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ABSTRACT

Magnetic elements, inductors and/or transformers are among the most
important elements found in electronic power processing and filter circuits.
In filter circuits, the inductor is used to smooth the current flowing to
the load and its output voltage. In energy-storage dc-to-dc converters
used in power processing applications, the inductor or transformer is used
to store and transfer energy in some controlled manner between source and
load. The magnetic element is nearly always a custom designed and con-
structed element as opposed to other elements used in these circuits. There-
fore, the design of the magnetic element is a crucial step in the design of
power processing and filter circuits as a whole. In high-power applica-
tions, usually it is desirable to design these inductors using air-gapped
magnetic-core structures. This dissertation presents methodical aphroaches
to the design of inductors for use in LC-filters and dc-to-dc converters
using air-gapped magnetic structures.

In addition to the design procedures for the inductors, methods for
the analysis and design of full-wave rectifier LC-filter circuits operating
with the inductor current in both the continuous-conduction and the discon-

tinuous~-conduction modes are presented. In the continuocus-conduction mode,

(i)




1inear circuit analysis techniques are employed, while in the case of the
discontinuous mode, the method of analysis requires computer solutions of
the piecewise-Tinear differential equations which describe the filter in

the time domain. Using these methods of analysis, a family of desién curves
is obtained relating filter parameter values of inductance, capacitance, and
load resistance to the performance factors of percentage output ripple
voltage, average output voltage level, rms and peak transformer-winding
currents, and input power factor.

Three procedures for designing filter inductors using air-gapped cores
are presented. The first procedure requires digital computation to yield a
design which is optimized in the sense of minimum core volume and minimum
number of turns. The second procedure does not yield an optimized design
as defined above, but the design can be done by hand calculations or with
a small calculator. The third procedure is based on the use of specially
prepared magnetic core data and provides an easy way to quickly reach a
workable design.

The procedure for designing air-gapped energy-storage reactors for
dc-to-dc converters is based on an earlier study of the storage and transfer
of energy in the magnetic reactors. The continuation of a study in this di-
rection Teads to a simple relationship for the required minimum volume of
the air gap. Determination of this minimum air-gap volume then permits the

selection of either an air-gap length or a cross-sectional core area, thus

«

identifying a workable magnetic structure.
It is beljeved that the analytical guidance in conjunction with the

design procedures presented in this dissertation can significantly reduce

(iv)




the time, and hence the cost, of designing full-wave rectifier LC-filter cir-
cuits, air-gapped magnetic-core inductors for use in filters, and energy-

storage reactors in dc-to-dc converters using air-gapped magnetic structures.
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CHAPTER I
INTRODUCTION

One of the most important elements found in electronic power processing
and filter circuits is the magnetic element which may be én inductor and/or a
transformer. While other components in these circuits, such as semiconductor
elements and capacitors, are chosen from populations of standard sizes and
ratings, the magnetic element is nearly always a custom designed and constructed
element. As power processing circuits and systems have become more compiex, the
design of the magnetic element has necessarily become a more difficult and subtle
art. Few elements available to the power processing engineer can be designed
so closely to the desired parameters as the magnetic element, even though there
are standard size and permeability groupings available for the magnetic cores
on which windings are placed. While giving the designer a greater range of

choice in circuit planning, this extra degree of freedom is not without its
]

disadvantages. The complexity of the designer's problem is only partially in- !

dicated by the multiplicity of nonlinearities in the large range of magnetic

materials availabTe. The variety of structures and shapes is extensive as

well, with shapes ranging from presized toroidal cores with known effective

-

permeabilities to cut and pot cores for which the designer must determine the




air gap and, therefore the effective permeability. In every case, the primary
goal of the designer is to determine the proper number of turns and wire size
required, given that a particular magnetic structure has been selected, so that
some set of design parameters will be achieved. While the design parameters
frequently are a specified inductance value for a given dc current, there are
other important criteria in power processing circuits which Tead to different
specified design parameters. By approaching the inductor design problem from

a broader point of view, it is possible to take into accouht other factors of
great importance in overall system design, such as size and weight.

In an inductor-capacitor (LC) filter circuit which follows a full-wave
rectifier, the inductor is used to smooth the current flowing to the Toad and
capacitor due to the rectifier and its output voltage which consists of uni-
directional half sinusoids, thus producing across the load a dc output voitage
with a small ac ripple superimposed. The filter can operate in one of two
steady-state modes, usually referred to as the continuous-conduction and the
discontinuous-conduction modes. In the continuous mode, current through the
filter inductor L is always greater than zero. In the discontinuous mode,
current through the inductor is equal to zero during a portion of each steady-
state cycle. Various procedures have been reported in the literature for the
analysis of rectifier-filter circuits; however, most of the design techniques
employed today are based on procedures developed in the 1930's and 40's and are
limited to considering RC filters, or LC filters restricted to the continuous-
conduction mode [1-5]. Recently, an analysis of a recfifier with LC-filter
circuit operating in the discontinuous mode was presented under the assumption
that the vé]ue of the capacitance C was so Targe that the output ripple voltage

was negligibly small [6].




In energy-storage dc-to-dc converter circuits, the inductor serves as
a medium of exchange or transfer of energy between source and load. In the
past, design procedures for the energy-storage reactor have been developed
particularly with powdered permalloy and ferrite toroidal cores in mind [7-12].
These procedures make use of a collection of data for a finite population of
core sizes and discrete effective permeabitities. In high-power applications,
it may be advantageous to design and fabricate these inductors using air-gapped
magnetic cores. The use of air-gapped cores permits the selection to be made‘
from an innumerablie population of core structure-size-permeability combinations
and makes available a wider range of magnetic core sizes, particularly in the
larger voiume sizes.

An important characteristic of 1n§uctors for these applications is the
ability to carry direct current without éignifieant change in inductance over
a specified range of circuit operating conditions. To avoid saturation of the
magnetic material due to the dc component of winding current, it is necessary
to introduce an air gap in the magnetic material. In the powder cores, the
powdered magnetic material is insulated with a ceramic material which effectively
provides a uniformly distributed air gap. In high power applications,.it may
be desirable to design these inductors using air-gapped magnetic-core structures.
However, there are some disadvantages associated with the use of air-gapped
structures. Introduction of an air gap in the magnetic circuit produces coupling
to the fields due to other components as well as its own external fields. The
air-gapped structures also tend to be more noisy acousfﬁcal]y than those without
an air gap.

The purpose of this dissertation js three-fold:
(1) to present the analysis of an LC-filter driven by a full-wave rectifier

circuit which leads to a design procedure for the inductance value for the




general case in which the effective load resistance RL and filter capaci-
tance C are constraint parameters and in which both discontinuous- and
continuous-conduction modes are considered.

(2} to develop design procedures for air-gapped magnetic-core inductors for
use in LC-filters for full-wave rectifier supplies. ‘

(3) to develop procedures for designing the energy-storage reactor for
dc-to-dc converters using air-gapped magnetic structures.

This dissertation is based in part on material presented in a series of publi-

cations [13, 14, and 15] of which the writer is the principal author.

Chapter II presents the analysis of LC-filter circuits with zero source
impedance which leads to a set of curves and approximate relationships which |
are useful for designing these filters. A similar approach is followed 1in
Chapter III to generate design curves for filters with a non-zero source im-
pedance. This impedance ig always present in an actual physical system, and
its inclusion in the analysis and in the design algorithm yields a more accu-
rate and complete design.

In Chapter IV, two procedures for designing filter inductors using air-
gapped cores are presented. The first procedure requires a digital computation
to yield a design which is optimized in the sense of minimum core volume and
minimum number of turns. The second procedure does not yield an optimized de-
sign as defined above, but the necessary computations may readily be carried
out on an electronic pocket calculator. Using the results of the analysis
developed in Chapter IV, and following the procedure presented by Hanna [16],
special magnetic core curves are generated. Using these design curves, a new
procedure for designing air-gapped inductors is presented in Chapter V.

In Chapter VI, a procedure for designing energy-storage reactors for

dc-to-dc converters using air-gapped cores is presented. This procedure is




based on the design relationships developed in References [9—12] for gapless
powdered permalloy and ferrite toroidal cores.

Conclusions which can be drawn from this work are présented in Chapter
VII with suggestions for future research. The derivation of some of the more
important analytical expressions presented in the text are outlined in the
Appendices. The International System of Units (SI) is used throughout, and a
glossary of symbols and their associated units is placed at the end of this

dissertation.




CHAPTER II

ANALYSIS AND DESIGN OF FULL-WAVE RECTIFIER LC FILTERS
WITH CONTINUQUS OR DISCONTINUQUS INDUCTOR CURRENT

2.1 Introduction

Conversion of ac sinusoidal voitage to dc voltage for power applications
by rectification often is accomplished using the familiar center-tapped trans-
former rectifier or the full-wave bridge rectifier followed by an inductor-
input Tow-pass LC filter which supplies the load RL as shown in Figure 2.1.
The sinusoidal source voltage is converted to a train of unidirectional half-
sinusoids by the rectifier and is then smoothed by the LC-fiiter, producing
across the load RL a dc output voltage with a small ac ripple superimposed.
The design of the filter for a full-wave rectifier power supply involves the
determination of values for the inductor L and the capacitor €, the selection
of suitable diodes, and the sizing of the transformer windings to meet the
various application requirements. The requirements often include accomodation
of the network to conditions of varying input Source voltage and output load.
Possible design specifications include the dc output voltage Tevel, maximum
allowable peak-to-peak output ripple voltage as a percentage of the dc output

voltage, maximum allowable peak or rms currents in the diodes and trapsformer

(7)
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Figure 2.1. LC-filter Circuit Supplied by (A) Center-Tapped
Transformer Rectifier and (B) Full-Wave Bridge Rectifier.




windings, and minimum permissible power factor at the input terminals to the
network.

This chapter presents an analysis and a design procedure for the
LC-filter circuit operating either in the continuous and/or in the discontinuous
mode. In this chapter it is assumed in the analysis thaf the impedance of the
sinusoidal source is negligibly small and is not included in the development
of desiagn and performance relationships. However, an analysis of the LC-
filter ¢ircuit with non-zero sinusoidal source impedance is presented in the
next chapter.

A critical condition is established as the boundary between the two
modes of operation. For each value of the dimensionless angular frequency param-
eter Wy defined as m/wo, where w is the angular frequency of the sinusoidal
input voltage source in radians per second and wy = ]/\fff is the undamped
natural frequency of the Tow-pass filter, there exists another dimensionless

parameter x, defined as wL/RL, for which a critical value Ko exists. For

K > Kopo the filter operates in the continuous-conduction mode; for « < Koy

it operates in the discontinuous mode. For values of ¢ > Kep? the filter
circuit is analyzed using Fourier series and linear circuit analysis techniques.
For values of k < Kops the filter circuit, described analytically by piecewise-
linear differential equations, is analyzed with the help of the digital compu-
ter. An algorithm for rapid determination of the periodic steady-state condi-
tions is used to reduce the computation time for calculations involving the
discontinuous mode of operation. From the analyses, a“set of curves useful for

design purposes is generated. The derivations of useful expressions are pre-

sented in Appendices A and B.
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2.2 Circuit Analysis

In this section, the rectifier-filter circuit is analyzed to obtain re-
lationships useful for design purposes. In the continuous-conduction mode,
linear circuit analysis techniques are employed, while in the case of the
discontinuous mode, the method of analysis requires computer sclutions of
the piecewise-linear differential equations. 1In both cases, all of the elements
of the circuit are assumed to be ideal with the equivalent Toad RL as the onty

dissipative element.

2.2.1 Continuous-Conduction Mode

As mentioned earlier, in the continuous-conduction mode, current iX
in the filter inductor L is always greater than zero so that the source of
voltage always is connected through forward conducting diodes to the filter
input terminals. Assuming ideal diodes, the equivalent circuit for both of the
configurations in Figure 2.1 is given in Figure 2.2 along with typical waveforms
of inductor current iX ana output voltage Vo Although the effect of diode
forward voltage drop can be important in rectifier-filter circuits, particu-
larly in those providing low ocutput voltages, it is not included in the analysis
since this factor would add an additional parameter to the family of curves
presented later for design and performance evaluation. 1In one of the examples
presented in a later section however, it is shown how diode voltage drops may
be taken into account. The effectual value of the voltage source in the equiva-
lent circuit, designated as vi, is the full-wave recti%ied value of the sinusoi-
dal input voltage vy This Tinear equivalent circuit can be analyzed for

steady-state solutions using Fourier-series techniques. The effectual source

voltage vi is represented by its Fourier-series expansion consisting of a dc
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Figure 2.2.

(A)

(B)

-

Equivalent Diagram for the Rectifier-Filter
Circuits Operating in the Continuous-
Conduction Mode.

Associated Voltage and Current Waveforms from
Computer Solutions of Circuit Equations.

11
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component followed by a series of ac sinuscoidal terms with amplitudes and
frequencies given by the expression:

4VIm (1 cos2e  cosds cosba cos2ne -.)

2 ) B 2

vi = V. Isine| = -
17 'in 7" 3 15 35 PR

(2.1}

where 6 = ot = 2aft, where f is the ac supply frequency, and n is a positive
integer.

A1l current and voltage components in the circuit -are computed separate-
1y by sinusoidal steady-state methods. The total current or voltage in any
branch of the circuit may be found by summing the separate harmonic components
from the individual terms of (2.1) using the superposition principle. Analysis
of the filter circuit shows that its traqsfer function falls off at the rate
of 40 dB per decade (12 dB per octave) as an asymptotic slope Timit. In addi-
tion to the increasing attenuation of the filter with increasing frequency, the
magnitudes of the sinusoidal components of the input voltage vi also fall off
rapidly with harmonic number. Assuming that all harmonic terms, beginning
with the second term in the expression for vi given by (2.1), lie in the range
of the 40 dB per decade slope of the filter transfer function, the combination
of attenuation and harmonic-term magnitudes yield values of 0.05 and 0.0053
for the ratios of the fourth-harmonic and sixth-harmonic terms of Vg to the
second harmonic ferm of the output voltage. Thus, the second harmonic of the
input ac supply is seen to be the only component of significance in determining
the output ripple voltage when the circuit is operated.in the continuous-conduc-
tion mode, and the equivaient input voltage vi may be approximated by the ex-

pression:

_ cos2¢ ) (2.2)
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The transfer function of the filter circuit operating in the continuous mode

is given by the following

vols) 1

= 2.3
vils) % 4 S(L/R) + 1] (2:3)

Using the expression in {2.2) and the transfer function of the filter
given by (2.3), a number of useful relations for various voltage and current

components may be derived:

2V

DC output voltage: Vg = Im (2.4)

p - : - J 4,,2

eak-to-peak ripple voltage: VOp = 1-8w +16mN+4K (2.5)
I 1+{4w /K2)

, . _ m 1 N

Rms inductor current: IXe = TR E— 5 (2.6)

L 18(1- &UNH 6wN+4K )
4VIm 1 1 ]+(4wN/K ) ]

Peak inductor current: IXm = —x 7 tx 5 - (2.7}

L 1-8wN+16wN+4K

2.2.2 Discontinuous-Conduction Mode

In the discontinuous mode the action of the diodes is such that the
current ix is equal to zero during a portion of each steady-state cycle. The
equivalent circuit when diodes are conducting is the same as for the continuous
mode and is shown in Figure 2.3(A) where the second subscript 1 is added to
signify the voltages and currents associated with this portion of the cycle.

The output voltage Vo1 is obtained from solution of the following equation: .




S Y —> >
it L ol |+ lo2 | +
V] C/= RLEYOl C/=  RLEvoz
F
(A) (B)
(C)
Figure 2.3. Equivalent Diagrams for the Rectifier-Filter Circuits

Operating 1in the Discontinuous-Conduction Mode During
Interval (A) When Diodes are Conducting and (B) When
Diodes are not Conducting. (C) Associated Voltage
and Current Waveforms from Computer Selutions of
Circuit Equations.
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d-v dv
2 01 01 .
w + k + v, =V lsm(e—eo)l (2.8)
N dez de 01 Im
The value of inductor current iX] is given by
dv v

- o , ‘o
g% wC do + RL (2.9)

The range of applicability of & is from o to 91, corresponding to the beginning

and the end of the conduction interval, so that

ix1(eo) = iX](a]) =0 (2.10)

The solutions to (2.8) and {2.9), subject to the constraints given by

(2.10), yield the following expressions for Vo and iXT:
v01(e) = Avsine + Bvcose + exp(se)[cvsin(ae) + Dvcos(ae)] (2.11)

ix1(e) = ﬁL-{Aisine + Bicose + exp(Be)[Cisin(ue) + Dicos(ae)]}(2.12)

L
for 6, < 8 < 8,. The values for the various coefficients depend on «, w,, and
hE and expressions for them are given in the glossary of symbols.

When the diodes are not conducting, the equivalent c¢circuit is that shown
in Figure 2.3(B), where the second subscript 2 denotes this operating condition.
The output voltage Vo2 and current 1X2 for this part of the cycle are described

by the following equations:

dy v
02 02 _
iyo(8) = 0 (2.14)

where the range of 6 is from 94 to (90+ﬂ)s corresponding to the interval duriﬁg

which the inductor current is zero. Solving (2.13) yields the expression:



http:D.cos(ce)]}(2.12

i 16

VOE(e) = voz(e])exp[—(e-e])/wCRL] (2.15)

From the requirements for a steady state in the discontinuous mode, and from
the requirement of continuity of the output voltage across capacitor C, the

following conditions must be satisfied:

v02(80+w) = v01(80) (2.16)
V02(91) = v01(6]) (2.17)
1x1(eo) = 1x1(81) = : (2.18)

In order to ohtain the steady-state solutions for Vo and iX the two
transcendental equations given by (2.11) and (2.15) must be solved simul-
taneously subject to the conditions imposed by (2.16), (2.17), and (2.18).
The implicit relationships in this type of simu]taneous'eqﬁation pair suggest
that digital computation be employed to obtain numerical answers for the
solutions. An algorithm, described in the section which follows, was de-

vised to rapidly determine the steady-state voltages and currents.

2.2.3 Algorithm to Determine Steady-State VYalues of vy and ix

A simple algorithm for quickly determining the perjodic steady-state
is illustrated in the flow chart in Figure 2.4. Two first-trial initial
values of output voltage VO(]) and vo(z) are entered as starting values
and the corresponding initial trial values of OO’ 90(]) and @0(2), are

calculated using the relationship .




CHOOSE THWO IWITIAL TRIAL VALUES:

W om @

h

COMPUTE egT)(vU‘l))
anp e,y ()

¥

tncresenT ot 1) Faom 93(1) 0 eo(i) -

anp s12) rom 60(2} 0 50(2) + 10
oAt vy Vet = x) awp vy (B ey (Be oy |
USING (2.11) AND {2.15)

k 3

ser: (D = V0(1}(90(1)+ 7} - vo(f)
f2) 2 VO(Z)(EG(2)+ 1) - VO(Z}

1
o ——1

CALCULATE aEw TRIAL vy{):
E(N-i)vo(n-z) - s(ﬂ-z)vo(mei)
T )

VO(N

k 4

COMPUTE yG(N)(eo(”)+ ) USiNG
{2.11) A%D (2.15)

N1 | 1

ser e (M- VO(N)(QOFM)*_“) - Vo(

)

NO -

Figure 2.4 Flow-Chart of algorithm for rapid determination of the
periodic steady-state of the rectifier-filter circuit
operating in the discontinuous-conduction mode.
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eO(N) = arc sin (VU(N)/VIm)

2)

The values of 6(1) and e( are then incremented by a prescribed small

amount from the starting values of 90(1) and 90(2), respectively, and
the corresponding values VO(])(O) and vo(z)(e) and 1X1(])(@) and ixz(z)(e)
are computed using (2.11) and (2.12). If the values of ix(1) or ix(z)

are computed to be equal to or less than zero, the values of 6(1) and

9(2) are identified tentatively as 9](]) and 61(2), which mark the

end of the inductor conduction interval. As G(]) and 6(2) are incremented

over the interval from © (1) to © (1) + 7 and © (2) to @ (2)
1 0 1 0

(1) (2)

+ T,

respectively, Vo

(1)

and vy are computed using (2.15). The inductor

and 1X( ) remain zero during this interval. The error

currents, 1X
s(]) is computed as the difference between the computed value of VO(])
at @(1) = 60(1) + w and the initial guess for VD(]) at @(]) = eo(]).

