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(ABSTRACT

An active power factor correction circuit with controlled on-time is proposed. The circuit has
a simpler control scheme than the power factor correction circuit with hystercsis control, and yet
is able to attain high power factor. A very important aspect of this work was the formulation of the
design guidelines for the input filter for the power factor correction circuit. Conventional methods
of filter design may introduce an unwanted phase shift between the input voltage and current,
thereby degrading the power factor. The cause of this phase shift is explained and based upon it,
the design guidelines for the input filter arc established . 'The FITT is used to more accurately define
the input filter attenuation requircment. A comparision is made between power factor correction
circuit with controlled on-time and the power factor correction circuit with hysteresis control (with
input filter for both of them) on the basis of their minimum weight. A regulated 100 W, 120 VAC
input and 300 V output power factor correction cirenit was implemented on a breadboard. Ridley’s
small signal switch model [10] for 1he power factor correction circuit with hysteresis control is suc-

cessfully applied to this control scheme to close the loop.
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Chapter 1. INTRODUCTION AND OVERVIEW

1.1 Introduction

The issue of active power factor correction of switched mode power convert-
ers has gained considerablc attention recently. This is due to the continuously
increasing use of solid state power converters which have a low power factor, and
to an ever increasing concern for the cfficient utilization of energy provided by the
utility power distribution network. The quality of the power supplied (low dis-
tortion, low harmonic content) is also very important to cquipment such as com-
puters and communication devices.

The strongest incentive for using power lactor correction is that it is being
made mandatory by regulatory agencies. TEEE Standard 519 is being revised
and updated to a “"Recommendcd Practice.” The maximum harmonic content fed
into the utility at the point of common connection is related to the ratio of the

load current to short circuit current. For a low ratio of 20, for example, the
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maximum allowable third harmonic is 4%. A more difficult standard is IEC
555.2. This document has been advisory in past years, but at a recent CBEMA
(Computer and Business Machine Manuflacturcers” Association) meeting, it was
reported that Austria had begun to enforce the standard. West Germany and
many countries from England to Australia will follow suit. I[EC 555.2 allows a
maximum third harmonic of 2.2 A with dccreasing limits for higher harmonics.
These limits will become more stringent when a new revision (77A) is accepted
[18].

Active power factor correction circuits can increase the power factor of the
switched mode power supplics (SMPS) from 0.65 to between 0.95 to 0.99 and
reduce the harmonic distortion to less than 5% for a 0.99 power factor [1]. In
addition, the added cost of incorporating the power factor circuit in the power

supply is partially offset by some additional benefits [2] such as:

e tapless/switchless opcration over the full 90-270 V line voltage range. The
power factor correction circuit can be configured to preregulate for this input
range. The input voltage range switch of the conventional SMPS considered
to be the greatest single source of failure [S] can thus be avoided.

® reduction of the size of the output capacitor.

e regulated d.c. output makes the design of the downstream dc-to-dc converter

simpler.
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1.2 Power Factor Concept For Switched Mode Power

Supplies

Power factor can be defined as the ratio of the input power in watts to the
product of rms input voltage and rms input current measured with an rms volt-

meter and ammeter:

True Input Power in Watts

Power Factor =

(rims volt)(rms ampere)
For sinusoidal input voltage and input current, the current will lead or lag the
voltage by angle 0, depending upon thc nature of the reactive load. In this case

the power factor can be simply expressed as:

Power factor = cos 0.

However, this traditional concept of the power factor, using phase shift be-
tween the current and the voltage, is not applicable to a switched mode power
supply. In an off-line SMPS with a bulk input filter, the low power factor (typi-
cally lower than 0.65), is not due to the current and voltage being out of phase,
but is duc to the current with high harmonic contents.

Off-line switched mode power supplics usually employ an uncontrolled bridge
rectifier with a bulk inpu_t filter capacitor. The block diagram of an SMPS and
its associated waveforms are shown in Fig 1.1. The bulk capacitor smooths the

rectified voltage to the desired ripple and also provides the holdup requirement
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Fig 1.1 Block diagram of conventional SMPS
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in case of a brief line failure. This input capacitor is the cause of the low power
factor. It draws current from the linc during relatively short periods. These
narrow current pulses with high peaks causc a low power factor, high RMS cur-
rent, and they are very rich in harmonics.

High harmonic content docs not necessarily imply a low power factor [2]. If
the fundamental and all harmonics of the current are in phase with the corre-
sponding harmonics of thc voltage, then the power factor will be unity. In
SMPSs, the input voltage is sinusoid, but the current is rich in harmonics, this
explains the low power factor.

Power factor correction can be broadly divided into two methods:

¢ passive power factor correction, and

® active power factor correction.

Passive power factor correction uses only passive components such as inductors
and capacitors which work at line frcquency. Since line frequencies are in the
range of 47 to 440 Hz, the components are much larger than those used in the
active method. This makes the passive method not fcasible where there is an ef-
fort to reduce the size and cost.

In the active method, the power lactor correction circuit is inserted in front
of the switched mode power supply (Fig. 1.2.). This power factor correction cir-
cuit synthesizes the input current so that the average input current is also
sinusoidal and is in phase with thc input voltage. An input filter is required to

filter the high frequency current ripple going back to the source and also to meet
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SMPS WITH POWER FACTOR CORRECTION CIRCUIT

Power factor

) de-to-dc
Filter —N— correction

Converter

LOAD

circuit

ac
Source

Associated Waveforms

Line voltage
[PLA]

Rectified current
[Pt.B]

Line current

[PLA]

Fig 1.2 SMPS with power factor circuit
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the EMI regulatory spccification. With the active method, the filter components
are small when high switching frequency is employed, and the power factor can

be made almost unity.

1.3 Objective of This Study

The objective of this study was to find an active power factor correction cir-
cuit which has a simpler control scheme than the power factor correction circuit
with hysteresis control, and yet is able to attain high power factor. With this
objective, an active power factor correction circuit with controlled on-time was
analyzed and implemented on hardware. The power factor attained with an input
filter was almost unity.

Another major objective was thc formulation of the design guidelines for the
input filter for the power factor correction circuit. 1t was shown that the conven-
tional method of input filter design may introduce an unwanted phase shift be-
tween the input voltage and the input current, thereby degrading the power
factor. The cause of this phasc shift was cxplained, and design guidelines for the
input filter to avoid this phase shift were established. These design guidelines are
also applicable to power factor correction circuit with hystcresis control.

Another objective was to make a quantitative comparision between this
power factor correction circuit and onc with hystcresis control to determine which

is suitable at a given power level.
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CHAPTER 2. ANALYSIS OF A POWER
FACTOR CORRECTION CIRCUIT WITH

CONTROLLED ON-TIME

2.1 Introduction And Motivation For This Control Method

Active power factor correction can have various power stage configurations
[2]. These are buck, boost, and buck boost. Also, several different control laws
can be implemented for the power factor correction circuit for active shaping of

the input current. Thesc are:

¢ constant switching frequency control [16,17].
¢  hysteresis control [3,16],

® on-time control [16], and

CHAPTER 2.. ANALYSIS OF A POWER FACTOR CORRECTION CIRCUIT WITH
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¢  off-time control [16]

The last three methods have variable switching frequencies. All methods have
advantages and disadvantages [3,16,17]. The choice of control method depends
upon power level, complexity, cost, and designer’s preference. The hysteresis

control with variable frequency has the following advantages [3]:

¢ Inductor current follows exactly the line voltage, achieving high power factor
and minimal harmonic current.

¢ Minimal current stress on the the transistor when the inductor current oper-
ates in continuous conduction modec.

® No external ramp compensation required, as in the constant frequency con-

trol.
Some disadvantages of this control are:

e Current sense. A resistor is inserted in scries with the boost inductor, since
both the peak and valley inductor current information arc required. Care
must be taken to reducc the noisc in the sensed current.

¢ Circuit operates with variable frequency. Therefore, the recently introduced
ICs dedicted for power factor correction cannot be used to implement this

control.

The constant frequency control has the following advantages:

CHAPTER 2. ANALYSIS OF A POWER FACTOR CORRECTION CIRCUI'T WI'TT1
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¢ Current sense. Only the pecak inductor current information is required. A
current transformer inserted in scrics with the transistor is sufficient.

¢ Constant frequency operation. Recently introduced 1Cs for power factor cor-
rection can be used to implement this control scheme.

¢ Minimal current stress on the transistor when operates in continuous con-

duction mode.

The disadvantages are:

¢ External ramp compensation is requircd for stability considerations for con-
stant frequency control with greater than 50 % duty cycle.
¢ Only the peak inductor current exactly follows the line voltage. The average

inductor current is distorted at the begining and end of the half line cycle.

Recently a number of ICs specifically designed for power factor correction
have been introduced by different manufacturcrs. These are ML4812 by Micro
Linear Corp, UCI854/UC2854/UC3854 by Unitrode, TDA4819A and
TDAA4814A by Siemens. CS320 and CS321 by Cherry Semiconductors Corpo-
ration can bc used to implement hysteric, constant off time, and fixed frequency
current mode controls. CS320 can be configured to implement the hysteric con-
trol for power factor correction.

ML4812 by Micro Linear is designed to implement a boost type power factor
correction with fixed frequency, pcak current modc control [20,21]. The inductor

current is monitered with a current sense transformer in series with the MOSFET

CHAPTER 2. ANALYSIS OF A POWER FACTOR CORRECTION CIRCUIT WITIIL
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to get a proportional voltage. When the voltage proportional to the sensed cur-
rent is greater than the reference sincwave (produced by the multiplier output)
the MOSFET is turned off. The MOSFET is subsequently turned on when the
next fixed frequency clock occurs. The output of the multiplier is basically an at-
tenuated replica of the input sine wave from the bridge rectifier multiplied by the
dc output of the error amplificr. As with any pcak current feedback control with
fixed frequency, slope compensation for duty cyele above 50% is required.

The UCI1854 family is designed to implement a fixed frequency, average
current mode method for configuring a boost converter to control input current
[18]. There is a voltage loop which accomplishes the regulation of the preregula-
tor’s output voltage. It includes a voltage crror amplifier and a multiplier. The
multiplier is used to combine the AC input voltage waveform and the output of
the voltage error amplifier. The output of the multiplier dectermines the input
current instantaneously in order to fnlldw the AC voltage, but with an average
level to maintain the output rcgulation. There is a seperate current loop. The
multiplier provides a current output into the summing junction of the current
amplifier. This amplifier then controls the PWM to achicve the fixed frequency
average current mode control. This mcthod of control does not require slope
compensation.

TDA4814A and TDA4RI9A is designed to configure a boost converter to
operate at the boundary of CCM and DCM for the implementation of power
factor correction [19]. A detector winding is located in the power stage inductor

to turn on thec MOSFET. Thc input current is sensed with a resistor and is

CITAPTER 2. ANALYSIS OF A POWER FACTOR CORRECTION CIRCUIT WITTI
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compared with the multiple of the scaled input voltage and the output of the
voltage error amplificr. The MOSFET is turned off when the scaled sensed
inductor current is greater than the output of the error amplifier. This control is
similar to the controlled on-time in the sense that in both, the boost converter
works at the boundary of CCM and DCM but this scheme also requires the
current to be scnsed by a resistor.

