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(ABSTRACT)

Two contro! schemes for PWM converters, average current-mode (ACM)
control and charge control, are studied in this dissertation. The small-signal
models are derived for continuous-conduction mode PWM converters
employing these two controls. Sampled-data modeling is applied to the current
loop modeling, and the obtained models are accurate up to half the switching
frequency. The relationships between current loop instability and converter
operating conditions for both controls are found for the first time. The derived
models are verified by both time-domain simulations and experiments. The
modeis can be used for both voltage loop and current loop analysis and
designs. Comprehensive design guidelines for PWM converters with both
controls are also provided. The small-signal characteristics of these two

controls are compared with those of peak current-mode control.

The applications of ACM control and charge control to power factor correction

(PFC) circuits are studied. Charge control is applied to continuous-conduction



mode flyback converter to achieve a single-stage PFC. The current loop
instability in PFC circuit and its effect on the input EMI filter design are
investigated. The trade-off between the current loop stability margin and line

current distortion is also discussed.
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1. INTRODUCTION

1.1 Background

There are a variety of switching converter control schemes which use the
inductor current as the control signal, and all of them could be considered
current-mode controls [1-11]. Current-mode controls have many advantages
over voltage-mode control, such as good dynamic performance, inherent

current limiting, and current sharing abilities.

One of the earlier current-mode control schemes is the peak current-mode

(PCM) control [1,2]. It uses the peak inductor current as the feedback control
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signal. In the control implementation, the switch current is sensed instead of
the inductor current, since for PWM converter the peak switch current is equal
to the peak inductor current, and sensing the switch current is easier and more
efficient than sensing the inductor current. Many efforts have been made to
analyze and design this control, which makes it the most popular
current-mode control scheme. PCM control is often used to improve the
dynamic performance of dc-dc converter as well as provide peak current
limiting and sharing functions. One main drawback of PCM control is the poor
noise immunity in the current sensing loop, which disturbs the normal

operation of the system if no precaution is taken.

Standardized control module (SCM) control [3,4,5] feedbacks the ac ripple of
the inductor current by integrating the voltage across the inductor. It achieves
the same dynamic performance as PCM control, and the switching noise is
eliminated by the integrator in the feedback loop. But the overcurrent
protection and the current sharing ability are diminished, since the feedback

signal does not include the peak or average inductor current information.

Average current-mode (ACM) control [6,8] utilizes the average inductor
current as the control signal. In order to obtain the average inductor current,
an integrator-lead network (current compensator) is added to the inductor
current feedback loop. The duty cycle is controlled by the error between the
average inductor current and the control voltage. ACM control is useful for

applications where the average inductor current needs to be controlled, such
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as boost PFC or battery charger control. The switching noise problem in PCM
control does not exist in ACM control, since the high-frequency noise is

filtered by the current compensator.

The main drawback of ACM control is that the inductor current needs to be
sensed. Usually, a resistor is used to sense the inductor current. But if the
value of the resistor is large, it introduces excessive power dissipation. If the
value of the resistor is too small, the amplitude of the sensed signal is small,

which results in low signal-to-noise ratio.

The PWM conductance control [7] has the same function as ACM control. The
implementations of these two controls are basically the same, except that the
modulator implementations of the two controls are different. ACM control
modulates the trailing edge of the PWM pulse, while PWM conductance control

modulates both edges of the PWM pulse.

The charge of the inductor current during the on-time or the off-time is another
quantity which can be used as the feedback control signal. In [9] the output
charge of a boost converter (equal to the charge of the off-time inductor
current) is used as the feedback control signal. The implementation of the
charge control given in [9] is complicated. It senses the inductor current by a
resistor, and the sensed current is processed by an electronic circuit in order
to get the needed charge. A simpler implementation of charge control can be

found in [10,11]. A current transformer is used to sense the on-time inductor
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current, and a capacitor is used to obtain the charge of the sensed current.
The capacitor is discharged in every cycle so that the per cycle charge is

controlied.

The main feature of charge control is the ability to control the average value
of the pulsating currents (switch current or diode current) of a PWM converter.
Charge control also has average current sharing and cycle-by-cycle average
current limiting abilities. The main drawback of charge control is that its
current loop instability is both line- and load-dependent, which limits its

application to converters with wide operation ranges.

Up to now, the work on the small-signal modeling of current-mode control has
been focused mainly on PCM and SCM controls [12-20]. The smali-signal
model for PCM control developed by Ridley [17, 18] combines the simplicity
of popular continuous-time models and the accuracy of a sampled-data model.
The model is accurate up to half the switching frequency, and it can explain

all of the observed phenomena of PCM control.

A few results can be found on the small-signal modeling of ACM and charge
controls [8,9,21,22]. Most of the approaches are based on the average
modeling concept. The low-frequency model of buck converter with PWM
conductance control can be found in [21], which reveals the single
low-frequency pole characteristic in the control-to-output gain. The average

model of PCM control [14] is applied to ACM control in [8]. Since the current
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loop gain high-frequency characteristic in [14] is not correct, the current loop
gain given by [8] cannot be used to predict the current loop stability of ACM
control. The small-signal analysis of charge control by Capel [9] is also
focused on voltage loop low-frequency characteristics. It reveals the single
low-frequency pole characteristic in the control-to-output voltage transfer
function. Since the analysis is based on averaging concept, it cannot predict
the current loop instability in charge control. Kislovski studied the current
loop stability of charge control in time domain [22]. By comparing the inductor
current perturbations in two successive cycles, the current loop stability
criterion is found. The obtained results are approximate and numerical (in the

form of design curves). They are inconvenient for both analysis and design.

1.2 Motivation and Objective of the Research

ACM control has been widely used in controlling boost PFC circuit and battery
charger of the solar array power system. Due to the lack of an accurate
small-signal model, the design of the control is far from optimized. The
analysis results of PCM control are sometimes used directly for ACM control
without any justification [8]. As will be seen later, the small-signal behaviors
of ACM control are quite different from those of PCM control. For example, the

current loop of PCM control becomes unstable when duty cycle is larger than
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fifty percent, while the current loop of ACM control becomes unstable for both
small and large duty cycles, if the current compensator is not properly
designed. A small-signal model which gives both voltage and current loop
small-signal characteristics up to half the switching frequency is needed for

designing the control correctly.

Charge control can be used for applications in which the average switch
current needs to be controlled, such as buck and flyback PFC circuits. Charge
control has not been used as widely as other current-mode controls. One
reason for that is the lack of the understanding of its small-signal
characteristics. The current loop stability of charge control is both line- and
load-dependent. It is impossible to obtain an optimum design without knowing

the small-signal characteristics of the control.

The objective of the research is to conduct a complete study for both ACM and
charge controls. The smali-sighal modeling technique for PCM control devised
by Ridley can be used to derive the complete small-sighal models for both
ACM and charge controls. The emphasis of the analysis is placed on finding
the relationships between current loop instability and converter operation
conditions, so that the optimum design for the current feedback loop can be
achieved. Other small-signal characteristics of these two controls will also be
investigated and compared with those of PCM control in this study. It is also
intended to study the issues related to the applications of ACM and charge

controls to PFC circuit, such as the effect of the current loop instability on EMI
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filter design, ways to avoid this instability, and the line current distortions

introduced by different control schemes.

1.3 Outline of the Dissertation

The modeling and analysis of ACM control are discussed in Chapter 1l. The
complete small-signal model of ACM control for all PWM dc-dc converters is
derived. The relationship between current loop stability and converter
operation conditions, as well as current loop compensation, is found for the
first time. Based on the small-signal analysis, comprehensive design
guidelines are provided. The model experimental verifications are also

included in Chapter |

The modeling and analysis of PWM dc-dc converter employing charge control
are covered in Chapter Ill. The derived model successfully predicts the current
loop instability and its relationship to line voltage and load current of PWM
converters. Based on small-signal analysis, the current loop design

guidelines are obtained. The model is also verified by experiments.

The application of ACM and charge control in PFC circuits is studied in
Chapter IV. Charge control has been applied to CCM flyback converter to

obtain a single-stage PFC circuit. The merits and limitations of CCM flyback
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PFC are discussed. The effect of the current loop instability on PFC system is
studied, and the design procedures to eliminate subharmonic oscillation while

still satisfying line current distortion requirement are also given in Chapter IV.

Chapter V summarizes the entire dissertation work.
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2. MODELING AND ANALYSIS OF AVERAGE

CURRENT-MODE CONTROL

2.1 Introduction

The main feature of ACM control is its ability to control the average value of
the inductor current of a PWM converter. There are many applications in which
the average inductor current of the converter needs to be controlled, such as
boost PFC circuits, battery charger of a solar array power system, etc.. With
PCM control, the peak inductor current of the converter is controlled. But for

the same peak inductor current, the average inductor current is different if the
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duty cycle is different, which means PCM control cannot accurately control
average inductor current. ACM control possesses the main advantages of
PCM control, such as short circuit protection and current sharing for paraliel
applications. It also overcomes some limitations of PCM control, such as

switching noise problem and inability to optimize the current feedback loop.

The problems existing in PCM control and ways of overcoming them with ACM
contro! are described in Section 2.2. The small-signal modeling process is
presented in 2.3. The derived model is accurate up to half the switching
frequency, which is necessary for the current loop design. In 2.4, the
small-signal characteristics of ACM control are studied and compared with
those of PCM control. The subharmonic oscillation phenomenon, which is
common in all current-mode control, is also addressed. Based on the
small-signal analysis performed in 2.4, comprehensive deéign guidelines for
ACM control are established in 2.5. The smali-signal model was verified by a

testboard buck converter, and the experimental results are presented in 2.6.
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2.2 Motivations

PCM control has been widely used for more than one decade. It has the
following advantages: a) improved dynamic performance of the switching
converter; b) inherent peak current limiting; c¢) current sharing for parallel

applications. The circuit diagram of PCM control is shown in Fig. 2.1.

Several limitations exist in PCM control. PCM control cannot accurately
control average inductor current because the current loop low-frequency gain
is not high, as shown in Fig. 2.2. There is no integrator in the inductor current
feedback loop; hence, dc error exists between the average inductor current
and the control reference. The other limitation of PCM control is its poor noise
immunity. For PCM control, the desired operation is as follows: the switch is
turned on by the clock sighal at the beginning of the cycle; the switch turns off
when the peak inductor current reaches the control voltage. The switch turns
on again when the next clock signal comes in. The sensed switch current
usually contains switching noise. If the noise signal reaches control voltage

before the peak inductor current, the switch is turned off prematurely.

To increase the low-frequency gain of the current loop gain, an integrator is
needed in the current feedback loop. But simply adding an integrator greatly
reduces the current loop crossover frequency, as shown in Fig. 2.2. Hence, a

low frequency zero is needed to extend the current loop crossover. In certain
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Figure 21. Peak current-mode control scheme: [n this control scheme,
the peak inductor current is sensed by a current transformer.
The switching noise picked by the current sensing network
may turn off the switch before the peak inductor current
reaches the control voltage, v..
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Figure 2.2. Current loop gain of PCM control: Because there is only a
dc gain in the current feedback loop, the low-frequency gain
of the current loop is very low. It introduces dc error between
the average inductor current and the control.
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Figure 2.3. Ideal way to shape the current loop gain: An integrator is
added to boost the low-frequency gain. Adding only an
integrator reduces the current loop crossover frequency,
hence, a zero is needed to extend the current loop crossover
frequency.
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Figure 2.4. Average current-mode control scheme: The Iinductor
current is usually sensed by a resistor in series with the
inductor. The sensed current goes to a compensation network
before it is inputted to the modulator. The function of the
ramp here is more like that of the sawtooth ramp in
voltage-mode control.
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applications, a high frequency pole is added to filter the switching ripple of the
sensed inductor current. By adding such a compensation network in the
current loop, the ACM control scheme is formed. The circuit diagram of a buck

converter with ACM control is shown in Fig. 2.4.

ACM control has been widely used because of the mentioned advantages, but
due to the lack of an accurate smali-signal model, its design is far from
optimal. Usually, the average model of PCM control is directly applied to ACM
control [8]. As will be seen later, the small-signal characteristics of the two
controls are quite different. In the next section, a complete small-signal model
is derived for ACM control, which gives accurate predictions up to half the

switching frequency.

2.3 Small-Signal Modeling

2.3.1 Current Loop Modeling

In the early stage of current-mode control modeling, the sampled-and-hold
effect in the current feedback loop is ignored. The current loop feedback is
modeied only with a gain term, which is simply the current sensing gain of the

circuit [13, 14]. The resulting low-frequency average models cannot correctly
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predict the instability in the current loop because the current loop instability

occurs at a much higher frequency.