(2)

Similarly, the error ¢ is computed for the second trial. Using e(])

(2)

and '/, and initial values 0 (1) and v, (2 ), a new trial value for

v0(3) at @(3) = 60(3) is computed by Tinear interpolation or extrapolation
as shown in flow chart. The above process is repeated until the solution
for VO(OO) converges, thus yielding the values of @0 and 0 - Results
obtained from a number of computer runs show that usually only three

or four iterations are required to obtain solutions which converge to with-
in a prescribed error bound of 0.0001VIm . By incorporating this algorithm
in the computer program, considerable reduction in the computation time

involved in the steady-state analysis of rectifier-filter circuits when

they are operated in the discontinuous-conduction modes, is obtained.
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With these data the steady-state time waveforms of Vg and ix can be
calculated. The peak-to-peak ocutput ripple voltage and the peak inductor
current are recorded, and computer calculations are made for the averége
output voltage and the rms inductor current. Computer calculations are also
made for the input power factor of the transformer-filter circuit.

In the next section, an expression for the critical condition is

derived.

2.2.4 Critical Condition

As mentioned in an earlier section, the critical condition establish-
es the boundary between the two modes of operatjon. Using (2.2), the in-

ductor current ix in the continuous mode is given by the expression:

ia Y I—_l___ cos(20-v) (2.19)
X TT [2% ﬂzh&j] ¥

where |Z(j2w}] and ¥ are the magnitude and phase of the filter impedance seen

from the source vi at the second harmonic of the sinusoidal ac supply vol-

tage and are defined in terms of «, RL’ and Wy 8s follows:

I
|Z(j2w)] = R, > (2.20)
1+ (4wN /%)
¥ = arc tan[2x/(1 - 4mN2)] - arc tan [ZwNZ/K] (2.21)

-

From (2.19), the minimum instantaneous value of ix occurs when the
cosine term nhas a value of unity. For the critical-condition boundary be-

tween the continuous- and discontinuous-conduction modes of operation, the
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minimum value of 1X just reaches zero or

Yol
n \ R 3TI3%)]

=0 (2.22)

Rearranging (2.22) and substituting for |Z(j2w)| from (2.20) leads to the

relationship:
1 - Buy2 + 16wy~ + 42

N N 2 (2.23)

1+ {4y 4/K2 3

N
Squaring (2.23) and simplifying yields the expression:
4. 2,5 ) s oy

F(K,w”) =0 =k +x (% - ZwN + 4wN ) - 5 (2.24)

For a given value of wys the value of g satisfying the critical condition
F(K,wN) = 0, referred to as Kops €N be found. Since both « and Wy have a
physical interpretation only for positive values, for a given value of wyy >
Koy is single valued. A plot of Kep for various values of wy is shown in
Figure 2.5. The abscissa, mN=t0\/ff, depends only on filter parameters and
the frequency of the sinusoidal ac supply voltage. The value of k, pre-
viously defined as wL/RL, additionally depends on the filter Tload resistance
RL‘ For heavy loads, i.e., RL small, the value of k is greater than

Keps causing‘éhe filter ciécuit to operate in the continuous mode and the
circuit is analyzed using Fourier-series techniques. For 1ight Toads, the
value of ¢ is less than Keps the rectifier-filter cirguit operates in the
discontinuous mode, and the filter behavior is analyzed using piecewise-

linear differential equations. The value of Kg is approximately equal to

r
it asymptotic value of 1/3 for values of wy greater than 5.0. The critical
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Figure 2.5. Plot of Kep Versus Wy and Identification Regions.
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condition and the circuit-analysis methods for continuous and discontinuous
modes which have been described are used in a later section for generating

design curves.

2.2.5 Relationship Between x, s Qs £, and o )

The transfer function of the filter circuit operating in the contin-
uous mode, shown in Figure 2.2, is given by (2.3) and may be written in the
familiar form Vo(s)/VICs) = 1/[(s/wo)2 + (T/Q)(s/mo) + 1] where s is the com-
plex frequency variable, wy = 1/1JTITis the familiar undamped resonant fre-
guency of oscillation in radians per second, and Q = RL/wOL is the quality
factor at the resonant frequency. The damping factor ¢ is related to Q by

£ = 1/2Q. From the previousiy given definition of s the damping factor

can be expressed as

& = x/2uy - (2.25)

The quality factor Q is related to « and wy by the exprassion:
Q= LUN/-K (2.26)

The relationships shown in (2.25) and (2.26) should be helpful in identifying

and attaching extended meanings to the design parameters x and wy -

2.2.6 Power Factor

The input power factor for a nonlinear ac Toad such as either of the
transformer-filter circuits of Figure 2.1 is defined by Schwarz [6], and by
Kornrumpf and Waiden [17] as the ratio of the power dissipated in the network

to the product of the rms Vaiues of the ac input voltage and the ac input
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current. Because of symmetry considerations and because the rectifiers and
filter elements have been assumed lossless, the product of the ac input rms
values (NP/NS)VIeIPe equals the product of the rms values at the input to
the LC filter VIeIXe' Also, the output power to the load calculated as
VOez/RL is equal to the input power. Thus, the expression

VOeZ/RL

Power Factor = R

1 (2.27)
Ie “Xe

has been used in calculating this performance measure of the network.

2.3 Design and Performance Curves and Approximate Relationships

2.3.1 Design and Performance Curves

Using the methods of analysis described in the previous sections, a

set of curves useful for both designing and analyzing rectifier LC-filter

circuits was generated by digital computation and is shown in Figure 2.6.

In the upper curves, the ratio of peak-to-peak output ripple voltage
VOp to dc output voltage VO is plotted against ¢ for values of wy lying be-
tween 2.0 and 10.0. The dashed Tine in this plot represents the critical
condition obtained from a solution of (2.24) and separates the plot into
regions of continuous conduction and discontinuous conduction. In the second
graph, two families of plots are presented for the same range of values for
wy and k. They show the ratio of the dc output voitage VO to the peak value
of input source VIm and the power factor P.F. of the ac input to the recti-
fier-filter combination. These curves, VO/VIm and P.F7 versus x, actually
consist of multiple plots of curves for the same values of wy @s used in the
top graph but appear to approach two single curves because of their weak de-

pendency upon Wy As seen from the VO/VIm curve, for rectifier-filter cir- :

cuits operating in the discontinuous-conduction mode, a larger dc output volt-
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agé is obtained than that'in the continuous-conduction mode for a given value

of 1input supply voltage V Other useful design curves, the ratio of the

Im*
rms value of current in the inductor IXe to the average dc ioad current IO’
and the ratio of the peak value of inductor current IXm to I0 are plotted
as the third and fourth graphs of the same figure. Again, although appearing
as single isolated curves these are actually the result of superimposed mul-
tiple plots over the range of wy previously stated.

Additional use may be made of the graphs in Figure 2.6 to calculate

the values of the rms currents in the transformer windings. In terms of the

rms inductor current IXe’ useful relationships are:

Center-tapped secondary: Ieo = IXELVET (2.28)
SingTe-winding secondary: ISe = IXe (2.29)
Either configuration: IPe = (NS/NP) Iye (2.30)
A study of the VOp/VO curves at the top of Figure 2.6 shows that various

combinations of « and wy may be chosen to meet a specified (Vop/vo) ripple
requirement. Consequently, an additional specification must be provided to
complete the information required for the design procedure. While the addi-
tional constraint which usually is imposed is the desired output voltage, the
peak or the rms value of the current in an individual diode, the maximum al-
Towable current in the transformer windings, or the minimum desired power
factor, may be used. Having chosen the additional constraint, the design
process can continue, leading to values for the remaiﬂing unconstrained recti-
fier-filter parameters which can be determined from the other plots in Figure
2.6. To illustrate the design procedure, several examples are worked out in

section 2.4.
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2.3.2 Approximate Analytical Design Relationships

The design curves for various performance parameters, shown in Figure
2.6, can be approximated by analytical design relationships given in Table
2.1. The values for the performance parameters computed f%om these approxi-
mate design relationships are reasonably close to the computed values or
those read from the design curves. The approximate design relationships can
be automated on a digital computer or electronic pocket calculator to yieid
quickly designs for LC-filters. These relationships, thgrefcre, provide an
alternate method to the reading of data from the design curves. In Table 2.1,
the analytical expressions are given for design relationships Vop/VO(K,wN),
VO/VIm(K), Ixe/IO(K), Ixm/IO(K), and P.F.{x). For the continuous mode, these
approximate design relationships are obtained from the exact relationships
given in Appendix A under the assumption that 4wﬁ is much larger than 1 and k.

For the discontinuous mode, a good approximation to the (VOP/VO) curve
shapes in Figure 2.6 is obtained if they are considered to-be straight lines
paraliel to each other and starting at the continuous mode point for x=1/3.
One such approximation for (vop/vo) for the discontinuous mode is shown in
Table 2.1, and values computed from this approximate relationship lie within
ten percent of the values read from the curves. As mentioned eariier, the
other performance parameters, VO/VIm’ IXe/IO’ IXm/IO’ and P.F. are weakly de-
pendent on Wy and hence are approximated by polynomials of second degree
passing through the points on the curves for these latter parameters and are
functions of g only. The values computed for these latter parameters from
the approximations given in Table 2.1 Tie within five percent of values read

from the curves. In addition to the design relationships for the performance

parameters, expressions for inverse relationships w, (VA /Vaak)s (VA /VAowy)s
N 0p” "0 Op’ "0°™N
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Approximate design and performance relationships

for LC-filter operating both in the continuous-
and discontinuous-conduction modes.
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K(VO/VIm), K(IXe/ID)’ K(IXm/IO), and x(P.F.) are also given. In the continu-
ous mode, VO/VIm is independent of x and hence there is no inverse relation-
ship K(VO/VIm) for the continuous mode in Table 2.1.
These approximate design relationships should be used carefully de-

pending on the desired accuracy of the design.

2.4 Design Exampies

To illustrate the usefulness of the curves presented in the preceding
section, examples of two different filter designs now are discussed. These
examples illustrate how two rather different application requirements can be

satisfied. The International System (SI) of Units is used in the examples.

Example 1.

The values of the inductor and capacitor elements in an LC-filter cir-

cuit with nominal output voltage VO==5V, nominal load current I.=10A, and

0
ripple ratio Vop/V0==0.05 are to be found. The supply voltage to the recti-
fiers is provided by the secondary windings of a center-tapped transformer,
the primary of which is excited by an ac supply of 117 vrms at 60 Hz. The.
inductor-capacitor filter circuit is to operate in the continuous-conduction
mode.

Given that the ripple ratio Vop/VO==O.05 and that the filter is in the
continuous-conduction mode, the design procedure begins with the VOp/VO
curves in Figure 2.6. Choosing the curve for wN==2.5 as an example, the rip-
ple constraint under nominal load is met with a value of k=6.0. Using the
equivalent Toad resistance RL corresponding to nominal output voltage and
Toad current, RL==0.5 ohm, the values of L and C may be obtained using the

relationships K==mL/RL_and w, = wLL, to yield L =7.96 mH and C = 5526 uF.

N




29
Having established values for Wy Ko L and C, the performance of the
filter network and the determination of important parameters useful in com-
pleting the design of the remainder of the complete power supply may be ob-
tained. For example, if the filter circuit always is to operate in the con-
tinuous-conduction mode, the minimum viaue of k is approximately 1/3 corres-
ponding to a load resistance 18 times the nominal load resistance. Since
VO/VIm is very nearly constant over this range, the minimum load current be-

fore the output voltage begins to rise is (I ]/18) or 0.56A. If the

O,nomina
maximum load current is, for example, 1.5 times the nominal I0 value of 10 A,
the corresponding maximum value k reaches is 6.0 (15/10) = 9.0,

Using wN==2.5 and the range of « from 1/3 to 9.0, the performance of

the filter circuit is obtained from the variocus curves in Figure 2.6 as fol-

Tows:
Ratio . Load Condition
Minimum Nominal Maximum
x<=mL/RL 1/3 6.0 9.0
Average output voltage, V 5.02V 5.02V 5.02 ¥

0
Peak-to-peak ripple voltage to output

voltage, VOP/V0 . 0. 055 0.05 0.043
Qutput voltage to peak input voltage, VO/VIm 0.64 0.64 0.64
Average load current, I0 0.56A 10.0A 15.0A
Peak reactor current to load current, IXm/IO 2.0 1.03 1.0
Rms reactor current to load current, IXe/IO 1.2 - 1.0 1.0

Rms transformer secondary current to Toad
current, ISe/I0 0.85 0.71 0.71
Power factor of filter circuit 0.73 0.90 0.90
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Of particular interest is the performance curve for the ratio of output volt-
age to peak input voltage VO/VIm which approaches the asymptotic value
2/m=0.64 for values of « greater than Kap:
From the knowledge of the ratio VO/VIm’ IXe/IO and IXm/IO’ it is now
possible to determine the characteristics required of the center-tapped trans-
former and the diodes in the power suppiy circuit. Using the nominal load
voltage and current values for this example, it is noted that the diode for-
ward voltage drop Vdiode (approximately 0.7 for silicon diodes) is a signifi-
cant fraction of the output voltage VO' Recognizing that in the continuous-
conduction mode the average output voltage must be the average input voltage
to the rectifier-filter less the constant diode drop, the required peak volt-
age on the transformer secondaries must be VIm:x[VO'+Vdiode]ﬂ/2' For this
example, VIm==8.95 V. Using the specified primary supply voltage, the turns
ratio NS/NP is computed to be 1/18.5.

Using the nominal value of I0 as the maximum vaiue for sustained oper-
ation, the peak reactor current IXm is approximately 10.3 A, while the rms
reactor current IXe==IO.O A. The rms secondary winding current ISe in a cen-
ter-tapped secondary is equal to the rms reactor current IXe divided by Vf?
and has a value of 7.07 A. The rms primary winding current, neglecting magne-
tizing current and using a turns ratio of 1/18.5, is 0.54 A, The power factor
P.F. is approximately 0.9, approaching closely the asymptotic value Z«Jiyﬁ.
The diodes because of their shorter thermal time constant should be selected

on the basis of the peak current to be encountered 10,3 A,
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Example 2.

In this example, an LC filter c¢ircuit driven by a full-wave bridge
rectifier connected directly to the ac supply is to operate in the discontin-
uous-conduction mode. The specifications are: nominal oufput voltage VO =
115 ¥V, nominal load current IO==5 A, with a ripple ratio Vop/V0==O.02. The
ac supply voltage is 117 V rms, 400 Hz.

Under nominal output voltage and load conditions, the ratio VO/VIm =
0.695 and from the curve for this parameter in Figure 2.§, k=0.2. To meet
the ripple requirement Vop/V0==0.02, the curve corresponding to wN==3.5 is
selected. Using the value of RL==23 ohms for the nominal load, the values of
the filter components are computed to be: L=1.83 mH; C=1060uF.

If the filter circuit is to operate in the discontinuous-conduction
mode for all loads within the range of the curves in Figure 2.6, k can vary
from 0.01 to 1/3. Examining the characteristics of the combined transformer-

rectifier-filter circuit over this range in x yields the following results:

Ratio Load Condition
. Minimum Nominal MaxXimumn
K==wL/RL 0.01 0.2 1/3
Average output voltage, VO 152.2V 115.8Y 105.8%¥

Peak-to-peak ripple voltage to output

voltage, Vop/‘v’O 0.0018 0.02 0.027
Output voltage to peak input voltage, VO/VIm 0.92 0.70 0.64
Average Toad current, I0 _ 0.334 5.0A 7.6A
Peak reactor current to load current, Ixm/IO h.ﬁ 2.3 2.0
Rms reactor curvent to load current, IXe/IO 1.9 1.3 1.2

continued
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Ratio Load Condition
Minimun Nominal Maximum

Rms ac supply line current to load
current, IIe/IO ' 1.9 1.3 1.2
Power factor of filter circuit, P.F. 0.68 0.74 0.73

Using the nominal load voltage and current values as before, addition-
al information on the characteristics of the remainder of the power supply
circuit may be obtained. Since the dicde forward voltage drop is small com-
pared with the output voitage in this example it will be neglected. The peak
_reactor current IXm and the peak current through the rectifier diodes is
11.5 A (5.0x2.3). The rms reactor current is found to be 6.5 A (5.0x1.3)
which is also the value of the rms ac supply line current for the full-wave
bridge combination. The power factor P.F. is 0.74.

Although the two examples which are provided to illustrate the use of
the design and performance curves in Figure 2.6 are specified for either all
continuous-conduction mode or all discontinuous-conduction mode cperation
over the load range, there is no reason for restricting the operation to one
or the other modes. The designer has the choice of specifying the nominal
load conditions and ripple requirement to fall in either mode and to enter
the other mode under changing load conditions, provided the VO/VIm require-

ment can be met with appropriate turns ratio.

2.5 Conclusions )
Methods for analyzing full-wave rectifier LC-filter circuits were pre-
sented and these methods were used to develop design procedures for the rec-

tifier-filter combination. The procedures cover the cases of operation in
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both the continuous-conduction mode and the discontinuous-conduction mode.
An algorithm was presented which permits rapid determination of the periodic
steady state in the discontinuous mode using digital computation. Using the
results for both modes of conduction, a set of design curvés was generated,
providing a straightforward procedure for designing both the inductor and
the capacitor for a rectifier-filter circuit operating in the discontinuous
mode and continuous mode. The use of the parameter K==wL/RL and the estab-
1ishment of a boundary condition on x for separating the two modes of opera-
tion were shown to be useful in choosing operating condi%ions.

From the design curves, currents in the different windings of the
transformer and in each diode can be calculated. Usiﬁg these curves, a de-
signer can select the inductor, the capacitor, the diodes, and the trans-
former to meet various applications requirements. Some of the requirements
are: varying ac input supply magnitude, maximum allowable ripple, maximum
rms and peak diode and transformer-winding currents, minimum power factor
and load conditions. Two examples were presented to i11ﬁgg;éte the design
procedures using the design curves. Results of experimental and simulation

runs using the inductor and cépacitor design values agree closely with the

results predicted from the design procedures.




CHAPTER III

ANALYSIS AND DESIGN OF LC-FILTERS
WITH NON-ZERO SOURCE IMPEDANMCE

3.1 Introduction

In Chapter 1I, an analysis and design procedure for the LC-filter
circuit operating both in the continuous and discontinuous modes, with the
sinusoidal voltage source impedance assumed to be zero, is presented. In
this chapter, the basic concept used in Chapter II is extended to inciude
LC-Ffilter circuits with non-zero source impedance. Figure 3.1 shows the
transformer-rectifier-filter networks of Figure 2.1 connected to a sinusoidal
voltage source through a primary-circuit impedance consisting of a series

. N \2 C No\?
resistance (N_p) Ry and a series inductance (Np_) Ly- This series resis-

S s
tance-inductance combination represents the Thevenin equivalent impedance

of the usually encountered source and line impedance as seen from the trans-
former primary-winding terminals. The transformers, shown in Figure 3.1, are
assumed to be ideal. As mentioned earliier, the inclusion of source impedance
in the design algorithm yields a more accurate and complete design. For

each value of the dimensionless parameter g, defined gs RI/RL where RI is

the value of source resistance referred to the secondary side of the trans-

(34)
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former, a set of design curves, similar to one shown in Figure 2.6 for the
case with zero-source impedance, is obtained.

The format of the presentation here follows cToseTy-that of the pre- -
ceding chapter. The derijvations of the useful expressions are presented in

Appendices C and D.

3.2 Analysis

As in Chapter II, in the continuous-conduction-mode, linear circuit
analysis techniques are employed, while in the case of the discontinuous mode,
the method of analysis requires computer solutions of the piecewise-linear

differential equations.