It can be seen that each 1C has its own strategy of implementation of the
power factor correction control. Each has its own advantage and disadvantage.
In this thesis an active power factor corrcection circuit with a controlled on-time
is proposed. It has a simpler control, and yet is ablc to attain high power factor.
Very simply, this control scheme can be described as follows: For steady state
operation, the on-time of the switch is constant. The inductor current ramps up
during this on-time. At the end of the on-time, the switch is turned off, and the
inductor current is allowed to ramp down to zero. The switch is turned on again
as soon as the inductor current rcaches zero. This way the converter is forced to
work at the boundary of continuous conduction mode (CCM) and discontinuous
conduction mode (DCM). The average output voltage is controlled by varying the
on-time of the switch. The control voltage (output of the crror amplifier) is con-
sidered a slow varying signal comparcd to the linc voltage, thercfore the on-time
can be considered constant over a rectificd line cycle. The 120 Hz ripple of the
output voltage is removed from the control voltage using a notch filter. In the
hysteresis control method, the inductor current is forced to switch between the

upper and the lower references. The variable hysterisis control has been exten-

CHAPTER 2. ANALYSIS OF A POWER FACTOR CORRECTION CIRCUIT WITII
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Fig. 2.1b Inductor current for on-time control
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sively analyzed by C. Zhou in [3]. The inductor currents for the hysteresis control

and the controlled on-time control arc shown in Fig. 2.1.a and 2.1.b, respectively.

The idea of this control schemce was inspired by hysteresis control. Following are

some of the motivations which prompted the investigation of this method of

control:

The on-time is essentially constant in the hysteresis control over most of the
rectified linc period [3]. During the analysis of the hysteresis control, it was
observed that, although the switching frequency is variable over a rectified
line cycle (maximum at the begining and at the end of the rectified line cycle),
the on-time of the switch did not change by much during the major portion
of the line cycle. (This is shown in Fig. 2.2.) This observation motivated study

of a control scheme with on-timec constant over the rectified line cycle.

Simplification of the control is achicved in two ways:

1. simplification of current sensing. and

2. exclusion of the multiplicr.

In hysteresis control the current is sensed with a small resistance in series with
the inductor. As this resistance is in the path of thc main power flow, it has
to be very small to reducc losscs. Therefore the sensed signal needs to be
amplified. The rectified input voltage also nceds to be sensed with a set of

voltage dividers. The sensed rectified linc voltage is then scaled to define the

CHAPTER 2. ANALYSIS OF A POWER FACTOR CORRECTION CIRCUIT WITHI
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Fig. 2.2 On-time of switch with hysteresis control
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upper and lower current references. To control the output voltage, the error
voltage is multiplied by the sensed rectified line voltages to vary the upper
and lower current references. In this proposed controlled on-time method, the
only information needed is the zcro crossing of the inductor current. This can
be very simply obtained by thc sensing of the inductor voltage through an-
other winding on the power stage inductor core. The multiplier is no longer

required.

Smaller inductor size. In the controlled on-time scheme the converter works
at the boundary of continuous and discontinuous conduction modes; there-
fore, the inductor size is smaller than in the hysteresis control which works in

continuous conduction mode.

The MOSFET is turncd on with zcro current; thercfore, there are no losses

during turn on of the switch.

There are no diode reverse recovery losses.

No additional control circuitry is required to overcome the problem of very

high switching frequency at the beginning and end of the line cycle.

Disadvantages include:

a higher ripple current,

higher core losses, and

CHAPTER 2. ANALYSIS OF A POWER FACTOR CORRECTION CIRCUIT WITH
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e a bigger input filter.

From the above discussion it can be secn that this control scheme should be quite
attractive for lower power levels as it not only simplifiecs the control scheme but

also reduces the power stage inductor size.

2.2 Description Of The Method

The functional diagram of this mcthod is shown in Figure 2.3. The power

factor correction circuit has four major parts:

¢ the input filter;

¢ a full-wave uncontrolled rectificr;

. a boost converter (which consists of an inductor L, MOSFET switch Q,
blocking diode D, and capacitor C.) [The boost topology is suitable as its
output voltage is higher than the input line voltage, thereby reducing the size
of the holdup capacitor [3]:] and

¢ the control circuitry.

The time-variant duty cycle as shown in Fig. 2.4 follows the following control

laws:

CHAPTER 2. ANALYSIS OF A POWER FACTOR CORRECTION CIRCUIT WITH
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Fig. 2.3 Functional diagram of controlled on-time power factor correction
circuit
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e The on-time is assumed constant over the rectified line cycle. The inductor

current ramps up during the on-time 7,,, and cnergy is stored in inductor L.

® Switch Q is turned off at the end of 7,,. The inductor current starts to decay,
and the energy stored in L is transferred through the diode to the capacitor

and load. The MOSFET is turncd on again when the currrent decays to zero.

¢ The output voltage is controlled by varying the on-time 7,,. The output volt-
age has a 120 Hz ripple superimposed on it. The valuc of this voltage ripple
is independent of the switching frequency and depends only on the size of the
output capacitor. In order to close the control loop, this 120 Hz ripple in the
output voltage should be filtered by a notch filter or by limiting the band-
width of the voltage error amplificr to less than 20 Hz. The input signal of
the error amplifier V,,, (shown in Fig 2.3) is the scaled average value of the
output voltage V,. The average output voltage is assumed to be slow varying

and therefore, for the purposc of analysis, the on-time can be considered

constant over a rectified line cycle.

Figure 2.4 shows some waveforms to illustrate the workings of the controlled
on-time scheme in the stcady statc condition. For V= constant (steady state) the
on-time is fixed. The off-time is variable depending on the input voltage over the
rectified line period. Figure 2.5 shows the control waveforms on an expanded time
scale (two switching periods of the MOSFET). To illustrate the mechanism of the

output voltage control the steady state I, is perturbed by a large IQC. The resultant

CHAPTER 2. ANALYSIS OF A POWER FACTOR CORRECTION CIRCUIT WITII
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Fig. 2.5 Expanded control waveforms for two switching cycles
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waveforms arc shown by dotted lines. The description of the workings of the cir-
cuit is as follows:

When the MOSFET is off, the output of the flip-flop as shown in Fig. 2.3 is
low, and the inductor current decays. When the inductor current has decayed to
zero, the zero-current detector (comparator) forces the output of the F/F high.
This switches on the MOSFET and at the samc time starts the on-time ramp,
Viemp- The on-time ramp is compared wiiﬁ the output of the E/A (compensator);
when the on-time ramp has become cqual to the output of the E/A (after 7,, ),
the comparator resets the F/F. This will switch off the MOSFET and also resets
the on-time ramp. 7,, will remain constant if thc average output voltage of the

.converter remains constant. If the scaled average output voltage V,,, decreases,
then the output of the E/A V, increascs. This will incrcase the on-time, resulting

in more current being pumped to the load, thereby bringing up the output voltage

of the converter. The off-time is controlled by the zero current detector.

2.3 Cosmir Simulation Of The Power Stage

To verify this control concept, a boost power factor correction circuit with the
proposed controlled on-time was simulated on an IBM PC using COSMIR [4].
The results of the simulation arc shown in Figs. 2.6 and 2.7. The simulation was

for an input rms voltage of 120 V., 60 Hz. The output voltage was 300 V, and the
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output power was 300 W. The output capacitor was chosen to be 66.3 uF with a
40 V peak to peak ripple. The inductor was 0.695 mH. The inductor was chosen
for a minimum frequency of 15 KHZ. The on-time for the above conditions was
calculated to be 28.9 usec. (The circuit diagram for the COSMIR simulation and
the input files for COSMIR arc given in Appendix B.)

Figure 2.6a shows the simulated inductor current waveform. The current
envelope is sinusoidal because the input voltage is sinusoidal, and the output
voltage is basically constant. The maximum pcak of the inductor current is de-
fined by the output power. For a fixed input voltage. output voltage and output
power, the switching frequency is determined by the value of L. But the minimum
size of L is limited by switching losscs. Figure 2.6b shows the switch current on
an cxpanded time scale. Figure 2.6.c shows the output voltage. The output volt-
age has the high frequency switching ripple superimposed upon it. This high
frequency ripple is very small compared to the 120 Hz ripple which depends on
the size of the output capacitor. In Fig. 2.7. the cffect on the output voltage of
varying the on-time is shown. Figurc 2.7a shows the steady state condition for
T, = 28.88 u sec. In Fig. 2.7b, the on-time was incrcased to 31.88 u sec. This
causes the output voltage to ramp up to a higher steady state value. In Figure
2.7¢, T,, = 25.9 p sec, resulting in the output voltage ramping down to a lower

value.
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2.4 Power Factor Circuit Analysis

In this section, the power factor correction circuit is analyzed, and to facili-
tate the design of power stage componcents, analytical expressions are derived for
various paramcters of thc power stage. These expressions are also used in
Chapter 4 for the nonlinear optimization of the power stage using CADO. Ana-

lytical expressions were derived for the following paramecters:

duty cycle,

¢ on-time,

o off-time,

® output voltage ripple,

¢ RMS switch, diode, and inductor currents, and

* power factor without input filter.

For the analysis, the following assumptions were made:

e The rectified line voltage I, sin ot is assumed constant over the MOSFET
switching period 7,. This assumption is valid since the MOSFET switching

period is very small compared to the rectified line period.

e On-time 7T, is considered constant over half of the line cycle.
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2.4.1 Duty cycle

The boost converter with the proposcd controlled on-time is operated at the
boundary of continuous conduction mode (CCM) and discontinuous conduction
mode (DCM). Figure 2.8 shows thc cquivaicent circuit diagrams for the on-time
and the off-time intervals, and Fig. 2.9 shows an cxpanded time scale of the

inductor current for one switching period of MOSFET. For DCM we have:

| Aimrl = | Aio/]l .
where:
Ai,, - increase of inductor current during on-time, and

Ai,; - decrease of inductor current during off-time

T,
Aiy, = ]L [ I I, sin ot dt (2.4.1.1)
L),

+ T,
iy = % [ Vo — ¥y sin o d. (2.4.1.2)
Yidl,

With equations (2.4.1.1) and (2.4.1.2), assuming that T, is much smaller than half

of the line period, we get the duty cycle at the time instant ¢
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Fig. 2.8 Power stage equivalent diagram during on-time and off-time
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I’
i) = 1-- 7”—sm wt. (2.4.1.3)

0
In Eq. (2.4.1.3), V, is the pcak of the input sinusoidal voltage, ¥ is the output
voltage, w = 2nf,, and f,= 120 Hz. The cxpression for the duty cycle in Eq.

(2.4.1.3) is exactly samc as the expression for the duty cycle of the power factor

correction circuit with hysteresis control [2].

2.4.2 On-time

The output voltage is regulated by controlling 7,,. Thercfore an analytical
expression relating the on-timec to the output voltage is useful. Assuming no

losses, we have:

— . (2.4.2.1)

/0
From Fig. 2.9 we sec that:

T,V

e
on' p

2L

|
/ m ?

(2.4.2.2)

1=

Substituting (2.4.2.2) in (2.4.2.1), we get:
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Fig. 2.10 Inductor current during one rectified line period
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4P, L

on 2 (2.4.2.3)
I »
or
41, InL
T(w = 0 20 . (2424)

In Eq. (2.4.2.2), I, is the maximum average input current (Fig. 2.10), L is the
power stage inductor, and /; is the load current. Equations (2.4.2.3) and (2.4.2.4)
can be used to calculate the on-time for a given input voltage, output voltage or

power, and the inductor L.