Sample-data modeling technique [15, 16] has successfully provided a
small-signal model for PCM control, which can accurately predict the
instability in the current loop. One important small-signal property of PCM
control predicted by sample-data modeling technique, is that its current loop
gain always has -180 degrees phase lag at half the switching frequency. The
current loop gain of PCM control derived in [16] contains infinite pairs of poles.
It is of little use until the sampled-and-hold effect is approximated by a

sampling gain, H.(s), which has the following simple form [18]:

2

H (s)~1 S s 2.1
e(s) + wn Qz + O)i ( a)
Q,=-=<, (2.1b)
w, = % (2.1c)
S

The modeling approach for PCM control [18] is extended here to derive the
small-signal model for ACM control. Differing from PCM control, the current

feedback loop of ACM control contains a compensation network, G.(s):
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S

co,.(1 -+ w—)
G (s) = ——, 2.2
(s) ” +wip) (2.2a)
where
W, = 1 (2.2b)

wz = Rf sz ’ (2.2C)
Cp+Cyp

W, = ——— (2.2d)
P Rf Crz Cfp

The first step for the current loop modeling is to modify the current loop model
of PCM control. First, the current loop compensator block, G.(s), is added to
the current loop. Secondly, the sampling gain, H.(s), in PCM control is
replaced by the gain block, H'.(s), since the current compensator may affect
this gain block. The modified current loop model is shown in Fig. 2.5, and all

the blocks in Fig. 2.5 need to be determined.

The integrator-zero pair of G.(s) only affects the low-frequency characteristic
of the current loop gain; it has no effect on the high-frequency characteristic
of the feedback loop. To study the effect of the high-frequency pole, w,, on the

current feedback loop, the following experiment is performed. w,, is added to
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the current loop of the PCM control, and its position is changed from one tenth
of the switching frequency (the switching frequency of the experiment
converter is 45 kHz) to infinite. It is found though the experiment that the
phase lag of the current loop gain always exhibits a 180° phase shift at half the
switching frequency, no matter where w, is placed, as shown in Fig. 2.6, which
is due to the sampled-and-hoid nature of the current feedback loop. If w, is
placed beyond half the switching frequency, it has no effect on the
high-frequency gain and phase characteristics of the current loop gain. Since
the purpose of the high-frequency pole is to eliminate high-frequency noise, it
is usually placed around half the switching frequency. Then, ACM and PCM
control have same high-frequency characteristics in the current loop. It means
that the sampling gain, H.(s), used in PCM control, can be used to replace
H’e(s) of ACM control by simply removing w, from the current loop. The
low-frequency gain characteristics are also affected by w,, since the modulator

gain is a function of w,. This effect will be included in the modulator gain.

If w, is placed before half the switching frequency, it cannot be removed from
the current loop. Then the sampling gain of ACM control needs to be derived.
The discrete sampling gain of PCM control is approximated by a
continuous-time transfer function in [18]. For ACM control, to derive the
discrete sampling gain and to approximate it are extremely difficult, and there
may not exist a simple continuous-time transfer function for the sampling gain

of ACM control.
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Figure 2.5. Assumed current loop model for ACM control: F,, is the

modulator gain, H'.(s) represents the sampled-and-hold effect
in current loop, R; is the current gain which transfers current
into voltage, and G.(s) is the transfer function of the current
compensator. Since v, is also an input of the current
compensator, G.(s) also exists in the voltage loop.
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Measurement of the current loop gain with a high-frequency
pole: The switching frequency of the experiment converter
is 45 kHz. The position of w, has no effect on the
high-frequency characteristics of PCM control if it is placed
after half the switching frequency. w, affects the
low-frequency gain characteristics, since the modulator gain

is a function of w,.
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2.3.2 Modulator Gain

In PCM control, both external ramp and sensed switch current are inputs of the
modulator, as shown in Fig. 2.7(a), so the modulator gain is determined by the
sum of the slopes of the two waveforms. The modulator gain of PCM control
is [18]:

1

Fr=
mT (S, + ST,

(2.3)
where S, is the slope of the external ramp, S, is the sensed inductor current

on-time slope, and T is the switching period.

The modulator and its inputs of ACM control are shown in Fig. 2.7 (b). From
Fig. 2.7 (b), it can be seen that the inductor current waveform of the PWM
converter has been filtered by the compensator. The output of the current
compensator, E_(t), is the input of the modulator. Hence, the modulator gain is
determined by the sawtooth ramp slope, S., and the slope of ;L(t), at turn-on

time, S',:

1
F = 2.4
mTS,+ S )T, (2:4)

S’, is derived in Appendix A, and it has a uniform expression for all PWM

converters:
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S’n = Sn é, (258)

where

- cupDTs

f = 0,07, + o, (o= — == )1 — &~ 7). (2.5b)
z P

Now the current loop model derivation is completed, and the model is shown

in Fig. 2.8, where:

G(s) = - e 2 (2.6)

2.3.3 Feedback and Feedforward Gain

Although the current compensator is a low-pass network, the switching ripple
at the output of the compensator is still comparabie to the external ramp size,
as shown in Fig. 2.9. Since the compensator output, I~L is a function of the input
and output voltages, the duty cycle is affected by the perturbations of the input

and output voltages [18].
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(b) modulator of ACM control

Figure 2.7. WModulator of PCM and ACM controls: S, is the slope of the
external ramp in PCM control and the slope of sawtooth ramp
in ACM control; S, is the sensed inductor current on time
slope; S', is the slope of i, at turn-on time.
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Figure 2.8.
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Derived current loop model: The sampling gain, H.(s), used
in PCM control is wused here to represent the
sampled-and-hold effect in the current loop. The
high-frequency pole w, disappears from the current loop if it
is placed beyond half the switching frequency. But it still
exists in the voltage loop. The modulator gain, F,, is also a
function of the current compensator parameters.

2. MODELING AND ANALYSIS OF AVERAGE CURRENT-MODE CONTROL

25



Figure 2.9. The input waveforms of the modulator: Although a current
compensator exists in the current loop, the ripple of the
current compensator output, which is a function of the input
and output voltages, is still comparable to the sawtooth ramp.
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Since the feedforward and feedback gain are merely constant gain, for
simplicity one can assume that the compensator is replaced by a constant gain

K. From Fig. 2.9 the following relation is obtained:
i = —K(Rj, —v,), 2.7)

where i, i,, and v, denote the average value of the exact time waveform il(t),

i.(t), and v.(t), respectively.

From the steady-state waveforms of ACM control, shown in Fig. 2.9, the

following relationship can be obtained:

i =S_dT. (2.8)

Substituting Eq. (2.8) to Eq. (2.7):

K(Ri, —v,) = — S,dT.. (2.9)

Equation (2.9) gives the relation between the average inductor current and
input and output voltages. By perturbing Eq. (2.9) with respect to input and
output voltages, the input voltage and output voltage to inductor current

transfer functions can be obtained.

The effect of the input and output voltage perturbations on the duty cycle can
be modeled by the feedback and feedforward gain terms, k. and k;, from the

input and output voitages [14, 18], as shown in Fig. 2.10, where at low
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frequency the G/(s) and G.(s) are replaced by the high dc gain, K, and H.(s)
equals one. The same transfer functions can also be obtained from the model
shown in Fig. 2.10, with k, and k; as the unknowns. By comparing these transfer

functions, k. and k; are obtained.

The detailed derivations for k;, k,, can be found in Appendix A. The feedback

and feedforward gains for three basic PWM converters are listed in Table 2.1.

Table 1. Feedforward and Feedback Gains for Average Current-Mode

Control
BUCK BOOST BUCK/BOOST
B RDD'T, RD'T, RDD'T, :
! L L L
RD'T, R.D"’T, R.D"*T,
K, ¢ - ¢

2.3.4 Complete Small-Signal Model

Since the error voltage from the voltage loop is also inputted to the current
compensator, the current loop compensator G.(s) also exists in the voltage
feedback loop. And due to the existence of the low pass filter in the converter
power stage, the voitage loop does not behave as a sampling system; hence

the compensator high-frequency pole, w,, does exist in the voltage loop. The

2. MODELING AND ANALYSIS OF AVERAGE CURRENT-MODE CONTROL 28



>

v POWER STAGE ﬁ}
? SMALL SIGNAL A

MODEL  [—¢-

Fr Y
R.
—3 " i
r
S - kf
1

Figure 2.10. Modeling the effect of the input and output voltage
perturbations: At very low frequency, the sampling gain,
H.(s), is replaced by one, and both G,s) and Gc(s) are
replaced by a high dc gain K. The input and output voltages
to inductor current gains can be obtained from the model,

with k; and k, as the unknowns.
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complete small-signal mode!l of PWM converter with ACM control is shown in

Fig. 2.11.

2.4 Small-Signal Characteristics

The derived small-signal model can be used to generate the small-signal
characteristics for all PWM converters with ACM control. The approximate
expressions for these characteristics can also be derived from the model.
These analytical expressions are very helpful in gaining physical insight and

facilitate the design.

In this section, the small-signal characteristics of PWM converter with ACM
control are studied. The current loop stability and its relation to converter
operation conditions are investigated. The small-signal characteristics are
generated with buck converter as the power stage. The corresponding
analytical expressions of these characteristics are also derived. The

characteristics are compared with those of PCM control.
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Figure 2.11. Complete small-signal model for ACM control: F, is the
modulator gain, H.(s) represents the sampled-and-hold
effect in current loop, R, is the current gain which transfers
current signal into voltage signal, while k. and k; represent
the feedback and feedforward functions due to the current
feedback.
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2.4.1 Current Loop Gain

Current loop gain is defined as the loop gain measured at the output of the
duty cycle modulator with the current loop closed. It determines the stability
of the current loop and the characteristics of the subsystem after current loop
is closed. Ignoring the gain term k,, the approximate expression for the current

loop gain, Ti(s), is given in by:

T(s)=F, R, G(s) Giy(s) H,(s)- (2.10)

H.(s), F», and G,(s) are given by Egs. (2.1), (2.4), and (2.6), respectively. G,(s)

is the power stage duty cycle-to-inductor current transfer function.

Since only high-frequency characteristic determines the current loop stability,
the high-frequency expression of Eq. (2.10) is derived. When the perturbation
frequency is larger than the filter resonant frequency and smaller than half the

switching frequency, we have:

v
G(s)~ Sa: ) (2.11)
and
w.
G(s)~ ——. (2.12)

4
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Substituting Egs. (2.4), (2.11), and (2.12) into Eq. (2.10), the high-frequency

approximation of T(s) is obtained:

T (s)~ : =

h F w, H[s) K,
SL @, s e H.(s) (2.13)

When K, is smaller than half the switching frequency, the current loop
crossover frequency equals K, If K, is sufficiently smaller than half the
switching frequency, the current loop has 90 degrees phase margin, since
H.(s) contributes little phase lag at the frequencies which are much lower than
half the switching frequency. If K, is larger than half the switching frequency,
the gain characteristic of the current loop is larger than one at half the
switching frequency and the phase lag equals -180 degrees. Hence, the

current loop is unstable when K, is larger than half the switching frequency.

K, is a function of the duty cycle, the external ramp slope, and the current

compensator parameters:

K, = : ’ (2.14)

where

1 1 - DT,
6=w1DTS+wf(_aZ_?0:)(1_e P

). (2.15)
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For a buck converter, when the duty cycle, D, approaches zero, V,, approaches
infinite, and ¢ approaches zero, hence, K, approaches infinite. It indicates that

the current loop tends to be unstable for small duty cycle.

When the duty cycle, D, approaches one, the K, of a buck converter becomes:

K — FRV, o, (2.16)
TS L W, '

By properly selecting the current loop compensator parameters or the external
ramp slope, the K, given in Eq. 2.16 can be smaller than half the switching

frequency.

The current loop gains of the ACM-controlled buck converter, with different
duty cycles, are shown in Fig. 2.12. It can be seen that when the duty cycle is
small (D=0.2), the gain characteristic does not intersect the zero dB line;
hence, the current loop is unstable. when the duty cycle, D, increases, the
gain characteristic intersects the zero dB line and the current loop has more
than 30 degrees phase margin. For the purpose of the comparison, the current
loop gains of PCM control, with D as the running parameters, are generated
and shown in Fig. 2.13, For PCM control, the current loop phase margin

reduces as the duty cycle increases.

The relationship between the duty cycle and the current loop stability of ACM

control is found for the first time through the small-signal analysis. According
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to the current loop gain shown in Fig. 2.12, for the specific design, the current
loop is stable at D = 0.42 and D = 0.71; it is unstable at D = 0.2. This result is
quite different from PCM control. To verify the small-signal predictions, the
time-domain simulation is performed. The simulation results are shown in Fig.

2.14. The simulation results confirm the small-signal predictions.

Since the gain of the current loop gain at high-frequency is also a function of
both current compensator parameters and the sawtooth ramp slope, all of
them affect the current loop stability margin. It gives a lot of options for the

current feedback loop optimum design.