3.2.1 Continuous-Conduction Mode

Assuming 1deé] diodes, the equivalent circuit for both of the confi-
gurations in Figure 3.1 is given in Figure 3.2 along with typical waveforms
of inductor current and output voltage. The two dimensionless ﬁarameters

Wy and x defined in Chapter II are redefined as w fLeqC‘and wLeq/RL’ where

L =1L; +L is the sum of the source inductance referred to the secondary

eq I
side of the transformer and the filter inductance. As described in Chapter
11, the equivalent input voltage vi may be approximated by the following
expression when the circuit is operated in the continuous-conduction mode:

ay

v = ﬂI“’ ( -12-— ¥ c0s26) (3.1)

——

F

Using the expression in (3.1) and the transfer function of the filter,

which includes RI and LI’ the useful relations for various voltage and cur-




o

7T 271 8= wt

Figure 3.2. -(A) Equivalent diagram for the rectifier-filter circuits
with non-zero source impedance operating in the
continuous-conduction mode. ~

(B) Associated voltage and current waveforms from com-
puter solutions of circuit equations.
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rent components can be derived as in Chapter II with the results:

DC output voltage:

V. = i (3.2)
0 w(p+1)

Peak-to-peak rippie voltage:

8V

VOp = 3£m/// ( ‘j(p+]-4w§)2 + (2K+(2pmﬁ/K))2) : (3.3)

AN
Rms inductor current:

v (]+4w4/K2)

1 _ Im 1 + N

Xe ~ R 2 N 5 5
L 4(p+1) 18{ (o+1-8uy)“ + (26+(20my/x)) ) (3.4)

Peak inductor current:

4,6 2
4VIm 1 1 ]+(4mN/K )

T = - =
"R | 26T o ) v (2 (2ele))

(3.5)

3.2.2 Discontinuous-Conduction Mode
The equivalent circuit when diodes are conducting is the same as for
the continuous mode and is repeated in Figure 3.3(A). The output voltage

Vo1 is obtained from the solution of the following equation:
2
2 d "01 .
wN de + [K+(pmN/K)] d + (p+1)V VIm|S1n(6—60)[ (3.6)

-

The value of inductor current 1X1 is given by

dv v
A 01 01
U - (3.7)
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Figure 3.3. Equivalent diagrams for the rectifier-filter circuits with

non-zero source impedance operating in the discontinuous
-conduction mode during interval (A) when diodes are con-
ducting and (B) when diodes are not conducting. (C)
Associated voltage and current waveforms from computer
solutions of circuit equations.
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The solutions to (3.6) and (3.7) for the values of (K+(pm§/g))

<4wﬁ(p+1), yield the following expressions for Vo1 and ix1:

It

Vo1 (8} A, SinetB, cose+ exp(sre)[Cwsin(are)mwcos(are)] (3.8)

: _ 1

L ir

[ A, sine+81rcose+exp(8re){Cirsin(are)+Dircos(are)}] (3.9)

For the values of [K+(pw§/K)]>4w§(p+1), the expressions for vy, and

1X1 are given by the following:

v01(e) Avrsine+Bvrcose+CGrexp(a1e)+D¢rexp(a29) (3.10)

yq(0) = R‘—L [Airsine+8ircosa+c1!rexp(ale)+D1!rexp(a26)] (3.11)
The values for the vqrious coefficients depend on «, Wy P> and Bg>
and expressions for them are derived in Appendices C and D.
When the diodes are not conducting, the equivalent circuit is that
shown in Figure 3.3(B). The output voltage Voo and current iXZ for this part
of the cycle are described by the equations (2.13) and (2.14) given in

Chapter II. The expression for Voo is obtained, as given in Chapter II,
voz(e) = voz(ei)exp[-(e-eT)/mCRL] (3.12)

The steady-state solutions for Vo and iX are obtained by solving
the transcendental equations given by (3.8}, (3.9), (3.10), (3.11), (3.12),
and (2.14), as described in Chapter II.
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3.2.3 Critical Condition
The critical condition, ¢ = Keps corresponds to the boundary between
the two modes of operation. Using (3.1}, the inductor current 1X in the

continuous mode is given by the expression:

i = Y 1 cos :) (3.13)
X w 2RL(p+1) 3|Z 2w)| )

where |Z(j2w)| and & are given by the following

2.2 2. \q2
(pF1-8ug)© + [2k+(2pwg/c)]
|Z(520)| = R, N —— (3.14)
1 + (4wN/|< )
¢ = arc tan L2K+(2pw§/K)]/(p+]—4wﬁ) - arc tan (Zwﬁ/x) (3.15)

For the critical condition, the minimum value of ix just reaches

Zero or

4y
I 1 1
- [ 2R (p+1) ~ 3Z(3%]] ] =0 (3.16)

Rearranging (3.16) and substituting for |Z(j2w)| from (3.14) leads to the

relationship:

(+]4w) + | 2kt 2pw0/x
‘/(p N [ (pN/ ]) 2 (o1} (3.17)

T+(4mN/K } 3

Squaring {3.17) and simplifying yields the expression

4
a4 2 2 2 W
F(K,UJN) =0 =kt [36(p+'i) - 2mN+4mﬁ:| - TN (4+8p-592) {3.18)
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For a given value of wps the value of « = Kepe which satisfies the c¢ritical

condition F(K,mN) = 0 given by (3.18}, can be found. A plot of Kep VErSUS

Wy for various values of p is shown in Figure 3.4. For a given p, the value

of Kep approaches asymptotically (\J 1+2p-1.25p2)/3 for values of Wy greater

than 5.0.

3.3. Design and Performance Curves and Approximate Relationships
3.3.1 Design and Performance Curves

Using the methods of analysis described in the previous sections, sets
of curves, similar to the one shown in Figure 2.6, for various assigned
values of p = RI/RL weregenerated and are shown in Figure 3.5 through Figure
3.12. Following the method in Chapter II, these curves may be used to cal-
culate various performance factors for LC-filters with non-zero source im-
pedance. As seen from the design curves shown in Figure 3.5 through Figure
3.12, for a particular value of « and wy s the value of the ratio of peak-to-
peak ripple voltage to average output voltage VOp/VO slowly increases with an in
crease in the value for the parameter p = RI/RL' The values for the other
performance parameters VO/VIm’ P.F., IXe/IO’ and IXm/IO’ decrease with in-
creasing p. The dependence of the parameters VO/VIm’ IXe/IO’ and IXm/Ib
on p is greater in the discontinuous mode than in the continuous mode. The
dependence of the other two parameters VOp/VO’ and P.F. on p is greater in
the continuous mode than in the discontinuous mode. In the continuous mode,
the parameter VO/VIm is most sensitive to variations in p and IXe/IO is
least sensitige. In the discontinuous mode, the parameter VO/VIm is again
most sensitive to variations in p and P.F. is least sensitive. Thus, for

particular values of the filter components L, C, and RL’ the ripple ratio

1
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VOp/VO calculated from the design curves for the zero source impedance case
shown in Figure 2.6 is smaller than that obtained from the design curves
presented in this chapter. The values for VO/VIm and P,F. fead from the
curves in Figure 2.6 are greater than thoseobtained from the design curves
which take source impedance into account. Thus, the design curves pre-
sented in Chapter TI give optimistic values for the ripple ratio VOp/VO’
output voltage to peak input voltage ratio VO/VIm’ and power factor P.F,
For the filters with values of p other than those given in Figure 3.5-
through Figure 3.12, the design should be accomplished using one of the de-
sign curves shown in Figure 3.5 through Figure 3.12 corresponding to the
value of p greater than and closest to the specified p. To illustrate the

design procedure, an example is worked out in Section 3.4.

3.3.2 Approximate Analytical Design Relationships

For filters operating in the continuous-conduction mode, the design
curves for various performance parameters, shown in Figure 3.5 through Figure
3.12, can be approximated by analytical design relationships given in Table
3.1. These approximate design relationships are obtained from the exact
relationships given in Appendix C under the assumption that 4w§ is much
Targer than 1 and «. In Table 3.1, analytdical expressions are given for the
design relationships VOP/VO(K,NN,D), VO/VIm(p), Ixe/IO(K,p), Ixm/IO(K,p),
and P.F.{x,p). In additioﬁ to the design relationships for various perfor-
mance parameters, expressions for the inverse relationships wN(VOp/VO,K,p),
K(VOP/VO,wN,p), K(Ixe/lo,p), and K(Ixm/IO,p) are also given. In the con-

tinuous mode, VO/VIm is independent of « and hence there is no inverse




Table 3.1. Approximate design and performance relationships
for LC-filters with non-zero source impedance
operating in the continuous-conduction mode.
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relationship K(VO/VIm,p) given in Table 3.7. The expression for another in-
verse relationship x(P.F.,p) is also omitted because of the complexity of
the expression. '

For the discontinuous case, the performance curves for each value of
p can be approximated by the design relationships given in Table 3.2. The
dependency of the various expressions on p is by means of coefficients a, b,
15 3y, 83, b], b,, b3, Cq> cz; C3s d1, d2, and d3. The ya]ues for these
coefficients for various values of p are given in Table 3.3.

A good approximation to the (Vop/VO) curve shapes in Figure 3.5
through Figure 3.12 is obtained if they are considered to be straight 1ines

paraliel to each other and starting at the continuous mode point for

Kk = (\j 1+2p-1.2502)/3. As seen from Figure 3.5 through Figure 3.12, the
other performance parameters, VU/VIm’ P.F., IXe/IO’ and IXm/IO are weakly
dependent on Wy and hence are approximated by polynomials of second degree
passing through the points on the curves for these Tatter parameters as
functions of x only. The values computed from the approximate relationship
for (VOp/VO) Tie within ten percent of the values read from the curveé while
the values computed from the approximate relationship for the other perfor-
mance parameters, VO/VIm’ P.F., IXe/IO’ and IXm/IO’ 1ie within five percent

of the values read from the curves.

3.4 Design Example
To illustrate the usefuiness of the performance curves presented in

the preceding section, an example of a filter design is discussed.




Table 3.2 Approximate design and performance relationships
for LC-filters with non-zero source impedance
operating in the discontinuous-conduction mode.
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Table 3.3.

Values for the various coefficients which introduce the dependency on p in the
approximate analytical relationships given in Table 3.2.

Coeffi- P MR
cients .
0.0005 8.01 0.05 0.1 0.2 0.3 0.4 0.5

a 0.768 0.773 0.79 0.82) 0.866 0.902 0.913 0.927
bo 0.761 0.763 0.783 0.806 0.848 0.865 0.894 0.911
a 0.465 0.463 0.449 0.441 0.432 0.421 0.402 0.385
2, 0.402 0.395 0.389 0.357 0.271 0.199 0.156 -0.123
ay | =0.086 -0.088 0.099 0.1 -0.08 -0.06 -0.049 -0.03
b, 1.108 1.057 1.071 1.073 1.095 1.07 1.128 1.151
b, 0.266 0.263 0.379 0.407 0.352 0.423 0.289 0.23
b, 0.067 0.078 -0.023 0,066 -0.062 -0.138 -0.086 -0.06
& 1.553 1.518 1.538 1.458 1.532 1.603 1.759 1.836
¢ 0.729 0.872 1.056 1.336 1.234 1.095 0.723 0.506
¢ 0.398 0.309 0.043 -0.21 0.3 -0.336 -0.217 -0.155
d, 0.658 0.605 0.642 0.653 0.745 0:648 0.621 0.633
dy 0.198 0.275 oo 0.183 0.181 0:147 0.179 0.141
dy | -0.093 -0.116 -0.085 -0.068 -0.06) -0.042 -0.059 -0.045

9s
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3.4.1 Example

The values of the inductor and capacitor elements in an LC-filter
circuit with nominal output voltage VO = 30 V, nominal load current
I0 = 10 A, and a peak-to-peak ripple voltage to average output voltage
of 4% are to be found. The supply voltage to the rectifiers is provided
by the secondary windings of a center-tapped transformer, the primary of

which is excited by an ac supply of 117 V rms at 400 Hz. The secondary
2

ac supply voltage is 30 ¥ rms. The source resistance ( fg_) R is given
N I
2 S
as approximately 4.5 ohm and source inductance(fﬂ;) L is approximately
N I
s

80 uH.

Using the specified primary and secondary supply voltages, the turns
ratio NS/Np is computed to be 1/3.9. The value of the source resistance
referred to the load side RI’ is approximately 0.3 ohm. The value of source
inductance referred to the load side LI is 5.26 qu Under nominal output
voltage and Toad conditions, the ratio VO/VIm = 0.707 and from the set of
performance curves for p = RI/RL = 0.1 in Figure 3.8, k¢ = 0.09 from the
VO/VIm curve and the fi]ter circuit operates in the discontinuous mode.

To meet the nominal ripple requirement of Vop/VO = 0.04, the curve cor-
responding to oy = 2.0 is selected which provides a somewhat smaller value
of ripple. Using the definitions of x = wLeq/RL and wy = w\[E;;E, and the
value of RL = 3 ohms for the nominal load, the values for the Leq and C

are computed to be: Leq = 0.1074 wH, C = 5896 uF. The values of the filter
components are computed to be: L = Leq-LI = 0.1022 mH; C = 5896 uF.

If the filter circuit is to operate in the discontinuous-conduction

mode for all loads within the range of the curves in Figure 3.8, « can vary
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from 0.01 to 0.363. Examining the characteristics of the combined trans-

former-rectifier-filter circuit over this range in « yields the following

resul ts:
Load Condition

Ratio (Using Non-Zero Source Impedance Curves) Minimum  Nominal Maximum
kK = mLeq/RL - 0.01 0.09 0.363
Average output voltage, VO 31.8 vV 30.1 Y 24.6 ¥
Peak-to-peak ripple voltage to output voltage,

qu/vo 0.0046 0.032 0.096
Qutput voitage to peak input voltage, VO/VIm 0.75 0.71 0.58
Average load current, I0 1.2 A 10.0 A 33.T A
Peak reactor current to Toad current, IXm/IO 3.3 2.6 2.0
Rms reactor current to Toad current, IXe/IO 1.6 1.42 1.26

Rms transformer secondary current to

load current, Ise/IO 1.13 1.01 0.89
Power factor of filter circuit, P.F. 0.74 0.77 0.72

Using the nomina1‘10ad voltage and current values as before, addi-
tional information on the characteristics of the remainder of the power
supply circuit may be obtained. Using the values (IXm/IO) = 2.6 and
(IXe/IO) = 1.42 read from the performance curves for « = 0.09, the peak
reactor current IXm and the peak current through the rectifier diodes is
26 A and the rﬁs reactor curvent is found to be 14.2 A. The rms secondary
winding current ISe in a center-tapped secondary is equal to the rms
reactor current IXe divided by qu_and has a value of 10.0 A. The rms

primary winding current, neglecting magnetizing current and using a turns
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ratio of 1/3.9 is 3.64 A. The power factor P.F. is approximately 0.77.

Since the diode forward volitage drop is small compared with the output
voltage in this example it will be neglected. When the output voltage is
small, however, the diode forward voltage drop can be a significant fraction
of the output voltage VO' As mentioned earlier, the diode forward voltage
drop was neglected in the analysis since this factor would have added an
additional parameter to the family of performance curves presented earlier,
There seems to be no easy way to take diode forward voltage drop into account
for the case when the filter is operating in the discontinucus-conduction -
mode without adding an additional normalized parameter to the design curves.

The above example is now repeated for comparison purposes, using
the design curves which assume zero-source resistance which were presented
in Chapter II.

Starting again with the ratio VO/VIm = 0.707, from the curve for this
parameter in Figure 2.6, « is approximately 0.2. To meet gge_hinimum ripple
requirements VOP/VO = (.04, the curve corresponding to wy = 3.0 is selected.
Using the value of RL = 3 ohms for the nominal load, the values of the
filter components are computed to be: L = 0.238 mH; C = 5986 uF.

Examining the characteristic of the combined transformer-rectifier-
filter circuit over the range of « in the discontinuous mode yields the

following results

Load Condition

Ratio (Using Zero-Source Impedance Curves) Minimum Nominal Max imum

K = mL/RL 0.01 0.2 1/3
Average output voltage, VO 39.1 V 30.1T V 27.2 V

Peak-to-peak ripple voltage to output

voltage, VOD/VO 0.0024 0.028 0.038_
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Load Condition

Ratio (Using Zero-Source Impedance Curves) Minimum Nominal Maximum

Qutput voltage to peak input voltage,

VO/VIm 0.92 0.71 0.64
Average load current, IO 0.65 A 10.0 A 15.1 A
Peak reactor current to load current, IXm/IO 4.6 2.3 2.0
Rms reactor current to Toad current, IXe/IO 1.9 1.34 1.23

Rms transformer secondary current to load

current, ISe/ID 1.34 0.95 0.87
Power factor of filter circuit 0.68 0.74 0.73

The peak reactor current I, and peak reactor current through the

Xm
diodes is 23 A. The rms reactor current is found to be 13.4 A. The rins
secondary winding current is 9.47 A. The rms primary winding current is
similarly given as 3.44 A, The value of inductor L calculated using the
design curvaes in Chapter II is greater than that needed in the design

which takes source impedance into account, although the required value of
capacitance C essentially remains the same. Thus the peak and rms values

of reactor current, and the ripple ratio VOp/VO are smaller for the filter
designed using zero-source impedance curves than that designed using the
curves presented in this chapter. For further comparison using the values
for the filter components L and C as computed using the zero-source impedance
curves, i.e., ¢« = 0.2 and wy = 3.0, the value for VO/Vlm from the curves

for p = 0.1 in Figure 3.8 is found to be 0.64. Thus the actual dc output

voltage VO obtained using the filter designed with the curves presented in

Chapter II instead of the curves for p = 0.1 is 27.1 V instead of the
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desired 30 V.
An example using the approximate analytical design relationships

is presented next.

3.4.2 Example Using Approximate Design Relationships

The same filter design example is repeated here using the approximate
analytical design relationships given in Tables 3.7, 3.2, and 3.3.

Starting again with the ratio VO/VIm = 0.707, from the relationship
for K(VO/VIm,p) in Table 3.2, and using the values for 215 dys and R
corresponding to p = 0.1 from Table 3.3, « is computed to be 0.087. Using
the specified value of VOp/VO = 0.04 in the relationship for mN(VOp/VO,K,p)
in Table 3.2, the value for oy is found to be 1.7. Using the value of
R

L

to be: Leq = 0.1039 mH; C = 4404 uF. The values of the filter components

are computed to be: L = 0.0983 mH; C = 4404 uF.

= 3 ohms for the nominal load, the values for the Leq and C are computed

Calculating the characteristic of the combined transformer-rectifier-
filter circuit over the range of « in the discontinuous mode yields the
following results:

Load Condition

Ratio (Using Approximate Analytical Minimum Nominal Maximum
Desian Relationships)

‘f = mLeq/RL 0.01 0.087 0.363

Average output voltage, VO 3z2.1 29.9 Vv 24.5 ¥

x

Peak-to-peak ripple voltage to output
voltage, VOp/VO 0.0069 0.039 0.125
Output voltage to peak input voltage,

VO/VIm 0.755 0.706 0.578
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Load Condition

Ratio (Using Approximate Analytical Minimum Nominal Maximum
Design Relationships)
Average Tload current, IO 1.22 A 9.98 A 347 A

Peak reactor current to load current,

IXm/IO 3.29 2.64 2.01
Rms reactor current to load current,

IXe/I0 1.62 1.43 1.25
Rms transformer secondary current to

load current, ISe/I0 1.14 1.01 0.88
Power factor of filter circuit, P.F. 0.74 0.76 0.72

The results obtained for the three examples for the nominal load

conditions are summarized below.

Example A: Using Zero Source Impedance Curves
Example B: Using Non-Zero Source Impedance Curves

Example C: Using Approximate Analytical Design Relationships

Example
Ratio A B C
K = mLeq/RL 0.2 0.09 0.087
Average output voltage, VO 30,1 V 30.1 Vv 29.9 %V

Peak-to-peak ripple voltage to output voltage,

VOp/VO 0.028 0.032 0.039

Qutput voltage to peak input voltage, VO/VIm 0.71 0.71 0.708
Average load current, Iy 10,0 A  10.0A 9.98 A

Pe&k_reactor current to load current, I 2.3 2.6 2.64

Xm/IO
Rms reactor current to load current, IXe/IO 1.34 1.42 1.43




63

Example
Ratio A B C
Rms transformer secondary current to load
current, Io /1, 0.95 1.01  1.01
Power factor of filter circuit, P.F. 0.74 0.77 0.76

It is seen from the above summary that the results obtained from
the approximate analytical design relationships given in Table 3.2 are in
good agreement with the results obtained using design curves presented 1in

this chapter.

