to improve overall efficiency, phase shedding approaches have been developed for
multi-phase interleaved PFC rectifiers [67,77]. The main idea of phase shedding is to reduce the
switching loss when PFC rectifier is processing less power. Most phase shedding PFC rectifiers
reduce the number of active phases based on the power command (u), which makes the number of
active phases be constant over the line period. Programmability of a digital controller makes the
required scaling of the power command and the current loop gain adjustment easy. In addition
to phase shedding, since the power processed by the PFC rectifier changes within a line period,

approaches based on varying the switching frequency within a line period have been proposed in
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Chapter 3 and Chapter 4. For high efficiency over wide load range, the passive power sharing and
adaptive approaches are combined together. In this section, issues related to light load efficiency

improvement are discussed in more detail.

6.5.1 Phase Shifting with Adaptive Frequency Operation

The adaptive frequency approach changes the operating frequency to reduce switching loss at
light loads. A constant time shift between the phases would result in additional current ripple. The
approach implemented in the experimental prototype is based on a digital pulse-width modulator
(DPWM) in a master phase operating as described in Chapter 3, while DPWM’s in the slave
phases replicate the master phase turn-on/turn-off intervals with an adaptive phase shift. The
slave phases adjust turn-off time to achieve the required phase shift. The operation is illustrated

by the waveforms in CCM and in DCM shown in Fig. 6.16 and Fig. 6.17, respectively.

6.5.2 Current Sensing

As shown in Fig. 6.4, the current analog-to-digital converter (ADC) samples the total induc-
tor current in the middle of the transistor conduction interval. In CCM, with an even phase shift,
the sensed current represents the total average current, as the two-phase example shows in Fig.

6.18. With an uneven phase shift, there would be an offset between the average inductor current
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Figure 6.16: Experimental interleaved boost PFC converter waveforms in CCM, gate drive sig-
nals (g1, g2) and inductor currents (iz1, ir2) , adaptive frequency CCM/DCM current control

(fs,maz =100kHz).
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Figure 6.18: CCM current sense in passive power sharing approach (two-phase interleaved example).

and the sensed current, which would increase the current harmonic distortion.

In DCM, the current sensing correction factor, which is presented in Chapter 3, cannot be
applied directly in the multi-phase configuration. In deep DCM, the sensed current may only
represent part of the inductor current as shown in the example of Fig. 6.19. With an uneven phase
shift in DCM, even larger current sensing errors can be expected.

However, it should be noted that the effects of the current sensing correction and the current
sensing error in DCM are in the same direction, which means that the overall error between the
real average current and the sensed current can be relatively small. Furthermore, most current
distortion happens in deep DCM around zero-crossing of the line voltage, so that the overall effect
on the input current distortion is small. Finally, as noted above, phase shedding reduces the
number of active phases at light loads, and digital controller can make phase shedding be smooth,
as illustrated in Fig. 6.20. Once the system operates with a single active phase, the DCM current
correction described in Chapter 3 applies, and the light-load current harmonic distortion is reduced.

A final comment relates to application of the adaptive switching, which adjusts the switching

period slightly to achieve switching at the lowest v4s in DCM . In the multi-phase configuration, if
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all DPWM’s are performing adaptive switching, the phase shift between the phases can be slightly
off. Similar phenomena happen in transition mode interleaved PFC rectifiers, which have been
addressed and discussed in [68,69]. A phase lock loop (PLL) approach may not apply because
of the discrete nature of the timing related to an integer number of DCM oscillation periods,
resulting in sudden jumps in the switching periods. Fig. 6.21 shows how current sensing can be
highly dependent on the discontinuous conduction period (Tyqy) in the previous switching period.
This effect may cause some oscillations in the current loop, and a slight increase in input current

distortion.

6.6 Results and Discussion

A 600W two-phase boost PFC rectifier (fs =100kHz, L1 =Ly =320 uH, C =440 uF) has been
built with a field programmable gate array (FPGA) platform implementing the digital controller.
The experimental prototype is shown in Fig. 6.22.

For heavy load operation, the controller operates at constant frequency with two active phases
interleaved and evenly phase-shifted by 180 degrees. The operating waveforms are shown in Fig.
6.23.

For moderate loads, two active phases operate in both CCM and DCM over a line period.
The controller starts to reduce the switching frequency (Fig. 6.24) following the adaptive frequency
approach. Because the DCM current sensing error discussed in Sec. 6.5.2 cannot be fully corrected,
some additional current distortion can be observed. When the controller drops one phase, the
remaining active phase operates in CCM as shown in Fig. 6.25.

Once phase shedding results in a single active phase, both adaptive switching and adaptive
frequency are activated with DCM current correction as described in Chapter 3 and illustrated by
the waveforms in Fig. 6.26. Compared to the two-phase constant frequency interleaved case (Fig.
6.27), the current distortion is reduced.

Efficiency improvements are illustrated in Fig. 6.28. The adaptive switching and the adaptive

frequency approaches reduce switching losses at light loads, while phase shedding further improves
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Figure 6.22: Experimental setup for 600W digitally controlled two-phase boost PFC rectifier.
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Figure 6.23: Experimental boost PFC converter waveforms, rectified line voltage v, and line current

iqc, adaptive frequency approach (fsmaez = 100 kHz; 600 W; two active phases interleaved).
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Figure 6.24: Experimental boost PFC converter waveforms, rectified line voltage v, and line current
iqc, adaptive frequency approach (fsmqez = 100 kHz; 270 W; two active phases interleaved).
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Figure 6.25: Experimental boost PFC converter waveforms, rectified line voltage v, and line current
iqe, adaptive frequency approach (fsmaez = 100 kHz; fs min = 40 kHz; 270 W; single active phase).
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Figure 6.26: Experimental boost PFC converter waveforms, rectified line voltage v, and line current
iqe, adaptive frequency approach (fsmqez = 100 kHz; f min = 40 kHz; 30 W; single active phase).
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the light load efficiency. The experimental efficiency results indicate that phase shedding should be
activated when the power drops below 270 W, leaving one phase active. At very light load (30 W),

efficiency is improved by about 3% compared to the conventional two-phase system operating at

constant switching frequency.



Chapter 7

Conclusions

Low current harmonic distortion, low cost and high efficiency are always the targets for
power factor correction (PFC) rectifiers. Today, driven by economic reasons and concerns about
the environment, maintaining high efficiency and good power factor over wide load range has become
the main demand in PFC rectifiers. Instead of using high performance components to reduce loss or
adding many extra components to achieve soft switching with complicated controllers, this thesis
proposes simple low cost digital control techniques to maintain high efficiency and low current
harmonic distortion over a wide range of loads in single-phase boost PFC rectifiers.