2.4.3 Off-time

The expression for the off-timc can casily be found using the following defi-

nition of duty cycle:

T
’ _ on ) 4.3,
d(t) Tnn + ’(:f/' (2 1 1)

Elimination of d(¢) gives:

T,V b sin wt)
t ty = . .
0.[/( ) Vo — V,7 sin wt

(2.4.3.2)
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The analysis of the circuit is complicated by the fact that even if we assume
T,, constant, #,, is variable. Thercfore the switching frequency is variable. To
calculate the switching losses, we nced to know the switching frequency. The in-

stantaneous frequency can be derived as:

1

J{t)=———7. (2.4.3.3)
70)7 + ,n/f
Substituting T, and ¢, in Eq. (2.4.3.3), we get:
-2 .
5V — V,sin(inT))
: P r
= . 2434
40 TL (2.4.3.4)
The frequency constant K, is dcfined as:
R l 7v .
Kiea =4~ [ 70 . (243.5)
where T, is the rectified line period,
or
72 21
P , P
Kfr(-’(l - m lil 1] - —n' ]. (2-4.3.6)

K., is used to estimate the switching losses in the nonlincar design optimization

program CADO of the power stage in Chapter 4.
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2.4.4 Output voltage ripple

For the boost topology the output current is given by:

ig =d'l,, sin wt.

where

b,
d" =1 —d{t) = ——sin wt.
o

From (2.4.4.1) and (2.4.4.2), we gct:

VoI
iy = —%OT— (sin mt)z
V. V.

m m
L p, _ T — cOS 2wt
2 ’ n 2 ,’/"

or

fn = ]u - AI{)

Therefore the maximum average capacitor current will be:

Vpl m
/ emax T —2? .

The output voltage ripple can then be defined as:
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V,=1 Lo i
P emax e ZV()(”C .

(2.4.4.6)

From the above equation thc minimum capacitor required for a specified output
voltage ripple can be defined as:
I"p]’”

Cinin = m . (2.4.4.7)

2.4.5 Inductor RMS current

In this section, the diode, switch, and the inductor rms currents are derived.
First the rms current is derived for onc switching period of the MOSFET. Then
the rms current is derived by integration over the rectified line period. (Details

of this derivation are in Appendix A.) From Appendix Al, A2, and A3 we have:

2 .2 - 7
) _ T(}f:’]) | 47Z"p 245 |
Lswrms = 3142 _2' - 31/” ( A0, )
: T 22
41 17277
Lie = P A (2.4.5.2)

2 3,2
T(m Vp 1

Urms = = / (2.4.5.3)

61> N
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where i, lgmss and i, are switch, diode, and inductor rms currents, respec-

tively. We can see that the rms currents arc independent of the selection of the

value of L because for the samc output power, the change in L is compensated

by a proportional change in T,,. These rms current are used in CADO to calcu-

late the conduction losses in the power stage.

2.4.6 Power factor without input filter

The power factor is given by the following cquation:

Pirz
PF=——7-——.

/
II'MIS ’ rms

where P, is the true input power defined as:

RPN
P, =— [ v(t) i(n) dt.
Ts Jy

Here i(t) and v(t) are the instantancous line current and voltage, /

rms

(2.4.6.1)

and V___are

rms

the rms values of the input current and voltage, and T, is the rectified line period.

T,
P~ -—71: L V,sinwt 1, sinwt dt
s
1 1
=5 Vol =7 Vo,
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where V, is peak input voltage, /,, is maximum average input current, and /, is the

Y Im

maximum peak input current. Also we have:

V
Vims = —/21_ and 1y, = L/(— lp' (2.4.6.3)
V (VAL

Putting Eqgs. (2.4.6.2) and (2.4.6.3) in (2.4.6.1.), we get:

P.F. = 0.866.

We see that the power factor attained without an input filter is 0.866. This low
value is due to the high ripple of the input current. This power factor can easily
be improved to almost unity by attcnuating the high frequency current ripple
with a small input filter. This input filter is required not only to improve the
power factor, but also to meet the electromagnctic interference (EMI) regulatory
specifications. (The attenuation requircment of the input filter to meet the EMI
specification is much higher. Therefore, the filter nceded to meet the EMI spec-
ification will make the power factor almost unity.) Dectailed analysis of the input

filter is given in Chapter 3.
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CHAPTER 3. INPUT FILTER ANALYSIS AND

DESIGN

3.1 Introduction

An input filter is usuvally required between any PWM converter and the
power source. This prevents the regulator switching current from being reflected
back to the source. Input filters for SMPSs have been extensively analyzed, and
it may seem that the conventional input filter design for SMPS could also be ap-
plied to the power factor correction circuit. However, it was discovered that ap-
plication of this conventional mecthod of input filter design to power factor
correction circuits may introducc an unwanted phasc shift between the input
voltage and current, thereby degrading the power factor. The cause of this phase
shift is analyzed, and design guidclines for the input filter for the power factor

correction circuit are established.
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For the power factor correction circuit with variable hysteresis control, the
current ripple and consequently the power factor can be controlled by varying the
hysteresis window ¢ [3]. The smallcr the hysteresis window, the lower the current
ripple and higher the power factor. But a smaller hysteresis window increases the
switching frequency, thereby increasing the switching losses. A compromise has
to made between the hysﬁ:rcsis window and cfficiency. So for the power factor
correction circuit with hysteresis control. the primary purpose of the input filter
is to suppress the inductor current ripple and prevent its reflection to the source.

For the power factor correction circuit with on-time control, it was shown in
Chapter 2 that without an input filter, the power factor attained is 0.867. This is
because of the very high ripple current. In this method of control, the input filter
is required not only to attenuate the ripple current, but also to improve the power
factor. The required attecnuation of the filter is primarily defined by the amount
of attcnuation needed to mecct the regulatory specification for conducted

electromagnetic interfcrence (EMI).

3.2 Effect Of Input Filter And Definition Of Input Filter

Requirement

The low power factor of switched mode power supplies is due to the high
amplitude pulsed current drawn from the source during a relatively short time

of half of the line period. The active power factor corrcction circuit synthesizes
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the input current so that it flows during the entire line period and is in phase with
the input voltage, thereby increasing the power factor to almost unity. This is il-
lustrated in Fig 3.1. The average input current and the input voltage at point B
are in phase. If the input filter is not properly designed, it may cause the input
current and the input voltage to be shifted in phase (point A in Fig. 3.1). There-
fore, even though the input current is sinusoidal, it is out of phase with the input
voltage due to the improper design of the input filter. So the power factor will
be degraded. This imposes some additional requircments on the input filter of the
power factor correction circuit. Thercfore, for the power factor correction circuit,

we have the following requirements for the input filter:

¢ The input filter should not producc a phasc shift betwen the input voltage

and the input current.

® The input filter should provide proper attenuation to mect the regultory

specifications for the input current ripple.

® The input filter should have minimum resonant pecaking to avoid undesired

interaction with the power stage.
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3.3 Input Filter Analysis

3.3.1 Input impedance

For sinusoidal input currents and voltages. a phase shift will occur between
them if the load is not resistive at the input voltage frequency. For power factor
correction circuits, the input voltage is sinusoidal, and the input current is ac-
tively shaped so that it is also sinusoidal. In power factor circuits, the loads which
the voltage source sces are the input filter and the power stage of the power factor
correction circuit. Thercfore, in order to avoid any phasc shift between the input
voltage and the input current, the input filter must be designed so that the input
impedance is resistive at linc frequency. The equivalent circuit diagram for the
input impedancc is shown in Fig. 3.2. A two stage filter is considered because,
for the same attenuation, it is lighter in weight than a single stage filter and the
resonant peaking can bc controlled by an R, which is not in the main power
transmission path [12]. The most important recason for sclecting a two stage filter
is that for higher power it is not possible to get the attcnuation required by VDE
(Verband Deustche Electrotechnisher) specifications with a sir;ngle stage filter and
at the same time fulfill the conditions needed to avoid phasc shifting problems.
In the equivalent circuit of the input filter and the power factor correction circuit
for the derivation of thec analytical expression of the input impedance (shown in

Fig. 3.2) the power stage has been represented by R:
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I

R=5p

(3.3.1.1)

where R is the small signal input impcdance of the power factor correction circuit
[10], ¥, is the peak input voltage, and P, is the output power of the power factor
correction circuit.

The input impedance with conditions (L, > > L, and C, > > C, ) can be ex-

pressed in analytical form as:

2 2
(4S5 8 |45 4
( Qyan mf Orony m%

Zy = s (3.3.1.2)
K s 52
(l + Wy )(I + Q34 + m% )
where

— 1 3.3.1.3
g = R(-Vl N ( D1 )
(l)| ZT]:—'. (3.31.4)

\/LI('I
)y = —?—I_ﬂ_— 9 (331.5)

LGy

I

w3 = (3.3.1.6)

JLCy
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—
Q,:RL_ /(—: and (3.3.1.7)
), = [ L2 3.3.1.8
92___R <, (3.3.1.8)

For simplification of analysis, all the parasitics of the inductor and the capacitor

are ignored. R, is the equivalent serics resistance (esr) of the capacitor C, plus the
series resistance required to dampen the resonant pecaking of the filter.

To avoid any phase shift, we must make sure that nonc of the poles and zeros
of the input impedance causc a phasc shift at line frequency. Poles w, , w,, and
Zero w, are complex; and as they arc located at much higher frequencies than the
line frequency, they do not contribute any phasc shift at the line frequency. w, is
a single pole, and therefore to avoid any phasc at line frequency, it must be at

least one decade above line frequency f, = 60 Hz. That is, we should have:

Ja = 101, (3.3.1.9)

Substituting Eq. (3.3.1.3) in (3.3.1.9), we obtain:

¢ ==

— . 3.1.1
T (3.3.1.10)

Equation (3.3.1.10.) defines the condition for avoiding phase shift between the
input voltage and current. R is defined by the input voltage and the output power
of the power stage, so the only variable for the filter in Eq. (3.3.1.10) is C,.

Therefore, this cquation determines the maximum valuc of C,. This equation also
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shows that if the input filter is designed for some given line frequency, then for

higher line frequency, the power factor may suffer.

3.3.2 Attenuation

3.3.2.1 VDE specification interpretation for power factor circuit

In switched mode powcer supplics. the input Tilter is generally the primary
means of solving the conducted clectromagncetic interference problem. The atten-
uation requirement of the filter is defined by the maximum amplitude of the noise
ripple in the input current of the SMPS, and the maximum allowable conducted
emmission allowed by the rcgulatory specification. Thercfore, before the required
attenuation for the input filter can be dcfined, the maximum current ripple
should be known, which rcgulatory specification to meet should be decided, and
its specification for the power factor correction circuit should be properly inter-
preted.

There are many regulatory agencics which control the gencration of interfer-
ence in the commercial and military sectors. Most countrics have their own EMI
specifications and corresponding regulatory agencies. The agencies in the com-
mercial sector include the Federal Communications Commission (FCC) for the
United States, Verband Dcustche Elcctrotecknisher (VDE) for West Germany,
and the International Special Committee on Radio Intcrference (CISPR). Also

there is the military standard MIL-STD-461C.
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In this thesis, VDE specifications arc used to calculate the required atten-
uation of the input filter, becausc VDE spccifications are perhaps the most
stringent commercial EMI specifications. (VDE conducted emissions specifica-
tions are shown in Fig. 3.3.)

To measure the conducted emissions gencrated by test equipment, both VDE
and FCC specifications rclquirc the usc of the voltage measurcment method. This
requires a line impedance stabilazation nctwork (LISN). Statistical distribution
of the mains impedance shows an approximatc 40 dB variation of the mains
impedance, which can result in a 40 dB variation of thec measured value of the
conducted emission [15]. A standard LISN is used to overcome this problem. It
provides a stabilized impedance to the high frequency conducted emissions with-
out any hinderance to the normal flow of power to the equipment under test.