3.5 Conclusions

Methods for analyzing full-wave rectifier LC-filter circuits operating
in the continuous and discontinuous modes with non-zero source impedance were
presented in this chapter. The inclusion of source impedance adds an addi-
tional normalized parameter p = RI/RL to the set of design curves which were
developed in Chapter II. Using the results of the analysis for both modes
of conduction, a set of design curves for various assigned values of p was
generated.

From the design curves, various performahce factors of the filters
can be calculated. The source impedance is always present in an actual
physical system and its inclusion-as a parameter yields a more complete
design. An example was presented to illustrate the design procedures using
the design curves. To illustrate the effect and importance of source im-
pedance on the design and performance of LC-filters, the same example was
repeated using the zero-source impedance design curves presented in Chapter

II. Using the values of k and w, obtained from the design procedure using

N
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the curves for zero-source impedance, and working backward through the
design curves which take source impedance into account, shows that with

the values of « and wy obtained from the design curves in Chapter II, the
dc output voltage ratio VO/VIm will be smaller than the required value,
although the ripple ratio Vop/VO will be smaller than that for the filter
designed using source impedance curves because of the larger inductance
value used. In general, as seen from the design and performance curves for
the LC-filter circuits with non-zero source impedance, for specified values
for the filter components L, C, and RL, i.e., « and Wy > the ripple ratio
Vop/v0 is greater than that obtained from the design curves which do not
take source impedance into account. The actual value of the parameter
VO/VIm is also smaller than that obtained from the design curves presented
in Chapter I1. Thus, a filter design obtained by use of the zero source
impedance curves yields a set of parameters leading to an optimistic design
“in terms of ripple ratio and output voltage to input voltage ratio. In
other words, higher values for the filter components L and C, and supply
voltage are needed than those calculated from the zero-source impedance
design curves to meet the specified requirements of ripple ratio VOp/VO

and desired output voltage VD‘




CHAPTER TV

DESIGN OF AIR-GAPPED MAGNETIC-CORE IMDUCTORS FOR
SUPERIMPOSED DIRECT AND ALTERNATIMG CURRENTS

4.1 Introduction

Various procedures have been reported in the literature for the de-
sign of air-gapped inductors carrying direct current. In most cases, a
particular core with known size and shape is first selected for evaluation.
The procedure then involves calculating a trial value for the number of
turns and the length of the air-gap for the selected core and then analyzing
the combination to determine if all the requirements, electrical and mechani-
cal, for the inductor are met. If not met, then either the number of turns
or the length of the air-gap is changed from its previous value and the
calculations are repeated. The results again are checked against the require-
ments, thus giving rise in most cases to an iterative trial-and-error proce-
dure applied to the selected core.

A1l design methods require the use of a considerable amount of mag-
netic core data which usuaily can be obtained from core manufacturers. One

of the earliest design methods is that presented by Hanna [16] which removes

-
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the trial-and-error process applied to the selected core by using specially
prepared‘magnetic core data. This procedure, however, is 1imited to induc-
tors with small ac flux excursions and also requires the usg of special
magnetic core curves which are not readily available for some modern core
materials. Two recently developed design procedures by Ray and Sartori [18]
and by Mitchell [19] make use of the computer to eliminate the tedium usually
associated with the normal trial-and-error process. An important and dis-
tinguishing feature among the various methods is the way.in which the cgre
incremental permeability data are employed. The methods of [16] and [18]
make use of a single incremental permeability curve which corresponds to the
condition of very small ac flux excursion. The starting point in these pro-
cedures is the specification of the desired inductance L and the direct cur-
rent IDC in the winding. The method given in [19] and the one presented in
this chapter make use of a family of incremental permeability curves and thus
allow for Targe ac Tlux excursions. These procedures also start with a speci-
fied value of inductance operating at a given value of direct current in the
winding. However, additional design constraints consisting of the frequency
and rms value of the fundamental component of ac voltage across the winding,
f an& VAC’ respectively, are imposed on the design procedure. By making use
of the known geometry of the selected air-gap type core, and the specified

dc resistance and current-density specifications of the winding, the number
of turns N are calculated in [18] and [19]. An optimum ajr gap corresponding
to maximum inductance of the core with winding of'turﬁs N is computed by

the design procedure in [19]. The value of air gap found in [18] is

not optimum in the sense defined above. The procedure by Hanna [16] is pre-

sented in detail in the next chapter.
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In this chapter two procedures for designing inductors are presented.
The first, working from a stored bank of magnetic-material data and core-
geometry data, uses a computer to produce a design which is optimized in
the sense of minimum core volume and minimum number of winding turns to meet
a required minimum inductance over a specified range of circuit operating
conditions. The second procedure is somewhat simpler; it does not yield a
design which is optimized as defined above, but it has the advantage that
the computations may readily be carried out on an electronic pocket calcula-
tor. Both design procedures are applicable to most modern magnetic core
materials including, for example, grain-oriented silicon steel, supermendﬁr
and permalloy. While type C cores are used in the examples presented in this
paper, the basic procedures can be extended rather easily to other shapes

such as type E cores, ring cores, and certain lamination structures.

4.2 Design Requirements

An inductor for filtering the ripple voltage in dc power supplies
usually carries a direct current with an alternating current superimposed.
In most cases, the requirements are that the value of the inductance over
the anticipated range of circuit operating conditions be no smaller than
some specified value which will provide for adequate filtering of the fun-
damental component of a wavefTorm of frequency f. For such a filter reactor,
the ac flux excursion usually is large and is determined by the magnitude
and frequency of the fundamental component of voltage-across the reactor.
In the procedures developed in this paper, the following specifications are

used for the design of filter reactors:
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(1) L, the desired minimum value of inductance in henries.

(2} IDC’ the maximum value of direct current in the winding in amperes.

(3) VAC’ the minimum value of the effective or rms value o% ac voltage
at the fundamental frequency f across the winding in volts.

(4) F, the freqﬁency of the fundamental component of voltage appearing
across the reactor in hertz.

It can be shown that a filter reactor designed to provide an induc-
tance L at a direct current IDC and a fundamental ac voltage VAC increases
in inductance if either the direct current in the winding decreases or the
ac voltage across the winding increases. Therefore, a design procedure for.
" minimum specified inductance at a specified maximum direct current and mini-
mum ac voltage will yield a reactor design that satisfies the specification

requirements.

4.3 Analysis

In any design problem, a necessary first step toward finding a design
procedure is an analytical study of the system to be designed. In the develop-
ment that follows, the subscript m stands for quantities related to the‘
magnetic-core material and the subscript g stands for quantities related to
the air-gap.

The magnetic circuit of the type C core shewn in Figure 4.1 is
analyzed under the following assumptions. First, the length of the air-gap
gg is quite small compared to the mean magnetic path length e of the selected
core; therefore, the total mean magnetic path length made up of - and zg is
taken to be equal to L Second, since & _ also is small compared to the

g
core build-up and the width of the magnetic tape, fringing flux is very small
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compared to the total flux in the core; therefore, the effective cross-
sectional area of the gap portion of the magnetic path Ag is taken to be
equal to the effective cross-sectional area of the magnetic material Am for
the selected core.

Having established the nature of the magnetic circuit, attention now
is directed to the curves of Figure 4.2. Plotted in the figure are a nega-
tive air-gap line relationship between Bg and H, shown as Curve 1, and a
normal magnetization curve relating Bm and Hm for a typical magnetic core
material which is shown as Curve 2. The inductance of the reactor winding
of N turns at a particular operating or quiescent point (HmQ’BmQ) is given by

Ya NzAm

L (4.1)
Yo 1+ua(gg/2m) o

. L

where ug is the permeability of free space and Hy is the relative incremental
permeability of the magnetic material at the operating point [20]. An ex-
pression for VAC’ the minimum value of fundamental-component rms voltage
across the reactor, is given by (4.2) in terms of the frequency of the fun-
damental component f, the peak value of the fundamental component of the ac
flux density émAC’ the number of turns N, and the cross-sectional area of

the magnetic core Am.

v Ac = \j'fnl\lfAmBm AC (4.2}

These three relationships--the curves of Figure 4.2, Equation (4.1},
and Equation (4.2)--can be manipulated, as shown in Appendix E, into an

expression of the form

Fl(BmAC’“A’HmQ’L’IDC’VAC’f’lm’Am) =0 (4.3a)
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Figure 4.2. Curve 1: Negative air-gap line.
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The resulting expression derived as (E10} is

where the constants are defined as follows:

~
y—
=g

- 12 2
= uO(ZRmAmHmQBmQ IDCL)/AmBm

Q

Ko §=(“02mHmQ/BmQ)2

s
w
[

2 2
==“0£mIDCL/AmBmQ

& (VAC/\IE“fAm)z
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s
=
[

Ke & L/2ugA_
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(4.3b)

(4.5)
(4.6)
(4.7)
(4.8)

(4.9)

In (4.3), which is the first of two basic relationships, all but the 'two param-

eters BmAC and H, are obtained in a rather direct manner from the perform-

ance specifications, from the guiescent operating point on the normal mag-

L]
netization curve, and from the geometry of the selected core.

The second basic relationship required for the design is obtained

from the experimentally determined incremental permeability curves provided

by the core manufacturer and is of the form Fz(BmAC’“A’HmQ) = Q.

Fo(*) = 0 relationship is graphically portrayed in Figure 4.3 where the re-

lative incremental permeability My is plotted versus the peak ac flux density

excursion BmAC for various values of the quiescent or bias-point values of

HmQ

from the normal magnetization cufve. Figure 4.3 is a plot of data taken
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from [21]1 and [22].

Using the analytical base just discussed, the framework for the design
procedures is now developed. Assuming thét a quiescent point (HmQ’BmQ) for
a chosen core material and core geometry is assigned, solution of the two
relationships F;(+) = 0 and F,{+) = 0 is obtained simultaneously for émAC
and My by iteration on a combination of curve reading and computation. Using
these solution values, the number of turns N and the air-gap length zg are
detérmined, respectively, using (4.10), which is a rearrangement of (4.2),

and using {4.11), which is derived in Appendix E as (E7).

N = VAC/(\/?ﬁfAmBmAC) {4.10)

Qg = 0,5K, (4.11)
where

Ky & -Ky +VKE - 8[K, - (Ka/uy)) (4.12)

The values of N and zg obtained for an arbitrary assignment of HmQ cor-
respond to a design matching all of the imposéd constraints except the mini-
mum turns requirements and a check for windability. To proceed toward an
optimized design for minimum turns for a given set of operating specifica-
tions, magnetic material and core geometry, an additional iterative operation
is performed in which the quiescent operating point is varied until the solu-
tion for N converges to a minimum value. In a later gsection, two procedures
for designing an inductor--one for an assigned quiescent point (HmQ’BmQ)

and the other for minimum inductor turns--are illustrated using a common set

of specification requirements for the two designs.
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4.4 Design Procedures

The objective of both of the design procedures to be discussed is to
determine the turns N, the air-gap length gg, and the wire éize which meets
the designer's current-density specification for a selected magnetic core
material and geometry. The algorithms used in these procedures are ex-
plained in this section by reference to Flow Charts 1, 2, and 3 presented in
Figures 4.4, 4.5 and 4.7. Individual parts of Flow Charts 1 and 3 will be
identified by letters enclosed in brackets, e.g., [A]l, to which reference
will be made in the section illustrating the design procedures by means of
an example. _

In Flow Chart 1, Figure 4.4, starting with the assumption that a
suitable core has been chosen and that a suitable quiesbent point (HmQ’BmQ)
has been obtaiped in some manner, the algorithm for computing the number of
turns N and the air-gap length gg is demonstrated. An integral part of this
procedure is the simultaneous solution of the two relationships Fl(-) =0
and Fz(') = 0 to obtain values of émAC and Uy which are used in computing
N and zg. The algorithm used to compute N and gg developed in this chart
is used as a sub-algorithm in the two remaining charts.

The second chart, Figure 4.5, illustrates a procedure adaptable to
computer-aided design techniques, in which a stored Tibrary of magnetic
and geometric data on commercially available cores is used as the primary
da%a source. This procedure begins by using data for the smallest core in
the library and an initial quiescent point (HmQ’BmQ) £6 calculate N and Eg.
using the algorithm in the first chart. The procedure continues by itera-
tively selecting additional quiescent points and re-computing N and gg,

until a minimum value for the number of turns N is found, along with a
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physically-realizable air-gap length. If the core under examination is in-
capable of functioning to provide the specified requirements, it is discarded
and the next larger core is examined. B

The third flow chart, Figure 4.7, is used to explain a design pro-
cedure which does not produce a minimum-turns design, but incorporates a core
screening function which enables a designer to choose suitable cores and to
design an inductor for a specified quiescent point, using the computational
capability of an electronic pocket calculator. The screeﬁing operation in-
volves a relatively simple computation which indicates cores for which a

physically-realizable air-gap is possible.

4.4.1 Flow Chart 1.

Returning to the first flow chart in Figure 4.4, a closer study of
the algorithm for determining N and gg is made. The operations in this chart
begin with the assignment of the specification requirements of L, IDC’ VAC
and f and the choosing of a magnetic core material and geomeiry and a
guiescent operating point (HmQ’BmQ)’ These steps carry the procedure to an
entry point designated by the number 1 enclosed by a circie. This entry
point, Node 1, %s used by the design procedures illustrated by the two re-
maining flow charts, where the algorithm which follows Node 1 returns to
these procedures values of N and ﬂg. Since the values of HmQ and BmQ are
assigned before entering Node 1, parameters K; through K; are calculated in
Step [A] and treated as constants until another core and/or gquiescent point
is selected. The algorithm for finding N and zg depends on obtaining a solu-

tion set for u, and émAC by an iterative evaluation of Fy(-) to produce a

A
computed error e by using trial values of émAC and the corresponding values
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of My which are read from the incremental permeability curve for the se-
lected vaiue of qu. '

To provide guidance on the magnitude of e representing a good engineer-
ing solution, a range factor aAe is calculated as the magnitude of the dif-

ference between exireme valiues, ¢ and €min in Step [B]. The defining

max

relationships for ¢ and ¢ are shown in the flow chart. Using the range

max min
factor Ae and the precision factor of 0.001, the computation of the error
factor ¢ proceeds in a closed loop using Steps [C], [D], and [E] until the
solutions for émAc and u, converge to within the permitted error bound.
_ Once the solution set is found, the values of N and gg are computed in Step

[F] and the design for the specified requirements of chosen core material

and geometry and the selected quiescent operating point is completed.

4.4.2 Flow Chart 2. ;
In the procedure illustrated in the flow chart in Figure 4.5, an =
optimiz;tion algorithm searches for the combination of quiescent point and
air-gap length which yields a minimum value for the number of turns N on
the reactor. Because no general mathematical model is available which wili
fit the wide variety of magnetic materials in use, purely analytical opti-
mization techniques cannot be applied. However, by the use of an iterative
procedure which employs multiply-dimensioned polynomial fits to experi-
mentally obtained data, an optimized quiescent operating point and air-gap
lenath can be determined. ) -
The algorithm in this flow chart operates on a base of data for com-
mercially available air-gap cores such as the type C geometry. The data

base includes core dimensions and sample points taken from the normal mag-

netization curve and from a family of relative incremental permeability
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curves for the designated core material. For each sample point [Hm(I),Bm(I)]
selected as a data-base point on the normal magnetization curve, there is a
corresponding member of the family of relative incremental permeability
curves which also is stored as a set of sample points [Hm(I),émAC(I,J),
uy(1,9)7.

Starting with the smallest core in the data 1ibrary and the first
sample point [Hm(l),Bm(l)] on the normal magnetization curve, polynomial
interpolation is used té approximate intermediate values of u, on the corre-
sponding  incremental permeability curve [Hm(T),émAC(I,J),uA(1,J)] when
seeking the so1u?ion value émAC in steps [C}-[D]}-fE] of Flow Chart 1 the
first time that this sub-program, marked by the circled number 1, is en-
countered near the top of Flow Chart 2 in Figure 4.5. The value of turns
M and air-gap 1engﬂ1£gare thus determined for this first sample point.

This procedure is repeated for each of the M sample points on the normal
magnetization curve.

The particular sample-value quiescent point [Hm(K),Bm(K)] corres-
ponding to the smallest calculated value for turns-N is used as the starting
point for another interpolation routine. This interpolatjon procedure is
used in a search for that particular intermediate value of quiescent point
on the normal magnetization curve which produces the minimum number of
turns N. The interval searched spans the range covered by this starting
sample point and the two adjacent sample points. For each intermediate
trial value of quiescent point HmO’ polynomial interpolation is used to
approximate the corresponding value of BmQ on the normal magnetization curve
when preparing to compute the design constants K-I to K6 in Step [A] of Flow
Chart 1 when the sub-algorithm marked Node 1 is encountered near the center

of the flow chart in Figure 4.5. The interpolating scheme for obtaining
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the values of and p and the value of u, corresponding to the
A max A

A,min
trial émAC’ which are used in Steps [B]-[C]-{DJ-[EJ in Flow Chart 1, is

described with reference to Figure 4.5. The interpolation routine makes use
of Lagrange's interpolating polynomial of sixth degree [23]. The data points
used in establishing the required polynomials correspond in all cases to the
six points closest to the most recently established trial point. Points
marked by crosses on the relative incremental permeability curves shown in
Figure 4.6 represent the sample points stored as a part of the data base.

The six relative incremental permeability curves corresponding to the six
sample points on'the normal magnetization curve which are closest to the
trial quiescent point magnetizing force HmQ are used for interpolation. The

values of M max and u for intermediate trial vailues of HmQ are approxi-

A,min
mated by interpolation using, respectively, the six data points, illustrated

in Figure 4.6 by circles surrounding the crosses, which correspond to the

~

sample point values of M, for B and B on the six closest re-

mAC ,max mAC,min

lative incremental permeability curves. To obtain a value of My correspond-

ing to the trial value of émAC’ indicated in Figure 4.6 as B and

mAC,trial
needed in Step [D] of Flow Chart 1, two interpolations are used. The first

interpolation provides values of u, corresponding to BmAC,triaT for each of
these six closest incremental permeability curves. The location of the
points corresponding to these six values of uw, are shown as circles in
Figure 4.6, These My values are then used as six data points in a second

interpolation to find an approximate value of u, corresponding to the trial

A

quiescent point HmQ and B This procedure of two interpolations

mAC,trial"’
is repeated until a solution value of émAC is obtained in Steps [C]-[D]-[E]

in Flow Chart 1. The values N and Rg corresponding to this trial quiescent
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point are computed and N is compared with the Towest previously calculated
number of turns. This itrial quiescent value HmQ is then incremented by a
prescribed amount AHm and the procedure described above is fepeated.

After the minimum value for N and its associated air-gap are found for
a selected core, the maximum vms winding current is computed, a wire size
is chosen, and the winding factor is computed. If the core is windable,
the pertinent information on core size number, minimum turns Nmin’ air-gap

g,opt’ )
wire size and winding factor Fw are printed, If the core is not windable,

for the optimum desiagn & quiescent operating point (H

mQ,opt’BmQ,opt

or if it is desired to obtain a design for a larger core, the next larger
core size is selected and the procedure perfo}ms another set of computations

to obtain a possible design.

4.4,3 Flow Chart 3.

The third flow chart, presented in Figure 4.7, shows-a-procedure
which may be emplioyed to design an air-gapped magnetic-core inductor, using
the computational capability of an electronic pocket caleculator. This pro-
cedure does not produce an optimized design with minimum turns for a given
core and set of specifications. However, by means of a relatively simple
screening process, the procedure does permit a designer to determine which
cores among those available to him are capable of yielding designs with phys-
ically realizable air-gaps. Cores which pass this screening process then
may be considered further by using the algorithm for determining N and gg
flow charted in Figure 4.4,

The design procedure begins with the specification of the design

requirements in Sfeq [G].and the selection of a candidate magnetic core
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material, calculation of a parameter (H%Qpﬁq) the selection of a core

min’
geometry and choice of quiescent operating peint (HmQ’BmQ) ?5 indicated in
Step [H]. The screening rule, which is developed in Appendix F, depends
on decisions made on inequality exprgssions involving a constant Kg which
is a function of certain of the design specifications and of the core geo-
metry. In Step [J], if Kg is greater than HmQBsz the design equations
will yield a workable core and N and 29 are computed as indicated by the
branching to Node 1, which represents the entry point to the N and zg
algorithm of Flow Chart 1. If this Ky inequality relation proves to be
false, then Ky is tested in Step [K] to determine if it is greater than
pO(H%QUAQ)/Z, where MAQ is the maximum value of u, On the relative incre-
mental permeability curve corresponding to the selected quiescent point.