The next section summarizes the original contributions of this thesis followed by future related

research directions.

7.1 Summary of Contributions

(1) Development of current sensing correction factor using measured discontinuous
conduction period:
Generally, digital boost PFC controllers sense inductor current at the middle of the transis-
tor or diode conduction period to represent average inductor current in continuous conduc-
tion mode (CCM). This is no longer valid in discontinuous conduction mode (DCM). With
the estimated current sensing correction factor, the single controller can operate in both
CCM and DCM in boost PFC rectifiers [48]. Instead of applying the estimated current

sensing correction factor, a measurement based current sensing correction factor is intro-
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duced in Chapter 3, which takes advantage of a DCM comparator and a counter in the
digital controller to measure the discontinuous conduction period. Using the measured dis-
continuous conduction period, the current sensing correction factor can be easily calculated

and applied to boost PFC rectifiers [79,80].

Development of adaptive switching CCM/DCM current control:

Adaptive switching CCM/DCM current control applies the current sensing correction factor
and the adaptive switching technique in DCM to a predictive current control law [79,80].
The adaptive switching approach runs the same as the predictive current control in CCM
and adjusts transistor turn-on timing to achieve low voltage switching in DCM (Chapter
3). Using the information from the DCM comparator, which senses voltage polarity change
across the inductor, adaptive switching approach turns the transistor on at the lowest drain
voltage in DCM saving part of the discharge energy loss due to switching node capacitance.
In addition, it also reduces the current harmonic distortion due to the DCM oscillation

described in Chapter 2.

Development of adaptive frequency CCM/DCM current control:

Adaptive frequency CCM/DCM current control is based on adaptive switching CCM/DCM
control with additional switching frequency adaptation in DCM [79,80]. The adaptive
frequency technique shapes the inductor current by changing the switching period instead
of changing the duty ratio in DCM (Chapter 4). Since the power processed across the
line period changes a lot in PFC rectifiers, the adaptive frequency technique adjusts the
switching frequency over the line period. This further reduces switching loss at light load
and improves current shaping in DCM. A minimum switching frequency setup prevents

audible noise but introduces some current harmonic distortion at very light load operation.

Development of current error estimation for boost PFC rectifiers in both CCM
and DCM:

Current error estimation technique estimates the current error in both CCM and DCM
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using a slow digital to analog converter (DAC) and a single inductor current comparator
(Chapter 5). The existing analog to digital converter (ADC) for current sensing requires
high speed and high resolution, and it could be affected by the switching noise since boost
PFC rectifiers have the duty ratio from almost 0% to 100%. Current error estimation
trades the time resolution for the ADC resolution and removes the needs for precise current
sampling. The combination of current error estimation and predictive current controller
form a current controller independent of inductor value, which reduces design effort and
improves robustness of the current loop. The current error estimation can also be applied
in combination with adaptive CCM/DCM controller to achieve high efficiency over wide

load range.

(5) Analysis of passive power sharing in interleaved boost PFC rectifier:
Passive power sharing can be adopted in interleaved boost PFC rectifiers to increase system
power modularity [81]. It can reduce total inductor current ripple without extra current
sensing circuits. Chapter 6 examines the tradeoff between reduction of the conduction loss

and inductor current mismatch when the simple passive power sharing technique is applied.

(6) Development of over current protection technique for passive power sharing:
Based on the possible current mismatch in passive power sharing, a new over current
protection circuit is introduced in Chapter 6. The circuit measures the switching node
charge-up time as an indication of inductor peak current [81]. Based on the gate drive
signal and the DCM comparator signal, switching node charge up time can be counted by

the delay line enhanced digital counter.

7.2 Related Future Research Directions

This thesis addressed operation and digital control of boost PFC rectifiers operating over

wide load range. Some of the potential research directions related to this work include:

(1) Current error estimation in interleaved boost PFC rectifiers:
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The proposed current error estimation could be implemented in interleaved boost PFC
rectifiers. For interleaved boost rectifiers, the current control algorithm using current error
estimation is no longer independent of inductor values. This requires more investigation

related to the inductor mismatch.

Resolution of current error estimation:

Current error estimation trades time resolution for the ADC resolution. However, most
digital signal processors (DSP) are running at lower frequency clocks. Using multiple
comparators for current error estimation could be applied to relieve time resolution re-

quirements.



Appendix A

DCM Switch

In order to reduce discontinuous conduction mode (DCM) oscillation in boost power factor
correction (PFC) rectifiers, the DCM switch approach is proposed in Chapter 3. The main idea is
to store DCM oscillation energy from the switching node capacitance to the inductor. A secondary
winding is added on the inductor with a switch (Qpcar) across the secondary winding, as shown in
Fig. A.1. During discontinuous conduction interval (T, ), when switching node voltage rings to the
rectified input voltage (vg), the proposed controller sets the gate signal of the DCM switch (gpcar)
high to make DCM oscillation energy stored in the magnetic inductance (Ljs) and to circulate
current through Qpcpy. In order to switch @poas on at the correct time, a DCM comparator
is added to measure inductor voltage (vr) polarity. DCM comparator signal (spcoas) also helps
to detect the CCM/DCM boundary and to measure Ty, which can reduce current harmonic
distortion in DCM (Fig. A.2).

Detailed design of the dead-time between the DCM switch (Qpcar) and the boost transistor
(Q) is shown in Sec. A.1. It is followed by a discussion of DCM switch implementation in Sec. A.2.

The final section shows the experimental results and discussion.

Al Dead-Time Analysis

When the boost transistor starts to conduct, energy stored in the switching node capacitance
(Cy) is discharged immediately through the transistor (Fig. A.3). Adding some dead-time (Tp)

between boost gate drive signal (g) and DCM switch gate signal (gpcas) recycles some energy
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stored in Cj, as illustrated in Fig. A.2.

Adding some dead-time helps to move some energy from C, to the input capacitor. During
the dead-time, there is no circulation current flowing through the DCM switch; however, there
is still energy stored in the magnetizing inductance (Ljs). Before the boost transistor conducts,
energy stored in C, is transferred to Lj,s, which reduces the switching node voltage vgs. Applying
proper dead-time enables the boost power transistor to turn on at low voltage. The dead-time can
be analyzed by using state plane analysis.

In state plane analysis, as shown in Fig. A.4, the ideal dead-time is to follow the dash
line, which turns the boost main switch on at the lowest switching node voltage (vg4s). By finding
a constant equivalent capacitance at the switching node, constant dead-time can be applied to

achieve low voltage turn-on.

