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ABSTRACT

In recent years, enerny-storage dc-to-dc converters have been widely
used in power-conditionino applications. These converters usually employ
eneroy-storace reactors to store and transfer energy in some controlied
manner. The desion of these reactors is a crucial step in the desian of the
converter as a whole, however, these desians usually are perfonﬁed
on a trial-and-error basis with littie analytical cuidance available. This
dissertation presents two methodical approaches to the desian of eneroy-
storace reactors for a croup of widely used dc-to-dc converters.

One of these approaches is based on a steady-stéte time-domain
analysis of piecewise-linearized circuit models of the converters, while the
other approach is based on an analysis of the same circuit models, but from
an energy point of view.’ The desion procedure developed from the first ap-
proach includes a search throuch a stored data file of maonetic core char-
acteristics and results in a list of usable reactor desions which meet a

particular converter's regquirements. Because of the complexity of this pro-

cedure, a dicital computer usually is used to implement the desian algorithm.

The second approach, based on a study of the storage and transfer of energy
in the maonetic reactors, leads to a relatively simple and straightforward
desian procedure which can be implemented rather quickly with hand calcu-
lations. The heart of this procedure is a specially constructed table of

macnetic core characteristics. This procedure does not provide the designer

(iii)




with as much information as the first approach does, but it does provide an
easy way to quickly reach a workable design and is particularly useful when
the design has to be done by hand calculations or with a small calculator.
In short, both of these approaches have individual merits and can serve as
complements to each other.

In addition to the desian procedures described above, an equation
which can be easily used to quickly determine the Tower-bound volume of
workable cores for aiven converter desian specifications.is derived. Using
this computed Yower-bound volume, a comparative evaluation of various con-
verter configurations is presented. This comparison provides some guidance
for choosing a particular converter configurétion from amono the various con-
fiourations available. It is believed that this analytical ouidance in con-
junction with desion procedures presented in this dissertation can signifi-
cantly reduce the time, and hence the cost, of desianing energy-storage re-

actors in dc-to-dc converters,

(iv)
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DESIGN OF ENERGY-STORAGE REACTORS
FOR DC-TO-DC CONVERTERS




Chapter I
INTRODUCTION

Maanetic-eneray-storage static dc-to~dc converters have been widely
used in reaulated dc-to-dc power conversion anplications. Because of their
small size, licht weicht, and high efficiency, they are particularly well-
suited for aerospace applications. These converters usually can be classi-
fied in one of four basic cateaories: (A) single-windino voltage step-up
converters which are capable of steppﬁng up the input voltace; (B) Sina1e-
winding current step-up converters which are capable of steppina up the in-
nut current; (C) single-windina voltage step-up/current step-up converters
which are capable of steppina up either the inputkvo1tage or the input cur-
rent; and (D) two—windinq voltage step-up/current step-up converters. Any
one of three different types of controllers-- constant freauency, constant
on-time and constant off-time-- can be used to renulate the output voltace
of these various types of converter. One of the most important elements in
each of these converter confiourations is a maonetic reactor which is used
for energy storare and transfef.k These reactors usually are a major portion
of the total weight and volume of the converters and consequent?& minimizing

the size is often an important consideration in many app]ications. In the

past, reactors for dc-to-dc converters usually have been designed on a trial-

and-error basis where experience and intuition are the primary design tool,

with Tittle analytical cuidance available except for a few particular

(2)
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converter types [1,2]. This dissertation, motivated by Ref. [2], presents

an analysis-based systematic approach to the desion of eneray-storage re-

actors for a group of widely used dc-to-dc converters.
The purpose of this dissertation is three-fold:

(1) to establish analytical relationships between various converfer para-
meters which lead to desion procedures for the energy-storace reactors
in dc-to-dc converters.

(2) to demonstrate the feasibility of computer-aided procedures for de-
sianing reactors in dc-to-dc converters.

(3) to present a simple and direct method for desiaonino these energy-storace
reactors, which can be used when the design has to be made by hand
calculations. | |

This dissertation is based on material presented in a series of
pubtications [3,4,5,6, and 7] of which the writer is the principal author.

Chapter II presents the derivation of design equations which lead
to systematic procedures for desianino the enerqy-storaae reactors for nine
cqntro]]er-converter combinations. These equations and the subsequent pro-
cedures are based on a time-domain analySis of each of the converter con-
figurations. A similar approach is followed in Chapter III to develop pro-
cedures for desianing the reactors for three two-windina controller-con-
verter combinations. The presence of two windings on the reactors of these
converters not only makes it possible to achieve input-output conductive
iéo]ation but it also provides additional flexibility in the reactor desion
wﬁich is not available in single-windina converters. By utilizing the

extra freedom provided by the additional winding, ten converter desicon or

performance constraints are presented which enable incorporatina additional

design objectives into the procedure.