2.4.2 Control-to-Output Voltage Gain

The control-to-output gain is defined as the control voltage to output voltage
transfer function with the current loop closed. Together with voltage loop
compensator, it forms the outer loop gain of the system. Hence, the
control-to-output gain directly affects the overall system stability and closed
loop dynamic performance. Figure 2.15 shows the transfer function with
different line and load conditions. For the purpose of comparison, the same
transfer function for PCM control is also plotted and shown in Fig. 2.16. In both
cases, the buck converter is used as the power stage. It can be seen from

Figs. 2.15 and 2.16 that the low-frequency characteristics of both controls are
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Figure 2.12. Current loop gain of ACM control with duty cycle as the
running parameter: As the duty cycle increases, the gain
characteristic is first shifted up, and then shifted down. This
is due to the nonlinear relation between F, and the duty
cycle. When D =0.2, the gain characteristic does not
intersect the zero dB line, which means that the current loop
does not have any phase and gain margins.
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Figure 2.13. Current loop gain of PCM control with duty cycle as the
running parameter: As the duty cycle increases, the gain
characteristic is shifted up monotonously, which resulits in a
decrease in current loop stability margin.
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Figure 2.14.
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Open loop time domain simulation results of ACM
control: When D = 0.2, the open loop system is unstable.
The subharmonic oscillation has no fixed pattern because
the current loop gain is a nonlinear function of the duty
cycle. The current loop is stable for a larger duty cycle.
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almost same. Both controls have a pair of double poles at half the switching
frequency. However, the effects of the duty cycle on the damping of the double
pole are different, which means that the current loop stability margin and its
relation with duty cycle are different for these two controls. For ACM control,
the current compensator pole, w,, also exists in control-to-output gain. When
buck converter is the power stage, the approximate expression of

control-to-output gain of ACM control is given as follows:

Yo R (1+sR©) F 2.17
O - R S n(S), ( * )
p j [1+SR(C+CX)](1+w—p)
where
1
C = , (2.18)
x F_, Vg w, R,.
and
Fh (S) = 1 P (2.198)
S S
1+ +
W, Qp co,27
where
T ws
W == , (2.19b)
n Ts 2
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Q, = ZL, , (2.19¢)

and

m_=¢&+—. (2.19d)

Q, is the damping factor of the double pole, F,(s), centered at half the switching
frequency. Q, can be used to predict the current loop instability. When Q, is

large, the peaking of F,(s) is large; the current loop has less phase margin [18].

The derivation of Q, for all PWM converters can be found in Appendix A. The
Q, given in Eq. (2.19¢,d) is general for all PWM converters. It can be seen that
Q, is a function of line voltage, the sawtooth ramp slope, and the current
compensator parameters. If the current compensator is removed from current
loop, the damping factor of ACM control is converged to the damping factor

of PCM control [18]:

PCM 1
Q, = (2.20a)

s 17
n(mcD -—?)

where
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Figure 2.15. Control-to-output voltage gain with different operation
conditions: There is only a single pole in the low frequency
characteristic. The damping of the double pole at half the
switching frequency is affected by the line voltage, and high
line is corresponding to light damping.
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Figure 2.16. Control-to-output voltage transfer function of PCM
control: The high-frequency characteristic is affected by
the line voltage, but the trend is opposed to ACM control.
Here, large duty cycle corresponds to large peaking. The
line voltage also slightly affects the low-frequency
characteristics.
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m =1+—=. (2.20b)

It can be seen from Eq. (2.20) that for PCM control only the external ramp slope
affects QJ°V. While in ACM control, Q, is affected by the ramp slope, S., as well
as the current compensator parameters. It means that in ACM control not only
the ramp slope but also the current compensator can be used to compensate
the current loop instability. Compared to PCM control, the current loop design
of ACM control is more complicated. A comprehensive current loop design

procedure for ACM control is given in Section 2.5.

2.4.3 Control-to-Inductor Current Gain

The control-to-inductor current gain is defined as the control voltage to
average inductor current transfer function with current loop closed. This gain
shows the ability of the system to control the average inductor current. The
control-to-inductor current gains of both ACM and PCM controls are shown in
Fig. 2.17, with buck converter as the power stage. The gain characteristic of
ACM control, shown in Fig. 2.17 (a), is flat almost up to half the switching
frequency, and is only determined by the current sensing gain, R;, which does

not change with line and load conditions. The gain characteristic of PCM
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Figure 2.17. The control-to-inductor current gain of PCM and ACM
control: The gain characteristics of PCM control vary with
the operation conditions. The gain characteristic of ACM
control does not vary with the operation conditions; it is flat
up to half the switching frequency.
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control, on the other hand, is not flat, and it varies with the line voltage and the
load resistance, as shown in Fig. 2.17 (b). When the gain characteristic is

uneven, the control variable will be distorted from a varying control reference.

2.4.4 Audiosusceptibility

The audiosusceptibility of a current-mode controlled converter is the input
voltage to output voltage transfer function with the current loop closed. The
audiosusceptibility of a PWM converter is reduced by current feedback loop.
The higher the current loop gain, the lower the audiosusceptibility of a
current-mode controlled converter. Since the low-frequency current loop gain
of ACM control is much higher than that of PCM control, the low-frequency

audiosusceptibility of ACM control is much lower than that of PCM control.

For a buck converter, the inductor current feedback also brings negative
feedforward from input voltage, which further reduces its audiosusceptibility
[18]. In PCM control case, the audiosusceptibility of a buck converter can be
totally cancelled if the external ramp is selected equal to half of the inductor
current off-time slope [18]. The expression of the audiosusceptibility of a buck
converter with ACM control is derived from the small-signal model shown in

Fig. 2.11;
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<>

o mVg 1 (1 + SRCC)
R, GI.(S) [1+ sR(C + Cx):l

F,(s). (2.21)

<>

Gi(s) and F,(s) are given by Egs. (2.6) and (2.19). It can be seen from Eq. (2.21)
that the dc gain cancellation also exists, since k; is negative for a buck
converter. Substituting the expressions of k; and F,, into Eq. (2.21), it becomes

as follows:

<>

0

RD’TS, (1+5RC) .
RV, G() [<sRC+Cy] ) (2.22)

<>

g

It can be seen from Eq. (2.22) that the audiosusceptibility of a buck converter
cannot be totally cancelled since S, cannot be chosen as zero in ACM control.
The audiosusceptibility is affected by S., and S, should be as small as possible
from the audiosusceptibility point of view. The audiosusceptibilities of a buck
converter with ACM and PCM controls are shown in Fig. 2.18 (a) and (b),

respectively.

2.4.5 Output Impedance

The output impedance of a current-mode controlied converter is the output

current to output voltage transfer function with current loop closed. The output
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Figure 2.18. Audiosusceptibilities of ACM and PCM controls: The
inherent input voltage feedforward reduces the audio of a
buck converter with ACM or PCM control. Due to the higher
low-frequency gain in the current loop, the low-frequency
audio of the buck converter with ACM control is further
reduced.
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impedances of a buck converter with ACM and PCM controls are shown in Fig.
2.19 (a) and (b), respectively. Closing the current feedback loop has a strong
effect on the output impedance of the converter. For voltage-mode control, the
output impedance is very small at low-frequency, so the system behaves like
a voltage source. For PCM and ACM control, the low-frequency output
impedances are mainly determined by converter load resistance. The high
low-frequency output impedance is a potential drawback of current-mode
controls. The natural voltage-source characteristics of voltage-mode control,
where the output voltage is relatively insensitive to load current, are not
retained. Feedback of the inductor current creates a soft current source and a
corresponding increase in impedance. Fortunately, a high outer loop gain can
usually be used to attenuate the closed loop output impedance to a very low

value,

2.5 Experimental Verifications

A buck converter was built to verify the accuracy of the derived smali-signal
model. The predictions are generated by PSPICE simulation. To measure the
current loop gain, a digital modulator [24] was used to ensure that the correct
sampled-data loop gain was obtained. AIll other measurements were

performed with conventional analog measurement schemes.
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Figure 2.19. Output impedances of ACM and PCM controls: The output
impedances of ACM and PCM controls are almost same to
each other. The low-frequency output impedances are
determined by the load resistance, which are much higher
than that for voltage-mode control.
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The measured and predicted current loop gains are shown in Fig. 2.20. Both
the gain and phase measurements agree very well with predictions up to half
of the switching frequency. The control-to-output voltage and
control-to-inductor current gains, measured with the current loop closed, are
shown in Fig. 2.21 and Fig. 2.22, respectively. The measurements again show
a very good correlation with the theoretical results. The peak of the gains at
half the switching frequency clearly shows the existence of two complex poles.
The measured and predicted results of the audio susceptibility of the buck
converter with current loop closed are shown in Fig. 2.23. Again, the

measurement and prediction agree very well.

2.6 Design Guidelines

The current loop design of ACM control involves selecting the sawtooth ramp

slope, S., and designing the current compensator, G.(s).

The function of the sawtooth ramp is similar to that of the ramp used in
voltage-mode control. Here, the error between the control voltage and the
average inductor current is compared with the sawtooth ramp to determine the

turn-off time of the switch. Unlike voltage-mode control, the magnitude of the
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Figure 2.20. Measurement and prediction of the current loop gain for
buck converter: The solid line represents measurement,
and the dashed line represents prediction. The switching
frequency of the converter is 45 kHz.
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Figure 2.21. Measurement and prediction of control-to-output gain for
buck converter: The solid line represents measurement,
and the dashed line represents prediction. The switching
frequency of the converter is 45 kHz.
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Figure 2.22. Measurement and prediction of the control-to-inductor
current gain for a: The solid line represents measurement,

and the dashed line represents prediction. The switching
frequency of the converter is 45 kHz.

2. MODELING AND ANALYSIS OF AVERAGE CURRENT-MODE CONTROL

53



Experiment——

€0 Prediction - - - -
100 200 500 1,000 2,000 5000 10,000 20,000

Frequency (Hz)

Figure 2.23. Measurement and prediction of the audio susceptibility for
buck convert er: The solid line represents measurement,
and the dashed line represents prediction. The switching
frequency of the converter is 45 kHz.
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ripple in the error voltage of ACM control is very high, as shown in Fig. 2.24.
The sawtooth ramp slope should be large enough to prevent the error voltage

intersecting the ramp more than once.

The current compensator has three parameters that need to be designed, the
integrator gain, w;, the zero position, w,, and the pole position w,. To prevent
minus two slope in the current loop gain, w, is placed before power stage

resonant frequency, w,. Usually, w, is selected to be one third of w,:

1
COZ = —3— Q)OJ (2.23)
w, is used to filter the switching ripple of the inductor current. If it is too small,
it introduces large phase lag into both voltage and current loops. If it is larger
than switching frequency, it has no filtering effect on the switching ripple.

Hence, it is usually placed at half the switching frequency:

= (2.24)

g
[

After S., w,, and w, are determined, w; needs to be determined according to
current loop stability requirement. The damping factor, Q,, given by Eq. (2.13¢)
also indicates the current loop stability margin, and choosing Q, <1 gives

proper current loop stability margin [18]. By letting Q, < 1, we have:

S w
D@+;)J2%+%. (2.25)

n i
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w; is solved from above equation:

SeD’wZ

< — > (2.26)
S,lo+7 —DD'w,T,—D'(1 - w; 1—e 9]

Since the current loop phase margin is smaller when duty cycle is either very
large or very small, as explained in Sec. 2.4.1, equation (2.26) should be

satisfied for both D,,.. and D,.
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Figure 2.24. Selecting sawtooth ramp slope: To insure the proper
operation, the increment of the sawtooth ramp during the
off-time _should be larger than Ai,.. If Ai, is larger than
S.D'T,, ii may intersect the ramp twice in one switching
cycle, which will turn on the switch before the clock comes.
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2.7 Summary

The main feature of ACM control is its ability to control the average inductor
current of a PWM converter. Due to this property, it can be applied to control
a boost converter as the power factor correction circuit, or to control a buck
converter as the battery charger of a spacecraft power system. The main
difference between PCM and ACM controls is that ACM control has a high
low-frequency gain in the current loop, which eliminates the dc error between
average inductor current and the control. ACM control also eliminates the

switching noise existing in the current sensing network of the PCM control.

The derived small-signal model is accurate up to half the switching frequency,
which is necessary for the current loop design. The relationship between
current loop instability and line voltage is found for the first time. Unlike PCM
control, this relationship is not monotonic, and the current loop becomes
unstable more easily when the duty cycle is either very small or very large.
These findings are confirmed by time-domain simulations. The voltage loop
stability margins of ACM and PCM controls are almost the same, due to their
similar low-frequency control-to-output voltage characteristics. The
audiosusceptibility of a converter with ACM control is smaller than that of one
with PCM control. But in the buck converter case, totally cancelling

audiosusceptibility with an external ramp is impossible for ACM control.
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Based on the small-signal analysis, current loop design guidelines are
proposed. To insure the proper operation, the sawtooth ramp slope should be
larger than the sensed inductor current off-time slope, but over selecting S,
increases the audiosusceptibility of the converter. Subharmonic oscillation
can be avoided by properly selecting the integrator gain of the current loop

compensator according to both low line and high line operations.

The accuracy of the small-signal model for ACM control is confirmed with the

measurements of a buck converter.
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3. MODELING AND ANALYSIS OF CHARGE

CONTROL

3.1 Introduction

The main feature of charge control is its ability to control the average switch
current of a PWM converter. There are many applications in which the
average switch current of a PWM converter needs to be controlled, such as
buck or flyback PFC circuit. The existing control methods, such as PCM and

ACM controls, have limitations on controlling this quantity.
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In PCM control, the peak switch current is sensed and controtled. However,
the average value of the switch current in one switching cycle cannot be
represented by its peak value, whether the converter is operating in CCM or
DCM. ACM control can control the average inductor current of a PWM
converter. But when it is used to control the average switch current, the
current loop crossover frequency is limited by the zero existing in the duty
cycle-to-switch current transfer function [8]. Small current loop crossover
results in the current being distorted from the control. The detailed
discussions of this issue will be presented in Chapter IV, when ACM and

charge controls are compared for flyback PFC application.