A.2 Switch Implementation

From the circuit implementation point of view, the DCM switch has to be able to block both
positive and negative voltages and allow the current to flow in one direction. Two topologies can
functionally work for the DCM switch (Fig. A.5): one is using back-to-back n-channel transistors

with their sources tied together; the other is using a transistor in series with a diode.



@ @ 6 iR,

Switching v

\ "
Node, Li ¢ Vas
Voltage M 3) V,

— _—— —

|/ Inductor

[Gate Signalg
DCM Switchg),

Figure A.4: Waveforms and state plane for dead-time analysis of DCM switch.
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Figure A.5: Topologies of DCM switch implementation.
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In the diode approach, by assuming the voltage drop due to the transistor on-resistance is

smaller than the diode voltage drop (Vp), inductor current equation can be simplified as

dipye 1
L _— Al
M p Vb, (A1)

where a is the turns-ratio between secondary winding and primary winding of the inductor.
With the discontinuous conduction interval (Tj.,) passing, the circulation current in the

magnetic inductor decreases as

VD : Tdcm

Lyi(Taem) = iLm(0) — W Ly

(A.2)

Applying similar analysis on a back-to-back transistors case, it becomes a simple LR damping,
where the damping resistance is twice the on-resistance (R,,) of the transistors. The inductor

current equation is

dipn . 2Ron

The inductor current at the end of the switching can be expressed as

—2Ron-Tgem

LM(Tdcm) ZiLM(O)— e a?- Ly . <A4)

By taking the derivative of Eq. A.3 and Eq. A.4 with respect to T, it can be observed that
the slope of current reduction is related to the device parameters and the inductor initial current,
izm(0). For the low izp(0) case, diode approach always makes more damping compared to the
back-to-back transistors approach. The turns-ratio (a) of the inductor is related to the damping and
the component selection. The lower the turns-ratio is, the higher the component voltage ratings are
required, which may lead to higher on-resistance. The parasitic capacitance of the large devices is
usually higher than that of the smaller devices. On the other hand, a higher turns-ratio makes the

circulation current higher, which increases the effective damping. The selection of the turns-ratio
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Power | Efficiency | Power | THD

Factor
CCM Predictive Current Control 100W | 95.3% 0.991 9.3%
CCM/DCM Current Control | 100W | 95.4% 0.999 2.3%
with DCM Switch
CCM Predictive Current Control 15W 90.1% 0.976 18.3%

CCM/DCM Current Control | 15W 91.4% 0.978 6.8%
with DCM Switch

Table A.1: Performance comparison of experimental CCM predictive current controller and pre-
dictive CCM/DCM current controller with DCM switch (vgerms = 110V fs = 80kHz)(transistor:
STP25NMG60N; diode: CSD04060).

and the damping loss is a design tradeoff. Lower voltage rating components have lower cost and
can be combined with the DCM comparator circuits easily. Hence, a =1/10 ratio with back to back

transistors (NDT3055) are selected for the DCM switch implementation.

A.3 DCM Switch Results and Discussion

First, experimental waveforms that illustrate the DCM switch operation are shown in Fig
A.6. The DCM switch dramatically reduces the DCM oscillation. Applying the proper dead-time
between DCM switch turn off and boost switch turn on, the DCM switch can achieve low voltage
turn-on, as shown in Fig. A.7.

The DCM switch starts to operate at medium to light load range when the boost power
stage is operated in DCM for part of the line period. Experimental waveforms, ac line current i,
and rectified line voltage vy, are shown in Fig. A.8 and Fig. A.9, which illustrate the low current
harmonic distortion in boost PFC rectifier achieved by using the DCM switch. However, due to the
on-resistance damping and extra capacitance at the switching node, efficiency improvement with

the DCM switch is relatively small. Results are summarized in Table A.1.
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Figure A.6: Experimental waveforms of the DCM switch with dead-time, gate control signal
(g), drive signal for DCM switch (gpcas), transistor drain voltage (vgs) , and inductor current
(iz)(fs =80kHz)..
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Figure A.7: Experimental waveforms of the DCM switch with dead-time, gate control signal
(g), drive signal for DCM switch (gpcas), transistor drain voltage (vgs) , and inductor current
(ir)(fs =80kHz)(zoom-in at transistor turn on interval).
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Figure A.8: Experimental boost PFC converter waveforms, rectified line voltage v4 and line current
iac, with the DCM switch (fs = 80 kHz; 100 W).
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Figure A.9: Experimental boost PFC converter waveforms, rectified line voltage v, and line current
iqc, with the DCM switch (fs = 80 kHz; 15 W).



Appendix B

Passive Power Sharing Analysis

This appendix contains an analysis of the interleaved boost power factor correction (PFC)
rectifier discussed in Chapter 6. The first section presents the efficiency analysis with active power
sharing, or with passive power sharing when considering conduction losses only. Then, the second
section discusses current mismatches in passive power sharing, including component mismatch

effects and phase interleaving effects.

B.1 Efficiency in PFC rectifier with Active or with Passive Power Sharing

In boost PFC rectifiers, the conduction loss in the boost power stage can be modeled as shown
in the averaged circuit model in Fig. B.1 [8]. The model contains losses due to inductor winding
resistance (Ry,), losses due to transistor turn-on resistance (R,y), and losses due to diode forward
voltage drop (V) under the condition that rectified line voltage (vq4(t)) and duty cycle (d(t)) vary
with time. Based on the model illustrated in Fig. B.1, system efficiency can be calculated. However,
since duty ratio is coupled with R,, and Vg terms, analytical solution is complicated. To simplify
the analysis, the conduction loss can be modeled as an equivalent resistor (Rp¢q) in series with a
lossless emulated resistance (R.), which transfers power to the output, as shown in Fig. B.2 for
the two-phase boost PFC rectifier example.

This section discusses the efficiency difference between active power sharing and passive power
sharing in a two-phase interleaved boost PFC rectifier example, based on the model in Fig. B.2.

To verify reduction of the conduction loss in passive power sharing, a numerical analysis will be
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Figure B.1: A low frequency equivalent circuit for boost rectifier that models converter conduction
losses.
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Figure B.2: Averaged equivalent circuit model of a two-phase boost PFC rectifier, including con-
duction loss equivalent resistance (Rreq1, Rreq2)-
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shown in the final part of this section.

B.1.1 Efficiency with Active Power Sharing

Active power sharing regulates the average inductor current ({ir)7, ) at each phase to be the
same and gives the required duty ratio (d; = 1 — d}) for each phase, i = 1, 2. For investigating
the current loop dynamics only, the output voltage can be regarded as a constant (V) as long as
the output voltage variation is much smaller than the output voltage DC value. Inductor current
dynamics, therefore, depends only on averaged rectified input voltage (<vg)Ts), Vo and Rpe,. Based
on the assumption, the averaged switch model of a two-phase boost PFC rectifier with active power

sharing is shown in Fig. B.3.