A true condition of this inequality again Teads to the computation of N

and 2q- The false condition leads to a final check on the value of Kg

. cr s 2
in Step [L] where it is compared to the parameter ”O(HmQ”AQ)min/z' The
latter parameter is unique to the particular magnetic material chosen and
- + * 2

is the minimum value of uO(HmQUAQ)/Z over the range of HmQ and MAQ for
which data are available. If the value of Kg is greater than the value of

parameter “O(H%Q“AQ) /2, the core will permit a design with a physically

min
realizable air-gap if a new quiescent or bias point is chosen in Step [N]

which satisfies the inequality .in Step [K]. If the inequality in the third

decision inequality is not satisfied, then a larger core must be selected

-

in Step [M] and the process repeated.

When a combination of core geometry and gquiescent operating point is '
found which leads to values of N and zg, the rms winding current is deter-

mined in Step [0] and a wire size is chosen according to the current density E
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constraint imposed by the designer. The winding factor then is computed in
Step [P] and if the winding factor is acceptable, Step [Q], the design is
completed. If the core is not windable, a larger core is selected and the

screening process is re-entered.

4.5 Example to ITlustrate Design Procedures

To illustrate the design procedures previcusly described, a sample
design for a filter inductor is presented in outline form. The procedure
which is illustrated in some detail is that shown in Filow Charts 1 and 3,
Figures 4.4 and 4.7, and is suited to the use of an electronic pocket cal-

culator on which the computations shown were made.

Flow Chart 3.

(6] Specifications: L = 0.5 H; I..=0.15A; V,. = 1.0 V; f = 60 Hz;

DC AC

Fw,max = 0.4
[H](i) Choose magnetic material:
Grain-oriented 3 percent silicon steel
Normal magnetization curve (Figure 4.2, Curve 2)
Relative incremental permeability curves (Figure 4.3)
Calculate (H%Quaq)min: From extreme left end of upper curve
in Figure 4.3, (0.1 x 79.577)2(2800) = 1.77 x 105(A/m)
(ii) Select Core:
= . = L2 . = “ym2
- 0.120015 m; Am 1.613 x 107+m2;, Awn ) 4,838 x 1074m
(iii) Select a bias point:
A bias point is arbitrarily assigned by the designer. Choice
of a bias point in the knee region of the normal magnetization

curve usually has been found to lTead to workable designs. Choose

HmQ = 37.83 A/m {0.4 oersted); BmQ = 1.2 T (12.0 kilogausses)




[I]
[3]
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HmQBmQ = 38.196.

Calculate Ky: K, = 2.9072 x 10°
Kg > HmQBmQ; go to Node 1, the entry point for the algorithm for

calculating N and &_. Since Kg > HmQBmQ’ steps [K] and [L] are not

g
used.

Flow Chart 1

[A]

[B]

' [c]

Calculate Ky, Koy K3y Kyy Ky Kgt

Ky = -5.2863 x 107 K, = 1.6003 x 107"
CKg = 7.3047 x 107° K, = 5.409 x 102
Ks = 0.24003 Ke = 1.2334 x 10°

Read from relative incremental permeability curve.
For HmQ = 31.83 A/m (0.4 oersteds)

6200 at B =1.4T7 '

uﬂ,max - mAC ,max
Calculate: ¢ __ , € . , Ae
s max> min
= 5 = - 5
emax 2.1908 x 10 Emin 6.039 x 10
Ae = 8.2305 x 10°
Choose trial value of BmAC:
Tgia1 BmAC inT Next Step
0.
1 0.04 Go to [D], trial no. 1
2 0.03 Go to [D], trial no. 2 ;
b
3 0.0279 Go to [D]1, trial no. 3 '

4 0.02807 Go to [D], trial no. 4




[D]

Read value of Uy from relative incremental permeabiiity curve cor-

responding to HmQ = 31.83 A/m and value of BoAc froT [Cl; calculate

Kz and e:
TE;?1 My Ko . Next Step
1 880 2.4242 x 107% 2.9737 x 105 Go to [E], trial no.
2 800 2.5098 x 1074 7.8649 x 10 Go to [E], trié] no.
3 785 2.5275 x 107 -5.9982 x 103 Go to [E], trial no.
4 790 2.5215 x 10°*® -7.3500 x 102 Go to [E], trial no.
[E] Test value of |e| against precision range-factor
0.001ae = 8.2305 x 102:
TE;?] Next Step
1 le| = 2.9737 x 105 > 8.2305 x 102 6o to [C], trial no. 2
2 le| = 7.8649 x 10% > 8.2305 x 102 Go to [C], trial no. 3
3 le|] = 5.9982 x 103 > 8.2305 x 10?2 Go to [C], trial no. 4 .
4 le| = 7.3500 x 102 < 8.2305 x 102 Go to [F]
[F] Calculate N and zg:
N = 828 turns
Eg = 1.261 x 107 m
Return to Flow Chart 3, step [0]
Flow Chart 3
[0] Calculate I, "and choose wire size:

I = 0.150211 A

Xe
Using a current density of 5.0671 x 10 7 m2/A (1000 circular mils/A),

wire size AWG 28 is satisfactory.
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[P] Calculate windability:
For AWG 28 with heavy Formvar insulation, the total area of the wire
and insulation Awr = 1.051 x 1077 m2 (207 circular mils); Fw = 0.18.

Selected core is windable and design is completed.

The design example illustrated is not an optimized design, in the sense

of minimization of turns. Using the same magnetic core material data and
core dimensions, the following results were obtained from a computer program
which implements the optimization algorithm described earlier in Flow Chart

2 of Figure 4.5, The results of the nonoptimized design results are recapit-

ulated for comparison.

Optimized Design Nonoptimized Design
N 738 828
’q 1.156 x 107 * m 1.261 x 107 % m
HmQ 30.24 A/m (0.38 oersted) 31.83 A/m (0.4 oersted)

4.6 Conclusions

The design procedures presented in this chapter are particulariy useful
in the case of filter inductors for electronic power supplies where the wind-
ing usually must carry a large direct current in addition to presenting a
high reactance to the fundamental component of the alternating current. By
incorporating into the procedures experimentally determined relative incre-
mental permeability curves, the large ac flux excursions normally encountered
in such applications can be taken into account. 1In the computer-aided de-
sign procedure, an important feature is the optimization algorithm for deter-
mining the quiescent operating point and air-gap length yielding the minimum

number of turns. An easily used screening process which permits a designer




to identify candidate cores for which a physically realizable air-gap is
possible and a relatively simple procedure for solving for the incremental
permeability and ac flux density excursion using an electronic pocket cal-

culator are provided in the second procedure.

90




CHAPTER V
DESIGN OF AIR-GAPPED INDUCTORS USING SPECIALLY
PREPARED MAGNETIC CORE DATA

5.1 Introduction

In Chapter IV it was mentioned that Hanna's method provides a direct
and easily used procedure for the design of air-gapped inductors by using
specially prepared magnetic core data [16]. Hanna's method, however, is
1imited to the design of inductors with smail ac flux excursions. The meth-
od uses specially prepared magnetic core curves wh%ch unfortunately are not
available for some of the modern core materials.

This chapter presents a direct calculation procedure for the design
of air-gapped inductors with large ac flux excursions. The heart of the
new design procedure depends on the development of specially prepared mag-
netic core data calculated from core material data which are available
from core manufacturers. Using the results of the analysis in Chapter IV,
and following the pattern of Hanna's development, a set of design curves
is generated. These curves make use of a family of relative incremental
permeability curves and thus aliow large ac fiux excursions to be taken in-
to account. For a selected core, by using these cugﬁes a designer can find
the length of‘the air gap 2g and the number of turns N for the winding to

meet the design requirements given in Chapter IV.

(91)
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Using the results of the analysis of a magnetic circuit with an air
gap presented in Chapter IV, the design relationships are developed. Fol-
Towing a discussion of the generation of design curves with the help of a
digital computer, an example is given to illustrate the deéign procedure.
The procedure for generating the design curves is presented in detail in
flow chart form in Appendix H. Toward the end of the chapter a comparison
is made between Hanna's curves and the design curves presented in this

chapter for corresponding cases of small values of ac flux excursions.

5.2 Design Relationships Used in Generating Hanna's Curves

The design relationships used in Hanna's method, given by (5) and

(6) in Ref. [161, are repeated here as (5.1} and (5.2)

'
2 BE -+ Eﬂiz x 1078

R (5.1)
\J - -I RJ '
0.4m(— + -3
Ha Rm
NI B L
DC - mQ rL- 1 + —9'] i (5‘2)
Rm 0.4w Mpe Qm

4
where v = RmAm js defined as the magnetic core volume. When these equations

are written in SI units, using BmQ = uouDCqu, they take on the form:

2
ngc [uonQ ¥ zm BmQ]
v : ] %91 (5.3)
Upl— + ’
0 Up 2m
NIpe [hofing * 2 Brgd
= i (5.4)
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Rearranging (5.3) and (5.4) leads to

2
LI U 2 B
_Dc _ u A (_ﬂ.tmg.+ H )2 (5.5)
v 0 L ‘8w mQ
g m 0
THu g
m
NI 2 B
Q,DC = Eﬂ_ﬂq_.;. HmQ (5.6)
m m Ho

The values for the relative incremental permeability Ha used in (5.5) by
Hanna are for very small values of ac flux excursions and thus depend only
on the dc operating point HmQ on the normal magnetization curve. A typical
curve of u, versus qu for 3-percent grain-oriented silicon steel for very
small ac flux excursions, obtained from References [21] and [22], is shown in
Figure 5.{. Using data from such a curve and from the associated normal
magnetization curve, such as shown in Figure 4.2, Chapter IV, for an assigned
value of air-gap ratio ﬁg/zm, equations (5.5) and (5.6) are treated as para-
metric equations with HmQ as the parameter, to obtain a curve of LISC/v
versus NIDC/Qm. For a given value of air-gap ratio, several values of HmQ
are assigned and the corresponding values of My and BmQ are used in {5.5)
and (5.6) to determine the associated values of LISC/v and NIDC/Qm. A plot
of these two quantities for various values of air-gap ratio is known as a
set of Hanna's curves, and is iliustrated for 3-percent grain-oriented steel,
Permalloy 80, and Supermendur in Figures 5.2, 5.3, and 5.4, respectively.
Using Hanna's curves, an inductor can be designed to meet the re-
quirements of specified inductance L, and dc current(IDC in the winding. For
the selected core, the value of LIEC/v is determined using the specified
values of L and IDC’ and the known volume v of the chosen core. The corres-

ponding value of air-gap ratio Rglzm and NIDC/Q,m are determined from the
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set of Hanna's curves. The required value of air-gap zg and turns N are thus
determined from the known path length L of the selected core, and the
specified value of IDC‘ _

In the next section, Hanna's method is extended and design relation-

ships which take large finite ac flux excursions into account are developed.

5.3 Design Relationships when AC Flux Excursions 'are Large

In this section, a set of design relatignships for use in generating®
design curves is developed. From the analysis of a magnetic circuit with
an air gap presented in Chapter IV, the expression for N is given by (E-2)
in Appendix E and is repeated here for convenience.
q = QgBmQ + gmUOHmQ
Ho'pe

(5.7)

Substituting the value of N given by (5.7) into the expression for L given

by {(4.1) in Chapter IV, the resulting expression becomes

[ - u& (EgBmQ + Q,muonQ )2 ﬂr_ﬂ_ (5 8)
Hy L UOIDC [3 '
14w, 2 "
AT
m
Rearranging (5.8) leads to
L B £ A
L= fa g mg .,y 42 mm (5.9)
0 g Ty Twg T mQT T2
T+ WA 7 oe )

Recalling the definition of the magnetic core volume™v = RmAm in (5.9) and
rearranging leads to the first basic relationship given by (5.10}.

2
Lipe Hp Y4
= (2’

—_— =
Vv 0 g
__g_ m
]+“A2,m

B

lTlQ+ Hm )2

™ Q (5.10)
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The second basic relationship is obtained from the expression for

the alternating voltage across the inductor given by (4.2) in Chapter IV,

VAC = J?ﬂNfAmBmAC (5.11)
Rearranging (5.11) leads to
~ ¥
AC
Bac (5.12)

i J?waAm

The other basic relationships required for the design are obtained from the
experimentally determined normal magnetization curve and incremental perimea-
bility curves as illustrated, for example, for 3-percent grain-oriented
silicon steel in Figure 4.2 and Fiqure 4.3, respectively. These four rela-
tionships, which include equations (5.10) and (5.12) and curves typified by

2. % VAC
Figures 4.2 and 4.3, contain seven variables s T qu, qu, .
~ v m JemifA
BmAC’ and My These can be manipulated into a single relationship in
LI c Ay o
— gm, BmAC’ and qu, which can be symbolical-

1y represented by the functional notation

terms of the four variables

(5.13)

More particularly, using symbolic functional notation., the value o% My used
in (5.10) is obtained from the family of relative incremental permeability
curves where the dependence of M, upon both the dc operating point HmQ on
the normal magnetization curve and upon the peak ac flux excursion BmAC can
be indicated by use of the symbol ”A(HmQ’ gmAC)' Similarly, the value of
BrnQ obtained from the normal magnetization curve as & function of HmQ only
can be expressed functionally as BmQ(HmQ)' Thus, the expression for LI%C/v

given by {5.10) can be written in a form useful as a design relationship
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similar to the one given by (5.13) as

2 ~
LI ,B
oc _, _ sl Buac? a "gng) |, 2 (5.14)
Vv 0 ~ Eg- sz UO mQ )
1+ “A(HmQ’BmAc)gm
LIz 2.«
which relates the four parameters _ DC

9
S s gm’ BmAC’ and qu.
A second relationship used in the design procedure to be discussed
in the next section is obtained by rearranging (5.7} in the form

NI

7 {(5.15)

2 B
BC . Zg mQ ,
m  ‘m M M

Q

This relationship given by (5.15) is used in computing a design parameter

(NIDC)
m

opt for the design curves.,
For very small values of peak ac fiux excursions BmAC’ the design re-
lationship (5.74) used in the present development reduces to (5.5) used in
Hanna's method and the second relationship given by (5.15) is identical to
the corresponding (5.6). The design curves which make use of design rela-

tionships (5.14) and (5.15) and which take large finite ac flux excursions

into account are presented next.

5.4 Design Curves

Families of curves for three different materials, 3-percent grain-
oriented silicon steel, Permalloy 80, and Supermendur, which relate design
2 o . . .
parameters LIDC/v and BmAC for various values of a1r:gap ratio Qg/lm, were
generated with the help of a digital computer and are shown in Figures 5.5,
5.6, and 5.7. These families of curves were obtained using magnetic mater-

ial data in the form of tha normal megnetization curve and the family of
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relative incremental permeability curves in conjuhction with the design re-
Tatfjonships (5.14) and (5.15). The algorithms used in generating these
design curves are explained in detail in Appendix H. For any assigned value
of air-gap ratio 29/2 the right-hand side of (5.14) can be considered to
be a function of HmQ and BmAC only, and a curve of LI c/v versus BmAC for

some value of HmQ can be produced. To do this, for a specified qu, a value
of BmAC = BmAC,min is assigned, and the values of BmQ and L corresponding
nq 29 Brac,min
Figure 4.3, respectively. These values are substituted in equation (5.14)

to H are obtained from curves such as those of Figure 4.2 and
to determine the corresponding value of LI%C/v. Similarly, the values for

2 . o . . .
LIDC/v corresponding to BmAC,min for various values of HmQ are obtained in

this manner. The optimum value of HmQ = H for a specified value of

mQ,opt
Rg/ﬂm which yields the maximum value of LIEC/v is used in generating the de-
sign curve for a given zg/zm. The value of NIDC/Rm = (NIDC/zm)Opt corres-
ponding to HmQ,opt is calculated from (5.15). Using HmQ;ﬁﬁf for HmQ in
(5.14) and varying Bac from the specified minimum BmAC,min to the maximum

a 2 5 . . . A
BmAC,max’ a curve of LIDC/v.versus BmAC is obtained as illustrated in Figure
5.5 for silicon steel. 1In a similar manner, design curves for other air-
gap ratios are obtained.

Using these design curves, an inductor can be designed to meet the
requirements of specified inductance L, dc winding current IDC’ rms value
of the sinusoidal inductor voltage VAC’ and frequency f of the ac voltage.

. 2

Both the ordinate LIDC/U and the parameter (NIDC/2 )Opt increase as the
air-gap ratio is increased, as seen from the design curves. For a selected

air-gap ratio, the value for parameter ngc/v also increases with increase

in value of peak ac flux excursion BmAC' For a selected core, the value of
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LI%C/v is determined using the specified values of L and I e and the known

D
volume v of the chosen core. The corresponding values of zg/zm, (NIDC/Rm)

opt’
and EmAC are determined from the curves in Figures 5.5, 5.6 or 5.7. The
required values of air gap 29 and turns N are thus determiﬁed from the
specified values of IDC and the known mean path length Rm of the selected
core. The actual value for the gmAC is calculated from (5.12). To meet the
design requirements under all operating conditions, the value of gmAC cal-
culated from (5.12) should be greater than the value obﬁained from the de-
sign curves; in other words, the designer should insure operation on tﬁe
selected lglﬂm curve at a point corresponding to a value always higher than
the calculated LI5./v.

In the following section, the complete procedure for designing an

air-gapped inductor using these design curves is developed and an example

is presented.

5.5 Design Procedure

Using the design curves developed in the preceeding section, a
step-by-step procedure for designing air-gapped inductors is now presented.
[A] The specifications for the inductor are: desired minimum inductance
L; maximum dc winding current IDC; minimum rms value of ac inductor
voltage VAC; frequency f of ac voltage; maximum winding factor
Fw,max'

[B] 1) Choose magnetic material

2) Select core: Rm’ Am’ v, window area Awn‘

[C] Calculate Elgc/v: Using the specified value of L and I,. in [A] and




[D]

[E]

[F]

[6]

[H]
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known v of the selected core in [B], the value of LISC/v is calcu-
lated.

Choose a design curve corresponding to the smallest air-gap ratio
that intersects the line paraliel to the abscissa anﬁ passing

through the ordinate point corresponding to LISC/v calculated in [C].
Read from the design curve: Read the values of correspondiné

(NIDC/Rm) , and Boac at the intersection.

opt
Calcuilate ﬁg, N, and BmAC: From the known specifications and core
dimensions in [A] and [B] and from [E], the air-gap Tength Qg, turns

N, and BmAC are calculated using the equations

lg = (ag/zm)zm
N = (NIDC/gm)opt J?‘m
o
~ e
A Emnea

If EmAC calculated in step [F] is greater than that obtained in step
[E], continue to step [H]. If not, choose a curve corresponding to a
larger air-gap ratio and return to step [E].

Determine wire size and check windability: Calculate the rms wind-
ing current I, using step [0] in flow chart 3, Figure 4.7 in Chapter
IV and select wire size based on this from a wire table. Compute the

winding factor Fw‘ If FW < F the design is complete. If not,

= ‘w,max’
select a larger core and return to step [B]. -

To illustrate the design procedure, an example is now presented

using these design curves. To provide a comprehensive comparison of all
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three methods, the same example is repeated using Hanna's curves, and using

the computer program for optimum design presented in Chapter IV.

5.5.1

[A]

(e]

[c]
[D]

[E]

[F]

Example Using New Design Curves

Specifications: desired minimum inductance L = 0.55 H; maximum dc
winding current IDC = 0.2 A; minimum rms value of ac inductor volt-
age VAC = 5.0 V; frequency of ac voltage f = 120 Hz; maximum winding
factor Fw,max = 0.4.