Like other current-mode controls, charge control also provides current sharing
and limiting functions. Unlike PCM control, charge control has excellent noise
immunity, since it uses the integration of the switch current as the control
signal. There are certain advantages associated with charge control which do
not exist in other current-mode controls, For example, charge control can be
applied to converters, such as multi-resonant converters, where both PCM and

ACM controls fail to control them [25].

The operation principle of charge control is studied in 3.2, and a complete
small-signal model is derived. Subharmonic oscillation is found through
small-signal analysis, and the relationship between the subharmonic
oscillation and line/load condition of charge control is defined for the first

time. This finding is verified by time-domain simulations. A design guideline
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which can help avoid subharmonic oscillation for a given line/load range is
provided. Finally, the small-signal model developed is confirmed

experimentally.

3.2 Principle of Operation

The control scheme of charge control is illustrated in Fig. 3.1. The active switch
in the power stage turns on at the beginning of each cycle, and the switch
current is integrated to obtain its total charge. When the voitage across Cr
reaches the control voltage, v,, the switch in the power stage turns off, and the
switch across capacitor C; turns on to discharge C;. C; is totally discharged
before the next switching cycle starts. Hence, the total charge of the switch
current in one cycle, which is proportional to the average value of the switch
current, is controlled. The steady-state waveforms of a buck converter

employing charge control are shown in Fig. 3.2.

Subharmonic oscillation can be observed when a charge-controlied PWM
converter operates at light load. As shown in Fig. 3.3, the switch turns on at
time t = 0, and the initial value of inductor current is /;. As the inductor
current increases, the charge on capacitor C; also increases. When v; reaches

the control voltage, v., the switch turns off, and the inductor current decreases.
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Figure 3.1. Control scheme of charge control: /n this control scheme,
the switch current is sensed and charged to capacitor C;. C;
is totally discharged before the next cycle, so the obtained
feedback signal is the switch current charge of each cycle.
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Figure 3.2. Steady-state waveforms of charge control: i, is the inductor
current. is is the switch current. v, is the charge of the switch
current. When it reaches control voltage v., the main switch

turns off.
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The switch is turned on again by the clock before the inductor current falls to
/,. Because /, >/, less time is required for v; to reach v, in the next cycle.
Hence, an oscillation occurs in the system, with an oscillation frequency equal

to half the switching frequency.

3.3 Small-Signal Modeling

3.3.1 Current Loop Modeling

in charge control, the switch current (equal to the on-time inductor current) is
integrated and compared with the control voltage derived from the voltage
feedback loop. Assuming that a perturbation in inductor current, fL(k), is
introduced at time t =1t + DT, this perturbation affects the next switching
instant, causing a perturbation in the switching time, cA!H,Ts. Figure 3.4 shows
the propagation of the perturbations. The steady-state waveforms are
represented by solid lines, and the perturbed waveforms are represented by
dotted lines. The perturbations on the input and output voltages and the

control signal are assumed to be zero.

The relation between fL(k) and c?,(ﬂ is derived as follows:
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Figure 3.3. Subharmonic oscillation at light load: With a small inductor
current turn-on time value, it takes a longer time for v, to
reach v., and the turn on clock comes again before the
inductor current discharges to I,. Since I, is larger than I,, it
takes less time for v, to reach the same control, v..
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Figure 3.4. Propagation of the perturbations in charge control: A

perturbation in inductor current at t=t,+ DT, produces a
perturbation in the on-time att=1t,,,+ DT,. The perturbation
of the inductor current is held for almost one switching cycle.
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tk+1
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[i.(6) +7 (k) ]t

tk+1+DTs tk+1+(D+ak+1)T:
=J Q@&+J i, (H)dt +
t

k+1 tk+1+DTs

tk+1 +(D+dk+‘!)Ts

t + DT
i, (k).

k+1 s
+ J i (k)dt +
t

k41

tk+1+DTs

In the steady state,

t,+ DT, +DT,

J;k i (t)dt = L " i, (Hdt,

k+1

since d,.,<<D,

byt O+ (;k+ 2
N
J i) dt~l d, T,
t

k+1+DTs

(3.1)

(3.2)

(3.3)

where /,, is the peak inductor current. Since fL(k) is a constant at [ ¢,

t..,+ DT 1], then:

t .4+ DT,

[

k+1

i (K)dt = DT,i, (k).
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Substituting Eq. (3.2), Eq. (3.3), and Eqg. (3.4) into Eq. (3.1):

I

Iy
i) =~—3-d (3.5)

K+1
Equation (3.5) shows that the change in inductor current depends upon the
change of the duty cycle. The duty cycle c? is the sampled input, and the
variable fL(k) is the "held’ variable of the system, which remains constant from
time t, + DT, to time t,, , + DT,. Since the relation between i, and d is discrete,

the z-transformation is used. The correct z-transformation representation is:

i(2)=— I——-z d(z). (3.6)

i(s)=— 5-e — d(s). (3.7)

It can be seen from Eq. (3.7) that if there is a perturbation in the inductor
current, a perturbation in the duty cycle is produced. Hence, in the
small-signal sense, there exists an equivalent inductor current feedback loop
in charge control. The transfer function of the feedback loop is given by Eq.
(3.7). To model the current feedback loop, the small-signal model shown in
Fig. 3.5 is used. The inductor current-to-duty cycle transfer function can be

derived from Fig. 3.5;
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Figure 3.5. Small-signal model of the current feedback loop of charge
control:  F, is the modulator gain, H.(s) represents the
sampled-and-hold effect in the current loop. R; is the current
gain which converts current signal to voltage signal.
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a(s)

L

= —F_RH,(s). (3.8)

By comparing Eq. (3.7) and (3.8), we have:

D
Fufi="7— (3.9)
Lp
sT.
H,(s) = —(——. (3.10)
e "—1

F., and R; are the modulator gain and the equivalent current gain, respectively.
H.(s) represents the sampled-and-hold effect in the current loop, which has the
same expression as the sampling gain in PCM control [18]. A continuous-time

expression is as follows [18]:

\

His)=1+—2—+2_, (3.11)
° Q)7
where
w, = % (3.12)
N
Q,=-% (3.13)
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3.3.2 Modulator and Equivalent Current Gains

The modulator gain, F,, can be derived from the input and output waveforms
of the modulator. As shown in Fig. 3.6, it is assumed that a perturbation on the
control voltage, OC(k), is introduced to the system at time ¢,, it produces a
perturbation on the on-time , ﬁkTs. Assuming no perturbations on the line and

output voltages, we have:

L+ D+ a)T,

—C;—T fl . [, (6) + 7, () Jt. (3.14)

A

v (k)

By ignoring the product of the perturbations term:

(3.15)

R =——. (3.16)

The current gain, R;, is a function of line voltage.
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Figure 3.6. Derivation of the modulator gain: Assuming there is a
perturbation on the control voltage, v, at time t,, it produces
a perturbation on the duty cycle d. The modulator gain F, is

the ratio of the duty cycle perturbation, d to the control
voltage perturbation, v,
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3.3.3 Feedback and Feedforward Gains

In charge control, the charge of the switch current in one cycle is used as the
feedback control signal to modulate the duty cycle. Since the charge is a
function of the input and output voltages, the duty cycle is perturbed if the
input or output voltage is perturbed. Figure 3.7 shows how the duty cycle of
a buck converter with charge control is affected by an input voltage
perturbation, assuming that such a perturbation appears at time t=t, The
slope of the switching current is then changed immediately, as shown in the
dotted line. v, takes less time to reach the same control voltage, v, than in the
previous cycle, which introduces a perturbation on the duty cycle. This means
that a line voltage increment produces an immediate duty cycle decrement.
To model the effects of the perturbations of input as well as output voltages
on the duty cycle, feedback and feedforward gain terms from input and output

voltages are employed.

To study the relationship between the perturbations of input and output
voltages and the duty cycle perturbation, the relation between control voltage

and inductor current is found from Fig. 3.2:

v (f) = CL L i, (1) dt. (3.17)

By averaging Eq. (3.17):
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Figure 3.7. Input voltage feedforward in charge control: A perturbation
on the line voltage changes the on-time slope of the inductor
current and it produces a change in the charge of the current
during on-time and in the duty cycle immediately.
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(3.18)

where i, denotes the average quantity of the inductor current, which is a

function of the input and output voltages. By perturbing Eq. (3.18), with input

and output voltages being fixed respectively, the input and output voitages to

duty cycle transfer functions can be obtained, respectively. The same transfer

function can also be obtained from the complete small-signal model shown in

Fig. 3.8, with k. and k; as the unknowns. By comparing these transfer functions,

k. and k; can be obtained.

The detailed derivations of X, and k; for basic PWM converters are included in

Appendix B. The feedback and feedforward gains for three basic PWM

converters are listed in Table 2.

Table 2. Feedforward and Feedback Gains for Charge Control
BUCK BOOST BUCK/BOOST
B _ RDD'T, _ RD'T, RDD'T,
' 2L 2L 2L
B RD'T, RD'*T, RD"*T,
’ 2L 2L 2L
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3.3.4 Complete Small-Signal Model

After feedback and feedforward gains are derived, the complete small-signal
model for PWM converters employing charge control is obtained. The obtained

model is uniform for all PWM converters.

3.4 Small-Signal characteristics

The small-signal characteristics of charge-controlled PWM converters are
studied in this section. A buck converter is used as the power stage. To gain
the physical insight into the control system, the approximate expressions of

the characteristics are also derived.

3.4.1 Current Loop Gain

Ignoring the gain term k,, the approximate expression of the current loop gain

of charge control is as follows:
Ti(s):FleGid(S) He(s)’ (3-19)
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Figure 3.8. Complete small-signal model of charge control: The
obtained model can be used to analyze the stability of both
current and voltage loops. It can also be used to study the
dynamic performance of the system.
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where G,(s) is the power stage duty cycle-to-inductor current gain. F,R, is
given by Eq. (3.9), which has the following genera! form for all PWM

converters:

1
FR = _ 3.20
D 2L,

V,, and /. are terminal voltage and current of the three-terminal PWM switch
model [23]. The current loop stability is determined by the high-frequency
characteristics of the current loop gain. The high-frequency (after power stage
resonant frequency) duty cycle-to-inductor current gain of all PWM converters

is as follows:

v

ap

sL

G,.Z(s): . (3.21)

For three basic PWM converters with charge control, the high-frequency

approximation of the current loop gain is as follows:

F H_(s)
T,h(s): T > . (3.22a)
s D’
R, 2
where for a buck converter;
R,=R; (3.22b)
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for a boost converter:

R,=DD'R; (3.22c)

for a buck/boost converter:

R,=D'R. (3.22d)

By defining the normalized load resistance R, as:

Re 3.23
Ro=TF (3.23)
Eq. (3.22) becomes:
F H (s
T (s)~ s ) (3.24)
: LI 2 s
R 2

It can be seen that both line voltage and load current affect the current loop
crossover frequency, and the current loop has higher gain, thus less phase
margin at light load. Figure 3.9 shows current loop gain of charge-controlled
buck converter with different operation conditions. It can be seen from Fig. 3.9
that at heavy load, the current loop has positive phase margin even the duty
cycle is larger than fifty percent. At light load, the current loop gain does not

has positive phase margin if the duty cycle is very large.
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The relationship between the converter operation conditions and the current
loop stability is found for the first time through the small-signal analysis. The
results is quite different from both PCM and ACM control, where the current
loop instability is independent of load current. To verify the small-signal
predictions, the time-domain simulation is performed. The simulation results

are shown in Fig. 3.10. They confirm the small-signhal predictions.

3.4.2 Control-to-Output Gain

The control-to-output gain is defined as the control voltage to output voltage
transfer function. An approximated expression of control-to-output gain for a

buck converter is given as follows:

A

v R (1+R_Cs)
Ve 1+ > s)
where
F,(s)= L — (3.25b)
S S
1+ +
W Qp w2
n
—
w, T, , (3.25¢)
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Figure 3.9. Current loop gain of a buck converter with different operation
condition: Both line voltage and load current affect the
current loop crossover frequency. The low-line, light load
operation causes current loop to be unstable.
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Figure 3.10. Open loop time-domain simulation results of charge

control: At heavy load condition, the current loop is stable
even the duty cycle is larger than fifty percent. This results
is quite different from that of PCM control.
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and

Q, = : (3.25d)
s D
"R, 72

where R, is given by Eq. (3.22). The damping factor, Q,, given by Eq. (3.24d)
is general for all PWM converters. The detailed derivation of it can be found

in Appendix B.