L <iL(?> Ty ’\/\IRLqu

LZ <1/(l)>7"s Rl,(’t/]

(o) ) a,op, | 2] (2] 0v,
e\t

Figure B.3: Averaged switch model in boost PFC rectifier with active power sharing (two-phase
example).

Here, <”9>Ts is rectified from the ac side input voltage, as

(vg(t)>TS = Vi - sin(27 frt)] , (B.1)

where Vjs is the peak line voltage and fr is the line frequency. Ideally, active power sharing

equalizes the current processed in each phase. Inductor currents in each phase are

Vum
R,

(ir1(t)) g = (in2(t)) g, = 5= - [sin(2mfLt)]. (B.2)
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In active power sharing, the inductor currents are only decided by the current controller
but not decided by the inductor value (L) or the conduction loss resistor (Rreq). One important
assumption is that time constant of the inductor (77, = L/Ry) is much smaller than half of the line

period (77,). Hence,

{vg(#)) 1,

o Breqi & (O, — i) Vi, (B3

Duty ratio in each phase can be calculated as

1—di(t) = dit) = @Q(V?Ts.(b P;LRq> (B.4)

The total average output current (I,) can be written as the sum of the two diode average

currents ((ia1)r,, (ia2)7,), as

o= 2 [ /OTL/Q (tiar (), + lian(D), ) dt]

V2 R R (B:5)
Leql Leg2
= R, (1_ 2R, )+ (1_ 2R, )
Total input power (Pj,) and output power (P,,;) can be found as
% Rreq Rpeg2
Py =V, - I,=-2M (1 eq) (1— q)} B.6
out o o 4Re |:< 2Re + 2Re ) ( )
V2
Py, = M B.

= g0t ®.7)

Let Rregem = (Rreqi + Rreq2)/2 and ARy, =| Rreq1 — Rreq2 |- Therefore, the efficiency in

active power sharing is shown as

RLegem (B.8)

Nactive = 1 — 2R,
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O Hdaw,
<Vg(t)>Ts

Figure B.4: Averaged switch model in boost PFC rectifier with passive power sharing (two-phase
example).

B.1.2 Efficiency in Passive Power Sharing

Passive power sharing gives the same duty ratio for each phase, and allows the inductor
currents to be as they are. The averaged switch model of the two-phase boost PFC rectifier using
passive power sharing is shown in Fig. B.4.

Total inductor current ({ir)z,) is shaped by the current controller, which can be expressed

as

(iL(t)p, = @gg?TS = (ir1(t))p, + (ir2(t)) 1, - (B.9)

From the average model in passive power sharing (Fig. B.4), the voltage across inductor (L)
and the conduction loss resistor (Rreq) in all the phases are the same. The voltages across the

inductor are

d(iri(t))

(vg(t) g, — d'(8) - Vo = Li—— === + {i1a(£))yy * Rreqr, (B.10)
0oy =0V = L2 ) Ry (B.11)

Eliminating one of the variables from the previous two equations, the inductor current can

be expressed as a first order ordinary differential equation, as
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d(iz1(®))r, :
Ly + Lo) — 47— + (ir1(t)) 1, - (RLeqt + Rieg2) =
( ) =@ (i1 ()7, - (Rreq 2) = (B.12)
Lo (2mf1) Var - cos(2m frt) + "KL V) - sin(2m frt)
With the initial condition at input voltage zero-crossing, (ir1(0))y, = (iz2(0))y, = 0, the

S

average output current ({(io)y, ) becomes

(RLe 1+ Rre 2)
<i0(t)>Ts = %% |:RL1 — 14 W} |:et' (Lq1+L2> : :| |:51n(27rth):|
—RV—A(/O BiLy - 27 f + AlRLeql} {sin(waL) . COS(27Tth)] ) (B.13)

+ 34 [VM + ALy - 27 ff, — BlRLeql] [sinz(%th)}

where

_ 27fLVamr [(Rreqr + Rreg2) Ly — (L1 + L) Rieqo]

Aq )
Re [(RLeql + RLeq2)2 + (Ll + L2)2 (27rfL)2}

(B.14)

5 Vs [(RLeql + Rreg2) Riegz + (L1 + L) (27 f1)? L2}
1 pr— .
Re [(RLeql + }zLeq2)2 + (Ll + L2)2 (27TfL)2}

(B.15)

The total input power and output power can be described as

Ty /2
Po =Vor [ lio®)s, dt. (B.16)
0

2
P, = ;/]Ag (B.17)

Therefore, the efficiency with passive power sharing is

77 3 _ 871'~A1L1 |: (L1+L2) :|
assive - 2
P VA{ (RLeql +RLeq2) +(L1 +L2)2(27TfL)2

(Rreqi+RLeq2)

X |:RL1 - L1 . W (Blg)

_T;. (RLeql+RLeq2>
{1 4+ e TETTRAIFIY) }

—i—‘%M |:VM + ALy - 27 fr, — B1RLeq1]
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(L1+Lo) 2 he effici : : : 3
R €1 e VA = T iency in ivi wer sharin n ri
Let 71, CCTPES Ty and wr, 7> the efficiency in passive power sharing ca be described
as
8L -
. — L WLTL T2
npaSSZ’UC Re (RLeq1+RLeq2) |:1 + € :|
Lot Rpeqi—T¢ RpeqaRreqi—L1La+7r Rreqa L1
x[ ualioen . (B.19)
(1472-w?)
+1+ |:L1L2'W%TL'L1RLeq2'UJ%RLequLeq2+T'L2RLeq1'w]%:|
2
Re‘(RLeql+RLeq2)‘(1+Tz'w2)A

With the assumption wy, - 7, < 1, and letting Rreqem = (Rreqi + Rieq2)/2 and ARpeq =

|RLeqi — Rereq2l|, the efficiency with passive power sharing is approximately

n ol — RLeq,cm A‘R%eq
passive 2Re 8Re RLeq,cm

(B.20)

From Eq. B.8 and Eq. B.20, it is shown that with some Ry mismatch, the passive power

sharing reduces the total conduction loss compared to active power sharing approach.