4
The desion procedures presented in Chapters II and III can be imple-

mented by hand calculations, but because of the complexity of the procedure,
a dinital computer is usually used to implement the desion alcorithm. These
desion procedures include searching through a stored data 7ile of magnetic
core specifications to'yield a list of desiqns which meet a particular con-
verter specification. This search process usually begins with the smallest
available core size and proceeds toward the largest size in the catalog. For
a aiven cecaverter specification, no knowledce of the required size of work-
able cores is immediately available. Thus, the search process can be very
time-consumina when the procedure is followed with hand calculations.

In Chapter IV, a constraint relationship on the converter core volume
is established. This constraint relationship is expressed in terms of a
Tower-bound condition on core volume, and is derived from an analysis of
the various éonverters from an eneroy point of view. The lower-bound condi-
tion enables the designer to quickly screen the population of available re-
actor cores to determine those cores which are candidates for a particular
design specification, thereby creatly simplifyina the search process. Using
this lower bound condition and some results obtained in Chapters II and III,
a new procedure for desianing the energy-storage reattors for dc-to-dc con-
verters is developed in Chapter V. The heart of this procedure is a special
table of core parameters which are calculated from data provided by maanetic
core manufactdrers. 7

By utilizing this special table and the lower-bound condition de-
veloped in Chapter IV, the core search process is reduced to a methodical
table search. This procedure does not require repetitive trial desions and
thus can be carried out rather quickly with hand calculations.

Conclusions which can be drawn from this work are presented in




Chapter VI with sucnestions for future research. The derivations 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 alossary of symbols and their associated units

is placed at the end of this dissertation.
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Chapter II

DESIGN OF ENERGY-STORAGE REACTORS FOR

SINGLE-HINDING DC-TO-DC CONVERTERS
)

2.1 Introduction

The three sincle-windina converters considered in the dissertation
are shown in Fig. 2.1 [8]. The circuit in Fig. 2.1(A) is the voltage step-up
conficuration, which has an average output voltage V0 hiagher than the dc
innut voltage VI’ and is designated as VU. Fia., 2.1(B) shows the current‘
step-up conficuration desicnated as CU which has an output current I0 hiaher
than the averace input current II and an output voltace V0 lower than the
input voltage VI‘ The voltage step-up/current step-up éonfiguration in
Fig. 2.1(C) can either step up or step down the output voltace while simul-
taneously supplyina an output current that is lTower or hiaher,respectively,
than the averaae source input current. This conficuration is identified by
UD, standing for up-down. Each converter consists of an eneray-storace re-
actor, a filter capacitor, a power transistor switch, a free wheelinc-diode,
and a controller which controls the duty cycle of the power transistor.
Three type of controllers -- constant frequency, constant on-time, and con-
stant off-time -- are often used to pulse modulate the power transistor to
achieve output voltare reculation. The constant frequency controller pro-
duces a pulse of appropfiate width and constant frequency to drive the power

transistors the constant on-time controller and constant off-time controller

(6)
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Figure 2.1(A) - Single-winding voltage step-up converter (yiy)
(B)' ‘Single-winding current step-up converter (Cu)

(C) Single-winding vo]taqe step- up/current
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nroduce pulses to drive the power transistor, respectively, for fixed trans-
istor on-time and fixed transistor off-time.

The primary objective in the design of enerqy storage reactors for
dc-to-dc converters is to select a suitable magnetic core, determine the
number of turns and size of the windina wire such that the converter is
capable of providino a regulated output voltage over a specified range of
input voltage and output power.

This chapter, based heavily on Ref. [3], presents equations and pro-
cedures for desicnina the reactors for the three sinele-windino converters

in conjunction with the three controller types.

2.2 Circuit Analysis

The desian procedures are developed from time-domain analyses of

piecewise-linearized modelsof the power section of the three converter types.