The conceptual schematic diagram of the LISN is shown in Fig. 3.4. At low
line frequencies, the LISN is a low impcdance path from the power source to the
load and high impedance path from the source to the ground (Fig.3.4.b). At high
noise frequency, LISN provides a high impcdance path from the load to the
power source, and an impedance of 50 Q from load to ground (Fig. 3.4.c). The
50 Q impedance is the input impedance of the receiver. Therefore the conducted
emissions are measured as the voltage drop across the 50 Q load. In Fig. 3.3 we

see that the magnitude of the conducted emissions is given in dBuV:

ValuV]

EMI[dBul’} = 20 log 7]

(3.3.2.1)

Therefore:
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Fig. 3.3 VDE conducted emmision specification

CHAPTER 3. INPUT FILTER ANALYSIS AND DESIGN 48



....... Generator . ....LisN Load
— W
E e
ol SEE
v v

a) Conceptual LISN

—\\N
Z,
z
S
Z>> 2,
v
b) At line frequency
z

?zz

'

c) At noise frequency

Z =50o0hm

Fig. 3.4 Conceptual schematic of LISN

CITAPTER 3. INPUT FILTER ANALYSIS AND DESIGN

49



P dBl7] ’
Vel 1=10""20 (3.3.2.2)

where V, is the noisc voltage. and the cxpressions in brackets are the units.

3.3.2.2 First approximation of filter attenuation

The definition of the required filter attenuation may seem complicated be-
cause both the frequency and the amplitude of the input current over a rectified
line period are variable. The current ripple over one rectified line period is shown
in Fig. 3.5. From Fig. 3.5 (and Eq. (2.4.3.4) for the instantaneous switching fre-
quency), we see that the maximum amplitude of current ripple occurs where the
switching frequency is minimum. Thercfore, as a first approximation, if the filter
is designed to attenuate the maximum ripple (where the frequency is minimum),
then it should be able mect the specification for higher frequency ripple (having

lower amplitudes). The attcnuation K, can then be defined as follows:

Kq=—. (3.3.2.3)
l
and the frequency:
: 1
‘/smin = 7_ ) (3324)

A}

where i, is the input current ripple defined by the VDE specification, I, is the

maximum inductor current ripple, and 7, is thc maximum period. (These are

5
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Fig. 3.5b Schematic for the derivation of attenuation
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VDE SPECIFICATION FOR POWER FACTOR CIRCUI

Atten [db]

75

20 30

40 50 60 70 80
FREQUENCY [Khz]
ATTENUATION [DB]
Freq Khz 30 40 50 60 70
P,=100 -80.6 | -83.5 -85.5 | -86.0 | -87.5
P, =200 -86.6 | -89.6 | -91.6 | -92.6 | -93.5
P, =300 -90.16 | -93.08 | -95.1 -96.1 -97.1
P, =400 -92.6 | -95.6 | -97.6 | -98.6 | -99.5
P,=500 946 | -97.5 -99.6 | -100.5 | -101.5

T

P=100

~ Fig. 3.6 VDE interpretation for power factor correction circuit
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shown in Fig 3.5.) Figure 3.6 shows the attenuations required to meet the VDE

specifications at different power Ievels and at different minimum switching fre-

quencies. The attenuation requirecment for the samec power level increases at

higher frequencics because the VDE requirement increases with frequency.

Figure 3.5b shows the schematic of the two stage filter used to derive the

analytical expression for the attenuation K, . The attenuation for the filter with

the condition L, > > L, and C, > > (, can be expressed in analytical form as:

where

(1)‘ =

(1)2 =
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From the expresssion of K,, we scc that it is desirable to place the zero w, higher
than the switching frequency to attain maximum attcnuation. The maximum
value of w, is inversely proportional to R.. (The maximum value of C, is already
fixed by Eq. (3.3.1.10).) But the R, has to be made large to reduce the resonant
peaking, therefore, w, cannot be made very large. The dotted C, shown in Fig.
3.5b introduces a polc (b,. If w, is placed below the minimum switching fre-
quency, then it helps to incrcase the attenuation of the filter. But w,; should be
placed sufficiently higher than w, and o, ( @, > >w, ) in order to avoid in-

creasing the resonant pcaking.
3.3.2.3 Filter attenuation based on Fast Fourier Transform of input current

Definition of the filter attenuation based on the maximum inductor current
ripple at minimum frequency rcsults in overdesign of the filter. As the weight of
the filter constitutes a major portion of the wcight of the power factor correction
circuit, every endeavor should be made not to overdesign it. A more accurate way
of designing the filter is to find the amplitude spectrum of the inductor current.
Then the attenuation of the filter can be defined based on the harmonic with the
maximum amplitude. This way the rcquired attcnuation of the filter, and thereby
its cost, can be reduced.

The amplitude spectrum of the input current was defined using the FFT
routine of the IMSL math library on the mainframe. COSMIR simulation was
used to generate the input data vector for the FFT routine. Figure 3.7 shows the

amplitude spectrum of the input current for the power factor correction circuit
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Fig. 3.7 Amplitude spectrum of input current without filter
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without an input filter. This amplitude spectrum is for the power factor correction
circuit with input voltage I, = 120 VAC, output voltage V, = 300 V, P, = 100
W,and L = 1.04 mH ( /., = 30 Khz). It can bec scen that maximum harmonic
occurs at 32 KHz, and its amplitude is 0.14 A. Bascd on this, the filter atten-
uation can be calculated to mcct VDE specifications. This is shown in the design

example in Section 3.5.

3.3.3 Output impedance

It is very important in filter design that there be minimum interaction be-
tween the filter and the power stage. To assurc this, the input impedance of the
power stage should bc much larger than the output impedance of the filter

[13,14]:

~Z

anp -~ ~out” (333])

Z,, and Z, arc shown in Fig. 3.8. To assurc this condition, the analytical ex-
pression for the output impedance of the filter has been derived. For condition

L,>>1L,and C,>> C,, it is:

\) ) S‘z
=S 4= S
“x Q03 w3
Zout = ) 5 y (3332)
A S S A
I + + — : -+
Q1o (')‘2 Q1 (1)%
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Fig. 3.8 Output impedance consideration

CHAPTER 3. INPUT FILTER ANALYSIS AND DESIGN

57



where

w, =, (3.3.3.3)
L
|
My = — - and (3334)
V126G
0= L [f2 (3.3.3.5)
T 3.2

W, w, @, and @, arc samc as beforc.

3.4 Input Filter Design Guidelines

Based on the analysis in Scction 3.3, we can come up with the following

guidelines for the design of the input filter for a power factor correction circuit:

1. Definition of the required filter attenuation. Two mcthods of determination

of the required filter attcnuation are discussed:

® a) Approximate Method: The attenuation is dcfined with the maximum
current ripple (at minimum switching frequency). The maximum current
ripple 1, and the minimum switching frequency can be defined using the

following equations:
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, and (3.4.1)

200 1

.f.ﬂﬂm = 4P” l’}nL (34.2)

¢ b) FFT Method: Filter attcnuation is defined based on FFT of the input

current as discussed in Section 3.3.2.3

The approximate mcthod can be used to obtain a quick estimation of the fil-
ter attenuation without the usc a of computer. For more accurate filter de-
sign, the FFT method should be used, but it does requires access to

computers.

2. Definition of the maximum valuc of C,. From Eq. (3.3.1.10), we get:

. 1
| = ——. 343
3. Maximization of the first corner frequency, o, = 1 , for low L, and low

JL.G

Q,. The first corner corner frequency @, is defined by the switching frequency

and the required attenuation.

1

JL,G,

4. Maintenance of sufficient separation between w, = and w, to satisfy

the conditions L, > > L, and C, > > C,.
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5. Maximization of w, (for maximum attenuation). Its location is determined

by the R, for required attenuation of the resonance peaking.

6. Introduction of another pole, w,, by adding capacitor C; parallel to the C, ,
R, branch of the filter. This is shown in Fig. 3.5.b as a dotted capacitor. w,
should be below the swilching frequency to increase the attenuation, but it
should be sufficiently higher than v, and o, to avoid increasing the reso-

nant peaking.

3.5 Design Example

In this design example an input filter is dcsigned to meet the VDE specifica-
tion applicd to a power factor correction circuit. The specifications of the power
stage are given in Table 3.9a.

The input filter was first designed based on the attenuation requirement de-
fined by the approximatc mecthod. The minimum frequency f,,,, and the maxi-
mum current ripple /, were calculated using Egs. (3.4.1) and (3.4.2). The
required attenuation K, was calculated to meet the VDE spccification. The cal-
culated values of f,,. , and K, arc given in Table 3.9b. Figure 3.9 shows the
asymptote of K, for the designed filter. The location of the two poles, f; and f,
and the zero f, are given in Tablc 3.9b.

The next step is the calculation of the filter components. The maximum value

of the capacitor C,; should be defined using Eq. (3.4.3) in order to avoid phase
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shift between the input current and input voltage. The importance of the proper
selection of C, is illustrated in Figs. 3.10 and 3.11. In Fig. 3.10, the value of C,
is intentionally selected to be greater than its maximum value (for f; = 300 Hz).
The filter component values arc shown in Table 3.10. Figure 3.10 shows the
PSPICE and COSMIR simulations of the overplot of thc input voltage and cur-
rent. The PSPICE simu]a.tion was donc for the filter, with the small signal input
impedance of the power stage R as load. The COSMIR simulation was done for
the filter and the actual power stage as shown in Fig. 3.14. These simulations
show that 1) improper selection of C, introduces a phase shift, and 2) the similar
results of these two simulations show that the analysis using R is valid for the
large input current ripple. Table 3.11 shows the filter parameters with
fo=600Hz (fulfilling the condition to avoid phase shift). The COSMIR and
PSPICE simulations both show almost no shift between the input current and
voltage. Fig. 3.12a shows the input impcdance phase of the two stage filter with
R as load, with C, selected for f, at 300 Hz. We can sec that at line frequency
there is a phase of 12° due to the location of f; at 300 Hz. This agrees with the
phase shift between the voltage and current shown in Fig. 3.10. Fig. 3.12b shows
the input impedance phase of the filter with C, sclected for f, at 600 Hz.

Figure 3.13 shows thc filter output impedance asymptote for the filter. It can
be seen that in order to avoid any intcraction with the power stage, Q, and Q, of
the filter should be less than at lcast 19 dB, as otherwise the output impedance

of the filter Z

out

will be greater than the input impedance of the power stage Z,,
at the resonant frequencies. To attain this, thc R, was increased from 4.3 ohm

to 19.5 ohm. This reduced Q, to 10.1 dB. The incrcase of R, however shifted the
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zero to lower frequency thercby, reducing the attenuation at the switching fre-
quency to 77.3 dB. Capacitor C,=0.25¢F was added parallel to the C- R,
branch, to increase the attenuation back to -R80.6 dB. This is shown in Fig. 3.13.