B.1.3 Numerical Example of Efficiency Comparison

In active power sharing, current in each phase (ir, ;) is equal, so

t
ina(t) = ”29](%) i=1,2. (B.21)

By following the analysis in B.1.1 and considering the R; and V effects, the duty ratio in

each phase is

Ry ;
o [ = 1] wg(t) + (Vo + Vi) B22)
’ (Vo + Viei — Sty (1)

The conduction loss can be calculated as

TL/2
-Plossi = j%/ {iL,i (t)2 : RL,@' + iL,i (t)Q : dl (t) . Ron,i

t=0

(B.23)
+[1 = di(®)] - ia(t) VF} dt
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In passive power sharing, both phases have identical duty ratio (d(t)), and the sum of the

inductor currents is

i (t) +iga(t) = ”iz(t) . (B.24)

Both phases are connected to the same input/output. The voltage across the inductor in

each phase is

dip; .
L; Zcht(l‘/) = vy(t) —iri(t) - Rr; (B.25)
—ir,i(t) - di(t) - Roni — [1—di(t)] - (Vi — Vo)
From Eq. B.24 and Eq. , the inductor current in each phase is
. —t- RL1+RL2+d(t>‘[Ronl+Ron2]
i) = Ci-e (1ot -
B.26

+AiCOS(27Tth) + Bisin(27rth) + D;
where A;, B;, C;, and D; are the coefficients, which are functions of d(t). An example is

listed here:

A = \%Yi 2 fr, L2[Rp1+Rpa+d(t)-(Ron1+Ron2)]
Re (2nf1)*(L1+L2)?[Rr1+Rr2+d(t) (Ron1+Ron2)]” (B.27)
_Vu 27 fr,(L1+L2)[Rr2+d(t)-Ron2]

Re (2nfr)*(L1+L2)’[Rr1+Rp2+d(t)-(Ron1+Ron2)]?

B = \%Yi . (227TfL)2L2(L1+L2) ,
R (ZWfL) (L1+L2) [RLI+RL2+d(t)'(Ronl+Ron2)] (B28)
+m [RLI+RL2+d(t)'(Ronl+Ron2)}[RL2+d(t)'Ron2]

Re (27 f)*(L1+L2)*[Rr1+Rro+d(t)-(Ron1 +Ron2)]”

Cl = —A1 — D1 s (B29)

= —[1 —d@®)] (VF1 — Vi)
br= [Rr1 + Rpo + d(t) - (Ron1 + Ron2)]’ (B.30)
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Figure B.5: Reduction of conduction loss using passive power sharing in the two-phase boost PFC
rectifier (numerical example: vg_pms = 115V L = 0.3mH; Ry, = 0.1 R, = 0.08Q; Vp =~ 1V;

600 W).
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From iy, ,(t) and Eq. B.1.3, d(t) can be solved numerically. By applying Eq. B.23, the
power loss in active power sharing and passive power sharing can be compared. The reduction
of conduction loss can be plotted with different types of mismatches, as illustrated in Fig. B.5.
The numerical example shows how the reduction in conduction losses depends on different types of

mismatches.

B.2 Current Mismatch in Passive Power Sharing

Passive power sharing processes the current in each phase to be inversely proportional to the
impedance, including the inductor (L) and the conduction loss resistance (Rpeq). If there are some
impedance mismatches between the phases, there are some current mismatches between the phases.
In addition, phase interleaving may also causes some current mismatch. Details of the analysis are
shown in this section, including component mismatch effects in Sec. B.2.1, and phase interleaving

effects in Sec. B.2.2.

B.2.1 Current Mismatch Due to Component Mismatches

Based on the averaged switch model shown in Fig. B.4, inductor current can be expressed
as a first order differential equation (Eq. B.12). Using the passive power sharing, inductor current

in each phase can be expressed as

_ .RLeql+RLeq2

2 (t))y, = — 4y (e e ) - [Ay cos(2nfrt) + By sin(2rfrt)], (B.31)
—t. RLeq1+RLeq2

<iL2(t)>Tg = —AQ (6 Li+lo > + [AQ COS(Q?Tth) + B2 sin(27rth)] s (B32)

where

_ 27TfL : VM [(RLeql + RLqu) . L2 - (Ll + LZ) ' RLeq2]

Aq
Re [(Ll + L) (21 f)* + (Rreq1 + RLeq2)2]

, (B.33)
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Var |(Rren + Ricq2) - Rieg + (Ly + La) - (2 f1)° - Lo

By = , (B.34)
"R [(Ll + Lo)® (27 f1)* + (Rreq1 + RLeq2)2]

Ay = 21 frVir [(Rreqt + Rreg2) - L1 — (L1 + L2) - Rieqi) (B.35)
Re [(Ll + Lo)® (27f1)* + (Rpeq + RLqu)ﬂ

Vs [(RLeql + Rieq2) - Rpeqt + (L1 + La) - (27 fr)? - Ll}

By = ) (B.36)
Re [(L1 + Lo)? (27 f1)* + (Rpeq + RLeqz)ﬂ
Let 77, = % and wy, = %—7;, the current mismatch in passive power sharing can be
written as
(O, 2Oy, = — (A= Ap)- (e7)
(B.37)
+ (A1 — Ag) - cos(wrt) + (B1 — Ba) - sin(wrt)
Let Ley, = (L1 + L2)/2 and AL = |L; — Lo|. Eq. B.37 can be re-written as
. . \% 1 1
(i), — (2@, = B oo (rr2a2)
t
X{(TLwL . ARLeq — Wy AL) [COS(u}Lt) — 6_1} 5 (B.38)
+ (=7mLw? - AL — ARp¢,) - sin(th)}
) y — V]\/[ 1 A}%Let;{
<7'L1(t)>TS - <ZL2(t)>TS T 2R (14r202) X {RLe - [rrwr - cos(wrt)]
LYL q,cm
t
_RALRLeq . [TLWL . (6_7'14) + sin(th)}
e \ . (B.39)
+LACi . [TLwL -cos(wrt) + Trwr - (e%)]

— s [Tiwl sin(wrt)]
Based on the assumption made in the previous section, wy, - 77, < 1, and considering the Rq,

mismatch only, maximum inductor current mismatch can be written as

Vi ARpeq

Ag ~ . B.4
max [Aif] R Riegem (B.40)
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By considering the L mismatch only, maximum inductor current mismatch can be written as
Var AL

max [Aip] =~ (Tpwr) - .
2R, Lem

(B.41)

From Eq. B.40 and Eq. B.41, based on the assumption wy, - 71, < 1, the maximum current

mismatch due to the inductor mismatch is much smaller than the mismatch due to Ry, mismatch.