The power transistor and diode in each of these converters operate as
switches, \hen the transistor is conductine, the diode is cut off, and the
enerqgy supplied by the input source is stored in the reactor core. The
eneray stored in the core during the transiétor on-time is released throuch
the diodes to supply the load durina the time when the transistor is cut
off. The flux density in the maqnetic core cycles between the values BA and
BB, the minimum and the maximun yaiues of the excursibn in steady state for
~a given set of overatina conditidns. Analysis of each of the three conver-
ter types yields equations for BA and BB acbordina to the fype of controlier
emnloyed in the feedback path of,thé closed-Toop reculated converter. These
two sets of equations form the béses of’design algorithms from which the
number of turns N is computed and from whith the various currents

are found,

R
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2.2.1 ‘ilodes of Operation

Two modes of operation are possible for each of the three circuit
configurations, depending on the nature of the cyclic excursion of core flux
density. The core material for the inductor is assumed to have a linear B
versus H characteristic, such as shown in Fig. 2.2, where BS is the satura-
tion flux density, BR the residual flux density, and BA and BB represent,
respectively, the minimum and maximum values of the cyclic flux-density ex-
cursion of the core at any particular set of circuit operating conditions.
In Mode 1 operation, the flux in the core is, at all times, MOving either up-
ward toward BS during a time interval tOn or downward toward BR during time
interval téff; in other words, BAz_ BR and BBf- BS' In Mode 2 operation, the
flux in the core resides for a finite period of time tgff at the residual
value; in other words, BA = BR for a time tgff durina each cycle. HMode 1 is
often referred as the continuous conduction mode and Mode 2 as the discon-

tinuous conduction mode.

2.2.2 Assumptions
The three circuit confiogurations are analyzed under the foliowina

six assumptions. 1) The transistors and diodes act as switches with constant

forward voltace drops of VQ and VD,;respective1y, and infinite reverse re-

sistances. 2) The magnetic cores of inductors L are operated in the linear

ranoe with constant nermeability u = aB/AH. 3) The filter capacitors C are

so larce that the output voltace has neglicible ripple. 4) The controller

controlling the duty cycle of the transistors are perfect, drawino zero cur-

rent from the Toad and operating with zero time delay. 5) The unrenulated

input vo]tage‘s‘vI are always larcer than transistor saturation voltage
“drops Vq. 6) The resistances of the windinas are neclected during the desion

process.,




R o A

e ) - .

Core has area A,
‘path-length £,
turns N,

! ¢ —
NiA/l NiB /l H

Figure 2,2 Magnetic core characteristic

10

e

3




e

TR LG S A I S S 5 l.’,.r....

11
2.3 Desion Information

Usino the assumntions made in the last section, circuit ecuations
will be written and certain general relationshics develoned. Attention will
then be focused on !Mode 1 operation; and waveforms of current, voltace, and
flux density will be presented for each converter conficuration, which are
applicable for any one of the three types of controllers considered. Desimn
aquations for 'lode 1 operation v'i1l then develoned for each of the nine comb-
nations of converter and controller. Followinc a similar procedure, “ode 2
operation will then be considered and nine sets of desion relationships appli-
cakle to this operation mode will te developed.

Instead of discussina and deriving relationships for each of the
einhteen cases individually, information will be presented in the form of
tab]es with equationvnumbers coded so that parallel relationshins can he
jdentified, as well as specific ones. . For example, referrinn to Tab]e‘2.1
(6) refers to all three of the eauations for ton/téff in the row containing
the syrmbol (€), whereas (6,CU) refers to the specific eauation ton/téffz
(V0+VD)/(VI'V0'VQ) applirable only to a current step-up converter.

Table 2.1 pnresents ceneral relationshins for the three conficurations.
These relationshins are independent of the mode of operation and the controller
used. Ecquations for inductor current ix and capacitor current ic are presehted‘
for the time interval ton that § is saturated and the flux density in the core
is increasina from BA to BB in Ecuation (1) and (2), and the interval téff that
N is cut off and the flux density is decreasing from By to Byin (3) and (4).

An additional time interval tgff occurs in Mode 2 operation when the flux

density remains constant at B=BA=BR for a finite portion of each cycle. The

~ total period T is defined in (5). Equating the increase and decrease of

reactor current from (1) and (3) leads to the time relationship
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Table 2.1 General Characteristics of the Three
Single-Winding Converters
“VOLTAGE STEP-UP CURRENT STEP-UP “FOLTAGE STEP-UP/CURRENT STEP-UF
_CONVERTER (Yu) CONVERTER (e CONVERTER (uD
" di di, di, :
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(6). Usina (5) and (6), the fact that the averace value of capacitor current

must be zero, and that PO = VOIO’ the average value of reactor current Ix

for Mode 1 or Mode 2 operation is given by (7).

(A) Mode 1

Considering now only mode } operation, three expressions-(8), (9),
and (10)-are aiven at the top of Table2.2, relatina the time intervals ton’
tgff, and T. Also civen in the table are sketches of waveshapes of induc-
tor current ix, input current iI, capacitor current 1C’ diode current iD’
flux density B, and voltagse across the inducior Vy for all three basic con-
verter configurations.