The filter was then designed using FFT. The amplitude spectrum of the input
current for the same power stage was defined in scction 3.3.2.4, and the maxi-
mum amplitude was determined at 32 KHz to be cqual to 0.14 A. The filter at-
tenuation required to mect the VDE specification was K, = -56.6 dB. Filter
components were calculated and arc given in Table 3.15. For verification, the
power factor circuit with the designed input filter was simulated on COSMIR,
and the amplitude spectrum of the input current was defined. This is shown in

Fig. 3.15. The maximum amplitudc is 227 uA4 at 31.6 KHz meets VDE specifi-

cations (251uA).
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TABLE 3.9A
Power Stage Specification

Py Vi Vo L Jomin 1,
100 W 120 VAC 300V 1.04mH | 30KHz 3.0A
TABLE 3.9B
Filter Design:
f; h f R K, A
1 KHz 4 KHz 10KHz |144.50hm| -80.6dB | 30 KHz

Fig. 3.9 Asymptote of filter attenuation
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TABLE 3.10
Filter Parameters for f, = 300Hz

" CWF] | GWF) | LmH] | LimH] | R ]

| 3.67 0.73 7.03 2.16 4.3
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Fig. 3.10 COSMIR and PSPICE simulations for improper selection of C1
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TABLE3.11
Filter parameters for f, = 600Hz

C W] | GlwF] | Ly[mH] | L,[mH] | R.[Q] | Q,[dB] | Q,[dB]
1.81 0.36 14 4.3 8.8 20 21
200 4---ceeee- e ——————— S —— e Homm - s s
E ’;:_';—c"’v.
: ‘./:-.‘J.'. - ‘\ : *
1 A . %‘u .
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Fig. 3.11 COSMIR and PSPICE simulation for F4 = 600 Hz
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TABLE 3.12

f.[Hz] f;[KHz] Z

outmax n Q max

11 1.8 40.5 59 <19

10 100 1000 10000 100500
HZ

Fig. 3.12 Output impedance asymptote
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TABLE 3.13

l] R[Q] | Q.[dB] | QldB] | Agl[dB] | CyluF] | Ames [WF] I’

L 193 10.1 9.2 -77.3 0.25 -80.6 |
00 - —- d———mmmm e e
—6 ‘—’:‘f‘i\ﬂ“‘uh

|
wn
@
------r--.—--.*‘nnnnnn—Jy—-—--n

-16a
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Fig. 8.13 Final filter design simulation with C3
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Fig. 3.14 Schematic of power factor correction circuit with input filter for
COSMIR simulation
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TABLE 3.15A

K([dB] | fIKHz] | f[KHZ] | flKHz) | fiKHz] | fiKHz] |

-56 32 1.5 10 3 20 |
TABLE 3.15B

Cy[uF] C{ur] L,[mH] L,[mH] R[]

1.81 0.36 6.25 - 0.84 29.5

Amplitude [A]

0.00025
0.0002 -
0.00015
0.0001

80 120

L )

160

(Thousands)

200

240
- . Frequency [Hz]

™

280

Fig. 3.15 Amplitude spectrum of input current with input filter
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CHAPTER 4. COMPARISION OF ON-TIME &

HYSTERESIS P.F.C. WITH INPUT FILTERS

4.1 Introduction

The proposed power factor correction circuit (P.F.C.) with controlled on-
time control scheme was inspired by hysteresis control [3]. Therefore a more
quantitative comparision of thesc two power factor correction circuits is made in

this chapter. The objective of this chapter is twofold.

1. To derive the optimal design of the power stage with an input filter
2. To make a comparision of this power factor correction circuit with a power

factor correction circuit with hysteresis control.

It is obvious that the inductor size for the controlled on-time P.F.C. which is

operating at the boundary of CCM and DCM will be smaller than the inductor
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of P.F.C. with hysteresis control for the same power, input and output voltage ,
and efficiency. But the input filter is an integral part of the power factor cor-
rection circuit, and therefore, for a complete and fair comparision, it must be
taken into consideration. The input filter of the power factor correction circuit
with controlled on-time will be bigger than the input filter for the power factor
circuit with hysteresis control for the same power, duc to the much higher input
current ripple in controlled on-time P.F.C. At low power the controlled on-time
power factor correction circuit should be more attractive due to its smaller com-
bined size. But at higher power levels. the size of the filter for controlled on-time
P.F.C. will become increcasingly larger and its combined weight will become
heavier than the P.F.C. with hysteresis control.

Power factor is becoming morc and morc important at levels much below 1
KW for office environments where there is a high concentration of personal
computers or wordprocessors. So it is important to be able to define which
topology will be more suitable for a given power level. To make power factor
correction attractive to the customer, cost and simplicity will be the major factors.
Faced with the two options of a cheaper converter with low power factor or one
which costs a few dollars more but has almost unity power factor, the user will
find the second option quitc attractive. Therefore it is quitc important to be able

to define which topology is most suitable for a given power level.
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4.2 Description Of The Procedure of Comparision

Comparision between a power factor correction circuit with controlled on-time

and a power factor correction circuit with hystcresis control (with input filter for

both of them) has been donc on basis of their minimum weights. Following is the

procedure for the comparision:

For the definition of the minimum wcight of the power factor correction cir-
cuit with controlled on-time thc computer aided nonlinear optimization pro-
gram CADO {[8] was uscd. (The nonlincar program for the minimum power
stage weight is described in Secction 4.4.1) To definc the minimum weight of
the power factor correction circuit with hysteresis control, the CADO pro-

gram for its minimum wecight from reference [3] was used.

The minimum weights of the power stages of both the power factor correction
circuits were defined using nonlincar optimization programs. For both the
circuits, the input voltage, the output voltage, cfficiency, and the output
power were kept the samc. For the power factor correction circuit with
hysteresis control the hysteresis window & was fixed at 30 %. The hysteresis
window was fixed at 30 % as othcrwisc the nonlincar optimization program
of the power factor correction circuit with hysteresis control tended to make

it 200 % (where the size of the inductor is minimum).
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¢ The designed power stages for the minimum weight which were obtained us-
ing CADO in the previous point were simulated using COSMIR [4]. The
COSMIR results for the inductor current were used to gencrate the FFT of
the inductor current. The FFT of the inductor current was used to define the

filter attenuation rcquirement to meet the VDE specification.

¢ Two stage filters were designed for both power factor correction circuits, and

values of L, and L, of the filters were defined.

¢ For defining the minimum wcight of the filter inductors defined in the previ-
ous point, a nonlinear optimization program for the minimum weight of the
inductor was written using CADO. It is described in Section 4.4.2. Using it,
the weights of the filter inductors were defined. The total weight of the power
factor correction circuits werc then defined by adding the filter inductors

weight and the power stage wcight.

4.3 Results and Conclusions of the Comparision

The procedure defined in Scction 4.2 was used to compare the controlled on-
time power factor correction circuit and a hysteresis power factor correction cir-
cuit at two power levels. The first comparision was made at a low power level of

100 W, and the second comparision was madc at a highcr power Icvel of 500 W.
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For both comparisions, the values of the input voltage, the output voltage,
and the efficiency were kept the same. The results of the comparisions are given
in Table 4.2.b for 100 W power level and in Table 4.1.b for the 500 W power
level. From the results of the comparision, the following observations and con-

clusions can be made.

[. At both power levels, the weight of the power stage for the controlled on-time
is less than the weight of the power stage in hysteresis control. Their differ-

ence increases at higher power levels.

2. At both power levels, the weight of the filter for the controlled on-time is
more than the weight of the filter for hysteresis control. The weight of the
filter for on-time control incrcases more rapidly at higher power levels than

it does for hysteresis control.

3. At the low power Icvel of 100 W, the total weight for the on-time control is
less than the total weight for the hystercsis control. But with increasing
power, the difference diminishes. and at 500 W the total weight for the

hysteresis control beccomes less.

4. The general conclusion that can be drawn is that the on-time control seems
to be more suitable for lower power level applications of up to approximately
450 W. For power levels above 500 W, hysteresis control should be consid-

ered.
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TABLE 4.1.a

Power Input Voltage | Output Volt- Efficiency
[W] [V] age (%]
[V]
500 120 300 95
|
‘ TABLE 4.1.b
\
C.CM. D.C.M.
Inductor | Weight | Inductor [ Weight
[mH] [gm] [mH] [gm]
Power Stage 1.012 438.1 0.208 19.5
L, 0.695 105.3 3.43 560.7
Filter
L, 0.085 8.7 0.26 324
TT)tal filter weight - 114 593.1
Total Weight - 552.1 612.6
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TABLE 4.2.a

Power Input Voltage | Output Volt- Efficiency
(W] [V] age [%)]
[V]
100 120 300 95
TABLE 4.2.b
C.CM. D.CM.
Inductor | Weight | Inductor | Weight
[mH] [gm] (mH] (gm]
Power Stage 7.94 211 1.04 19.5
L, 29 36 6.25 84
Filter
L, 0.37 5.6 0.84 9.9
Total filter weight - 46.6 - 939
Total Weight - 252.6 - 1134 -
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4.4 Nonlinear Optimization Design Routines

Two nonlinear optimization design routines (CADOQO) were developed to op-
timize the power stage inductor and the input filter inductors. The nonlinear de-
sign program can bc broken into scveral clements: design variables and design
constants, design equations, and design constraints. An objective function must
also be expressed mathematically. The design variables, design equations, and
design constraints are identified and put into the program in their proper forms.
Each of these elements are described in detail in section 4.4.1 for the power stage

and section 4.4.2 for the filter inductor.

4.4.1 Nonlinear Optimization Program For The Power

Stage

4.4.1.1 Design variables

The design variables arc the unknown quantitics which are selected by the
optimization routine. For the power stage the following quantities are identified

as the design variables:

¢ Efficiency of the power stage, n
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¢ Core center leg width, C,
¢ Inductor winding turns, n
¢ Copper size, A

p

¢ Core window width, W,

¢ Minimum switching frequency, f

smin

The output capacitor is determincd by the given output voltage ripple and the
holdup time, and thercfore is not defined as a design variable. The inductor value
is defined explicitly by the switching frequencys; it therefore is also excluded from
the design variable. Fig. 4.1 shows the physical layout of an EE core used for the
inductor. There are four dimensions which determinc an EE core: the center leg
width, C,, the center leg thickness, C, . the window width, W,, and the window
height, W,. Only C, and W, arc considered as design variables. The core thick-

ness, C,, is related to the core center leg width, C

e

by a dcsign constant, K;. The
core window height, W,, is related to the window width, W,, by constant, K,. The

value of K, and K, are usually between | and 3 for a given manufacturer’s core.

\

4.4.1.2 Design constants

Device characteristics, design specifications, and material parameters are

known design constants. The design constants arc given listed Table 4.3.
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Fig. 4.1 Core geometry and winding layout of EE coré
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TABLE 4.3 POWER STAGE DESIGN CONSTANTS

Elements | Symbols Descriptions Values
T Turn-on rise time 150 nS
T, Turn-off fall time 150 nS
SWITCH R, On resistance 05¢Q
MOSFET C, Gate capacitance 1300 pF
v, Gate voltage 15V
C,., Output capacitance 210 pF
v, Foward drop 0.65V
DIODE T, Turn-on rise time 100 nS
T, Turn-off fall time 100 nS
B, Maximum flux density 03T
F, Winding pitch factor 1.9
F, Winding fill factor 0.4
INDUCTOR| w,, Bobbin thickness 1.0 mm
K, Core leg aspect ratio l.d
K, Window aspect ratio 3.0
p Copper resistivity 1.72x10°°
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TABLE 4.3 (Cont)

Elements | Symbols Descriptions Values
D, Copper density 8900K g/M?
D, Core density 7800Kg/m?
INPUT E, Nominal voltage amplitude 170V
VOLTAGE E,. Low line voltage amplitude 140 V
E,.. High line voltage amplitude 200V
V, Output voltage 300V
OUTPUT P, Output power IO%-VSOO
Vv, Output voltage ripple 15V
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4.4.1.3 Design equations

The design equations arc used to calculate the circuit parameters that sim-

plify the expressions for the constraints and objective functions. The design

equations are explained in this section. The pcak inductor current is given by:

y 4P,
P En

The amplitude of the average inductor current is given by:

The maximum peak inductor current is defined as:

4P,

] —
pniax
Eimin”

The output filter capacitor can be calculated by:

71

pim

="
2, ”l”.(l)

From Fig. 4.1 we can define the window arca of the EE core as:
WA = K,W?