1} Choose magnetic material: 3-percent grain-oriented silicon

steel

4 5

2) Select core: L =0.12m; A =1.613 x 107 m?s v = 1.936 x 10”

3. - -4 2

m-s Awn 4,838 x 10 " m.

2 .. 2 N

Calculate LIDC/v. LIDC/v = 1137
The design curve corresponding to Qg/ﬁm = 0.0014 is chosen in Figure
5.5.
Read from design curves for the chosen magnetic material: read the
values for (NIDC/gm)opt’ and BmAC from Figure 5.5 corresponding to
the value of LIS./v = 1137 calculated in step [C].

L

2+ = 0.0014
m
NIDC
(—Earﬂopt = 1489 ampere-turns/meter
BmAC =0.058T

Calculate zg, N, and BmAC:
From the known specifications and core dimensions in [A] and [B] and

from [E]
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by = 1.68 X 107% m
N = 894
B yc = 0.065 T

Fal

[Gal B oAc calculated in step [F] is greater than that obta%ned in step
[E], continue to step [H].

[H] Calculate Iy, and choose wire size: From step [0] in flow chart 3
in Chapter 1V

IXe = 0.2007 A

Using a current density of 5.0671 x 10—7 m2/A (1000 circular mils/A),
wire size AWG 27 is satisfactory. For AWG 27, the total area of the
‘7 m2(

wire and insulation Awr = 1.312 x 10 259 circular mils);

Fw = 0.24; selected core is windable and design is completed.

5.5.2 Example Using Hanna's Curves

The example in Section 5.5.1 using the same core size and magnetic
material is now repeated using Hanna's Curves. Corresponding to the value
2 .. . .
of LIDCA)- 1137 calculated in step [C], the values for Rg/lm and NIDC/£m are

read from Hanna's curves in Figure 5.2.

2
IL 0.0016
m
NIDC
- 1550 ampere-turns/meter
n )

-

The values for the air gap Rg and N are calculated from the known

core dimensions and specified IDC'
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N

930

¢ =1.92x 10 % m

g
Based on the d¢ current in the winding IDC = 0.2 A_and from step [Fl

1]

and {G], the wire size AWG 27 chosen and winding factor Fw is calculated as
0.25.

Thus it is seen that designs obtained using Hanna's curves require
a larger air gap and larger number of turns N for the winding to meet the
same design requirements.

The above example was repeated using the computer program presented
in Chapter IV. Using the same magnetic core material data and core dimen-
sions, the following results were obtained from a computer program which
implements tﬁe optimization algorithm described earlier in Flow Chart 2 of
Figure 4.5. The results of the designs using Hanna's curves and the design

curves presented in this chapter are recapitulated for comparison

N %q
Hanna's Curves 930 1.92 x 1074
New Design Curves 894 1.68 x 107 m
Optimized Design, Chapter-IV 861 1.60 x 1074 m

From the above table it is seen that the design obtained using
Hanna's curves yields the largest number of turns N and air gap zg and the
design obtained using the computer-implemented optimization algorithm yieids
the smallest number of turns N and air gap 29 to meet the same design re-
quirements. The design obtained using curves presen@ed in this chapter re-
quires a larger air gap and larger number of turns N than the optimized

design but smaller than the design using Hanna's curves.
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5.6 Comparison with Hanna's Method

The design relationships used in generating Hanna's curves and the
design curves presented in this chapter, are given by (5.5) and (5.6), and
(5.14) and (5.15), respectively. As mentioned earlier, the value of rela-
tive incremental permeability Hp in (5.5) is for very small values of peak
ac flux excursion EmAC and depends only on the dc operating point HmQ on
the normal magnetization curve. The values of Ha used in {5.14) are taken
from a family of relative incremental permeability curves shown in Figure
4.3, and depend on both the gmAC and qu. Thus for a selected air-gap
ratio, a curve of LI%C/v versus‘NIDC/zm is obtained when the dc operating
point HmQ on _the normal magnetization curve is varied from some minimum
value to some maximum value. As seen from Hanna's curves in Figure 5.2, for
a given air-gap ratio the curve of LI%C/v approaches a maximum value for
s0me qu. In the case of the design relationship given by (5.14), as ex-
plained in Appendix H, for a given air-gap ratio a curve of LISC/v Versus
EmAC can be obtained for each dc operating point HmQ on the normal magneti-
zation curve as the peak ac flux excursion gmAC is varied from some minimum
to maximum value. For a given qu, the minimum value of LISC/v occurs at
the point where gmAC is minimum. Hanna's curves are for very small values
of ac flux excursions, and thus for a given air-gap ratio, Hanna's curves
can be considered as loci of these minimum values of ngclv. As discussed
in Appendix H, only the curve corresponding to the maximum value of LI%C/v
is used as one of the design curves presented in Fig. 5.5 in this chapter.
For a given air-gap ratio, the minimum value of LI%C/v that is obtained

from the design curves in this chapter corresponds to the maximum value of
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LIEC/v obtained from Hanna's curves. Thus, for very small values of ac flux
excursions, the design curves presented here approach the maximum values of
Hanna's curves. By taking larger ac flux excursions intoc account, advantage
is taken of higher values of relative incremental permeabi1ity in calculat-
ing the design parameter LI%C/v. Therefore, for the same value of desired
inductance, a smaller number of turns is always required when using the de-
sign curves presented in this chapter than that determined using Hanna's

curves.

5.7 Experimental Verification

A number of type "C" cores made of grain-oriented 3-percent sili-
con steel, have been designed and assembied according to the results from
the design procedure. The measured values of inductance and ac flux-
density excursion agreed with values obtained from the design procedure
within five percent. Because it is impractical to adjus;_gge air-gap
length to the exact design value specified by the design results, a part

of the difference between the measured and predicted performance can be

attributed to this effect.

5.8 Conclusions

Specially prepared magnetic core data in the form of curves useful for
designing air-gapped inductors were presented. These curves make use of
core data available from manufacturers of air-gapped cores. Making use of

these curves, a straightfﬁrward method of determining the length of the
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air gap and the number of turns for the winding is presented. As opposed to
Hanna's curves, by incorporating into the design curves relative incremental
permeab%lity data, the large ac flux excursions encountered in filter induc-
tors are taken into account. Advantage is taken of the larger values of
relative incremental permeability for finite ac flux excursions. For a
specified air-gap ratio, these design curves yield the maximum value for
ngc/v. The design obtained from Hanna's curves is more conservative as it
yields a larger number of turns N for the winding than needed to operate
under finite ac flux excursions. The design obtained from the design
curves presented in this chapter is not optimized in the sense defined in
Chapter IV but always yields a smaller number of turns than that obtained

from Hanna's curves.




CHAPTER VI

DESIGN OF ENERGY-STORAGE REACTORS FOR DC-TO-DC CONVERTERS
USING AIR-GAPPED MAGNETIC-CORE STRUCTURES

6.1 Introduction

This chapter develops the procedure for designing the energy-storage
reactor for dc-to-dc converters using an air;gapped core. The development
here follows closely the material presented in Ref. [15].

Methods for designing the energy-storage reactor for dc-to-dc con-
verters using computer-aided and table-aided technigues have been developed
which use energy balance relationships and a designer-selected maximum Flux
density in the magnetic core as the major design constraints [9, 12]. These
procedures cover the reactor design for the twelve converter configurations
which result from the combination of the three single-winding power stages
(voltage stepup, current stepup, voltage stepup/current stepup), and the
two-winding voltage stepup/current stepup power stage, and the three con-
trollers (constant frequency, constant on-time and constant off-time). Sim-
plified circuit diagrams of the four power stages are jllustrated in Figure

6.1. Developed particularly with gapless powdered permalloy and ferrite

-
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toroidal cores in mind, past procedures make use of a collection of data
from a finite population of core sizes and permeabilities. This paper
builds upon the analytically derived design equations presented in these
references and develops new procedures which permit the design of the
energy-storage reactor using a magnetic core with an air gap. The use of
such cores permits the selection to be made from an innumerable population
of core size-permeability combinations and makes available a wider range

of magnetic core sizes, particularly in the larger volume sizes.

6.2 Analysis of the Magnetic Circuit

The introduction of an air gap of length zg into a magnetic circuit
with mean magnetic path length %, causes the permeability parameters usually
associated only with the non-air-gapped circuit to change vrather considerably.
The composite-circuit permeability parameters, usually referred to as ef-
fective permeabilities, may be obtained from approximations given below,
provided that the length of the air gap is small enough so that the total

path length of the air-gapped circuit, o + 2 _, may be approximated by the

g
quantity R and that the.cross-sectional areas of the magnetic material

Am and the air gap Ag are taken to be equal, thus implying negiigible fring-
ing in the gap region. Under these circumstances, the air gap modifies the
effect of the relative normal permeability of the magnetic material, desig-

nated by the symbol Hpe? to produce an effective relative normal permeability

for the composite magnetic circuit defined by

“DC,eff = HDC/[] + (UDCQQ/—Qm)] (6-1)




116

and the effective relative incremental permeability defined by

UA,Eff = Hﬂ/[] + (Uaﬂg/ﬂm)] (6-2)

where yu, is the relative incremental permeability of the magnetic material

A
alone at the dc bias point of the core. If the quantities (chzg/zm) and
(qugfzm) are both large with respect to unity, then these two effective
relative permeabilities are equal and can be represented by the single sym-

bo1l Maff: where

Beff = ¥DC,eff T Ha,eff - 'm''g (6-3)

Since at any bias point the incremental permeability of the magnetic material
is Tess than the permeability obtained from its normal magnetization curve
at the same point, the condition necessary for (6.3) to hold is that

(pAzg/zm) be large with respect to unity, or

My >> ﬂm/ﬂg (6.4)

This condition is one that normally is met without difficulty for
most air-gapped magnetic circuits when the magnetic material operates below
the knee of its saturation curve and the air-gap ratio (zg/zm) is moderately
Targe. An important implication of this condition is that essentially all
of the energy stored in the magnetic core is concentrated in the air gap
and very Tittle in the magnetic material. The air-gapped reactor appears
as a linear element and thus permits use of the anaiygic re]étionships of

Ref. [12], which are based on an energy-balance analysis of dc-to-dc con-

verters, to be applied directly to the design of air-gapped reactors.




117

In Ref. [12], Eq. (19), a fundamental relationship between the re-
guired minimum voiume of a homogeneous powdered permalloy or ferrite magnet-

ic core is established. This relationship, rewritten as

Vmin _ YoMeff® (6.5)

is in terms of uo, the permeability of free space, the effective relative

permeability, and a factor § which is defined as

§ = 2aN (6.6)

m,max/ (Bmax - BR) ‘

The quantity AW is the amount of energy in joules which must be trans-

m,max
ferred by the reactor over one switching cycle under the operating condition
corresponding to maximum power flow through the converter. This quantity
is a function of the power stage specifications and a time parameter which
depends on the type of controller. Parameter Bmax is a designer-specified
maximum value of flux density which is reached but is never exceeded. The
choice of a value for Bmax depends on the type of magnetic material selected
for the reactor. BR is the residual flux density of the magnetic material.
Using the expression given in (6.3) for effective relative permeabi-
1ity in an air-gapped core subject to the restriction set by (6.4), the
minimum voiume for meeting the energy transfer requirement for a converter
is

Vmin = Pobtul%y - (6.7)

Since the volume of an air-gapped core is equal to the actual cross-sectional
area A of the magnetic material (gross core area times stacking factor) times

the mean magnetic path length, i.e., Vi " Amgm’ in order to meet the require-
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ments of (6.7), the inequality

Am,v,g 2 1y (6.8)

must be satisfied. This relationship is of fundamental importance in the pres-
ent  development. The left hand side, under the assumption Am = Ag, rep-
resents the volume of the air gap portion of the composite magnetic struc-
ture. Thus, (6.8) establishes a minimum value for the volume of the air gap
in terms of the permeability of free space and the parameter § which is a
function only of the power stage and controller specifications and the maxi-
mum allowable flux density in the core.

From the air-gap volume inequality of (6.8), it is seen that the de-
signer has the choice either of picking a value for Am, using magnetic core
catalog data, then computing tﬁe required minimum value of air gap ﬁg, or
picking a value for 2g, then obtaining an appropriate core with Am greater
than the minimum value for core cross-sectional area Am,min'
choices are expressed in (6.9) and (6.10), where the use of minimum values

These two

allows an equality relationship.

Lg,min Hg8/ Ay (6.9)

In summary, in this section the conditions required of an air-gapped
core to function as the energy-storage reactor in a dc-to-dc converter have
been established which provide a simple relationship between the effective
relative permeability of the composite structure and the mean magnetic path
length and the air gap length. Using the results of previous procedures

based on maximum energy transfer requirements, a relationship between the
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volume of the air gap portion of the core and converter specifications and
maximum aliowable flux density was developed. This relationship may be
interpreted to yield minimum values for either the core cross-sectional
area or the air gap length. In the foliowing section, the complete pro-
cedure for designing an energy-storage reactor for this application is de-

veloped and an example is presented.

6.3 Design Procedure

Given the specifications of the power stage and controller, the
essential elements of the design procedure invelve the selection of the
geometrical form for the magnetic circuit, the type of magnetic materiail,
and the determination of the core size, the air gap length, and the number
of turns. In this section, the detailed steps are outlined and an example
is presented to illustrate the design procedure. The power stages included
in the design procedures are the three frequently encountered single-
winding configurations for voltage stepup (VU), for current stepup (CU),
and for voltage stepup/current stepup (UD), and the two-winding configura-
tion for voltage stepup/current stepup (2UD). For each power stage, three
controllers--constant-frequency (FQ), constant on-time (TN), and constant
off-time (TF)--are considered. In Ref. [12], equations are identified,
where appropriate, by equation numbers with suffix letters which identify
the power stage type. The same form of identification is used when needed
in the step-by-step procedure which follows. )
A. The specifications for the converters considered in this paper are:
desired output voltage VO; expected minimum and maximum input voltages

v and V

1,min 3 transistor saturation voltage VQ; diode voltage drop VD;

I,max?

expected maximum value of output power Py 3
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and a time parameter which depends on the type of controller employed--the
switching period T = 1/f for (FQ), transistor on-time tOn for (TN), or
transistor off-time toff for (TF). In the two-winding configuration, the
presence of the additional winding, as pointed out in [1C],provides an addi-
tional degree of freedom in the design procedure. By utilizing the extra
degree of freedom, any one of various design constraint options can be in-
corporated into the procedure. These design constraints are: A, duty cycle
centered at a specified value; B, specified minimum duty cycle; C, specified
range of duty-cycle variation; D, specified maximum transistor collector-
to-emitter voltage; E, specified maximum diode reverse voltage; H, specified
maximum duty cycle; and J, specified turns ratio. Table II in Ref. [12] pre-
sents the option constraint equations for the turns ratio v = Yy = NP/NS,
where the subscript y represents one of the constraints A, B, C, D, E, H

or dJ.

B. Choices that are to be made which are associated with the magnetic cir-
cuit are: type of magnetic structure and material, and maximum allowable

flux density Bma Compute the values of ¢ and &, which are functions of

e
the converter specifications and B ax using from Ref. [12], Eq. (1), (3), or
(5}, depending on the controller type (VU), (CU), (UD), or (2UD).

C. Specify either the air gap length zg or the cross-sectional area Am of

a selected magnetic core. If the air gap is specified, continue to step D.
If Am is chosen, then additionally selecting the core with the smallest value

of 2 results in the smallest core volume and gives the greatest assurance

that the inequality in (6.4) is satisfied. Proceed to step E.
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D. Compute the value of A using the value of zg chosen, select a core

m,min

with Am greater than or equal to A

. an f i ssed in
m.min d a value o zm as discu

step C, and compute the value of K9 using the equations

Am,m'in - u06/9‘9

/a)1'/?

Kg =1+ [0~ (e/8) (A, Lo /A

9

E. Compute the value of & using the value of Am chosen, select an

g,min

, and compute the value

air gap zg which is greater than or equal to Rg,min

of K9 using the equations
Yq,min = upd/Ay
_ 1/2
Kg=1+101- (g/S)(gg,min/Eg)]

-

Continue to step F.
F. Using the value of i obtained in step C or E, and the value of 5. for
the core selected in step C or D, compute the effective relative permeability,
using the approximation given by (6.3)

.

Marr = Lyl ¥

As a caution, at this point the designer should be aware that too Targe a
value for Hoff might indicate that the inequality in (6.4) is not satisfied.
In such a case, choice of a larger value for zg or a smaller value for Am

-

in step C will result in a smaller Hoff Continue to step G.
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G. Compute K10using the appropriate expression, according to type of power

stage.
(VO/ZPO,max)ﬁVI,min"VQ)(Bmax_BR)/(V A 'VQ) (Vu)
KH)= (VO/ZPO,max)(Bmax'BR) (cu)
(\(VO/ZPO,max)( I,min~ )(Bmax R)/(VI min 0+VB VQ) (UD)
- (VO/ZPO,max)(VI,min"VQ)(Bmax"BR)/(Y(VI min_ Q)+V (2UD)

Using the value of zg obtained in step C or E, and the values of K10 and
K9 just obtained, compute the turns N (for single-winding reactors) or Np and

Ng (for a two-winding reactor) and inductance L or Lp and Ls'

N N =KK
or Np = KgKo* Mo
NS = YNp
L = NZA /%
Mot Pm’ *g

- 2
Lp = uONpAm/zg

o
I

2
= LP(NS/NP)

Compute the maximum rms winding current I using Ref. [12],

Xe,max
Eq. (2), (4), (6), depending on controlier type, for (VU), (CU), (UD), or
(2UD). Select the wire size and compute the windability of the reactor.

If the winding factor is too large, return to step C and choose a smaller

air gap or choose another core of same Am with Targer value of a0
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To 111u§trate the design procedure outlined above, an example design
is now presented using the International System of Units (SI). The power
stage is a single-winding voltage stepup configuration and is controllied by
a constant-frequency controiler.

A. The specifications are:

VI,min =18 V VQ = 0.5V
VI,max =24V VD =0.8YV

VO =28V f =2 kHz
PO,max = 400 W T = 500 s

B. Choose a C-core structure with magnetic material of grain-oriented 3%
silicon steel with tape thickness of 1.016 x 10"4 m {4 mils). Choose

Bmax = 1.0 T. Using Eq. (1,V¥U), Ref. [12], assuming the residual flux

density BR =0,

o _ _ 2
§=¢= (ZTPO,max/VO)(VO+VD VI,min)/(Bmax BR)

0.1543

C. Choose the air gap Tength zg to be 6.096 x 10—4 m (24 mils).

D. Compute Am , select core, and compute Kz.

,min

4 2

A = ugd/2y = 3.181 x 107" m

m,min

Choose a core with gross core area of 3.632 x 10"4 m2. Using a stacking

2

factor of 0.9, Am = 3.269 x 10'4 m . Choose the smalTest available value

of 2= 0.1832 m and window area A = 1.116 X 1073 m2.

Ko = 1+ 01 = (2/6)(Ay pin/ADT/Z = 1.168
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| F. Compute Hoes

Vaff © zm/zg = 300
G. Compute K]O’N’ L, and IXe,max' For the voltage stepup configuration,
Ko™ Vo/2Pg max) V1, min = Vo) (Brax = B}/ (Vg * Vp - Vp)
= 2.164 x 1072

N = K9K10£g/u0= 13 turns

—
1

2 -
uON Am/zg = 114 uH

Using Eq. (2,VU), Ref. [2],

IXe,max )
v 2 2 7172
PO,max(V0+VD;yQ) e | Mol min o) VgtV min] C 46 A
VAV, ¥ 2 2 '
0 I,min @ LPO,max(V0+VD'VQ)

Using a current carrying capacity of 5.067 x ]0"7 mZ/A (1000 circular mils/A}, :
a wire size of AWG 6 is selected. For double-coated insulation, the winding

factor is 0.167, which is satisfactory, and the design is complete.

6.4 Conclusions

The procedure for designing the energy-storage reactor for dc-to-dc
converters which is reported in this chapter is applicable to a variety of
types of magnetic structures in which an air gap is inserted. The analysis
which Teads. to the fundamental relationship for the required minimum volume
of the air gap region depends upon the principal assumption that the product

of the incremental permeability at the core operating point and the air gap
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ratio be large with respect to unity. This condition usually can be met
with most common structures and materials. Since the required minimum air
gap volume is the product of the gap length and cross-sectional area, the
designer has the choice of specifying either one and computing the minimum
value of the other. The quantity determining the minimum required volume
is a function of the power stage and controller specifications and the
specified maximum flux density in the core.