Table 2.3, because of the lencth of some of the expressions, is ar-
ranoed in three parts, A, B, and C. However, the pattern of presentation
and numberinn of equations follow the same format as in the other tables.
Table 2.3 aives the desion relationships for each of the three basic con-
verter configurations when driven by a constant frequency controller, a con-
stant on-time controller, and a constant off-time controller. The first ex-
pression - for each of the nine converter-controller combinations gives values
for the peak flux-density excursion BB and the minimum flux-density excur-
siqn BA for any particular set of operatina conditions VI’ VO’ and PO’
sémiconductor parameters VD and Vq, inductor parameters N, u, BR’ 2, and A,
and conversion-frequency period T. The plus siaon is to be used for BB and

the minus sian for BA' This expression is obtained by recocnizing that BB,

By = By ¥ (AB/2) wvhere By = Bp t (uNIX/z); for the VU and UD ;onverters,

4B = ton(VI - VQ)/NA, and for the CU converter, aB = ton(vI - Vg - VD)/NA.

Usinag the value of IX from (7), and the value ton in terms o T obtained

from (5) and (6), leads to relationship (11).

[ N e
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Table 2.2 Mode 1 Time Relationships and Waveforms
for the Three Single-Winding Converter Circuits
VOLTAGE, STEP-UP ~CURRENT STEP-UP VOLTAGE STEP-UP/CURRENT STEP-UP
CONVERTER (Vu) CONVERTER (cu) CONVERTER (YD)
£ AP (8,VU) AT (8,cu) | ¢ Yo' T (8,UD)
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Mode 1 Reactor Flux-Density

Table 2.3(A) and Turns Relationships for the
Single-Windina Voltage Step-Up
Converter

: WP(¥ge¥p-¥g) TV -Vo) (Vg#¥p-¥y) _
l”‘“‘"'"’ g g e

P’ max OCCUrS at Py = Po nax and Vl - Vl ain . (12)

BA nin OSCUTS at Po = Po

and at V= Vp if ¥y L < Vg SV maxt T

11 Vg > V) oy, where ()

min

at Vl = Vl win if "u < Vl min® O at Vl - Vl mnax

VR is the positive rea) root of the cubic

2 v2 2 2
3 (VgVp*svoIv] q“’o“’o*"g) WAy pinl¥o*¥p Yg) .
Vl - _‘TQ— + yq(vo.yoqgvo)yl - ] - IVOT 0

Wol¥y o, V) 2T P
- n——(r8—wb°o ::"o. Va [(Bux.ak)’J (Bu.'aa?z' Txv 1 :ux Yo*Yo~'1 atn) ] ae

MODE 1

CER T

uNP (VeVp-¥o) ¢ (V,-V,)
ro"u"’n’ 7%5(3;?3579“! L (s)

PB max OCCUTS at Py = Py o, and Vi = Vi ain (16)
b

A min OCCUrs at Po = Po

min and 1'% max ) (17)

oYy ain-¥o) Bt P Vool
0''1 m 2 0 max''0"'p
| n——r—g—nu S .': ";0’ = [(a_"-sk)o J (8,80~ _MTﬁ‘_’;_J_ ] (18)

HNPO(VOOVD-V ) . toﬂ(Vo‘VD-VI)

N nn ub Ak 3 ¥ S (19
rl A R W,y 0
h max OCCUTS At Po W Py L and V) v ¥ o0 (20)
s min OCCUrS at Po ] Po ain and at Vll - VR if Vl ain £ V. 1'1 max' O" j
T AT T AN A X TR RN R LY A | (@)

2 (VOOVD-V A .

nJ
0 sin .
where V. =N ——————v—g—- &o

trr t Yo

I (¥ pin-Yo) [ 2,0 max¥0*Yo'1 min’(Yo*Yp-Yo!
0'"1 min 2 off O max' "0 "D "I min" "0 "D
- TF_'(V—a—VT - -8.)%- __._w.n___".__o_
“o max''0*'0 g [(U.“ WY Caar 0'%1 min” ] (22
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/ Mode 1 Reactor Flux-Density
Table 2,3(B) and Turns Relationships for the

Single-Winding Current Step-Up
5 Converter

MR

T

: | NP ¥y -¥o-Yo) (Vg#Vp)
g BBy = Bt u‘ﬂ‘:' b4 iéﬂl’?vw . )

By gay OCCUTS at Po = Py L and ¥y = ¥y L (12)