The control-to-output gain of charge control is shown in Fig. 3.11, with a buck
converter as the power stage. As can be seen from Fig. 3.11, the transfer
functions have a single pole at low-frequencies and a pair of compiex poles
at half the switching frequency. This is similar to the control-to-output transfer
function of PCM control with the current loop closed. The low-frequency single
pole characteristic makes the voltage loop compensation much easier than for
voltage-mode control. Different from PCM and ACM control, the low-frequency
characteristics are line-dependent, and high line operation gives the worst

case condition for voltage feedback loop design.

Like in PCM and ACM control cases, Q, can be used to predict the current loop
instability. When Q, is very large, the peaking of F,(s) is very large, which
indicates that current loop has a small or even negative phase margin. it is

more convenient to design current loop according to Q,.

It can be seen from Eq. (3.25d), that when
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LF,
R

e

D
<5 (3.26)

Q, becomes negative, the double poles move into the right-half plane, and the
system becomes unstable. For PCM control, the subharmonic oscillation is
only related to duty cycle. When duty cycle is larger than fifty percent, the
subharmonic oscillation occurs. In charge control, it is related to duty cycle
as well as to power stage filter inductance, switching frequency, and load
resistance. The current locop has less phase margin when the converter is
operating at light load. The current loop compensation is more difficult when

converter operates in a wide load range.

3.4.3 Control-to-Switch Current Gain

The control-to-switch current gain is defined as the control voltage to average
switch current transfer function. This transfer function indicates the control
ability of the control scheme on the average switch current. The approximate
expression of the transfer function, with buck converter as the power stage, is

as follows:

>

—~—

s z% F.(s) === F,(s), (3.27)

[

<>
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Figure 3.11. Control-to-output gain of a buck converter with charge
control: Both low-frequency and high-frequency
characteristics are functions of the line voltage and load

current. The middle-frequency characteristic is independent
of the load.
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where F,(s) is given by Eq. (3.25). It can be seen from Eq. (3.27) that up to half
the switching frequency, the control-to-switch current gain is only determined
by capacitor C; and the switching frequency of the converter. It means that
no matter how the operation conditions change, the average switch current
always follows the control voltage with no distortion. The control-to-switch

current gain of a buck converter with charge control is shown in Fig. 3.12.

The reason that charge control can control average switch current is that the
average switch current is proportional to the charge obtained by C;.

According to the definition, the average switch current equals:

= J i.(fat (3.28)
Ts o]

v, =—— j i (t)dt (3.29)
CT 0

It can be seen from Egs. (3.28) and (3.29) that i is proportional to v,, and the

ratio of them equals the gain of Eq. (3.27).
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Control-to-switch current gain of charge control: The
characteristic of charge control is flat up to half the

switching frequency. The magnitude of the gain
characteristic is independent of converter operating
conditions.

3. MODELING AND ANALYSIS OF CHARGE CONTROL

88



3.5 Adding an External Ramp

In certain applications where the load range is very large, an external ramp is
needed to stabilize the system. From a small-signal point of view, adding an

external ramp only changes the modulator gain of the system.

The modulator gain of charge control with an external ramp added is derived
in this section. The circuit diagram of charge control with external ramp is
shown in Fig. 3.13 (a). The steady-state waveforms are shown in Fig. 3.13 (b)

with solid lines. The following steady-state equation can be obtained:

DTS
vV = LI i\(t) dt + S,DT,, (3.30)
CT 0

c

where S, is the external ramp slope. Assuming the control voltage is

perturbed at time t = t,, as shown in the dotted line of Fig. 3.13 (b), we have:

A

V40, = —CLJ; i,(t) dt + S (D + d)T.. (3.31)

Subtracting the steady-state from Eq.(3.31):

A
vV =

1 A A
Sairon ’Lpde + S.dT7, (3.32)
T

3. MODELING AND ANALYSIS OF CHARGE CONTROL 89



the modulator gain is obtained:

F = = . (3.33)

3.6 Design Guidelines
The current feedback loop of charge control has two parameters that need to
be determined: the capacitor, C;, and the external ramp slope, S..

The first step of the design is to determine capacitor, C;. The value of the
voltage across capacitor, C;, is determined by both the integration of the

on-time inductor current and capacitance, C;:

v, = CLL i, (t)dt, (3.34)

For proper operation, v, should never exceed the comparator supply voltage,
V., when the converter is operating in heavy load and low line case; hence,

Cr is chosen as follows:
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Figure 3.13. Modulator gain after an external ramp is added: The
external ramp is added to the modulator directly. After the
external ramp is added, the charge of the switch current is
now following the control voltage, subtracting the voltage

drop, S.DT;
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1 max S.
Cr> 5 L i, max(f)0. (3.35)

The resonance at half the switching frequency in control-to-output gain is the
frequency domain representation of subharmonic oscillation. To prevent
subharmonic oscillation, this resonant peak needs to be damped, but
over-damping the resonant peak is undesirable. It will split high frequency
complex poles and push one of them to the lower frequency, causing a
reduction of the phase margin of the voltage loop. To properly damp the
resonant peak, the damping factor, Q,, is set as less than or equal to one at

high line and light load. From Eq. (3.25d), we have:

<1. (3.36)

The next step of the design is to check whether Eq. (3.36) is satisfied for the
given power stage parameters. If Eq. (3.36) is satisfied, there is no need for an
external ramp. If it is not satisfied, an external ramp is needed. The derivation
of Q, as the function of the external ramp slope, S,., can be found in appendix

B. For all PWM converters, it has the following general form:

1

@ = (L FLSS, b (3:37)
T + -5
R, T v, 2
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By setting Q, to be less than or equal to one, S, is obtained:

v LF
1.0
S, > F:g (w+5 + 5 (3.38)
T

e

3.7 Experimental Verifications

A buck converter with charge control was built to verify the small signal model.

The circuit components values are as follows:

V, =15V,

L =375 uH,
C =380 uF,
R. =20 mQ,

F, =80 kHz, and

Cr =733 nF.
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To verify the prediction of current feedback loop, the current loop gain (shown
in Fig. 3.8 as T,(s)) was measured. The digital modulator was employed to
ensure the correct sample data measurement. The measurement of the current
loop gain of charge control is shown in Fig. 3.14. Its shape is the same as that
of PCM control. The double right-half-plane zeroes, caused by the
sample-and-hold effect of the current loop, can be observed from the

measurement.

The measured and predicted control-to-output gains are shown in Fig. 3.15.
Figure 3.16 shows the measurement and prediction of the controi-to-inductor

current gain. In both cases, the predictions agree well with the measurements.
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Figure 3.14. Measurement of the current loop gain of charge
control: The switching frequency of the experiment circuit
is 90 kHz. The double right-half-plane zeroes at half the
switching frequency caused by the sampling effect can be
seen from the measurement.
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Figure 3.15.

Measurement; and prediction of the control-to-output

voltage gain:® The switching frequency of the experiment

circuit is 90 kHz.

3. MODELING AND ANALYSIS OF CHARGE CONTROL

96



prediction -———

measurement

—
60 ] 1 — — ol |

100 200 500 1,000 2,000 5,000 10,00020,000 50,000
Frequency (Hz)

“y35 | Predicton = - — ——

measurement
-180 . R L ! S —

100 20 500 1,000 2,000 5,000 10,00020,000 50,000
Frequency (Hz)

Figure 3.16. Measurement and prediction of the control-to-inductor
current gain: The switching frequency of the experiment
circuit is 90 kHz.
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3.8 Summary

Charge control is a special type of current-mode control. It uses the integration
of the on-time inductor current as the feedback control signal. The main
feature of charge control is its ability to control the average switch current of
a PWM converter. Due to this property, it can be applied to power factor
correction circuit control when buck or flyback converter is used as the power
stage. Charge control also solves the switching noise problem which exists in

PCM control.

Unlike PCM and ACM controls, the current ioop stability of charge control is
both line- and load-dependent. The current loop has smaller phase margin
when the converter operates in the light load. The control-to-output voltage
transfer function of charge control also has single low-frequency pole
characteristic which is common to all current-mode controls, but its
low-frequency characteristic is both line- and load-dependent, which makes

the voltage feedback loop optimum design more difficult.

Other applications of charge control can also be found. For certain converter
topologies, such as multi-resonant-converters (MRC), the active switch does
not turn off at the time when its switching current reaches its maximum value.

Hence, the PCM control cannot be used to control these converters, while it is
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possible to apply charge control to these converters, since the charge of the

switching current always increases with time.

In this chapter, a complete small-signal model is developed for PWM converter
with charge control. The relationship between current loop instability and
converter operation conditions is found for the first time. The developed
small-signal model is confirmed by both the time-domain simulation and the
experiment. Based on the small-signal analysis, design guidelines for charge
control are proposed which ensure the stability of the system under given line
and load ranges. The application of charge control in flyback PFC will be

detailed in Chapter IV.
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4. AVERAGE CURRENT-MODE AND CHARGE

CONTROLS FOR PFC APPLICATIONS

4.1 Introduction

Due to the ever-increasing requirements for improved power quality, the
demand for the use of power factor correction (PFC) for switching ac-dc power
supplies have dramatically increased. A variety of circuit topologies and
control methods have been employed for the PFC application. Among them,
boost and flyback converters are two frequently used topologies, since both

converters have voltage step-up capability.
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The circuit diagrams of both boost and flyback PFCs are shown in Fig. 4.1. The
boost PFC can handle large output power. The input current of the boost PFC
is continuous, and it has less switching harmonics compared to flyback
topology. The limitations of boost PFC are: 1) no isolation; 2) start-up and short
circuit problems; 3) high output voltage. For low power applications, flyback
converter is more attractive than boost converter because of its simplicity. It
solves the isolation, start-up, and short circuit protection problems by a single
switch. Also, the line voltage is not necessarily lower than the output voltage,
as in the boost converter case. The main limitation of flyback PFC is output
power level. Another limitation of flyback PFC is its pulsating input current,

which results in a large EMI filter.

Both ACM and PCM controls have been used to control boost PFC circuit.
PCM control is easier to implement comparing to ACM control, but it
introduces line current distortion to boost PFC circuit [33, 34, 36, 37]. ACM
control is also applied to CCM flyback PFC system [38,26]. But due to the
pulsating nature of the switch current, the current loop stability is difficult to
maintain without sacrificing current loop bandwidth [8]. Low bandwidth in
current loop results in a large distortion in line current [27]. Charge control
controls the per cycle switch current charge of a PWM converter. This charge
is proportional to the average switch current if the switching frequency is

constant. Hence, charge control is a good candidate for flyback PFC control.
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When current-mode controls are applied to PFC circuit, the current loop
stability is difficult to maintain, since the line voltage of the PFC circuit varies
from zero to its peak amplitude. The subharmonic oscillation in a PFC system
introduces subharmonic contents into line current spectrum, which may affect
the input EMI filter design. In the other hand, overcompensating subharmonic
oscillation results in small current loop bandwidth and large line current

distortion.

In this chapter, issues related to applications of ACM and charge controls to
PFC circuits are studied. Different current-mode controls are compared each
other for both boost and flyback PFC applications in Sec. 4.2. To justify the
application of charge control to CCM flyback PFC, the efficiencies of CCM and
DCM flyback PFCs are compared in Sec. 4.3. Subharmonic oscillation in PFC
system and its effect on EMI filter design are addressed in Sec. 4.4, with CCM
flyback PFC as an example. Section 4.5 discusses how to eliminate
subharmonic oscillation while keeping line current distortion within

specification.
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Figure 4.1. Circuit diagrams of the boost and flyback PFC circuits: The
input current of a boost converter is the inductor current
which has less switching harmonics. The flyback topology
provides isolation and voltage step up and down capability;
it also has no current inrush problem.

4. AVERAGE CURRENT-MODE AND CHARGE CONTROLS FOR PFC APPLICATIONS 103



4.2 Comparison of Current-Mode Controls in PFC

Applications

One important application of current-mode control is to control a PWM
converter as an active PFC circuit. The block diagram of a PFC system with
current-mode control is shown in Fig. 4.2. The rectified line voltage, v,,(t), is
scaled down and multiplied by the error voltage, v,, to form a control
reference, v.(t). The input current is sensed and processed in a way so that its
average value can accurately follow the reference. Since the significant
harmonics of v.(t) is up to its 8th harmonic (the 8th harmonic is only 0.5% of
its peak value [27]), to accurately construct the average input current
according to v.(t), the control voltage-to-average input current gain must be

flat from dc up to 1 kHz.

In this section, the current-mode controls are compared for both boost and
flyback PFC applications. The emaphasis is put on the flyback PFC, since

charge control is applied to CCM flyback PFC for the first time.