The core cross sectional area, A, is:
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- 2
A/’ = K]C“,

The mean length turn, MLT, of the winding is:

MLT =2(1 + K,)F,C,,

The mean magnetic path length, Z,, measured through the center leg and around

one of the outer legs is:

~

N nC,,
Z,7 =2(1 + Ky)W, .+ ——

2
The power stage inductor, L, is defined as:
EXV.— E
L, — 1( 0 z)
774000 Py Vofpin

where £, is the minimum switching frequency in Hz. The effective permeability,

Heps 1S:

Lz,

! ,U”’? 2 li)A

U, is the absolute permeability. g, = 4710 ~

The winding buildup, B,, is:

nA

cp
Bw K 2Fw ”/w
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The core air gap, GAP, can be approximated as:

The inductor winding DC resistance, R, is given by:

npMLT

I — A('p

The maximum flux swing in the inductor core, AB is given by:

AB = Lf’pmax
nA,

The weight of the inductor core, Y, is defined as:
Yy =DiA,Z,
where D; is the core material density The weight of the inductor winding, Y,. is:

Yy=nD A, XMLT

where D, is the copper density The switch loss (MOSFET), P,, is the sum of the
conduction loss, gate-sourcc capacitance loss, output capacitance loss, and

switching loss. From Appendix Al to A4 and Chapter 2.

2

C (VO ]p TfaIIKfreq)
3

2 2
¢ “COSS V(l K freq + 3.57

.2
P q= Rysiswrms + Cg[ g

K/req +
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where T, is the fall time of the MOSFET. The diode loss, P,, is the sum of the
switching loss and conduction loss. Referring to Appendix A and Chapter 2 we

have:

. (V()[ pTri‘S‘('k_'ﬁ‘(!q) ZE,' P 0 Vf
7 3.57 nhy Vg

where T, is the rise time of the MOSFET. The inductor loss, P, includes the

copper loss and the core loss. The core loss expression is derived from reference

(8]

K
2 B |26 freq (1.3
Pf: Rll[rms + 23 | APZ/,[A 36 ] [ T ]

The efficiency of the power stage,. #, is defined as:

_ Py

n

4.4.1.4 Design constraints

The physical design problem has a number of constraints which must not be
violated when selecting design variables. Dcesign constraints can be specified to
be either equalities or incqualitics. The constraints can be functions of design
variables, constants or parameters defined by the design equations. For the power

stage ten design constraints have been identified. These are:
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¢ This design constraint is the minimum cfficicncy constraint.

n > FEFFUSER

where EFFUSER is the designer specified efficiency. This is used to force the
program to mect the minimum cfficicncy requirment. The program will al-

ways give circuit componcents with the specifiecd EFFUSER requirement sat-

isfied.

e This constraint ensures that the winding and the bobbin can fit into the se-

lected core window area.

nA.,

f

W

WA > — Wy h KW

¢ This constraint prevents inductor core saturation.

B - lpnmef

r nA P

This constraint limits the maximum cfficiency that can be achieved

n <1

This limits the minimum wire size
Ap=729% 107" (304WG)
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¢ These two constraints are related to practical corce size considerations.
. “min
(ur = C‘w

W, > wmin

where Cmin and Wmi» are the minimum corce size for a given manufacturer’s

core.

¢ This constraint gives the fact that the minimum number of turns cannot be

less than one

n>1

¢ This constraint is used to limit the minimum switching frequency
./:cmin > FSUSER

where FSUSER s the designer defined minimum switching frequency.

¢ The minimum efficiency cannot be less than 50%

n>0.5
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4.4.1.5 Objective function

The objective of the boost power factor correction circuit optimization is to
minimize its weight. As the output capacitor is fixed as soon as the output voltage
ripple is specified, the only component that affccts the weight of the circuit is the

inductor. Therefore, the objective function is:

F': )'I “i‘ )2

Where F is the objective function of the power stage, Y, is the inductor core

weight, and Y, is the winding weight.

4.4.1.6 Design output

The design output can be the final sclected value of the variables, or any
useful parameter defined in the design equation. The following parameters are

printed after the program is run.

Efficiency, n

® Inductor, L,

e Inductor turns, n

*  Wire size, A4,

e Core center-leg width, C,

e Core window width, W,
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¢ Output capacitance, C,

¢ Inductor weight, F

¢ Inductor wire dc resistance, R,

¢ Effective permeability and corc gap, u,;GAP

¢ The maximum and average current amplitude, 1,7,
¢ The transistor and di(;dc losses, P,. P,

® The filter loss, P,

¢ The minimum switching frequency, F,

sinin

4.4.2 Nonlinear Optimization Program For The Filter

Inductor

4.4.2.1 Design variables

This nonlinear optimization program optimizes a given filter inductor for
minimum weight. For this routinc the parameters listed below are identified as

the design variables:

¢ Core center leg width, C,,

[ J

Inductor turns, n,

¢ Copper size, 4

opf

Core window width, W,

CHAPTER 4. COMPARISION OF ON-TIME 90 I1YSTERFSIS P.F.C. WITI1 INPUT FILTERS 90



An EE core is considered for the inductor of the filter. There are four dimensions
which characterize an EE corc. These arc shown in Fig. 4.1. As discussed in
Section 4.4.2.1, only two of these C,, and W, (Core center-leg width and core
window width) are considercd as variables. The other two, core center leg thick-
ness C, and core window hcight 11, arc expressed through the constants

K, and K..

4.4.2.2 Design constants.

The design constants are listed in Tablc 4.4

4.4.2.3 Design equations

The design equations arc explaincd below. The output power of the filter is given

by:
Py
P ==
The input rms voltage is:
P L
rmsf \/—2—

The input rms current of the filter inductor is:
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TABLE 4.4 FILTER INDUCTOR DESIGN CONSTANTS

Elements | Symbols Descriptions Values
B, Maximum flux density 03T
F Winding pitch factor 1.9
F, Windng fill factor 0.4
INDUCTOR| w,, Bobbin thickness 1.0 mm
K, Core leg aspect ratio 1.0
K, Window aspect ratio 3.0
p Copper resistivity 1.72x 107
P, Output power of boost converter
n Converter efficiency
E, Nominal input voltage amplitude

Low line input voltage amplitude
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/

rmsf T ]’

The maximum filter inductor current ripple can be approximated by:

Ty = E.

mn’n’]

All filter core parameters, such as the core window arca, WAF, the core cross
sectional area, A, the mecan length turn, MLTF, the mcan magnetic path length,
Zpf , winding build-up, B, cffcctive permeability, g, core air gap, GAPF, and
the inductor winding resistance, R, arc given by expressions which are exactly
same as in the previous optimization routinc for the power stage core (in Section

4.4.2.3.) Therefore, they arc not repeated here.

The maximum flux swing in thc inductor corc. AB, is given by:

In/ 'L/ '

AB, —
/ ’4[?/"/.

The losses in the filter are the conduction loss, P, and the core loss, P, They are

defined as:

2
Pij/': lr'm.v/‘R//'

AB
] 2.6 1.3
Pnf =23.1 A,,,pr/[ 36 :l (120)
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The efficiency of the inductor is given by:

Por
Pn/ ‘}‘ Pi‘f ’+' P(,/

11/ —

The filter inductor weight is defined by the core weight, Yy, and the copper

weight, Y,:

)’l = [),-,4,,[2,,/

Yy = 1D, A, XMLTF

op

4.4.2.4 Design contraints

For this optimization program scven design constraints are identified. They

are listed below:

¢ This design constraint is the minimum cflicicncy constraint,

where EFFUSEREF is the designer specified cfficicncy.

e This constraint ensures that the winding and the bobbin can fit into the se-

lected core window arca

nA.,
WAF > L

- ”/}mh K 2 u/w

W
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¢ This constraint prevents inductor core saturation
B, -2
pf
¢ This constraint limits the maximum cfficicncy that can be achieved
ny— |
¢ This limits the minimum wire sizc

A, >729% 107" (304WG)

epf

® These two constraints arc related to the practical core size considerations
min

("-"H‘/ 2 (‘“,[

where Cmin andWmn arc thc minimum core size for a given manufacturer’s

core.

e This constraint gives the fact that the minimum number of turns cannot be

less than one
ne=> |
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4.4.2.5 Objective function

The objective of this optimization routinc is to minimize the weight of the

filter inductor. Therefore, the objective function is:
F=1Y,+1,

Where F is the objective function . Y, is the inductor core weight, and Y, is the

winding weight.

4.4.3.4 Design output

The following parameters arc printed after the program is run.

¢ Efficiency, 7,

* Inductor turns, n;
*  Wire size, 4,
¢ Core center-leg width, C,,
¢ Core window width, W,
¢ Inductor weight, F

¢ Inductor wire dc resistance, R,

e Effective permeability and core gap, p,,GAPF
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CHAPTER 5. HARDWARE
IMPLEMENTATION OF THE P.F.

CORRECTION CIRCUIT

5.1 Introduction

A 100 W power factor correction circuit with controlled on-time with a two
stage input filter was implemented on a breadboard. The control circuit for the
controlled on-time power factor correction circuit, described in Chapter 2 with a
functional diagram (Fig. 2.3), was implcmented using discrete components, (ex-
plained in Section 2). The breadboard performance is discussed in Section 3. The
loop was closed for a resistive load. Ridley’s small signal switch model [10] for
power factor correction circuit with hystcresis control is shown to be applicable

for the power factor correction circuit with controlled on-timc and has been used.
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The open loop and closed loop small signal measurements arc shown in Section

4.

5.2 Control Circuit

The detailed control circuit for the closed loop implementation of the con-
trolled on-time power factor correction circuit is shown in Fig. 5.1. There are two
comparators, ‘A" and ‘B’. An LM3I11l have been used for these comparators.
Comparator ‘A" compares the sensed inductor voltage to a very small negative
voltage on its inverting input. This forces the output of the comparator high (to
set the flip-flop and turn on the MOSFET) when the inductor current ramps
down to zero and the senscd inductor voltage rises to zero. Comparator ‘B’ com-
pares the on-time ramp with control voltage I'.. The on-time ramp is started when
the MOSFET is switched on. When the on-time ramp bccomes greater than the
control voltage, the output of the comparator goes low, resetting the flip-flop and
thereby turning off the MOSFET. The on-time ramp is generated by current
source LM 334Z feeding the capacitor. The capacitor has a bypass switch
(2N2222). When the switch is off, the current source feeds the capacitor and the
linear on-time ramp is gencrated. A start up circuit is necded to initially start the
circuit and is deactivated when the control circuit takes over. The current source
LM 334Z can easily and morc cheaply be implemented using discrete elements.

DS 0026 is used as the MOSFET driver. A notch filter and a compensator is
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¢
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DS0026
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SN74HC74
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=5 Filter
L

START UP
CIRCUITRY %

Fig 5.1 Control circuit for controlled on-time
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needed to close the loop. Op-amp MC 33071 is used for the compensator. The
compensator design is discussed in scction 4. Fm"opcn loop operation, a constant

control voltage is fed to the non-inverting input of the comparator ‘B’.

5.3 Breadboard Performance

A 100 W output power, 300 V output voltage, 120 V rms input voltage power
factor correction circuit with a two stage input filter was implemented on a
breadboard. The power stage inductor, the capacitors, and the inductors of the
input filter were built using the values obtained in the design example in Chapter
3. For the output capacitor, a 430 uF clectrolytic capacitor was used.

Figure 5.2a shows the input voltage and the input current. It can be seen
that with proper design of the input filter there is no phasc shift between the in-
put voltage and input current. Figurc 5.2b shows the input voltage and output
voltage. The output voltage ripple frequency is twice that of the input voltage.
Figure 5.2c shows the power stage inductor current with its high frequency
switching ripple. The maximum amplitude of the inductor current ripple is ap-
proximately twice the maximum valuc of the input current. Figure 5.2d shows the
inductor current on an cxpanded time scale. Figure 5.2¢ and Fig. 5.2f show the
control waveforms along with the inductor current waveform. It can be seen in
Fig.5.2e that ¥, does not contain 120 Hz ripple. Figure 5.2f shows the same

waveforms on an expanded time scale. The measured line voltage was V, = 119.8
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(A) - Line voltage (50 V/ div.)
(B) - Line current (1 A/ div.)