B min OCCUrS At Po @ Py L and ¥y = ¥y L . (13)

D

Wy 2 T Py aelV) wayVo-¥p) (¥g*¥p)
LA © vl (PR AR J(um- L T LAt P e A e o, m} o) (14)

Wyt (VYoo ‘ .
%JA_"‘,;%_Q: onl¥1-YgY) (15)
1O | By gax OCCUrS 8t Pg = Py . and ¥y = ¥y L (16)

B4 min OCCUrS 8t Py = Py Lo and ¥y = ¥y (17}
w, 2ut, Po o (¥ o VaeV,)
N ’T——"Do — [(sm-s,,) + J (8,,-8) - —2 O%Bl_nl 0.9 (e)

WNPy . tore{Vo*p)
W, ! T om

S 858 = 8+ (19)
By max OCCUrS at Po ® Py aax 2Nd s independent of v, - o ’ {20)
- By wip OcCUrs at Py = Po oo and s {ndependent of V, (21)
] Y 2ut . P {(Vgt¥s)
L *70 2 of f O max' 0 D
LA e [ (BnaBp) * ‘/ a8 - ——ay (22)
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Table 2,3(C)

Mode 1 Reactor Flux-Bensity
and Turns Relationships for the
Single-linding Voltage Step-Upn/
Current Step-Up Converter
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MODE 1

ey

IR AT FREQUENCY CONTROLTT
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To use (11) in a nrocedure to produce a converter design with a spec-
ified output voltace V0 requires information on the narticular values of VI
and PO, within their respective specified operating rannes, that produce

and the lowest possible

both the highest possib]e:va]ue of BB’ called BB,max

value of BA called B The two needed pairs of values for VI and P0 can

A,min®
be determined by evaluatinn expressions for the partial derivatives of BB
and BA with respect to VI and PO' Appendix A outlines the steps which lead
to the two pairs of desired values aiven in (12) and (13). These extremum
values must be eaual to or less than a maximum permissible value of flux
density called Qnax’ specified by the desianer, and equal to or areater than
a minimum value B . , also specified by the desioner. Equation (14), ob-
tained by solvina (11) for N under the conditions of (12), aives a value for

the number of turns on dnductor. The detailed derivation of (14) is aiven

in Appendix B.

(B) Mode 2
Next consider Mode 2 operation. Table 2.4 nresents general relation-
ships for the three converters oparatina in Mode 2. In Mode 2, the core
flux density resides at the residual point (24) for a time period tgff
which is related to the other time interva]s by (25). Of primary concern in
the desian of converters operating in this mode is the peak flux density ex-
cursion BB which occurs at a neak reactor current iB ajven by (23). Sketches
of current, voltace, and flux density waveshapes are given in the table to as-
sist visualization of similarities and differences among the three converters.
Table 2.5 presents desian information, flux-density relationships,

and time-interval expressions for the nine combinations of converter and

controller when the circuit operates in Mode 2. The steps for derivina

. SN I A SV NSRS Ao R MO IERSMING, b AN SRBERE== FX 5 0y | e .
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Mode 2 General Relationships and Yaveforms
for the Three Single-liindiny Converter Circuits

VOLTAGE STeP-UP

CURRENT STEP-UP

VOUTAGE STEP-UP/CURRENT STEP-UP

CONVERTER CONVERTER {cu) CONYERTER {UD)
" 2P 2pP 2P
a 0 T . 0 T 0 T
— B em—— T = - 23 UD)
Ty (23:W) |4 (@300 g = v e (
§'§ |8 Yo T-Uton*tors B Vg T-togs 8 0o ! ton+toff) '
wo
= = - = =
B Pa =B By = Bp 8= Bp
w
o

- - - )
ff T ton tMf

off = 1~ ton = toff

MODE - 2-
WAVEFORMS

off = T~ ton = Yoff

Z yal
Pt g4~ 10—t et o t o ——t— Y utt —em gt P § g ——ttr— Y @t} — oA
-t ol —n LRt I 1 B ] . — et =
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Table 2.5 Mode 2 Time Flux-Density, and for the
Three Single-Winding Converter Circuits