B.2.2 Current Mismatch Due to Phase Interleaving

Current mismatch is not only affected by the component mismatch, but also by the phase
shift. To analyze the phase interleaving effect in current mismatch, an s-domain current loop
model is constructed, as shown in Fig B.6. The difference between master and slave phases is
the phase delay function (G4(s)) in the gate drive signal. The rest of the current loop blocks are
the same in each phase, including current controller (G.(s)), input voltage to inductor current
dynamics (Gig(s)), duty ratio to inductor current dynamics (Giq(s)), and the emulated resistance
(Re) modeled as the relationship between the input voltage (vg) to the total inductor reference

current (ipef).

_Gigl(3)
s =§ Gig(s) N\
A 4 1
€ | Gis) i,
Gigats) G0 .
d g oooTEEEEEE I

Gels) | LG [~ |22

s Gf) || Guts) |-

Giaa(s)

Figure B.6: Two-phase interleaved PFC rectifier model, including phase shift modeled by G4(s).

Although input voltage (v,) of the boost PFC rectifiers is a time varying signal, the averaged
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switch model shown in Fig. B.4 is a linear system. Therefore, s-domain current loop model can
help to study the current mismatch due to the phase shift.
Based on the model in Fig. B.6, inductor current in each phase can be expressed as a function

of vy, as

. _ vg(s) Ge(s) Re
in(s) = —R-- (1+Gid(5)GC(S)[1+Gd(S)]> (B.42)
, _ (s Ge(s)-Re
ia(s) = HF- <1+Gm(s)Gc(S)[1+Gd(s)]> (B.43)
x| G + G Gua(s)Gigls) (1 Gd(s))}
The current mismatch is
Aiy(s) = (a8 | (Gals) = 1) (2Gigls) - Re—1) | (B.44)
R, m + (1 + Gd(s))

Eq. B.44 shows that the current mismatch is affected by the input voltage dynamics and by

the phase shift between the master and the slave phases.



[1]

[10]

[11]

Bibliography

“Report to congress on server and data center energy efficiency public law 109-431,” [Online].
Available: http://www.energystar.gov/ [Accessed: Dec. 30, 2009).

“Climate savers computer initiative,” [Online]. Available:
http://www.climatesaverscomputing.org/ [Accessed: Dec. 30, 2009].

K. Allan, “War on waste - power energy efficiency,” Engineering Technology, vol. 4, pp. 50-53,
May 20009.

R. Malik and S. Barthel, “Energy efficiency, its benefits and methods to close the efficiency
gap,” in Proc. IEEE Applied Power Electronics Conference and Exposition, pp. 417-422, 2008.

C. Hobby, N. Rydell, E. Sjogren, and W. Williams, “IT products. going beyond green - can high
performance and sustainability co-exist?,” in IEEE International Symposium on Sustainable
Systems and Technology, pp. 14, 2009.

“80 plus energy efficient technology solution,” [Online]. Available: http://www.80plus.org/
[Accessed: Dec. 30, 2009).

“Energy  star  program  requirements for  computers,” [Online].  Available:
http://www.energystar.gov/ [Accessed: Dec. 30, 2009].

R. Erickson and D. Maksimovic, Fundamentals of Power Electronics. Springer, 2000.

D. Maksimovic, Y. Jang, and R. W. Erickson, “Nonlinear-carrier control for high-power-factor
boost rectifiers,” IEEE Transactions on Power Electronics, vol. 11, pp. 578-584, Jul. 1996.

R. Zane and D. Maksimovic, “Nonlinear-carrier control for high-power-factor rectifiers based
on up-down switching converters,” IEEE Transactions on Power Electronics, vol. 13, pp. 213—
221, Mar. 1998.

S. Buso, P. Mattavelli, L. Rossetto, and G. Spiazzi, “Simple digital control improving dynamic
performance of power factor preregulators,” IEEE Transactions on Power Electronics, vol. 13,
pp- 814-823, Sep. 1998.

A. Prodic, D. Maksimovic, and R. W. Erickson, “Dead-zone digital controllers for improved
dynamic response of low harmonic rectifiers,” IEEE Transactions on Power Electronics, vol. 21,
pp- 173-181, Jan. 2006.




[13]

[21]

22]

146

A. Prodic, J. Chen, D. Maksimovic, and R. W. Erickson, “Self-tuning digitally controlled low
harmonic rectifier having fast dynamic response,” IEEE Transactions on Power Electronics,
vol. 18, pp. 420-428, Jan. 2003.

F. Blaabjerg and J. K. Pedersen, “An integrated high power factor three-phase AC-DC-AC con-
verter for AC-machines implemented in one microcontroller,” in Proc. IEEE Power Electronics
Specialists Conference, pp. 285-292, 1993.

Y. Y. Tzou and H. J. Wu, “Design and implementation of a multiprocessor-based uninter-
ruptible power supply,” in Proc. IEEE Power Electronics Specialists Conference, pp. 650-657,
1988.

K. Jezernik, D. Rutar, and M. M. Jovanovic, “Nonlinear voltage control of unity power factor
boost converter,” in Proc. IEEE International Symposium on Industrial Electronics, pp. 492—
497, 1993.

J. Chen, A. Prodic, R. W. Erickson, and D. Maksimovic, “Predictive digital current pro-
grammed control,” IEEE Transactions on Power Electronics, vol. 18, pp. 411-419, Jan. 2003.

D. M. Van de Sype, K. De Gusseme, A. P. M. Van den Bossche, and J. A. Melkebeek,
“Duty-ratio feedforward for digitally controlled boost pfc converters,” IEEE Transactions on
Industrial Electronics, vol. 52, pp. 108-115, Feb. 2005.

W. Zhang, G. Feng, Y.-F. Liu, and B. Wu, “A digital power factor correction (PFC) control
strategy optimized for DSP,” IEEE Transactions on Power Electronics, vol. 19, pp. 14741485,
Nov. 2004.

W. Zhang, G. Feng, Y. fei Liu, and B. Wu, “A direct duty cycle calculation algorithm for digital
power factor correction (PFC) implementation,” in Proc. IEEE Power Electronics Specialists

Conference, pp. 2326-2332, 2004.

J. Zhou, Z. Lu, Z. Lin, Y. Ren, Z. Qian, and Y. Wang, “Novel sampling algorithm for DSP
controlled 2 kW PFC converter,” IEEE Transactions on Power Electronics, vol. 16, pp. 217—
222, Mar. 2001.

P. Mattavelli, G. Spiazzi, and P. Tenti, “Predictive digital control of power factor preregula-
tors with input voltage estimation using disturbance observers,” IEEE Transactions on Power

Electronics, vol. 20, pp. 140-147, Jan. 2005.

F. J. Azcondo, A. de Castro, F. J. Diaz, and O. Garcia, “Current sensorless power factor
correction based on digital current rebuilding,” in Proc. IEEE Applied Power Electronics
Conference and Exposition, pp. 774-779, 2009.