Previously reported research results provide the basic expressions
which permit calculation of the minimum air gap volume for twelve combina-
tions of power stages and controllers. Once the air gap volume is determined,
either by initially specifying the air gap and choosing a core with given
cross-sectional area or by specifying a core at the outset with a given
cross-sectional area and then determining the air gap, the remaining important
design parameters can be obtained. Using the values for the physical dimen-
sjons of the chosen core, including air gap, the effective relative permeabil-
ity , turns, inductance, and maximum rms winding current can be determined,

a wire size selected, and windability checked. If the chosen core is not
windable, the design procedure Teads back to a point where another choice
may be made which will Tead to a windable design.

Since the procedure is independent of the type of air-gapped structure
and magnetic material and depends only on the physical dimensions of the
chosen core and air gap, it should be useful in many applications where
powdered permalloy or ferrite cores may not be app1icéb1e or available be-

cause of costs or size requirements.




CHAPTER VII

CONCLUSIONS AND SUGGESTIONS
FOR FUTURE RESEARCH

7.1 Conclusions

The research reported in this dissertation provides the power elec-
tronics system designer with useful analytical guidance and practical usable
procedures for designing LC-filters for use with full-wave rectifiers, and
air-gapped inductors for filters and for a group of widely used dc-to-dc
converters. The design procedures presented in this dissertation eliminate
most of the conventional trial-and-error procedures which are frequently
followed in designing these power subsystems. Methods for analysis of
full-wave rectifier LC-filter circuits operating both in the continuous-
conduction mode and discontinuocus-conduction mode are also presented. The
design procedures presented here are well suited to computer-aided design
techniques, but calculations required in most of the procedures are easily
made on an electronic pocket calculator.

Chapters II and ITI present the steady-state anaiyses of rectifier

LC-filters operating both in the continuous- and discontinuous-conduction

(126)
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modes. In Chapter II analyses are presented for the case when the impedance
of the sinusoidal supply source is assumed to be zero. - In Chapter III

a finite value for the source impedance is assumed. in the continuous-
conduction mode, linear circuit analysis techniques are employed, while

in the case of the discontinuous mode, the method of analysis requires
computer solution of the piecewise-linear differential equations. An
algorithm is presented which permits rapid determination of the periodic
steady-state in the discontinuous mode using digital computation. Frdm
these methods of analysis sets of curves and approximate relationships
useful for designing filters are generated., Using these curves or relation-
ships, a designer can select the inductor, the capacitor, the diodes, and
the transformer to'meet a set of specified requirements.

In Chapter IV, two design procedures are presented for the design of
inductors using air-gapped magnetic cores. The first uses a computer to
produce a design which is optimized in the sense of minimum core volume and
minimum number of turns to meet a required minimum inductance over a speci-
fied range of circuit operating conditions. The second procedure does not
yield a design which is optimized in the above sense, but it has the advan-
tage that it may readily be followed by hand calculations or with a calcula-
tor. An easily used screening process which permits a designer to identify
candidate cores for which a physically realizable air gap is possible, is
also provided in the second procedure.

Using the analysis of a magnetic circuit with dair gap which was pre-
sented in Chapter IV, specially prepared magnetic core data in form of design

curves are generated and presented in Chapter V. The most important feature
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of this approach is the straight-forward method for computing the number of
turns and the length of the air‘gap for the selected core for meeting a set
of design requirements. This approach does not yield as muéh information
as the methods in Chapter IV do, but it does provide the designer with an
easy method to quickly reach a workable design.

In Chapter VI, a procedure for designing energy-storage reactors for
dc-to-dc converters using air-gapped cores is presented. The analysis, based
on the energy-transfer requirement of the reactor, leads to a simple rela-
tionship for the reguired minimum volume of the air gap. Determination of
this minimum air gap volume then permits the selection of either an air gap
or a cross-sectional area. Having picked one parameter, the minimum value
of the other immediately 1éads to selection of the physical magnetic struc-
ture . Although the magnetic cores used in the examples throughout the
dissertation are type C cores, the design equations and procedures presented
are independent of core geometry and magnetic material used and can be ex-
tended rather easily to other shapes such as type E cores, ring cores, and
certain 1aminationm§tructures. It is believed that the design procedures
presented in this dissertation can significantly reduce the time and the
effort required to design LC-filters for full-wave rectifier supplies, filter

inductors, and energy-storage reactors in dc-to-dc converters.

7.2 Suggestions for Future Research
Three particular areas for future research have. suggested themselves
during the course of this research effort. The first area is concerned

with the analysis of the LC-filter when it is a part of the regulator system
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in which the source waveform is a square wave with a certain duty‘ratio. It
is suggested that the analysis methods presented here be investigated for
applicability to the complete filter-regulator system.

Secondly, in the dissertation, in the design procedure for inductors
with air-gapped cores a uniform air-gap was assumed. It is suggested that
analysis of the magnetic c¢ircuit with non-uniform air-gap be attempted and
advantages and disadvantages of inductors with non-uniform air-gap be in-
vestigated. Thirdly, in the design procedure for air-gapbed inductors,
fringing flux was assumed to be negligibly small. It is suggested that
design of air-gapped inductors be attempted for the case when fringing flux

is a significant portion of total flux in the core.
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Appendix A
DERIVATION OF EXPRESSIONS FOR THE LC FILTER OPERATING
IN THE CONTINUOUS-CONDUCTION MODE, CHAPTER II %

The principle of superposition is used to compute steady-state voltages .

‘and currents in an LC-filter operating in the continuous-conduction mode. The '

equivalent circuit of the filter operating in the continuous-conduction mode é
is shown in Figure 2.2. First, reducing the sinusoidal component of the voltage
source vi to zero, the dc currents and vo]fages in the filter due to the %
appiication of a dc voltage source of value ZVIm/“ are given as below: %
|

2y, |

IX = —= (A1} i
L

2y ;

y, = _1m (A2)

0 T
The response of the filter to the second harmonic component of the
voltage source vi is computed by the sinusoidal steady-state method. The
filter impedance Z(j2w) as seen by the sinusoidal source of frequency 2w

in radians/sec is given by

R

J2uC

-I -
RL ¥ 32uC

Z(32w) = j2uwl +

(131) i
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Eq. (A3) is simplified to

. (RL—%ZLCRL) £ 520l

The magnitude |Z(j2w)] and phase y of filter-impedance Z{j2w) may

be obtained from (A4) in terms of wy> K and RL

a2 I 2
. ) RL‘/l Bufit16uli+dx

12(320)] = N (A5)
V 1+(4w§/x2)
Y = arc tan [2x/(1-4mﬁ)] ~ arc tan (2mﬁ/é) (AB)

From Figure 2.2, the value of ix due to second harmonic component

is given by

o= 4VIm cos2wt (A7)
X 3r ZL(j2u)

Substituting |Z(j2w)] and ¢ from (A5) and (A6) for Z(j2w) in (A7) leads to

- L. 2
] 4va,/1 + (4u/2)

iy = cos(2wt-y) (A8)
8.2 b1g.2
3TrRHJ 1-8ud+1 60+«
Defining 71(j2w) as the parallel combination of RL and 1/3j2wC
RL

1Z1(j2uw)| = (A9)

v 1+(4mﬁ/i€2)

¢ = -arc tan (Zwﬁ/K) (A10)
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Thus, the output voltage Vo is given by
vy = iy Z1(32) _ (AT7)

Substituting for TX and Z,(j2w) from (A8), (A9), and (A10) in (A11)
and simplifying leads to

4V1m
Vo < " cos{2wt-y+e) (A12)

317{ 1-8ult1 Bult+ 42

The total inductor current ix is obtained by summing the dc and ac

components given by (A1) and (A8), respectively

N a4y ‘h+(4m“/:<2)
Im _ _Im N cos{2ut~p) (A13)

X 'erL - —
3nR, { 1-8uf+6u+ax

i

Using the same approach, the total output voltage Vo is obtained by summing
components given by (A2) and (A12),

4VIm
v, = - cos (2wt-pt+e) (A14)

3w 4] —Swﬁﬂ 5m§+41<2

From the alternating component in (Al14), the peak-to-peak ripple
voltage VOp is

8VIm
Vo, = (A15)

Op
31r‘/ 1-8ud+1 uiit 42
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and the average output voltage VO from (A14) is

_ 'Im
VD = _ (A16)
from (A13), the peak and vrms values of inductor current, IXm and IXe’ are
L
4VIm 1 ‘}]+(4wN/K2)
5 t (A17)
xm TI'RL 2
Q.2 b2
3 V/ 1-8u?+16ufl H4x
b, o
_ 4VIm l.+ (1+4wN/K )
ke wR T 18(1-8u3+16ulit4c?) (A18)°

In the case of a center-tapped transformer, current in the two
secondary windings flows during alternate half cycles and is equal to ix.
Thus, the rms value of current in each secondary winding ISe is

N S LY
Ie, ngﬂ f i2de (A19)

0

or

i
I _ Xe

Se ;j%f

(A20)




Appendix B

DERIVATION OF EXPRESSIONS FOR THE LC FILTER OPERATING

IN THE DISCONTINUOUS-CONDUCTION MODE, CHAPTER II

In this Appendix, the expression for Vo and 1X given by (2.11) and

(2.12), respectively, are derived. The derivations of the expressions for

0

_v. and 1X,when the diodes are conducting in the discontinuous-conduction

mode are given in Section B.1. The expressions for the case when the diodes

stop conducting are derived in Section B.Z2.

B.1 Diodes Conducting

The equivalent circuit when a diode is conducting is shown in Figure

2.3A. The state equations for the circuit are

Differentiating (B2) and multiplying by L Teads to

LC

di
X1 _ .,
a7 V1 Vo (81)
dv v
01 _ . 01
Cat - (B2)
L
) .
Mo, T L Yo (83)
o2 &t "R dt

-
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dt

Let & = wkt

Substituting for Ldix] in (B3) from (B1) and rearranging

dv

d2y .
01 L 01
LC + 5 + Vo = Vg
g2 | R dt 01 T VI
dy dv dy

= ——— =

2 2
Aoy _ 2950

dt2 da?

| Substituting for dv01 and d2v01 in (B4) from (B5) and (B6) leads to

dt

w2lC

2
, Vo 4V

dt2
d2y dv

01 , ok 701 Y -ed
Tor TR e Vo1 T Vrsin(e-so)

Writing this last equation in terms of Wy and «x

®N

VIm

to be of the form

de?

B.1.1 Solution for VOT

t e ge t Vo1 T VIms1n(e—eo)

The particular solution of Vo1 due to the forcing function

-
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(B4)

(B5)

(B6)

(B8)

sin(e-8,) is obtained first. Assuming the particular solution for Vo
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vp = A sine + B cose (B9)

and substituting the value of Vp and its derivative from (B9) in (B8) and
equating the co-efficients for sins and cose from both sides of the resulting
expression leads to the following set of simultaneous equations for unknowns

AV and BV

A,(T-wg) ~ Bk = Vp cosgg (B10)

Ak + B (T-uf) = -V sing, (B11)

Simultaneous solution of (B10) and (B11) yields the following values for -

Av and BV

Vo [coseg(1-wd) -« singy]
L N ° (B12)

v (1-wﬁ)2 + k2

V. [~siney{1-wd} -k cose,]
Im 0 N 0
B = B13
v (]—mﬁ)z + k2 ( )

The homogeneous part of solution is obtained next. The homogeneous part of

the equation (B8) is

d+y dv
01 01
+ +v.. =0 (B14)
N de>2 de 01
let the solution be of the form
v, = Det® (B15)
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Substituting Vi in (B14), the corresponding characteristic equation is
mﬁkz +ka+1=0 : (B16)
For the discontinuous-conduction case
4wﬁ > g2 (B17)
Thus, the roots of (B16) are given below
11,2 = 8 + ja (B18)

where

B = -K/Zwﬁ (B19)

a = (\’ ﬂrwﬁ - K‘2)/(2mﬁ) (B20)
The homogeneous part of the solution for Vg1 can be written as
vy = exp(se){CVs1nae + D, cosae} (B21)

The complete solution for Vo1 is obtained by adding the particular
solution vp and the homogeneous solution v given by-(B9) and {B21}, respec-

tively

VO](B) = A sinetB cosatexp(ge){C, sinaetD, cosas} (B22)

P




From {B21),

dv

v
= o1 .

01

i a1
X1 dt R

or

dv

v
, o Yor1 | Vo
tq(e) =0t =+ =
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(B23)

(B24)

Substituting the expressions for v, and its derivative from (B22) into

(B24) leads to

: 1 . .
.I — e
X](e) R [ Ais1ne+Bicose+exp(Be){Cis1nae+Dic05aa}} (B25)

L

where

A, = A, - (Bof)/x
B; = B, + (Af)/«
C; = C, + (wf(BC 0D ))/k
Dy =D, + (mﬁ(BDV+GCV))/K

B.2 Diodes Not Conducting

(B26)

(B27)

(B28)

(B829)

The equivalent c¢ircuit when diodes are not conducting is shown in

Figure 2.3B. .The state eqguations are

dvo2

C & tr -

(B30)

(B31)




140

(B30) can be written as

dv v
02 02 _
Let the solution for (B32) be
Vop = 2 H6-61) (B33)

Substituting for v,, in (B32) from (B33), the root of the characteristic

02
equation is found to be

_ T _ k
A= - wCRL = o (B34)
Thus
vgo(8) = a fexp{-(6-0;)x/uwf}] (B35)
at 6 = 64,
Voo = voz(el) (B36)
From (B35) and (B36)

Thus,

V() = Vgp(er)expi-(6-6))x/uf}] (838)




Appendix C
DERIVATION OF EXPRESSIONS FOR THE LC FILTER WITH NON-ZERO
SOURCE IMPEDANCE OPERATING IN THE CONTINUQUS-CONDUCTION
MODE, CHAPTER III
In this appendix, the expressions for voltages and currents in the
filter circuit with source impedance included, are derived for the case when
the filter operates in the continuous-conduction mode.
From the equivalent circuit in Figure 3.2A and following the method

in Aopendix A, the dc output voltage VO and inductor current IX are given

by
I, = EEITE?TY (c1)

- Im
VO = ST (c2)

For computing response to the second harmonic, the filter impedance

7{j2w) seen by the harmonic is

Z(j20) = Ry + jaul__ + _J2eC (c3)

(141)
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From (C3)}, the maanitude |Z{j2w)| and phase y of the impedance

Z{(j2w) in terms of Wy> Ks 05 and R s

. (p+]_4mﬁ)2+(21<+(2pwﬁ)/i<)2
Z(j20)] = R <
L
'I+(4wﬁ/!<2)

¥ = arc tan [(2K+(2pmﬁ)/K)/(p+1-4wﬁ)]
- arc tan [CZmﬁ)/K]

FolTowing the method in Appendix A, ix and Vg are given by

4y ,/ T+(4ud) /k2
L Im 7€ cos (2ut-p) (C6)

3nR ,J (o+1-4u2) 2+ (2200} /1) 2

4y
= - Im cos(2ut-v+e) (C7)

VO -
37 J(-p'l"[ —4wﬁ)2+(2}c+29wﬁ/1<)2

Adding the two responses, the total inductor current and output voltage is

4V1.m [ 1 ‘\J 'i+(4w[ff[)/’r<2

obtained as

2(p*1)

cos(th—w)} (€8)
3 J( p+l -4wﬁ) 2+( 2K+prﬁ/}<) 2

-
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v, = N T !
0 7 | 2(pt])

cos(th—w+¢)J (C9)

3 \/ (p+1—4mﬁ)2+(2K+2pmﬁ/K)2

From (C8), the dc output voltage VO and peak-to-peak ripple VOp are given by

2V

- Im
Yo = 2oe1) (c10)
8y
Vo, = im (C11)

Op

3wy (p+1~0u2) 2+(2c(2002) /)2

From (C7), the rms and peak values of inductor current Iy, and I, are ob-

tained from the expressions

4y (1+(4w) /2
1, = - J 1, (uf) /) (C12)
"L 4(p+1)2  18((p+1-80d) 2+(2c+(200}) /) 2)
" J (2 /e2)
_ _Im 1 N
Lo = 7R, |20e1) * (c13)

3y (p¥1-0uf) 2+ (2t (2002) /)7




Appendix D
DERIVATION OF EXPRESSIONS FOR THE LC FILTER WITH NON-ZERO
SOURCE IMPEDANCE OPERATING IN THE

DISCONTINUOUS-CONDUCTION MODE,
CHAPTER 111

In this appendix, the derivations of the expre§sions for Vg and
1X when the diodes are conducting in the discontinuous-conduction mode are
presented. The derivations for the case when the diodes are not conducting
is the same as given in Section B.2 of Appendix B, and will not be repeated
here.

For the equivalent circuit shown in Figure 3.2A, the differential

equation for Vg1 can be written following the procedure in Appendix B,

Section B.1

dv R

01 wh 01 I :

+ (&= + R C)—— + (5= + 1)v,, = V. sin{e-g,) (D1)
402 RL 1%/ dg RL 01 Im

d2y
w2LC

Writing (D1) in terms of s Ks and p

dvm

K. W‘*‘ (p-”)VOT =Y sin(e-eo) (D2)

Im

(144)
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where
k. =k + (pwﬁ)/x (D3)

Solution for Vor'
As described in Appendix B, Section B.1, the particular solution

for VO] can be obtained as
vy = Avrs1ne + Bvrcose : (D4)

where

_-2) - 1
.- VIm [coseo(p+1 mN) Krs1nea] (05)
vy _,2y2 2
{p+1 mN) + k5

v [— sineg(pti-wd) - « cosed]
= Im N r (D6)

_wm2)2 2
(p+] mN) + Kr

BVP

For the homogeneous part of the solution, the roots of the char-

acteristic equation of (D2) are for the case 4wﬁ(p+]) > K?

where

= e /22 (08)

ep = (N 4f(o+1) - <2)/(26f) (09)
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As in Appendix B-2, the solution for v,, and i is found to be

01 X1

v01(9) = A,.Sin8 + B cosé + exp(Bra) [C Sine @ + DVPCOSQPB] (D10)

v

. _ 1 . .
1X](8) = RL {Airs1ne + Bircose + exp(sre){cirs1nare + Dirc05are] (D11}

For the case K% > 4wﬁ(p+]), the roots of the characteristic equation

~

oy = B to! (D12)

oy = B ~a' (D13)

a' = (D14)
The solution for VOE and iX] is obtained as

VO](B) = A,.sine + Bvrcosa + C&rexp(ale) + D&rexb(aze) (D15)

. -1 . ‘ '
1X](e) —‘RL [Airs1ne + Bircosa + Cirexp(ale) + Direxp(uze)] (D16)

ir vy K (D17)

Bip = Byp ¥ _—?TEE (D18)




Where Cvr’ DV

1] u 1]

Ik

Cl., Cér(1+(wﬁa1)/K2)

1l

Dip = Dy (1+{ufea)/x?)

1 1] N .
s Cvr’ and Dvr are given as follows:

. 2 .
L-kVypsindo/ug) = A,y = B (VpsTngg-B, )1/,

. . 2 '
[az(VIms1n60—Bvr) + (KVImS1n90/wN) + Avr]/(az-a])

[(KVImsinGO/m§)+Avr+u](VImsine -8, 1/ (ay-0q)

0 “vr
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(D19)

(D20)

(D21)

(D22)
(D23)

(D24)




Appendix E

DERIVATION OF F](é Tpes Vags F» 2 A) = 0, CHAPTER IV

mAc? Ya Tmge bo Ince Vac:

Referring to Figure 4.2, it can be seen that the negative air-gap
1ine passes through the point (Nlaclkm,o) with a slope equal to -uonm/zg
and intersects the normal magnetization curve at the point (HmQ’BmQ)' The

negative air-gap Tine equation can be written:

Bg = uO(NIDC - gmH)/gg (E1)

where N is the number of winding turns and g is the permeability of free

space. Substituting HmQ and BmQ for H and Bg and rearranging (E1) leads

to an expression for N.
N = ('Q'QBIHQ + RmuonQ)/uOIDC (EZ)

Inductance L for the winding is given by the expression

N2A

where My is the relative incremental permeability for the core material at
a given operating point [20]. Substituting (E2) into (£3) and multiplying

the result by lm[u + uA(lg/am)] yields .