VOLTAGE STEP-UP CURRENT STEP-UP VOLTAGE STEP-UP/CURRENT STEP-UP
CONVERTER (Vu) CONVERTER (cu) CONVERTER {UD)
: Z”TPO(V0+VD'VX) RuTPo(Vy-Vo-v )(VO+VD) 2uTP,(VotVp)
B =B p g 2O (26,VU)] B,=B iy (26,C0) | Bo=B+q| ——2 00 (26,UD)
B8R\ TV, VO B o2 V) 8=% WAy, " |
. BB,max occurs at (27) BB,max occurs at rBB max occurs at P0 P0 min
E Po = po.max' vy = vI.min . Po - Po,maxv'_ vy = vl,max and is independent’ of V,.
a8 -
Eg N(V0+VD'.VI) ZUTPOA (28) t " 2uTP A(V0+VD) N(V +VD) IZuTPOA
t . =
£E [ ton™ V-V TS ) ”o("x"’q“’u)("l T fon™ TV-Tg) Y TWo(Vg77y)
%58
5
=) . ZuTP A (29) £ N 2uTP0A(VI-\’Q:V0) £ N ZuTPOA
off V0(V0+VD VI) of f ﬂ.vo(VI-VQH‘D)(VOWD) cff zVO(VO+VD$
t. (V,-V)) t  (V.-V.-v.) t (Ve-Vn)
= on: 1 g+ o 10 7Q° g4+ o0 1 7Q°
Bp=Byt g1 (30) { Bg~Bg?* AN Bg=8g* —mm
w BB.max occurs at VI VI max and is BB,max occurs at ‘{I=VI max and is BB,max occurs at V1 VI max and is
e | independent of Po (31)] independent of P0 independent of P0
cz;g . o . IR - ..
[ 2 2 , 2 N 2 2
S (Vp-Vg)® Vg tog - (Vy=Yg#Vp) (V-Vg-Vg)¥ge to, T (V-Yg) Vot to
0o 2 2
§ 2(V0+VD-VI)P0uN A 'Z(VO'WD)PO“N A 2(V0+VD)P0p N°A
! (Vi-Vo)t (Vi-Vs-Vo)t (V,-v,)t
o - I on - | ) on 'V . 1 on
] tore” TV_VQ—T0+ o (33) toe" “r‘—g‘f‘—vowb , toss T_'Q)—"vo»«vD
= .
o [TV Y) TRV Vi) (V) ¥TgPo (Vg+Vp)
BB (38) 1Bg=BR Y LAV, TV, 77,V gV v
.o AptVp+Vp-Yo? B™R 2AVy
where TR is the larger root where TR is the Targer root where TR is the Tlarger root -
of the quadratic of the quadratic of the quadratic
2
WANZP (Vo +V -V, ) ANZP (Vo +Vy 2
Realtyer SO0y K, (VO( T ;(v =Tk 122t o Mﬂg_)
FVO(VI'VQ) 0''1 Y ° 2V (Vy-Vg)
£ w2 =0 2 2 '
R off *ors™0 *oes™0
& | °p,max 0Ccurs a B occurs at 8
E% Po = Pg and V, =V, . (35) PB'Ta; ‘ e arenentCan 1%
=3 ymax I L,min 0" "0,max and is mdependent of vy,
z
3 = = -
S |T=Tq (36) |T=Tp T=Tp
. N(VgtVp-¥ ) [20TgPoA (37) t » [2uT RPAYg*Vp) . - N(Vg+Vp)  [2uTpPgh
on” Tv, Q) avo(VOWD—VI) on eV (Vx QWD)WI VO-VT 4 on- (Vl- Q) EVO(VOWD)
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these equations are outlined in Appendix C. A]though Table 2.5 for “ode 2
operation is analonous to Table 2.3 for Mode 1 operation, and the deriva-
tion procedure are similar, differences are apparent. The value of BA, by
definition, is Bp for all cases, and is not civen in the table. The ex-

pressions for the number of turns N are also not civen for the reasons to

be explained later in the next section.

2.4 Mode Restriction
There .re three possible ways in which a converter may work as far as
the converter mode of operation is concerned: (i) Mode 1 over the entire
operating range (ii) Mode 2 over the entire operatinc rance, and (iii) Mode 1
and Mode 2 over different portions of the range. However, all of the de-
sions considered in this dissertation operate in Mode 1 at least at the con-
ditions ¢iven in (12), (16) or (20), i.e. the point at which By =

' BB,max'
In other words, case (ii) described above is not considered in this disser-

~ tation. The reasons for this are two-fold. First, aiven the same op-

eratina conditions, the peak reactor current for converters operating en-
tirely in Mode 2 is larcer than that for converter§ not operating entirely
in Mode 2. Consequently, the stress on the power transistor is creater for
an entirely Mode 2 desicn. Secondly, the peak flux density BB for con-
verters operatino entirely in Mode 2 with constant frequency controllers is
independent of the number of turns as can be seen from (26). This makes it
impossibie to determine N for a specified %nax'