B. A. Mather, B. Ramachandran, and D. Maksimovic, “A digital PFC controller without
input voltage sensing,” in Proc. IEEE Applied Power Electronics Conference and Exposition,
pp- 198-204, 2007.

Z. 7. Ye and M. M. Jovanovic, “Implementation and performance evaluation of DSP-based
control for constant-frequency discontinuous-conduction-mode boost PFC front end,” IEEE
Transactions on Industrial Electronics, vol. 52, pp. 98-107, Feb. 2005.




[26]

[27]

[28]

[29]

[30]

[36]

[37]

[38]

147
B. Aebischer, “Energy efficiency of computer power supply units,” [Online]. Available:
http://www.efficientpowersupplies.org/ [Accessed: Mar. 30, 2009].

R. Ghosh and G. Narayanan, “A single-phase boost rectifier system for wide range of load
variations,” IEEE Transactions on Power Electronics, vol. 22, pp. 470-479, Mar. 2007.

Datasheet, “Powder Core,” Magetics Inc., [Online|. Available: http://www.mag-inc.com/ [Ac-
cessed: Dec. 30, 2009].

F. J. Azcondo, F. J. Diaz, and C. B. Casanueva, “New devices for power factor correction
applications,” in Proc. International Exhibition & Conference for Power Electronics, Intelligent

Motion, Power Quality, 2007.

R. K. Tripathi, S. P. Das, and G. K. Dubey, “Mixed-mode operation of boost switch-mode
rectifier for wide range of load variations,” IEEE Transactions on Power Electronics, vol. 17,
pp. 999-1009, Nov. 2002.

P. Athalye, D. Maksimovic, and R. W. Erickson, “Variable-frequency predictive digital current
mode control,” IEEE Power Electronics Letters, vol. 2, pp. 113-116, Dec. 2004.

Datasheet, “88EMS&011,” Marvell — International  Ltd., [Online].  Available:
http://www.marvell.com/ [Accessed: Dec. 30, 2009].

X. Chen and J. Lin, “Circuits, systems, methods, and software for power factor correction
and/or control,” U. S. Patent 7 292 013, Nov. 6, 2007.

K. De Gusseme, D. M. Van de Sype, A. P. M. Van den Bossche, and J. A. Melkebeek, “Input-
current distortion of CCM boost PFC converters operated in DCM,” IEEE Transactions on

Industrial Electronics, vol. 54, pp. 858-865, Apr. 2007.

I. Lindroth, P. Melchert, and T. Sahlstrom, “Methods of improving efficiency in wide input
range boost converters at low input voltages,” in Proc. IEEE Telecommunications Energy

Conference, pp. 424-431, 2000.

B. Lu, W. Dong, Q. Zhao, and F. C. Lee, “Performance evaluation of CoolMOS trade; and
SiC diode for single-phase power factor correction applications,” in Proc. IEEE Applied Power

Electronics Conference and Exposition, pp. 651-657, 2003.

G. Spiazzi, S. Buso, M. Citron, M. Corradin, and R. Pierobon, “Performance evaluation
of a schottky SiC power diode in a boost PFC application,” IEEE Transactions on Power

Electronics, vol. 18, pp. 1249-1253, Nov. 2003.

B. A. Miwa, D. M. Otten, and M. E. Schlecht, “High efficiency power factor correction using
interleaving techniques,” in Proc. IEEE Applied Power Electronics Conference and Exposition,
pp. H57-568, 1992.

M. S. Elmore, “Input current ripple cancellation in synchronized, parallel connected criti-
cally continuous boost converters,” in Proc. IEEE Applied Power Electronics Conference and

Exposition, pp. 152—-158, 1996.

L. Balogh and R. Redl, “Power-factor correction with interleaved boost converters in
continuous-inductor-current mode,” in Proc. IEEE Applied Power Electronics Conference and

Exposition, pp. 168-174, 1993.



[41]

[42]

[43]

[44]

[45]

[46]

148

H. S. Choi and D. Y. Huh, “Techniques to minimize power consumption of SMPS in standby
mode,” in Proc. IEEE Power Electronics Specialists Conference, pp. 2817-2822, 2005.

Y. Jang, M. M. Jovanovic, and D. L. Dillman, “Light-load efficiency optimization method,” in
Proc. IEEE Applied Power Electronics Conference and Exposition, pp. 1138-1144, 2009.

Y. Jang and M. M. Jovanovic, “A new, soft-switched, high-power-factor boost converter with
IGBTs,” IEEE Transactions on Power Electronics, vol. 17, pp. 469-476, Jul. 2002.

Y. Jang, M. M. Jovanovic, and D. L. Dillman, “Soft-switched PFC boost rectifier with inte-
grated ZVS two-switch forward converter,” IEEE Transactions on Power Electronics, vol. 21,
pp. 1600-1606, Nov. 2006.

M. M. Jovanovic and Y. Jang, “A novel active snubber for high-power boost converters,” IEEE
Transactions on Power Electronics, vol. 15, pp. 278284, Mar 2000.

B. Lu, R. Brown, and M. Soldano, “Bridgeless PFC implementation using one cycle control
technique,” in Proc. IEEE Applied Power Electronics Conference and Exposition, pp. 812-817,
2005.

L. Huber, Y. Jang, and M. M. Jovanovic, “Performance evaluation of bridgeless pfc boost
rectifiers,” IEEE Transactions on Power Electronics, vol. 23, pp. 1381-1390, May 2008.

K. De Gusseme, D. M. Van de Sype, A. P. M. Van den Bossche, and J. A. Melkebeek, “Digitally
controlled boost power-factor-correction converters operating in both continuous and discon-

tinuous conduction mode,” IEEE Transactions on Industrial Electronics, vol. 52, pp. 8897,
Feb. 2005.

P. Preller, “Voltage apparatus having a switching element receiving driving pulses having a
duration and a starting time that are dependent upon load,” U. S. Patent 6 229 716, May 8,
2001.

M. Feldtkeller, “Method for operating a switching converter and drive circuit for driving a
switch in a switching converter,” U. S. Patent 7 012 819, Mar. 14, 2006.

A. Lev, Y. Sharaby, D. Rubin, and M. Kalichstein, “Power factor correction method and
apparatus,” U. S. Patent 6 043 633, Mar. 28, 2000.

V. Yousefzadeh, M. Shirazi, and D. Maksimovic, “Minimum phase response in digitally con-
trolled boost and flyback converters,” in Proc. IEEE Applied Power Electronics Conference
and Exposition, pp. 865-870, 2007.