Fig. 5.2a Line voltage and line current
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(A) - Input voltage (50 V/ div.)
(B) - Output voltage (10 V / div.)

Fig. 5.2b Input voltage and output voltage
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Fig. 5.2c Inductor current (1A/div)
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Vertical scale - (1 A/ div)
Horizontal scale - (10 micro sec./ div.)

Fig. 5.2d Inductor current on expanded time scale
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(@) - Inductor current (1A/div)
(b) - Inductor voltage (1V/div)
(c) - Control voltage Vc

(d) - On-time ramp (10V/div)

L

(@) - Inductor current (1A/div)
(b) - Inductor voltage (1V/div)

(¢) - Control voltage Vc
(d) - On-time ramp (10V/div)

Fig. 5.2f Inductor current and control waveforms on expanded time scale
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V, the line rms current was /, = 0.84 mA, and the mcasured real input power

was P, = 101 W. This gave a power factor of .996.

5.4 Small Signal Open And Closed Loop Measurements

The output of the power factor correction circuit needs to be regulated as it
simplifies the regulation of the downstream converters. Ridley [10] developed a
small signal switch modcl for the power lactor correction circuit with hysteresis
control. It is shown that this modcl can bhe applied for the power factor correction
circuit with controlled on-time. Thercforce the compensator design rules proposed

by Ridley have been applied for this circuit.

5.4.1 Switch model review

For hysteresis control, the control law governing the input current is given by

[10]:
i=—=t, (5.4.1.1)

where i is the rms input current, v, is the rms input voltage, and v, is the control
voltage (output of the compensator). For hysteresis control, this law is obvious.

The switch model for the power factor correction circuit with hysteresis was de-
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Ton

Fig. 5.3 On-timer ramp waveform
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I
__________________ Power factor switch model
TABLE 5.4 B
M K K, r; & r, & g
Yo |V3kL| V. | V, v, | M | v,
V; T, | M K L | | kM ]
TABLE 5.4 C
P o Vinan (s )|V (rms )| Vi, (rms) Tm Lf Cf Vo
w usec | mH wr | Vv
[ 100 | 120 | 130 | 110 | 144 | 1.04 | 430 | 300

Fig.5.4 Switch Model
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veloped based on this control law and the power balance equation. If the control
law for the input current for the controlled on-time power factor circuit can be
expressed in the form given by Eq. (5.4.1.1), then Ridley’s small signal switch
model will remain unchanged for on-time control.

For on-time control, the input rms current, derived in Chapter 2, was:

Toul

i = , 5.4.1.2
! \/'(:L ( )

where i is the input rms current, I, is the peak input voltage, and L is the power

stage inductor. Or:

(5.4.1.3)

where v, is the input rms current. From Fig. 5.3 it can be scen that the on-time
T,, can be expressed in terms of the slope of the on timer ramp K, and the control

voltage V.:

~—

Ton =2 (5.4.1.4)

From Eq. (5.4.1.3) and (5.4.1.4) we get:

= (5.4.1.5)

where
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K=J3K.L. (5.4.1.6)

Eq. (5.4.1.5) defines the control law for the input current for the on-time power
factor correction circuit. It is exactly same as for the hysteresis control.

The small signal switch model is shown in Fig. 5.4a. Table 5.4b gives the
parameters for the switéh, and Table 5.3c¢ gives the circuit component values for

the 100 W, 300 V output voltage power factor correction circuit.

5.4.2 Open loop control to output measurements

The open loop control-to-output mecasurement set-up is shown in Fig. 5.5.
The difﬁculty in this measurcment is the high output voltage which can damage
the input of the impedance analyzer. Textronics oscilloscope 2445, which has a
signal out connector, has been used as a buffer and as an amplificr for the output
voltage. The output voltage was attenuanted by -40 dB. A low frequency pertur-
bation is superimposed on the steady state open loop control volatge ¥, . This
modulates the stcady statc on-time, and as a result, the inductor current and the
output voltage are modulated.

From Ridley’s switch model the control-to-output transfer function for the
resistive load is given by:

Y G
T = I_J;———S——_ . (5.4.2.1)

o)
P
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Fig. 5.5 Open loop control to output measurement set-up
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AT/A(dB)B:. 8 o MKR
A MAX  40.00 dB GAIN
B MAX 180.0 deg PHASE

10.000 Hz
9.418890 dB
-38.2124 deg

‘I—T‘“‘“ T

M Y

, 3 s
A/DIV 10.00 dB START 10.000 Hz
B/DIV 45.00 deg STOP 60.000 Hz

Fig. 5.6 Measured open loop control to output transfer function
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where

.and (5.4.2.2)

(5.4.2.3)

“rTCR,
where R, is the load and C; is the output capacitor. The right half plane zero of
the boost converter and the filter capacitor esr zero have been ignored because the
rectified line frequency (120 Hz.) is much lower than these zeros.

The measured control-to-output transfer function is shown in Fig. 5.6. The
-40 dB output voltage attenuation has (o be taken into consideration when plot-
ting the control-to-output transfer function. The pole w, is lower than 10 Hz, and

therefore cannot be seen on the mecasurcment.

5.4.3 Closed loop gain measurement

To close the loop, the compensator proposed by Ridley has been used. The
integral and lead compensator works well for the on-time power factor correction
circuit for resistive load. The integral and lcad compensator can be implemented
by the circuit shown in Fig. 5.7. The gain asymptote for this compensator is also
shown in Fig. 5.7. For a resistive load the zero of the compensator should be lo-

cated at the same frequency as the pole of the control-to-output transfer function
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Gain[dB]

Freq

Fig. 5.7 Compensator network and it's gain asymptote
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Fig. 5.8 Closed loop gain measurement set-up
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given by Eq. (5.4.2.3). For the compensation network shown in Fig. 5.7, the zero

w, and the high frequency gain K_arc given by:

m, = R)](’-'z ,and (5.4.2.1)
. R,
i

The high frequency gain K can be defined as:

6()7!(1'/ KMuin Ri+ Rp
=TT Rep

(5.4.2.3)

imax
where 7 is the efficiency, M, is the ratio of the output voltage to the maximum
input rms voltage, and ¥V, is thc maximum rms input voltage. The compensator

transfer function is given by:

\/;‘ K. §
6—(: (i o ) (5.4.2.4)
0

From (5.4.2.1) and (5.4.2.4) the closed loop gain T can be dcfined as:

60l M

min |
- (5.4.2.5)

and the loop gain crossover frequency is given by:

.
fc=30( — )2. (5.4.2.6)
nax
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Fig. 5.9 Closed loop gain measurement
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Figure 5.8 shows the experimental set-up for mcasuring the closed loop gain T.
Transformer T1 should be able to transfer the low frequency signal. Figure 5.9

shows the mcasured loop gain T for high linc voltage (135 V rms), nominal line

(120 V rms), and low line (110 V rms).
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CHAPTER 6. CONCLUSIONS

6.1 Present Contributions

An active boost power factor correction circuit with controlled on-time is
proposed which has a simpler control scheme than does an active power factor
correction circuit with hystercsis control, and vet it still attains almost unity
power factor. Analytical expressions arc derived for the rms switch, diode and
inductor currents, output filter capacitor, transistor and diode losses. These ex-
pressions are used in a nonlincar optimization program for the power stage.

Design guidelines for an input filter for this power factor correction circuit
are established. It is shown that the conventional method of design for an input
filter for the power factor correction circuit may introduce an unwanted phase
shift between the input voltage and current, thereby degrading the power factor.
The cause of this phase shift is explaincd, and design guidelines for the input filter

are formulated. The input filter design is illustrated in a design example. Both
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SPICE and COSMIR simulations arc used to verify thesc design guidelines for
the filter. The fast fourier transform (FFT) of the inductor current is used to
more accurately define the attcnuation requirement of the input filter.

A comparision betwcen the power factor correction circuit with controlled
on-time and a power factor correction circuit with hysteresis control (with input
filters for both of them) is made on the basis of their minimum weights. The
general conclusion of this comparision is that the on-time control seems to be
more suitable for power Ievels up to approximately 450 W. For power levels
above 500 W, hysteresis control should be considered.

A regulated 100 W, 120 VAC input, 300 V output power factor correction
circuit with a two stage input filter was implemented on breadboard. With
proper design of the input filter, the input voltage and current were in phase. A
power factor of almost unity was attainvcd. It is shown that t.hc small signal switch
model for the power factor correction circuit with hysteresis control developed by
Ridley [10] can be applicd to this control scheme. Thercfore the design guidelines
proposed by Ridley were successfully applicd in designing the compensator and

closing the loop.

6.2 Future Work

The two stage input filter analyzed in this work is for differential mode noise.

For the common mode noise, a common mode choke is required. Common mode
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choke design for the power factor correction circuit should be studied. Ferrite has
been used for the first stage inductor of the input filter. The value of this inductor
is normally large. Use of a high permeability material, such as steel, could be in-

vestigated to reduce the size of this inductor.
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Appendix A DERIVATION OF THE
ANALYTICAL EXPRESSIONS FOR THE

POWER STAGE

Al. MOSFET RMS Current

The difficulty associated with the derivation of the RMS current is due to
variability of the switching frequency. Therefore, the RMS current is defined first
for one switching period. Then the RMS current for the switch can be approxi-
mated by integrating it over the rectificd line period. This approximation is rea-
sonable, because the switching frequency is much higher than the 120 Hz rectified
line frequency. Fig A.l shows the switch current for an arbitrary switching pe-

riod. The RMS current over onc switching period can be defined as:
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) 2 Jy
1
=43
92 (A41.1)
_ T()PZ h T(m
Trm + f”/f 3
22
hT:.
= d(t) 2 o
v,
where bT,, = Ai, = [—/Osm(mt) T,. t=T,. and t,=1t, Substituting d(¢) and

bT,, in Eq (Al.1), and integrating it over onc rectified line period, we get:

. 242
2 1 7: b 70
lswrms = T J.O l:d(f ) > < ]
s
1(12

I
1 [T‘ P > P, 22

- | ——sinwt || — (sin )T dt
RY P ( I J\ 12 F on

Taking the integral, we get the switch RMS current {

swrms*

2 -2
. T()” ' P I 47‘[ [/p
l [ el —_—— >
SWHENL 3 L 2 i 2 3 I 0

where L is the power stage inductor, I, is the peak input voltage, V, is the output

z

voltage, and T, = o
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Fig. A.1 Switch current
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A2. Diode RMS Current

The diode RMS current is derived in the samc way. Fig. Al1.2 shows the di-
ode current over one switching period. The diode RMS current over one switch-

ing period is defined as:

T, + Logr Togr
S — J () dr = [ (a— bty dt
Ton + taff 0 Tnn + tn/[ 0
2.2
Lofy b ’O.ff
— T ” [a(a — bt,;) + 3
h2e2,

= d'(1) zof/

7

where bt = Ai,, , d'(f) =1 — d(f), and a = Ai, = T’ sin wt« T,,. Then the diode

on 3

RMS current is given by:

: i D toy
ltrms = T J d'(t) 3 - d(t)
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to t=toﬂ
Toff Ton

t=ton

Fig. A.2 Diode current
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A3. Inductor RMS Current

The inductor RMS current can be derived using the expressions for the RMS

currents for the diode and switch. Using KVL, we have

Urms(D) = (1) 0 (7)
B (1) = i) i 1) A 20 (Digys(£)
SINCC gyl Digpms(1) = 0
Therefore:

.2 .2 .2

I]l‘ﬂl’? = ’fil'l”.f + I.\”W}'!HF’

then

(" 2 Tia
000 === | 1) 4 5= | (01
T, J Irn T 0 drms

Substituting the values of i, and i,,. . we get:

T()Hl P
6L>

1 ;2
6’1’

I

Tirms

I
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A4. Switching Losses

For estimation of the MOSFET and diode switching losses, the switching loss
expression in reference [11] is used. In general it has the following expression for
an inductive load:

Vsl
2‘ Unntrie + Lantran)s

switch loss =

where V,, is the transistor drain-source voltage when it is off, f is the switching
frequency, and ¢,, and t,, are the risc and fall times of the switch. For the
controlled on-time power factor correction circuit, the boost power stage works
at the boundary of DCM and CCM. The transistor waveform is shown in Fig.
A3. For the transistor there arc no losses during turn-on, and for the diode there
is no loss during turn-off. I, for the powcr factor ciruit with a boost topology is
equal to the output voltage, I,. The switching frcquency is approximated by the
K., calculated in Chapter 2. The transistor and the diode losses are estimated by
VoKfieq!ptian

quT———.nnd

I ’v(] f (frcq / p Vise

AT 38T
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Fig. A.3 Switch current waveform for calculating losses
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Appendix B COSMIR FILE LISTING

B.1 Cosmir Files for P.F. Circuit Without Input Filter

Two input files, INPUTI.DAT and INPUT2.DAT, arc needed to run a
COSMIR simulation. Thesc are listed in Table C1.1 and Table CI1.2. The circuit
diagram for the COSMIR simulation is given in Fig. C.1. The numbers in the
circle are the nodes, and the numbers in the triangle arc the branch numbers. For
the generation of the input sine wavc, a parallel L-C resonant circuit is used. The
values of the L and C of the resonant circuit determine the frequency of the
generated input sine wave. The amplitude depends on the initial conditions of the
L and C. The values of the L and C of the sinc wave generator are selected by

the following equation:
L=C=—, (C.1)

Appendix B COSMIR FILE LISTING 130



Fig. B.1 Circuit diagram for COSMIR simulation
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khkhkhkkhkhkhhhkdhhkhhkdrhkhkhahbhbdhkhhkhkhkhkdkhhkhhhkhdkhhkhkhohohkhhohkhkhkhihhkhhkhhikkhddkk*

kkhkkkhkkkhkhkhkkkkkkhkkkhk*x*x TABLLE Cl.] **,kkkkhhhkkdhkkhkhkhkkhkkhkkkhkhkxk
khkhkhkkkhhkkhkhhkrhhkdkhkhkhdhkrohhhhkhkhkhkhkhhkhkhhhhhohkdhhdkhkhkdrkhdhhkhhkhrhkkxk

TITLE= POWER FACTOR CORRECTION CIRCUIT WITHOUT INPUT FILTER

START = SW1 SW3
*** COMPONENT DESCRIPTION CARDS ***

** Sinusoidal Voltage Source **

1L=2.65D-3 B=1 N=(2,1)
C=2.56D-3 B=3 N=(0,1)
LA B=2 N=(0,2)
RH=20D+6 B=4 N=(1,0)
** Rectifier **

R2=0.00001 B=6 N=(4,0)
vVCcvsS=-1 B=4,6

R1=0.00001 B=5 N=(3,0)
vCcvsS=1 B=4,5

SWD=1 B=7 N=(3,5)
SWD=2 B=8 N=(4,5)
** Power Stage **

LF=3.49D-4 B=9 N=(5,6)
RL=.0001 B=10 N=(6,7)
SWD=3 B=11 N=(7,0)
SWD=4 B=12 N=(7,8)
CF=66.3D-6 B=13 N=(8,0)
*% Toad **

R=295 B=14 N=(8,0)

** OUTPUT CARDS #***

*source voltage
Y1=VB(B4)
*inductor current
Y2=CB(B9)

*output voltage
Y3=VB(B14)

*%% SWITHING BOUNDARY CONDITIONS ***

*Turn on condition for switch #4 (Diode)

TON(4) = -T3 + 14.44E-6

*Turn on condition for switch #3 (MOSFET)
TON(3) = Y2 - 0.01

*Turn on condition for switch #1

TON(1) = -Y1

*Turn on condition for switch #2

TON(2) = Y1

END
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khkkhkkhkkhkhkhhkhhhkdhkhkhbhkhkkhkdhhhkhhhkhkhkhkhkhhdhdhhhhkhkhhkhkhdrhhkrhkhhkdxkkkkkk

krkhkkkkkhkkkkkkkkkkkkxk TABLE C2.2 kkkdhhkhkhdkhkhkhhkhkkhkhhkkhk®xxk
hhkkkkhkhkkhkhhkkkhh kb kkkkkkhkkk kA khhhhhhhkkkhkhhkkkdkk ke dok k%

2 / (ONLY THE SWITCHING POINTS)
20 / (NIT-MAX ITERATION USED IN NEWTON METHOD)
1 / (MC-#0F STEP INPUTS)

1.E-6 / (EPS-TOLERANCE FOR CALCULATING PHI & D)
17.0000E-3 / (TF-FINAL SIMULATION TIME)
0.000

300.0

170.0

0.0 / (INITIAL STATES)

1.E20 o

1.E20

1.E20

1.E20 / (UPPER LIMIT TO STATES)
-1.E20

-1.E20

-1.E20

-1.E20 /(LOWER LIMIT TO STATES)
5.0D-6

5.0D-6

5.0D-6

5.0D-6 / (FIXED TIME STEPS)

0.0

0.0 / (STEP CHANGE)

1.0

1.0E-8

1.0E-8

1.0E-8

1.0E-8

1.0E-8

1.0E-8

1.0E-8

1.0E-8

1.0E-8
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for f=60 Hz , L =C=2.65x 10 % To start the sinc wave at zero voltage, the
initial condition of the capacitor is sclected o equal zero, and the initial condition

for the inductor current can be sclected as follows:
i1(0)= A0 C = A, (C.2)

where A is the amplitude of the input line voltage. For 120 V rms the input line
voltage i;(0) = 120./2 = 1701, The initial condition for the output filter
capacitor is 300 V, (the output voltage). The full bridge rectifier is modelled by
controlled voltage sources with + 1 and -1 gains and the switches SW1 and SW2.
Switch SW4 is the power stage diode, and SW3 is the power stage MOSFET.
SW4 turns on at the end of the on-time, and SW3 turns on when the inductor
current ramps down to zero. The first part of the INPUTI.DAT file is the nodal
description of the circuit, and the switching boundary condition cards determine
the on-time control. In INPUT2.DAT filc. the total simulation time and the ini-
tial conditions of the states must be defined. The small numbers (0.001) in the
switching boundary conditions in the INPUTI.DAT files are to avoid any nu-

merical problems.

B.2 COSMIR Files for P.F. Circuit with Input Filter

For verification of the input filter design, the power factor correction circuit

with the two stage input filter and the rectificr was simulated. Fig. 3.14 shows the
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circuit diagram for the COSMIR simulation. The circled numbers are the nodes,
and the triangled numbers arc the branch numbers. The INPUTI.DAT and the
INPUT2.DAT are given in Tables C2.1 and C2.2, respectively. The L and C of
the input sine wave generator and their initial conditions arc sclected as before.

The initial conditions for all the filter states are sclected to equal to zero.
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3 % e ok ok % % ok o % ok o % ok ok ok gk ok S ok ok ok Tk ok ok Sk ok ok ok ok ok ok ok ok ok ke sk ok ok ok ok ok ok ok Rk
khkkkhhkhkhkhkhhkkkkkkkkkx TABLE C2.1 *kkkkkkkkkhkkhhhkhhkkkkkx
KA Rk kkhkkhhkhhkkhhkkhhhkhkkkkkhkhkhkkkkkkkkkkkkkkhkkkhkk k%
TITLE= POWER FACTOR CORRECTION CIRCUIT WITH INPUT FILTER
*%* COMPONENT DESCRIPTION CARDS **x*

START=SWD5

** Sinewave voltage generator and isolation transformer **

LG=2.65D-3 B=1 N=(2,1)
CG=2.65D-3 B=2 N=(1,0)
VI B=3 N=(0,2)
RH=20D+8 B=4 N=(1,0)
R2=0.1 B=5 N=(0,3)
VCVS=-1 B=4,5
*% filter **
L1=14.90D-3 B=12 N=(3,7)
RC=8.900 B=13 N=(7,9)
Cl1=1.70D-6 B=14 N=(9,0)
L2=4.300D-3 B=15 N=(7,8)
C2=0.36D-6 B=16 N=(8,0)
XFR=1. B=6,7 N=(8,0,4,5)
** Full-bridge rectifier * %
SW=1 =8 N=(4,6)
SW=2 =9 N=(0,5)
SW=3 B=10 N=(5,6)
SW=4 B=11 N=(0,4)
** power stage **
1=1.040D-3 B=17 N=(12,10)
SWD=5 B=18 N=(10,0)
SWD=6 B=19 N=(10,11)
CF=5.89D-5 B=20 N=(11,0)
RI=900.0 B=21 N=(11,0)
RS=0.0001 B=22 N=(6,12)

SAME=SW1, SW2
SAME=SW3,SW4

*%x%* OUTPUT CARDS ***
*Source Voltage
Y1=VB(B4)

*Inductor current
Y2=CB(B17)
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*Inductor L1 current
Y3=CB(B12)

*output voltage
Y4=VB(B21)
*Rectifier Current
Y5=CB (B8)
*Rectifier Current
Y6=CB(B10)
*Rectifier Voltage
Y7=VB(B8)
*Rectifier Voltage
Y8=VB(B10)
*Rectifier Voltage
Y9=VB(B9)
*Rectifier Voltage
Y10=VB(B11)

***SWITCHING BOUNDARY CONDITION CARDS ***

*Turn on/off condition for the same switch SW1 & SW2
TON(1)= =-Y7 -Y9 +0.01

TOFF(1)= Y5 +0.0001
*Turn on/off condition for the same switch SW3 & SW4
TON(3)= -Y8 -Y10 +0.01

TOFF(3)= Y6 + 0.0001

*Turn on condition for the switch SW5 (Power stage MOSFET)
TON(5)= Y2 - 0.01

*Turn on condition for the switch SWé (Power stage Diode)
TON(6) = -T5 + 14.44D-6

END
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I E S S RS SRR SRS SR LRSS R LSS SRS SRS EEE S S EEEEREEEETEEEE L RS EEE S

hkkkkkkkkkkrkkkkkkxkxk TABLE C2.2 *kkkkhkhkdhhkhdkhhhkhdkkkdkkx
hkkkkkkkkk kA Ak kA Ak k kAR kkhkkkhhkkhhhhk kA kkkhhkkhkkhhkk k%

1 /OUTPUT SWITCHING POINTS ONLY
20 /MAX ITERATIONS USED IN NEWTON'S METHOD
1 /NUMBER OF STEP CHANGES
1.D-6 /TOLERANCE FOR CALCULATING PHI AND D
16.666D-3 /TOTAL SIMULATION TIME
0.000

0.0

0.0

300.0

170.0

0.0

0.0

0.00 /INITIAL STATES

1.D20

1.D20

1.D20

1.D20

1.D20

1.D20

1.D20

1.D20 /UPPER LIMITS TO STATES
1.D20

1.D20

1.D20

1.D20

1.D20

1.D20

1.D20

1.D20 /LOWER LIMITS TO STATES
1.0D-6

1.0D-6

1.0D-6

1.0D-6

1.0D-6

1.0D-6

1.0D-6

o
v}
|
[¢)}

/FIXED TIME STEP FOR EACH TOPOLOGICAL MODE

/STEP CHANGE

.

PRPRPRRPRROOW
OUOU?UOOO

/TOLERANCES FOR SWITCHING BOUNDARY CONDITIONS
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