Because of this mode restriction, occurs at the condition at

BB,max
which the converter must operate in itlode 1. Therefore, Mode 1 equations
(14), (18) or (22) can always be used in the desian procedure to determine

the number of turns N, and the expressions for N are not aiven for Mode 2
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operation. Once N is found for a given core ceometry, B can be deter-

A,min
mined from the expressions for By, (11), (15) or (19), and the conditions

at which BA,min occurs, (13), (17) or (21). If B Bp» then the con-

A,min >
verter operates in Mode 1 over the entire operatina range, as in case (i)
described above. Otherwise, the converter operates in Mode 1 and Mode 2

over different portions of the operatina range as in case (iii).

2.5 Reactor Current, Wire Size, and Windability of the Core

In the following desian procedure, after N is computed for a parti-
cular core, the rms value of the reactor current can be calculated from
which wire size can be determined. In Table 2.5, the expressions for the
rms value of the reactor current for both modes of operation for the nine
combinations are presented. Mode 1 expressions are given by (39), (45) and
(51), and Mode 2 expressions by (41), (47), and (53). The location of the

maximum rms current Iy are given by (40), (46) and (52) when the con-

smax
verters operate in Mode 1 for the entire operating range, and are aiven by

(42), (48) and (54) when the converters operate in Mode 2 for the entire
operating range. The derivations for these current expressions and the lo-

cation at which IXe occurs are outlined in Appendix D. Since the con-

smax
verter may operate in Mode 1 or Mode 2 over only a portion of the operating
kange, the location for IXe,max for both Mode 1 or Mode 2 should be taken
into consideration together to determine the location at which IXe,max
occurs. The results given in (43), (49) and (55) are obtained, respective-
ly, from the pairs(40) and (42), (46) and (48), and (52) and (54), and are
true no matter whether the converters operate only in Mode 1 or only in

Mode 2 over the entire operating range or in Mode 1 or Mode 2 over the




RMS Reactor Currents and Their Maximum

Table 2.6(A) Value for the Single-llinding Voltage

Step-Up Converter

Voltage Step-Up Converter (VU)

, o("o*"u'
Xe~

V) J uvo(vl-v )2 (VgtVpYy)q 2

I
Xe ,max
vo(v

ol va (39,VU)
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o
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= (1Y) H 0 :
218
o = |
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[=3 x
et L PonaetoVe) [, T_Z[”;o(vl min~g)” (Vg *;o'vl,min*f (44)
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RMS Reactor Currents and Their Maximum

Table 2.6(B) Value for the Single-Winding Current
Step-Up Converter

| il

Current Step-Up Converter (CU)

2
Po " 1[“"0("1"’0"’0)("0""0)]

I (39,CU)
Xe” Vo 2 ’
o § 0 uN APO(VI+VD-VQ)
:_} =
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RMS Reactor Currents and Their Maximum
Table 2.6(C) Vvalue for the Single-Winding Voltage
Step-Up/Current Step-Up Converter

Voltage Step-Up/Current Step-Up Converter (UD)

2 2
_ . PO(VI+V0+VD-VQ) " ][zTZO(V.-VQ) (V Vg )] (39.00)
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2. PO,max(vI,maxWOwD'vCL) 1+ ﬁ["ivzo(vl,min"vl}) (V D) ] (44)
- Xe ; _ )
VO(VI.min'VQ) ulN APO,max( 1,min*VotV VQ’
,,,,, e —— m
RTRY; 2
s PO(VI+VO+VD-VQ) I+ ][ltgnVO(VI VQ) ] (45)
— e
w VO(VI-VQ) uN APO(VI+V0+VD-VQ)
o [=]
w =
g‘ Iye,max0ccurs at Po,max and vI,max or vI,min' (46)
oL
= (V,-V,)t
S _ I on 2
Sl | Ixe” 2 i (47)
= 7%
5 § Iye,max0ccurs at VI,max and is independent of P. (48)
(=)
% Iye,maxoceurs at Po . and Vi max® OF V1 min (49)
51 5
| ] ; Using (45,UD), compute IX(PO=P0’max..VI=VX'max and .
=1 Iy (PP 0,max’ VI=VI,m1'n) and Ix,max is equal to the (50)
larger of the two.
| ——— — — ——————
2
1 0(v gtV -vQ) . ][ztgffvo(vl-v )(v +vD) ] (51)
— xe
i VO(VI-VQ) uN“AP malx(v +vc+v VQ)
o ()
w = .
g Iye,maxoccurs at Po.max and VI,min' (52)
-4
= 2P (VgtVptV -Vg) (2P TR(VgHp) .
8 1 0Vo"Vp*V1-Yy: 0R 0" (53)
E s 3V0(VI-VQ) uN AVO
| o o
‘d_.‘ = IXe’maxoccurs at PO.max and vI,min‘ (54) |
o
= Ixe,max0CCUrs at Py . and Vy oo (55)
I
=z =4 2
8| o Pomax V1minVotioVe) T%_[“off" 01 min~Yo) Vot¥p) ] (56)
- Xe,max _
VO(VI,min°VQ) uh® Ao max (V1,max Vot Vo Q
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different portions of the ranae. The locations given in (43), (49) and (55)
coincide with those in (12),(16), and (20), at which the core flux density By
reaches a maximum. Because of the mode restriction imposed in Sec. 2.4, the
converters must operate in Mode 1 at the locations aiven in (43), (49) and