4.2.1 Boost PFC Control

Both PCM and ACM controls have been used for boost PFC control. The PCM

control only controls the peak inductor current of a PWM converter. There

4. AVERAGE CURRENT-MODE AND CHARGE CONTROLS FOR PFC APPLICATIONS 104



in . O -
i () PWM DC-DC =
in
CONVERTER 3
]
d
input
=1 current
K control
AANBAY

= multiplier |[—— v

Figure 4.2. The circuit diagram of a PFC system with current-mode
control: The rectified line voltage, v;,(t) is scaled down and
multiplied by the error voltage, v., to form a control reference,
v.(t). The input current of the PFC circuit is sensed and
processed in a way so that its average value follows the
control reference.
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exists difference between peak and average inductor currents of a PWM
converter, especially when it operates in DCM. In PFC application, the DCM
operation cannot be avoided, since the input current of the PFC circuit is very
small near the line voltage zero-crossing. On the other hand, the duty cycle
of a boost PFC circuit varies from its maximum value (usually 85%) to its
minimum value, as the line voltage changes from zero to its peak amplitude.
Hence, when PCM control is used, the current loop instability cannot be
avoided if no external ramp is added. Adding an external ramp in PCM
control introduces line current distortion, and design trade-offs have to be
made when PCM control is used [33]. The more detail comparison between
PCM and ACM controls in boost PFC applications can be found in [33, 34, 36,

37].

4.2.2 Flyback PFC Control

The ACM control scheme is used to control average switch current in [8]. The
control scheme is shown in Fig. 4.3, where the switch current is sensed and
averaged by the current compensator. The control scheme is called average
switch current-mode (ASCM) control here since it is the switch current that is
averaged by the current compensator. Unlike the inductor current, the switch
current has a pulsating nature, which causes a large ac ripple at the current

compensator output. The main problem of using ASCM control is its current
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loop crossover frequency is limited by the zero in converter power stage duty
cycle-to-switch current gain [26], which results an varying control-to-switch
current gain over the interested frequency range. The other problem of using
ASCM control is the low bandwidth in the current feedback loop, due to the

pulsating feature of the switch current.

The control-to-switch current gain can be used to study the line current
distortion of a flyback PFC circuit. The low-frequency control-to-switch current
gain of a 500 W flyback PFC with both charge and ASCM controls are shown
in Fig. 4.4 (a) and (b), respectively. The gains corresponding to charge control
case are almost flat in the interesting frequency range, which means no
current distortion is introduced in charge controlled flyback PFC. The
control-to-switch current gain of ASCM controlled flyback PFC changes at
higher frequency, which means high frequency distortion will be introduced

into line current.

To estimate the line current distortion caused by the uneven gain, time-domain
simulation is performed. To approximate the line current distortion, the
rectified line voltage, shown in Fig. 4.5 (a) as the solid line, is applied to a
system which possesses a gain as Fig. 4.4 (b) (in the simulation, the transfer
function corresponding to D = 0.66 is used). The normalized system output
which is the average input current of the flyback PFC circuit, is shown in Fig.
4.5 (a) with dotted line. The corresponding line current and its Fourier

analysis results are shown in Fig. 4.5 (b) and (c), respectively. Fig. 4.5 (c) can
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Figure 4.3. Circuit diagram of average switch current-mode (ASCM)
control.: The switch current is sensed and feed into the
current compensator. The output of the current compensator
is much more pulsating than at ACM control case,
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Figure 4.4.
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The control-to-switch current gains of flyback PFC with ASCM
and charge controls.: The characteristics corresponding to
charge control are flat in the interested frequency range,
which insures average switch current follows the control
voltage exactly. The characteristics corresponding to ASCM
control are uneven at higher frequency, which means high
frequency distortion will be introduced to the line current

When ASCM control is used.
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Figure 4.5. Simulation resuits of ASCM controlled flyback PFC: The
control reference and the normalized input current of the
flyback PFC are shown in (a), and the current is distorted
from the control; The line current and its spectrum are shown
in (b) and (c), respectively.
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be used to estimate the line current distortion. For the 500 W flyback PFC, if
the efficiency of the PFC circuit is assumed 85%, the input rms current is 6.5
A, then the second harmonic of the line current is 0.37 A, which is large than

the allowed second harmonic distortion given in IEC555-2 specification.

Since the control-to-switch current gain of charge control is flat up to half of
the switching and is independent of converter operation conditions, no
distortion will be introduced to the line current of a flyback PFC if charge

control is used.

4.3 Loss Comparison of CCM and DCM Flyback PFC

Due to its simplicity and low cost, flyback PFCs are more attractive for many
applications. Both CCM and DCM operation flyback converters can be used
as PFC circuits. When a flyback converter is operating in DCM, the converter
automatically achieves unity power factor if the switch on-time is kept constant
during one line cycle [28]. The control scheme for a DCM flyback PFC is very
simple. No current loop is needed, and the duty cycle is kept constant during
each cycle to maintain a unity power factor. The main drawback of DCM
operation is the large instantaneous and rms input current, which results in

large current stress and large switching and conduction losses.
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As has been mentioned before, charge control can be used to control CCM
flyback converter as PFC circuit. Compared to constant duty cycle control,
charge control scheme is more complicated. It needs to sense the switch
current as well as to form a line reference. The application of charge control
to CCM flyback PFC is justified by comparing the efficiency of CCM flyback
PFC with that of DCM flyback PFC. The losses considered in the comparison
are the conduction and switching losses of the switch and the output rectifier,
as well as the core and copper losses of the energy storage transformer. The
detailed derivations for these losses are listed in Appendix C. The switch
losses for both MOSFET and IGBT are calculated for the purpose of
comparison. When the loss is a function of line voltage, it needs to be

averaged in half a line cycle.

The comparison is carried out for a 300 W flyback PFC with 48 V output
voltage. The line range is 85 V to 265 V. Both CCM and DCM flyback PFC
designs are optimized. The efficiency versus output power characteristics are
shown in Fig. 4.6, where the superscript denotes the mode of operation, and
the subscript denotes which device is used for the switch (M for MOSFET, | for
IGBT). It can be seen that whether MOSFET or IGBT is used, the efficiency of
CCM operation is at least 3 percent higher than that of DCM operation. For
DCM operation, if MOSFET is used as the switch, the conduction loss of the
device is very large because of the large input rms current, and if IGBT is used
as the switch, the switching loss of the device is very large due to the large

peak input current. It can also be seen that MOSFET is more efficient for lower
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power application, while IGBT is more efficient for higher power application.
This is due to the dramatical increase in MOSFET conduction loss as the

output power increases [29].

4.4 Effect of Subharmonic Oscillation in PFC Circuits

Subharmonic oscillation is a common property in all kinds of current-mode
control. For a dc-dc converter, this oscillation is always avoided, even though
it is bound by the controller and the non-linearity of the system. There are two
main reasons that the subharmonic oscillation in dc-dc converters is
unacceptable. The first one is that it introduces subharmonic frequency
contents into the system. The ripple caused by subharmonic oscillation will
be seen by the source and the load of the converter, since the input and output
filters are designed to attenuate only the switching ripple. The second reason
is that the oscillation may saturate the core of the isolation transformer,
because during subharmonic oscillation, the duty cycle is much larger than

that of the normal operation.

For a PFC circuit with current-mode control, the subharmonic oscillation is
unavoidable since the rectified line voltage can be as small as zero. Hence, it

is necessary to study the effects of this oscillation on the PFC circuit
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Figure 4.6. Efficiency of CCM and DCM flyback PFCs as a function of the
output power: The superscript denotes the mode of
operation. The subscript denotes which device is used as the
switch. No matter what device is used, the efficiency of CCM
operation is much higher than that of DCM operation, which
justifies the preference for CCM flyback PFC.
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performance. The isolation transformer of a PCM controlled boost PFC can
hardly be saturated since subharmonic oscillation occurs only at low line
voltage. Because the bulk capacitor exists at the output of the PFC circuit, the
ripple voltage caused by subharmonic oscillation will not be seen by the load.
However, subharmonic oscillation will introduce a subharmonic component
into the input current spectrum and may affect the input EMI filter design. To
study the effect of subharmonic oscillation on the input filter design, the
flyback PFC with charge control is used as an example. A 300 W CCM flyback
PFC with charge control is simulated to obtain its input current spectrum. The
input current spectra at low line ( worst case ) and different load are shown in
Fig. 4.7. The switching frequency of the circuit is 70 kHz. Several observations
can be made from Fig. 4.7. First, the spectrum corresponding to subharmonic
oscillation is smaller than that at the switching frequency because
subharmonic oscillation only exists in a small region over a line cycie. Second,
the subharmonic oscillation in charge control is load dependent. The
subharmonic oscillation at half load is more severe than that at full load, since
subharmonic oscillation in charge control occurs at light load. When the load
is very light, the converter operates in DCM during most of the line cycle,

which does not contain subharmonic oscillation.

To examine whether subharmonic oscillation will adversely affect the input
filter design, a two-stage filter, shown in Fig. 4.8, is designed for the 300 W
flyback PFC. The largest spectra at half and the switching frequency are shown

in Fig. 4.9. The VDE 0871 EMI specification of the interested frequencies and

4. AVERAGE CURRENT-MODE AND CHARGE CONTROLS FOR PFC APPLICATIONS 115



spectrum (dBuV)

164

(L1

160}

140

120

80

1 s
3
@
R=X
E
2
B
2
7]
1 -
50 100 150 200 250 300 350 0 S0 100 150 200 250 300
Frequency (kHz) Frequency (kMz)

(a) low line and full load (b) low line and half load

160 —

150

140+

1304

spectrum (dBuV)

0 50 100 150 200 250 300 350
Frequency (kHz)

(c) low line and 30% load

Figure 4.7. Input current spectrum of a 300 W CCM flyback PFC with
charge control: The switching frequency is 70 kHz. The
maximum switching frequency spectrum appears at low line
and full load operation. The low line and half load operation
gives the maximum subharmonic spectrum.
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Figure 4.8. Two-stage input filter and its characteristic:
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Figure 4.9. Worst case input current spectra of 300 W CCM flyback
PFC: The worst case spectra at half and the switching
frequency are much higher than the given EMI specification.
To meet the EMI specification, 48 dB attenuation is needed
at 35 kHz, and 79 dB attenuation is needed at 70 kHz.
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the required attenuation of the filter to meet the EMI specification are also
shown in Fig. 4.9. The filter is designed to have 80 dB attenuation at 70 kHz.

The design results are as follows:

L1=64mH, L2=064mH

C1=8uF, C2=08uF, R=40

The designed filter gives 62 dB attenuation at 35 kHz, which is more than
necessary to attenuate the spectrum caused by subharmonic oscillation. So,
for the 300 W flyback PFC, subharmonic oscillation has no effect on the size
of the two-stages input filter. For input filter which has steep attenuation

characteristic [30], the subharmonic oscillation will affect the filter design.

To increase the output power lever of flyback PFC, interleaving technique can
be applied. Interleaving more than one power stages also increases the input
current ripple frequency and reduces the magnitude of the ripple current,
which results in a smaller input EMI filter. The simulation results of the input
current spectra of a 600 W interleaved (two 300 W modules) CCM flyback PFC
are shown in Fig. 4.10. It can be seen from Fig. 4.10 that the switching
frequency (70 kHz) harmonic is totally cancelled. At low line, the ripple
frequency (140 kHz) spectra are smaller than those at high line. This is
because at low line the duty cycle is larger than fifty percent, and the input

currents of each module overiap, which greatly reduces the magnitude of the
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ripple current. The subharmonic oscillation occurs at low line and light load,
as shown in Fig. 4.10. The worst case spectra at different frequencies are
shown in Fig. 4.11. The EMI specification and the required attenuation of the
fiter are also shown in Fig. 4.11. The two-stage filter shown in Fig. 4.8 is
designed to meet the required attenuation. The first design only considers the
harmonic component at ripple frequency. It can be seen from Fig. 4.11 that 80
dB attenuation is needed at 140 kHz. The designed filter’s characteristic is

shown in Fig. 4.8(a). The design results are as follows:

L1=16mH, L2=0.16mH

C1=8uF, C€C2=08uF, R=15
It can be seen from Fig. 4.12(a) that the design only has 43 dB attenuation at
35 kHz, which does not meet the requirements given by Fig. 4.11. To satisfy
all the requirement, a second design is performed, which gives 55 dB

attenuation at 35 kHz. The designed filter’'s characteristic is shown in Fig.

4.12(b), and the design results are as follows:
L1=39mH, L2=039mH
Cl=8uF, C2=08uF, R=224
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Figure 4.10. Input current spectrum of a 600 W interleaved CCM flyback
PFC: The spectrum at switching frequency (70 kHz) is
totally cancelled. The maximum ripple frequency (140 kHz)
spectrum occurs at high line and full load. The subharmonic
oscillation is severe at low line and half load.
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Figure 4.11. Worst case input current spectra of 600 W interleaved CCM
flyback PFC: The spectra at half the switching frequency
and the ripple frequency are much higher than the EMI
specification. To meet the EMI specification, 55 dB
attenuation is needed at 35 kHz. 80 dB attenuation is needed
at 140 kHz.
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Figure 4.12. Two-stage filter design results: The first design only gives
43 dB attenuation at 35 kHz, which does not meet the
requirement given in Fig. 4.11. The second design satisfies

all the requirements given in Fig. 4.11.
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The second design meets the required attenuation at all frequencies. But the
size of it is at least two times larger than the first design. By comparing the
input filter sizes of the 300 W non-interieaved and the 600 W interleaved
flyback PFCs, one can conclude that the interleaving technique greatly reduces
the size of the input filter. It is also found that the EMI filter size of an
interleaved flyback PFC can be greatly reduced if subharmonic oscillation is

eliminated.