(148)
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= 2 2
Le Dl (/001 = my A2 B + 2ugH o) /ug T8, (E4)
which can be rearranged and simplified to

23 + [22mu0HmQBmQAm - IZ.L)/A BzQ]g (E5)

+ [(2'2U6H‘%Q/qu) (UO DCLQ- /A BmQ“A)] =0

Fquation (E5) can be written in terms of zg’“A and constants as
23 + Klzg t Ky - Kg/u, =0 (E6)

where K;, K,, and K3 are defined in (4.4), (4.5), and {4.6) respectively.
Roots of Rg for the quadratic equation (E6) in zg are given by (E7) in which
only the positive sigﬁ for the square root term can lead to a meaningful
physical value for zg and therefore is shown in the expression. This is

shown in Appendix @.

2y = 0-50K, £V K - 4lK, - (Ko/u)]] (E7)

‘To determine the remaining unknown quantity My in (E7), the peak ac
flux density émAC must be found. émAC is related to the rms .ac voltage
across the winding for the assumed sinuscidal fundamental frequency component

as follows:

V,. = <J2uNfA BmAC (E8)

-

AC

Rearranging (E8) to obtain an expression for N and then squaring leads to

= Ku/B (E9)

mAC
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where K, is given by (4.7).

Substituting the expression for N2 in (E9) and the expression for

Eg from (E7) into the equation for L given by {E3) leads to the relationship
(E10) which is the desired form Fy(-) = 0.

KS 2 K3 K"-l'
Fi(+) = Kg i Ky + Ki - 4(Ky - '1'1'—) - = = () (E10)
A A

where Kg and Ky are defined by (4.8) and (4.9)

- o -




Appendix F
DERIVATION OF THE SCREENING RULE FCR A PHYSICALLY
REALIZABLE AIR GAP, CHAPTER IV

The screening process included in Flow Chart 3, Figure 4.7, is based
on the consideration that, for the air gap to be physically realizable, the
expression for mg given by (E7) in Appendix E and in the text as (4.11) must
yield a real positive gquantity. Two sets of conditions will be considered
by examining the value of the expression for K; given by (4.4) and repeated

here as (F1)

= - 12 2
1 = g (2 A Bro = T3cLI/A B2, (F1)

The parameter K; can also be expressed in terms of K, and Kj, which are de-

fined by (4.5) and (4.6), and is given by (F2)

Ky = 24Kz - (Ky/2,) (F2)

»

Case It K3 20

Using the definiticn of K; in (F1), the inequality K; < 0 is equiva-

lent to the inequality (F3)

2
IhcL/2n Ay 2 HgBio (F3)
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and using (F2), it is equivalent to the ineguality

(Ks/2.) 2 2\/K_2 ' : (F4)

The specification-dependent parameter Kg used in the screening pro-

cess and calculated in Step [I] of Flow Chart 3 s defined as
2
kg & 13.L/2L A (F5)
Thus, for K; to be equal to or less than zero, (F6) must be satisfied

Ke 2 HygBng (F6)

Under this condition, zg will be a real number if the discriminant in (E7)

is equal to or greater than zero or if

K2 + (8Ky/u,) 2 4K, (F7)

Using the value of K; from (F2), the inequality in (F7) reduces to

(Ke/a ) + (4n./u,) 2 44JK; (F8)

Since (F4) holds for the case under consideration, the smallest value for
the left side of {F8) occurs with the equality sign in (F4). From (F8), for

gg always to be a real number with any combination of Lo Wy Ky, and Ks,

A
then

(42,/w,) > 24K, (F9)
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Using the value for K, from (4.5) in this expression leads to the inegquality

(F10)
2B,/ ugw aPng > 1 (F10)

For essentially all quiescent or bias points and all magnetic materials (F10)
is satisfied. Therefore, when the inequality expressed by (F6) and shown in
Step [J] in Flow Chart 3 is satisfied, the selected core and quiescent point

are satisfactory for continuation of the design procedure.

Case II: K; > 0

For this condition, which corresponds to Kg < HmQBmQ’ in order for

zg to be a real positive number,
Ks/u, > Ko (F11)

Using the expressions for K, and Ky from (4.5) and (4.6) and rearranging
terms leads to inequality (F12) which must be satisfied for a core to be

considered further.
2
K > g(H2qu,0)/2 (F12)

When the inequality expressed in (F12) and shown in Step [K] in Flow Chart
3 is satisfied, the selected core and guiescent point are satisfactory and
the design procedure may be continued.

If (F12) 1is not satisfied, a final test is made which compares Kg

with the value of “o(H /2. The parameter uO(H2QuAQ)m1'n/2 is the

2 .
mQ“AQ)m1n m
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minimum value that the product HO(H%Q“AQ)/Z can take on over the range of
the magnetic core material data available. If inequality (F13), shown as

Step [L] in Flow Chart 3, is satisfied,
2
K8 ;Uo(HmQuAQ)an/Z (F]S)

Then choosing a new value of HmQ in Step [N], which will satisfy the in-
equality (F12) in Step [K], will allow the continuation of the design pro-
cedure. If (F13) is not satisfied, a larger core must be selected and the

screening procedure re-entered.




Appendix G
DISCUSSION ON THE QUADRATIC ROOTS FOR tgs CHAPTER IV

As mentioned in Appendix E, only the positive sign in front of the
square root term is considered in the expression for Rg given by (E7). With

the negative sign, the expression for 29 becomes

by = 0.50-K - VK& - 4Lk, - (K3/u,)] ] (61)

Case I: Ky = 0O

Using the definition of K; in (F1), the inequality K; < 0 is equiva-

lent to the inequality (G2)

12

2.L>2e AM

- mQBmQ (G2)

Inequality (F10) given in Appendix F, which is easily satisfied for essen-

tially all magnetic materials and bias points, is rearranged as follows

uOuAHmQ/BmQ < 2 (G3)

Substituting for 2 in (G2) from (G3) leads to inequality (G4)

-

2 [ 2
IDCL g uOUA mAmHmQ (64)
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Let

K11= K2 - (K3/UA)

From (4.5) and (4.6)

K= (HSRéHéQ/BZ

Hotm

- 2 .
T ABZ .y [uouAQmAmHmQ

m mQtA

From (G4) and (G5)
Ky<©

Expression for 2 in terms of K, and K,;is

Ly = 0.5[K, - JKE-4K}; ]

From (G7) and (G8) it 1is seen that gap ﬁg

not physically realizable.

Case I1: Ky >0

- 2
700~ (ot lfe

(G6)

(67)
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(68) -

is a negative quantity which is

From (G1), ﬁg is either a negative real number or a complex number

neither of which is physically realizable.




APPENDIX H
ALGORITHMS FOR GENERATING DESIGMN CURVES FOR AIR-
GAPPED INDUCTORS, CHAPTER V

The algorithms used in generating design curves‘are explained in
this appendix by reference to the flow chart presented in Figure H.1. 1In
the flow chart, starting with an assigned value of air gap ratio Rg/ﬁm and
an initial quiescent point (HmQ’BmQ) on the normal magnetization curve, a

value for design parameter LI%C/v is computed for an initial value of

Fal

B using relationship (5.14). The procedure continues by iteratively

mAC,min
selecting additional quiescent points until values for LISC/v corresponding
to BmAC,min for all the quiescent points are obtained. The value of

H.=H at the quiescent point (HmQ’BmQ) which corresponds to the

mQ mQ,opt
maximum value of LISC/v, is used to generate design curves of LISC/v versus

~

BmAC for various values of air-gap ratios using the corresponding HmQ,opt

for HmQ in (5.14).

H.1 Flow Chart

In the procedure illustrated in the fiow cha;t in Figure H.1, a

search is made for the optimum quiescent point H for a specified

mQ,opt
air-gap ratio which yields the maximum value of LI%C/v. The value for the

(157)
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for various air-gap ratios:’ P
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corresponding H (ngﬁm) is used for the dc operating point qu in

mQ,opt
(5.14) to generate design curves of LISC/u versus gmAC’ shown in Figures
5.5, 5.6, and 5.7. The operation begins with the assignment of minimum and
maximum values for the air-gap ratio and the choosing of the magnetic mater-
jal. The data base for the designated core material includes sample points
taken from the normal magnetization curve and from a family of relative
incremental permeability curves for the chosen material, as described in
Flow Cha?t 2, Figure 4.5, in Chapter IV.

Starting with the first sample point [H;H(U, Bm(i)] on the normal
magnetization curve, and using an interpolating polynomial method to ap-

proximate the values of qu, and 9y for B » as described in Chapter

mAC,min
IV, the value for ngc/v is calculated from (5.14) and stored. This quies-

cent value qu is then incremented by a prescribed amount AHm and the above
procedure is repeated until the specified maximum value for the quiescent

point H is exceeded. The vaiue of HmQ = HmQ,opt corresponding to the

mQ ,max
maximum value of LI%C/U is used now in generating design curve for the

specified air-gap ratio.
Using the method of an interpolating polynomial to approximate val-

ues of qu and o corresponding to H and various values of BmAC’

mQ,opt
2 . 2 o . .
LIDC/v-1s computed from (5.14). A curve of LIDC/v versus B ,. 1s obtained

for the specified air-gap ratio. The value for (NIDC/Rm)Opt corresponding

t for the specified air-gap ratic is calculated from (5.15). The

° HmQ,opt
air-gap ratio is then incremented by a prescribed amount A(zg/zm) and the

-

above procedure is repeated. A family of design curves for grain-oriented

3-percent silicon steel, obtained in this manner are shown in Figure 5.3.
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GLOSSARY OF SYMBCLS

1Y




aO to a3

ir

= T T

=

m,min

max

It}

GLOSSARY OF SYMBOLS

numerical coefficients used in approximate relationships
given in Table 3.2 and in Table 3.3, numeric
cross-sectional area of air gap, m2
2
(—BVmN/K)+AV, v
2
- +
( BvrwN/K) Avr’ Vv
cross-sectional area of magnetic core material, m2
minimum value of cross-sectional area of magnetic core as
determined from minimum air-gap volume requirement, m2
2,2
N

[VIm(coseoﬂ-mﬁ)-msineo)]/[(i-w ¥ 21,V
2.2
)

2 .
[VIm(COSGO(p+]—wN)—KrSTHGO)]/[(p+1-wN
2

+ Ki],v
area of magnetic core window, m
cross-sectional area of wire, including insulation, m2
numerical coefficients used in approximate relationships
given in Table 3.2 and in Table 3.3, numeric

flux density in a magnetic circuit, T

flux density in air gap, T

(AvwﬁfK) + B y

vrwﬁfK) * Bvr’ v (

flux density in magnetic material, T; corresponds to

(A

values on the normal magnetization curve

maximum allowable core flux density, T

(165)




o3 >

mAC

mAC ,max

= >

mAC,min

mbC

mQ
BmQ,opt

n

peak value of the fundamental component of the ac flux

density in magnetic material,

termined from incremental permeability data, T

termined from incremental permeability data, T

i

average or direct component of Bm,

[}

selected quiescent or bias-point value of Bm,

a specified value of inductance, T

residual core fiux density, T

~TVy (siney (1-ud) + rcose)1/[(1-ud)? + €71, v
-[VIm(sineo(p+1-w§) - KrCOSGO)]/[(p+]—m§)2 + Ki], v

1§

numerical coefficients used in approximate relationships

given in Table 3.2 and in Table 3.3, numeric

il

capacitance value of the output capacitor, F

- @DV)/K) +C,a ¥

- 0LrD\nr')/K) * Cop
C;r[((wNa])/K) + 1], Vv

symbol used to identify current stepup power stage

It

[(—KVImsinBO/wﬁ) - A s1ne ~B )]/u,

. 2
[(-KV Sine /w ) - Avr —-Br(VImsmeO-BVr

. 2
V s1n9 B + (KVImS1nGO/wN) + Avr}/(az-a]), v

numerical coefficients used in approximate relationships

given in Table 3.2 and in Table 3.3, numeric

n

mﬁ(BDV+uC Yk + D , V
+0.C. )Y/ +

1]
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maximum value of BmAC for a particular value of HmQ as de-

minimum vaiue of BmAC for a particular vatue of HmQ as de-

value of BmQ corresponding to optimum (minimum) turns for




D:
ir

vr

Dvr
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Dp, Lo 1/6) + 11, ¥

Y. sind,- v

Im 0 “v?

VImSineo”Bvr’ v

~L(¥  STney/ug )+, oo (Y singg-B, )1/ (ay-a), V
frequency of the fundamental component of voltage across
the reactor, Hz

symbol used to identify constant frequency controller
winding factor, numeric

maximum permissible winding factor, numeric

magnetizing force, A/m

magnetizing force in air gap, A/m

magnetizing force in magnetic material, A/m; corresponds to
values on normal magnetization curve

average or direct component of Hm’ A/m

selected quieséent or bias-point value of Hm, A/m

value of HmQ corresponding to optimum (minimum) turns for
a specified value of inductance, A/m

maximum of the average or direct component of inductor
current, A

effective or rms value of input current, A

instantaneous value of output current, A

instantaneous value of output current when diodes are
conducting, A

instantaneous value of output current when diodes stop

conducting, A

average output current, A




AN

7~
=

~
(&3]

NANES

OOK
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instantaneous value of current in the primary winding of
transformer, A
effective or rins value of current in the primary winding
of transformer, A
peak value of primary current, A
instantaneous value of currents in one of the secondary
winding of the transformer, A
effective or rms value of current in each secondary wind-
ing of the transformer, A
peak value of secondary current, A
instantaneous value of inductor current, A
instantaneous value of inductor current when diodes are
conducting, A
instantaneous value of inductor current when diodes stop
conducting, A
effective or rms value of inductor current, A
maximum value of effective. inductor curvent, A
peak value of inductor current, A
o (2% A B - I%CL)/AmenQ, m
(g2t Bng) > ™
otloch ArBg> ™
(Vo AZnfA )2, T8
2£m, m
L/ZUOAm, m
Ky I - 4K, - (Kg/u)] , m
12.L/22 A, HAS/m

1




10

11

Eg,min

Qg,opt

min
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1+ 01 - (/o)A < /AVTV2 =14 [1 - (z/8)le, . /25)]”2,

m,min’ “m g,min

numeric
(VO/ZP
(VO/ZP

-1
M1 min~Vo) By B )/(V0+VD-VQ),UU,(AT)
)(B ., Bgp)>CU, (AT)
)(VI,min"V (B oy BRI/ V1 mintVo*Vp- VQ) Ub, (AT)
)4V +Vp) 20D

0,max
0 ,max

(VO/ZPO,max

(VO/ZPO,max)(VI,min Q)( max R)/( (VI ,min Q

UnL
0"m 2 2
__EUOUA’L /AH mQ Ipctls m

length of air gap, m
minimum vatue of air-gap as determined from minimum air-
gap volume requirements, m

length of air gap corresponding to optimum {minimum) turns
for a specified value of inductance, m

mean magnetic path Tength in the magnetic core material, m
inductance value of inductor, H

effective inductance associated with input voltage source
as referred to the secondary side of the transformer, H
inductance of primary winding, H

inductance of secondary winding, H

harmonic number in the fourier series expansion of input
voltage, numeric

number of turns on inductor winding, numeric

minimum number of turns on inducto; winding for a specified
value of inductance, using a given core material, geometry
and air gap, numeric

number of turns on the primary winding, numeric

-1

»




up

2up

Im
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number of turns on each secondary winding, numeric

power factor of the rectifier-filter circuit, numeric
maximum value of average output power, W

quality factor of the filter at resonant frequency, numeric
effective resistance associated with input source as re-
ferred to the secondary side of the transformer, §

output Toad resistance, f

time, s

transistor cut-off interval, s

transistor conduction interval, s

period of one conversion cycle, s

symbol used to identify constant off-time controiller
symbol used to identify constant on-time controller

option constraint quantity, y = A, B, C, D, E, H, or J;
units depend on option

symbol used to identify single winding voltage stepup/
current stepup power stage

symbol used to identify two winding voitage stepup/current
stepup power stage

minimum of the rms or effective value of the fundamental
alternating component of voltage across the inductor, V
diode forward voltage drop, V

converter DC input voltage, V '

effective or rms value of ac input voltage to the rectifier-
filter ¢ircuit, V

peak value of the sinuscoidal input voltage, V




VU
|Z(j2w) |

17, (32w)]

il

171
maximum converter input voltage, V
minimum converter input voltage, V
instantaneous output voltage due to homogeneous part of
the differential equation, V '
instantaneous value of output voltage, V
instantaneous value of output voltage when diodes are con-
ducting, V
instantaneous value of output voltage when diodes stop
conducting, V
dc output voltage, V
effective or rms value of output voltage, V
peak-to-peak output ripple voltage, V
instantaneous output voltage due to forcing function of
differential equation only, V
transistor saturation voltage drop, V L
symbol used to identify voitaée stepup power stage
magnitude of the filter impedance seen from the source at
the second harmonic of the sinusoidal ac supply., @
magnitude of the parallel combination of filter load and

capacitance at the second harmonic of the sinusoidal ac

supply, &

1/4w2-1<2/(2m2), numeric
N N
Z 2 2 .
J(Kr-4wN(p+])/(2wN), numeric .

Br + o', numeric

Br - ', numeric

J4wﬁ(p+1) - KE/(Zwﬁ), numeric




-

L<-<‘

max

min

DeC
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-K/(Zwﬁ), numeric
-Kr/(Zwﬁ), numeric
NS/NP = turns ratio, numeric
turns ratio NS/NP for optiop y where y = A,B,C,D,E,H, or J,
numeric
computed quantity used in calculating minimum air-gap
volume (Reference 12), m4/H
error term computed in solution for discontinuous mode,
numeric
error term computed in solution for My and gmAC’ numeric
value of € corresponding to A, max and gmAC,max’ numeric

value of & corresponding to o min and B , numeric
3

mAC,min
computed quantity used in calculating &6, N, and NP (Refer-
ence 12), m4/H

wt, radians

delay angle between beginning of sine pulse and resumption
of inductor current in the discontinuous mode, radians

end of the conduction interval in the discontinuous mode,
radians

MJ%,nmmﬁc

K+(pw§/K), numeric

critical value of the parameter x, numeric

coefficient of the exponent in the solution for the dis-
continuous mode, numeric )

relative normal permeability of the magnetic material,

numeric




Hpe,eff

Feff

ui_\.,max

uA,min

min
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effective relative normal permeability of the air-gapped
structure, numeric

effective permeability of the air-gapped structure,
numeric

7 u/m

permeability of free space, 4w x 107
}e}ative incremental permeability, numeric

effective relative incremental permeability of the air-
gapped structure, numeric

maximum relative incremental permeability corresponding

to EmAC’max, numeric

minimum relative incremental permeability corresponding to

~

BmAC’min,‘numeric

“A(HmQ’gmAC,max) = maximum value of M, ON relative incre-
mental permeability curve corresponding to the selected
quiescent or bias point HmQ’ numeric
%A, = volume of magnetic core, m -

ﬁinimum volume of the powder permalloy or ferrite toroidal
cores, m3

damping ratio, numeric

RI/RL = ratio of source resistance RI to output Toad re-
sistance RL’ numeric .

phase of the equivalent impedance resulting from parailel
combination of filter load and capacitance at the second
harmonic of the sinusoidal ac suppTy, @

phase of the filter impedance seen from the source at the

second harmonic of the sinusoidal ac supply, radians




A

AH

A(Qg/lm)

Awm +Max
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2nf, angular frequency of the input sinusoidal source,
radians/sec

1/ LC, the natural angular frequency of the filter with
zero damping, radians/sec

wiwp> normalized angular frequency of the sinusoidal input
source, numeric '

range factor for comparison of error term e, numeric
incremental change 1in Hm used in optimization algorithm to
determine minimum turns for a specified value of induct-
ance, A/m

incremental change in (zg/zm) in the algorithm for gener-
ating design curves, numeric

maximum amount of energy transferred by core over a

switching cycle, d
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