D. Maksimovic and R. Zane, “Small-signal discrete-time modeling of digitally controlled PWM
converters,” IEEE Transactions on Power Electronics, vol. 22, pp. 2552-2556, Nov. 2007.

B. Arbetter, R. W. Erickson, and D. Maksimovic, “DC-DC converter design for battery-
operated systems,” in Proc. IEEE Power Electronics Specialists Conference, pp. 103-109,
1995.

X. Zhang and D. Maksimovic, “Digital PWM/PFM controller with input voltage feed-forward
for synchronous buck converters,” in Proc. IEEE Applied Power Electronics Conference and

Exposition, pp. 523-528, 2008.



[56]

[61]

[62]

[63]

[64]

149

A. V. Peterchev and S. R. Sanders, “Digital multimode buck converter control with loss min-
imizing synchronous rectifier adaptation,” IEEE Transactions on Power Electronics, vol. 21,
pp- 1588-1599, Nov. 2006.

P. Athalye, D. Maksimovic, and R. W. Erickson, “DSP implementation of a single-cycle pre-
dictive current controller in a boost PFC rectifier,” in Proc. IEEE Applied Power Electronics

Conference and Exposition, pp. 837-842, 2005.

D. M. Van de Sype, K. De Gusseme, A. P. M. Van den Bossche, and J. A. Melkebeek, “A
sampling algorithm for digitally controlled boost PFC converters,” IEEE Transactions on

Power Electronics, vol. 19, pp. 649-657, May 2004.

B. A. Mather and D. Maksimovic, “Single comparator based A /D converter for output voltage
sensing in power factor correction rectifiers,” in Proc. IEEE Energy Conversion Congress and

Exposition, pp. 1331-1338, 2009.

K. I. Hwu and Y. T. Yau, “Applying an FPGA counter-based control strategy to multiple
SR outputs of a forward converter,” in Proc. IEEE Power Electronics Specialists Conference,
pp- 1-4, 2006.

K.I. Hwu and Y. T. Yau, “Improvement in transient upload response of boost converter using
input inductor current injection based on FPGA digital control,” in Proc. IEEE Applied Power

Electronics Conference and Exposition, pp. 78-84, 2008.

K. I. Hwu and Y. T. Yau, “Performance enhancement of boost converter based on pid con-
troller plus linear-to-nonlinear translator,” IEEE Transactions on Power Electronics, vol. 25,
pp- 1351-1361, May 2010.

K.I.Hwuand Y. T. Yau, “Applying one-comparator counter-based sampling to current sharing
control of multi-channel led strings,” in Proc. IEEE Applied Power Electronics Conference and

Exposition, pp. 737-742, 2010.

S. Luo, Z. Ye, R. L. Lin, and F. C. Lee, “A classification and evaluation of paralleling methods
for power supply modules,” in Proc. IEEE Power Electronics Specialists Conference, pp. 901
-908, 1999.

C. H. Chan and M. H. Pong, “Interleaved boost power factor corrector operating in discon-
tinuous inductor current mode,” in Proc. IEEE Power Conversion Conference, pp. 405-410,
1997.

S. Choudhury and J. P. Noon, “A DSP based digitally controlled interleaved PFC converter,”
in Proc. IEEE Applied Power Electronics Conference and Exposition, pp. 648-654, 2005.

T. Grote, H. Figge, N. Frohleke, W. Beulen, F. Schafmeister, P. Ide, and J. Bocker, “Semi-
digital interleaved PFC control with optimized light load efficiency,” in Proc. IEEE Applied
Power Electronics Conference and Exposition, pp. 1722-1727, 2009.

L. Huber, B. T. Irving, and M. M. Jovanovic, “Open-loop control methods for interleaved
DCM/CCM boundary boost PFC converters,” IEEE Transactions on Power Electronics,
vol. 23, pp. 1649-1657, Jul. 2008.




[69]

150

L. Huber, B. T. Irving, and M. M. Jovanovic, “Closed-loop control methods for interleaved
DCM/CCM boundary boost PFC converters,” in Proc. IEEE Applied Power Electronics

Conference and Exposition, pp. 991-997, 2009.

T. Ishii and Y. Mizutani, “Power factor correction using interleaving technique for critical mode
switching converters,” in Proc. IEEE Power Electronics Specialists Conference, pp. 905-910,
1998.

J. Tsai, T. Wu, C. Wu, Y. Chen, and M. Lee, “Interleaving phase shifters for critical-mode
boost PFC,” IEEE Transactions on Power Electronics, vol. 23, pp. 1348-1357, May 2008.

Datasheet, “UCC28070,” Texas Instruments, [Online]. Available: http://www.ti.com/ [Ac-
cessed: Dec. 30, 2009].

Datasheet, “UCC28220,” Texas Instruments, [Online]. Available: http://www.ti.com/ [Ac-
cessed: Dec. 30, 2009].

C. Wang, M. Xu, F. C. Lee, and L. Zheng, “Light load efficiency improvement for multi-channel
pfc,” in Proc. IEEE Power Electronics Specialists Conference, pp. 4080-4085, 2008.

T. Wu, J. Tsai, Y. Chen, and Z. Tsai, “Integrated circuits of a PFC controller for interleaved
critical-mode boost converters,” in Proc. IEEE Applied Power Electronics Conference and

Exposition, pp. 1347-1350, 2007.

X. Xu, W. Liu, and A. Q. Huang, “T'wo-Phase interleaved critical mode PFC boost converter
with closed loop interleaving strategy,” IEEE Transactions on Power Electronics, vol. 24,
pp. 3003-3013, Dec. 2009.

J. Zhang, Y. Zou, Y. Zhang, and J. Tang, “DSP implementation of digitally controlled SMPS,”
in Proc. IEEE Industrial Electronics Society Conference, pp. 1484-1488, 2007.

A. V. Peterchev, J. Xiao, and S. R. Sanders, “Architecture and IC implementation of a digital
VRM controller,” IEEE Transactions on Power Electronics, vol. 18, pp. 356-364, Jan. 2003.

F. Chen and D. Maksimovic, “Digital control for improved efficiency and reduced harmonic dis-
tortion over wide load range in boost PFC rectifiers,” in Proc. IEEE Applied Power Electronics
Conference and Exposition, pp. 760-766, 2009.

F. Chen and D. Maksimovic, “Digital control for improved efficiency and reduced harmonic dis-
tortion over wide load range in boost pfc rectifiers,” IEEE Transactions on Power Electronics,
vol. 25, pp. 2683-2692, Oct. 2010.

F. Chen and D. Maksimovic, “Digital control for improved efficiency in interleaved boost PFC
rectifiers,” in Proc. IEEE Applied Power Electronics Conference and Exposition, pp. 188-195,
2010.