4.5 Eliminate Subharmonic Oscillation for ACM and Charge

Controls

Subharmonic oscillation is caused by the current loop instability. To
investigate subharmonic oscillation, the current loop smali-signal
characteristic needs to be analyzed. The current loop gain of a PWM dc-dc

converter with ACM or charge control has the following general form:

T(8)~F ,RG/(5)G (s)H,(s), (4.1)

where F,, R;, and H.(s) are modulator gain, current gain, and sampling gain,

respectively. Gi(s) is the power stage duty cycle-to-inductor current transfer
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function. G,(s) is the effective current loop compensator gain for ACM control,

and it does not exist in charge control.

For PFC circuit, the input voltage is ac voltage, which varies from zero to its
peak value during each line cycle. Since the switching frequency is much
higher than the line frequency, the line voltage can be assumed constant
within each switching cycle. This assumption is called quasi-static approach

[31]. Under this assumption, F,, R;, and G,(s) are functions of the line voltage.

The current loop instability occurs at high-frequency. After power stage
resonant frequency, the duty cycle-to-inductor current gain, G,,(s), for all PWM

converters has the following approximation:

vV
ap
Gy(s)= 15> (4.2)
Substituting Eq. (4.2) into Eq. (4.1), the high-frequency approximation of the
current loop gain is obtained:

Fn RV, G/(s) 1

T(s)~ . +H,(s). (4.3)

Since G,(s) can be approximated by a constant at high-frequency, the
high-frequency current loop gains of ACM and charge controls have the same
shape. It forms by an integration and a pair of right-half-plane zeroes centered

at half the switching frequency. Since the phase characteristic is independent
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of converter operation conditions and the current loop compensation, the
current loop stability margin is determined by the current loop crossover

frequency, w., as shown in Fig. 4.13. w, has following general forms:

F. R, Vap G(s)
c = L *

W (4.4)

By substituting corresponding £, R;, Gi(s) of ACM control and V,, of the boost
converter into Eq. (4.4), the current loop crossover frequency of ACM control

boost PFC is obtained:

FS
w, = o, . LSeC()Z . (45)
WDD' T +D'(1— =) (1 —e " ) +
hp i

[e] !

w, varies with line voltage, and at line voltage zero crossing, line voltage

max.

equals zero, which gives the maximum crossover frequency, w;

or = L (4.6)

¢ Sewz

Equation (4.6) can be used to design boost PFC current loop compensation.
To avoid subharmonic oscillation, for a fixed sawtooth ramp slope, S., the
integrator gain, w,, is selected so as to allow the current loop to cross the zero
dB before half the switching frequency. Overcompensating reduces the
current loop bandwidth of ACM control, which results in large line current

distortion [33].
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By substituting corresponding F., R;,, G(s) of charge control and V,, of the
flyback converter into Eq. (4.4), the current loop crossover frequency of charge

control flyback PFC is obtained:

w, = Vo : (4.7
(ILp + S,C;)L

where /,, is the peak inductor current, which is a function of the line voltage
and load current. Hence, w., varies with line and load. At line voltage
zero-crossing, the peak inductor current equals zero, which gives maximum

crossover frequency:

w, = . (4.8)

To avoid subharmonic oscillation, the external ramp is selected so as to allow

the current loop to cross zero dB before half the switching frequency.

In charge control, the compensation ramp introduces distortion to the line
current, since the average line current is following the control voltage
subtracting the voltage drop, S.D7,. Large compensation ramp slope produces
large line current distortion, and the distortion is more severe near the line

voltage zero-crossing.

Since large external ramp introduces large current distortion in charge

control, there exists a trade-off between current loop stability and line current
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Figure 4.13. Relationship between the current loop crossover frequency
and its phase: The high-frequency phase characteristics
are fixed for both ACM and charge controls. Larger
crossover frequency gives a smaller phase margin. When
the crossover frequency is larger than half the switching
frequency, there are no phase and gain margins in the
current loop.
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distortion. It can be seen from Fig. 4.13 that the current loop has 52 degrees
phase margin if the current loop is closed at one-fifth of the switching
frequency. Figure 4.14 shows the simulation results of the 600 W interleaved
flyback PFC when the current loop of each module is closed at one fifth of the
switching frequency. The high frequency spectrum of the input current at low
line and half load (worst case) is shown in Fig. 4.14(a), and the input current
low frequency distortion at full load is shown in Fig. 4.14(b). It can be seen
from Fig. 4.14 that the subharmonic oscillation is eliminated, but the line
current 5th harmonic is too close to the IEC555-2 specification. To reduce the
line current distortion, the external ramp slope, S., has to be reduced. The
current loop crossover frequency is increased from one-fifth to one-third of the
switching frequency in order to reduce S,. The simulation results with a
smaller S, are shown in Fig. 4.15. It can be seen from Fig. 4.15 that the high
frequency spectrum remains almost unchanged, since the current loop still
possesses a positive phase margin, while the low frequency distortion is
greatly reduced due to the decreasing of S.. So, to eliminate subharmonic
oscillation and to keep the line current distortion within specification, the
maximum current loop crossover frequency should be between one-third to

one-half of the switching frequency.
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Figure 4.14. Simulation resuits of 600 W interleaved flyback PFC with
large S.: The current loop closed at one-fifth of the
switching frequency. The line current fifth harmonic is too
large. To reduce line current distortion, the external ramp
slope S., has to be reduced.
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Simulation results of 600 W interleaved flyback PFC with
small S.:

To reduce the external ramp slope, the current

loop is closed at one-third of the switching frequency. The
high frequency spectrum is almost the same as in Fig. 4.14,
but the line current distortion is reduced.
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4.6 Summary

In this chapter, The issues related to the application of current-mode control
on PFC circuit are studied. It is found that charge control is more suitable for
CCM flyback PFC control. The efficiencies of both CCM and DCM flyback PFCs
are compared to each other in order to justify the application of charge control
to CCM flyback PFCs. It is found through the comparison that the CCM flyback

PFC is much more efficient than the DCM flyback PFC.

Subharmonic oscillation will affect the input EMI filter design, if the difference
between the subharmonic spectrum and the EMI specification is larger than
the attenuation of the filter at that frequency. In such case, a larger filter has

to be used.

To eliminate subharmonic oscillation from boost and flyback PFC systems, the
small-signal models, developed for dc-dc converter with ACM and charge
controls, are used based on quasi-static assumption. The current loop design
equations for both boost PFC with ACM control and flyback PFC with charge
control are provided. For boost PFC, the current loop stability margin can be
increased by reducing the integrator gain of the current compensator, or
increasing the external ramp slope. For flyback PFC, the current loop stability

can be ensured by properly selecting an external ramp.
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For both boost and flyback PFC systems, overcompensating current loop
results in a large line current distortion. To satisfy both EMI and line current
distortion specifications, the current loop maximum crossover frequency

should be around one-third of the switching frequency.
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5. CONCLUSION

A complete study on average current-mode and charge controls is conducted
in this dissertation. The smali-signal models of PWM converters with ACM and
charge controls are derived. The derived models are accurate up to half the
switching frequency. The models are easy to use, since they are in the
continuous-time forms. The sampled-and-hold effect in the current feedback
loop is included in the modeling process for both controls; hence, the current
loop stability can be accurately predicted by the models. The derived models

are verified by experiments and time-domain simulations.

The relationships between current loop stability and converter operation
conditions for both controls are found for the first time. For ACM control, the

current loop stability is line-dependent. Unlike PCM control, the current loop
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has a smaller stability margin for both large and small duty cycles. Based on
the small-signal analysis, the current loop optimum design procedures for
ACM control are established. The current loop stability of charge control is
both line- and load-dependent. The current loop has less stability margin
when it operates at light load. Like peak current-mode control, the current loop

instability of charge control can be compensated by an external ramp.

The small-signal characteristics of both ACM and charge controls are studied
and compared with those of PCM control. All three controls have only a single
low-frequency pole in their control-to-output gains, which makes voltage loop
optimum compensation easier. The current loop gains of the three
current-mode controls have the same shape at high frequency, which indicate
that all current-mode controls can develop current loop instability if the
current loops are not properly designed. The control-to-inductor current gain
of ACM control, as well as the control-to-switch current gain of charge control
are flat up to half the switching frequency, which indicate these two controls’

ability to control average inductor and switch currents, respectively.

One important application of ACM and charge controls is to control PWM
converters as PFC circuits. ACM, PCM and charge controls are compared for
both boost and flyback PFC applications. It is concluded that ACM control is
more suitable for boost PFC application, while charge control is most suitable
for flypack PFC. The flyback PFCs are more suitable for low power

applications, since its implementation is much simpler compared to boost PFC.
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The CCM flyback PFC is much more efficient compared to the DCM flyback
PFC. The current loop instability of a PFC circuit and its effect on the input EMI
filter design are studied. Current loop instability should be avoided if the
subharmonic oscillation frequency is several times smaller than the switching
frequency (such as in the interleaved PFC case). The current loop design
guidelines are given for both boost PFC with ACM control and flyback PFC
with charge control. Trade-offs in current loop stability margin and line current

distortion are also studied.

Depending on the application, one control scheme may be more suitable than
the others. PCM control provides good dynamic performance and stability
margins for dc-dc converters. Its cycle-by-cycle peak current limiting ability
and easy-to-implement features also make it an attractive control scheme for
dc-dc converters. ACM control is more suitable for applications where the
average inductor current needs to be controlled, as in battery charger and
boost PFC control. ACM control also provides good noise immunity and
average current sharing ability. Charge control can accurately control the
average switch current of a PWM converter; hence, it is the best choice for

buck and flyback PFC control.

The small-signal characteristics of discontinuous conduction-mode operation
PWM converter with both average current-mode and charge controls are not

studied in the dissertation. These studies are useful for both dc-dc converter
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and power factor correction circuit control applications. Furthermore, studies

should be continued on finding more applications for both controls.
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Appendix A. DERIVATIONS FOR AVERAGE

CURRENT-MODE CONTROL

A.1 Introduction

This appendix provides some derivations for Chapter Il. It includes the turn-on
time slope of the current compensator output, feedback and feedforward gains
of the small-signal model, and the damping factor of the double pole F(s) of
the small-signal characteristics when current loop is closed. The derivations
are carried in a general way, so that the obtained results are valid for all PWM

converters.
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A.2 Derivation of S',

The current loop compensation network of ACM control and its input and

output waveforms are shown in Fig. A.1. The gain of the circuit is:

s
w,(1+ w, )
G.(s)=— S , (A.1a)
s (1 +w—p)
where
w, = 1 (A.1b)

w, = Rfcfz ’ (A.1C)
C.+C
fz fp

W, == (A.1d)
P Rfcfz C'fp

The on-time expression of the sensed inductor ripple current is as follows:

(=St (A.2)
where S, is the sensed inductor current on-time slope. The ripple of the output
of the compensation network, Ii(t), during the on-time can be obtained:
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Figure A.1. Current loop compensator and Iits input and _output
waveforms: The output of the current compensator, i (t) and
the sawtooth ramp determine the control. Hence the
modulator gain is determined by the sawtooth ramp slope
and the slope of i (t) at time T,.
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i) =L {G,(s)i(s)}

w; 2 1 1 -t (A3)
= -5, [5t +og - e )]

S’, is the absolute value of the slope of E_(t) att=DT,:

s’ =1i'OT)| =S,¢, (A.4a)
where
1 1 — o DT,
{=0D T, +0 (5 —w—p)m —e . (A.4b)

A.3 Derivation of Feedback and Feedforward Gains

To derive the feedback and feedforward gains, k., and k, for all PWM
converters employing ACM control, the describing function for the average
inductor current in terms of the control voltage and operation conditions,
derived in 2.2.2, needs to be perturbed with respect to the input and output
voltages, separately. Then the input voltage and the output voltage to the
average inductor current transfer functions are obtained, respectively. The
same transfer functions can also be obtained from the small-signal model
shown in Fig. 2.12, with k., and k; as the unknown parameters. By comparing

these functions, k, and &, can be obtained.
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All the PWM topologies with current-mode controls have something in
common. When the switch is turned on, the dc voltage, V,,, is applied across
the inductor. When the switch is off, the dc voltage, V., is applied to the
inductor. It means that a generic current-mode cell [20,37] can be used to
represent all the PWM converters employing current-mode control. The
small-signal model for the generic current-mode cell is shown in Fig. A2. It is

unique for all PWM converters with current-mode controls.

Since all PWM topologies with current-mode controls have a uniform structure,
it is wise to perturb the describing function with respect to v,, and v,4, and then
to construct a model which feedforwards v,, and 00,, through the feedforward
gains, k', and k';. The constructed model for ACM control is shown in Fig. A.3.
k', and k’; are invariant for all PWM topologies. The purpose of introducing this
generic model is to simplify the derivations of k, and k; for different PWM
topologies. Since for any PWM converter, the input and output voltages are
linear combinations of V,, and V.4, the k. and k; are then linear combinations

of k', and k’,.

The describing function derived in Chapter |l is rewritten here:

K(R,i,—v)=—S,dT, (A.5a)

where d can be expressed as a function of v,, and v,:
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Figure A.2. Small-signal model for the generic current cell: Thg input
and output voltages of the generic current cell are v,, and
Vo, respectively. They are linear combinations of the input

and output voltages of any PWM converter. fL is the output
of the cell which is used as the feedback signal. The cell is

controlled by duty cycle d
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Figure A.3. Small-sighal model of ACM control with generic current
cell: By replacing the power stage with the generic current
cell model and using k', and k'; as the feedforwad gains, a
generic small-signal model for ACM control is obtained. The
model is valid at both low- and high-frequencies.
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Voff

d=—-.
Von+ voff

(A.5b)

By perturbing Eq. (A.5) against v,, and v, respectively, the V., and 00,, to fL

transfer functions can be obtained.

KRi  SDT,
Oon Vap
and
KR, S,D'T,
ooff Vap
where

Vap = Von + Voff

is the voltage drop across active and passive switches [22].

(A7)

(A.8)

The same transfer functions can also be obtained from the small-signal model

shown in Fig. A3, with k', k', as the unknowns. At low-frequency, G,(s) and

G.(s) are large gain, K, and H,(s) equal to one:

KRi  p ,
o Fv THe

on m“ap
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KRI;.\L D’ ’
T FEv_ Tk

off m-ap

By comparing Eq. (A.6-A.10), k', and k’, are obtained:

k’(= _ DTSSIn '
Vap
and
D'TS’
’ $ n
k F = v

By substituting Egs.(A.4), (A.13) into Egs. (A.11), (A.12), we have:

. DDTR,
Ki=——1—¢
and
~ D°TR,
K=
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(A.13)

(A.14)

(A.15)
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As mentioned before, the on-time and off-time voltages of a PWM converter
are the linear combinations of the input and output voltage of the converter.
The relationships between these voltages are summarized in Table A.1 for
three basic PWM converters. The feedforward and feedback gains for these

three converters are listed in Table A.2.
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Table 3. Input and Output Voltage Relationship
BUCK BOOST BUCK/BOOST
V., V,—V, v, v,
Vorr v, Vo, — V, /A
ks K's Ki—K, K's
k, — K+ K, k', k',
Table 4. Feedforward and Feedback Gains for Average Current-Mode
Control
BUCK BOOST BUCK/BOOST
k _ R,-DLD’Ts : _%’TS_ _ R,le)’Ts :
k. %’Ts : R,DL’2Ts R’DLlQTS ;
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A.4 Derivation of Q,

To derive the damping factor Q, for the double pole in all transfer functions of
ACM control with current loop closed, the small-signal model shown in Fig.

A.3 is used. By ignoring k,, we have:

d=—F_[RG(s)H,(s)i, + G (s)V.], (A.16a)

and

i, =G (s)d, (A.16b)

where G,,(s) is the power stage duty cycle-to-inductor current transfer function.
Since the double pole locates at high frequency, the model in Fig. A.3 can be

simplified. At high frequency,

G(s)=——, (A.17a)

(A.17b)

and
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m<:
©

Q>

(A.17¢)

12

From Egs. (A.16-17), the control-to-inductor current transfer function

high-frequency expression is obtained:

1
. (A.18)
o sL__ +H,(s)](1 +——)
D

<> |,\->
1

i
¢ Fm Ri wz |:Vap Fm Ri CU,.

The sampling gain H.(s) is given by Eq. (2.2), and the modulator gain is given

by Eqgs. (2.5). By letting:

sL W, s s
+H(s)=1+ 4 : (A.19)
Voo Fm By @i ° @ QP wi
Q, can be solved from Eq. (A.19):
Q = 1 . (A.20)
P LF, o, 1
"V RF, @ " 7)

The modulator gain can be rewritten in the following form:

£ 1

=— ", (A.21a)
" Snm CTS

where

Appendix A. DERIVATIONS FOR AVERAGE CURRENT-MODE CONTROL 151



m =&+ =. (A.21b)

Q = 1 . (A.22)

The obtained Q, is general for all PWM converters
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Appendix B. DERIVATIONS FOR CHARGE

CONTROL

B.1 Introduction

This appendix contains derivations for Chapter Ill. It includes feedback and
feedforward gains, and the damping factor of the double pole F,(s) of charge
control. The derivations are carried in a general way so that the obtained

results are valid for all PWM converters.
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B.2 Derivation of Feedback and Feedforward Gains

To derive the feedback and feedforward gains, k., and k;, for all PWM
converters employing charge control, the describing function for the average
inductor current in terms of the control voltage and operation conditions,
derived in 3.2.2, needs to be perturbed with respect to input and output
voltages, separately. Then, the input voltage and output voltage to average
inductor current transfer functions can be obtained, respectively. The same
transfer functions can also be obtained from the small-signal model shown in
Fig. 3.8, with k. and k; as the unknown parameters. By comparing these

functions, k. and k; can be obtained.

To simplify the derivation, the same approach as in Appendix A. is adopted.
The generic current cell model, shown in Fig. A. 2, is used for charge control.
For charge control, the small-signal model with k’, and k’; as the feedforward

gains is shown in Fig. B.1.
The describing function derived in Chapter lll is rewritten here:

1 .
VC=C—TIL de, (81)

where v, and i, denote the average quantity of v () and i (f). Perturbing Eq.

(B.1) with respect to i, and v,,, with v, being fixed, we have:
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Figure B.1. Small-signal model of charge control with generic current
cell: By replacing the power stage with the generic current
cell model and using k', and k', as the feedforward gains, a
generic small-signal model for charge control is obtained.
The model is valid at both low- and high-frequencies.
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S
—~

(B.2)

<>
S

where [, is the average inductor current of PWM converters. Similarly, by

perturbing Eq. (B.1) with respect to i, and v, we have:

iL L
=Dy (8.3)

off ap

The same transfer function can also obtained from Fig. B.1:

] D

L 1
~— =5 L[ + K], (B.4)
Von Rl Fmvap f
and
A 1 D’
= [y K] (8.5)
Vorr R; FmVap '
k'; can be solved from Eq. (B.2), (B.4):
R.1 D
K, =—5_ (B.6)
f Vap Fmvap

For charge control without externa! ramp, we have:
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(8.7)

K= o= —1)

(8.8)

By comparing Eq. (B.3) and (B.5), k', is solved:

K = — RI'DIIL n D’
r VapD Vame
RD’
: (IL _IL) . (5-9)
VapD p
RD"T,
2L

{

The relationships between input and output voltages, and V,,, V.s of PWM
converters are listed in Table 3. According to Table 3, k, and k; for three basic

PWM converters are obtained. They are listed in Table 5.
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Table 5. Feedforward and Feedback Gains for Charge Control

BUCK BOOST BUCK/BOOST
By RDD'T, RD'T, __ RDD'T,
! 2L 2L 2L
‘ RD'T, R,D"T. R.D'*T,
’ 2L 2L 2L

B.3 Derivation of Q,

To derive the damping factor Q, for the double pole in control-to-output
voltage and control-to-inductor current gains, the small-signal model shown in

Fig. 3.8 is used. From Fig. 3.8:

d=—F RH(s)i, + 0, (B.10a)

m i e
and

i =G,s)d. (B.10b)

At high-frequency:
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>
o=

o A
=~ 5L d.
From Eqgs. (B.10) and (B.11):
A 1
AT L *
Ve F R[—25—+H(s)]
m VameRl °
Let:
sL 5 32
————+H(s)=1+ + —
VameRl ° anp cof,
If there is no external ramp added:
D
FmR'. = 7;—
¥ol
Then Q, is solved from Eq. (B.13)
1
Q, = ;
P ( LFSILP __1_)
Dvap 2

where:

Y
I, =1, +-5>DT,
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(B.12)

(B.13)

(B.14)

(B.15)

(B.16)
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By substituting Eq. (B.16) to Eq. (B.15):

L= TIF)]
7( Se
Dvap
_ 1
( LF, D
R, 2
where
DV,
D
R =
e IL
for buck converter:
R,=R;
for boost converter:
o = DD'R;
and for buck/boost converter:
R =D'R

If there is an external ramp added to the system, we have:
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(B.17a)

(B.17b)

(B.17c)

(8.17d)

(B.17e)
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D
F R = Tsc (B.18)

Substituting Eq. (B.18) to (B.13), Q, can be solved:

Q = , (B.19)
P T _b TGS
R, 2 ch

where V., is the voltage from common terminal to passive terminal of the

three-terminal PWM switch [22].
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Appendix C. LOSS DERIVATION FOR CCM AND

DCM FLYBACK PFC

C.1 Introduction

In this appendix, the general loss expressions for both CCM and DCM
operation flyback PFCs are derived. The expressions for calculating rms, peak

and average currents are also derived.
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C.2 RMS, Peak and Average Currents of CCM Flyback PFC

The line current and the input current of CCM operation flyback converter are
shown in Fig. C.1. For PFC circuit, the peak and average currents vary with the

time, since they are functions of line voltage. From Fig.C.1 we have:

1(t) = 1.(H) — —;- Al(t), (.1
and
L) = 1(t) + % AI(D), (C.2)
where
Lo == ()
and
w2 e sin(cz,t)D(t)TS | 4
and
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n Vo

nV,+V, sin(wf) ’ (€3)

b() =

where V, and /, are peak line voltage and current, respectively. The squire of

the rms primary current averaged over a line cycle equals:

7

() = % J : D)D) dt. (C.6)

The squire of the rms secondary current averaged over a line cycle is:

7

¥ %L (1 = D) (ni,(t))° dt. (C.7)

(I srms)

I

The average primary current over the line cycle is:

T,

A % L i D(B)L,(f) dt. (C.8)

pave

The average secondary current over the line cycle is:

NS

e =2 [ (1= DO . 9)
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C.3 RMS, Peak and Average Currents of DCM Flyback PFC

The primary and secondary current waveforms of DCM operation flyback

converter are shown in Fig. C.2. For PFC circuit, the peak and average

currents vary with the time, since they are functions of line voltage.

Fig.C.1 we have:

and

where

and

1(t) =0,

V, sin(w)DT

Ig(t) = L )

2L
K=——"—.
RminTsn
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(C.10)

(C.11)

(C.12)

(C.13)
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Both primary and secondary rms currents averaged over a line cycle are given

in [31]. They are:

| VpD T, D
Iprms = L F !
and
lslrms = —2— (ZK)O * VOTsn _1-_
3 L n

The average primary current over the line cycle is:

I o _
/ =—2-j2 D TV, sin(wf)
T/ 0

I 2L

pave

and the average secondary current over the line cycle is:

T

L 2
J o2 J A VLAZ
save T/ 0 2L !
where
V_sin(wt)
p /
D) =D ——y——

]
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dt,

(C.14)

(C.15)

(C.16)

(C.17)

(C.18)
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C.4 Loss Expressions for CCM and DCM Flyback PFC

For both CCM and DCM operation flyback PFCs, the voltage across the active

switch at off-time is:

V() =V, sin(wft) + nV,, (C.19)

and the voltage across the rectifier diode is:

1

V,(t) = V, + =V, sin(w}). (C.20)

Both CCM and DCM operations have the same equations for loss calculation.
When MOSFET is used as the switch, the conduction loss, Py, and switching

loss, Py, are as follows:

I, (C.21)

ds ( prms

and

T 7

s

2 2 Valdf 2 (2
PM=—TI— L — L+ 101 dt+Tl L C,V,(dt.  (C.22)

If IGBT is used as the switching device, the conduction loss, P/", and switching

loss, P}, are as follows:
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0 —= DT, o— 2

(a) CCM operation

R |

1] | :

0 — DT, e 2

(b) DCM operation

Figure C.1. Input current of both CCM and DCM flyback PFCs: For both
DCM and CCM operation flyback PFCs, the peak, average,
and rms input currents are functions of line voltage.
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P =v_ I (C.23)

! ces 'pave’

and

T

SZAJT ETS V, (t)l(t)f
=

: Veeo !

P (C.24)

(o

The diode loss is the sum of conduction loss, P3", switching loss, Pj;, and

reverse recovery loss, Pp.

on !

=V, (C.25)

D d “save’

Z0]A
(0 L0, +n1,(Ot,) dt (C.26)

T

2 J‘T Vd(t) n ,2(t) fo b,
-7

P, Z

(C.27)

The inductor core loss is a function of switching frequency, flux, and core

volume [38]:

(=) £V, (C.28)
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where V, is the core volume. Since AB is a function of the input voltage, it

varies in a line cycle:

V, sin(w, t) D(t) T

AB(f) = (C.29)
N, A,
The average core loss over half line cycle is:
L K
o 2 AB(t) . ° «
P.= —T-_I-L k, ( > ) 7V, dt. (C.30)
The copper loss of the transformer is as follows:
l} 2 i 2
PW = (Isrms) Rp + (Idrms) Rs’ (C'31)

where R, and R, are primary and secondary winding resistances, respectively.

The total loss of flyback PFC when MOSFET is used as the switch is:

P,=P, + P, +Py +P, +P, +P.+P,. (C.32)

The total loss of flyback PFC when IGBT is used as the switch is:

P=P" +P +P) +P,+P +P.+P, (C.33)
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