(55). Thus, Mode 1 expressions are used to determine IXe » @S are agiven

»max
in (44), (50) and (56). Usina the value of the maximum rms current, the
winding wire size can then be determined from commercially available wire
tables.

It should be noted that the turns equations given in (14),(18), and
(22) are obtained without considering the size of the wire. Once the wire
size has been determined, the windability of the core must be checked by
considering the winding factor FW’
NA\yp
o

Wn

Fw

where Awr is the total cross-sectional area of the wire and its insulation
and A, is the window area of the core. In the next section, examples are

given to illustrate the desian procedure.

2.6 Design Examples

Three numerical examples are aiven in this section. In Example 1
is a constant-frequency current step-up converter desiaon which illustrates
the desian procedure which applies to all of the nine controller-converter
combinations with the éxceptions of the constant"bﬁ-time voltaae step-up
converter and ihe constant on-time voltage step-up/current step-up conver-
ter. For the latter two cases, the deéign procedures are somewhat dif-

ferent and are described in Examples 2 and 3. The cores chosen for these
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examples are toroidal powder permalloy cores obtained from commercial cataloc
MPP-303 S by Maanetics Inc.
Example 1

Desian the inductor for a current step-up converter with a constant-

frequency controller with T = 50 microseconds. The remainine specifications

are: Vg = 16V3 Vp ooo= 22V, Vy o= 28Y; Py = 30M; Vg = 0.5V, V= 0.7V
Bpax = 0-357, By = 0.01T3 F, = 0.4, |

Desion Procedures

[A] Choose a core and determine number of turns N:

Arbitrarily select a core (Magnetics Catalon Number 55585) with
0.454x10" %2, ¢ = 8.95x10 %m, A = 4.00x10 %%, (7884500 cir. mils) and
- _ -7

125uo (uo = 4rx10""H/m).

From (14,cU), N = 84

=
n

=
[

[B] Determine wire size:
Usina (44,CU)

I 2A

Xe,max_
For a current density of 5.067]x10'7m2/A (1000 circular mils/A),

use wire table to find wire sizes. Wire AWG #17 (Awr = 1.177x10'5m2).

[c] Check windina factor:

-6 .

ja.nox1074

FW = NA /A = 84x1.177x10

wn = 0.24 < Fyy max

wr
In this case, the first core size-permeability selection yields a
design which satisfies the specifications. It is not possible to arbitrarily
pick a core which wi7l yield a desion which will meet the specifications , -
however. For example, another selection of core (cataloo No. 55059) with )

A = 0.331x10"%%, o = 5.67%107%m, A = 1.41x107%7 and u = 60y, yields B
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[A]: N=110 [B] I 2A (AW #17) [cC] F, = 0.91 > F This de-

Xe,max~ Jmax’

sign does not meet the maximum winding factor specification. In another ex-
ample, a core (M55308) with the same dimensions as just described above but
with u = 160u0 is not workable for this particular set of specifications,
because with these parameters, the term inside the square root sian in
(14,CU) is negative, which results in a complex number and therefore a non-
physical solution for N.

If the desianer 1is not satisfied with the first workable desion,
another core is selected and the same procedure is followed to determine N
and windability.
Exarnle 2

Design an inductor for a voltace step-up converter with a constant
on-time controller with ton = 50 microseconds. Converter specifications are:

VO = 28V; VI,min I,max = 22V, PO,max

Brax = 0-35T, By = 0.01 and £y .. = 0.4.

12v, V = 40W, Vo = 0.7V, Vy = 1V,

Q D

Design Procedure

The design procedure for this controller-converter combination is
somewhat more complicated. Because of (30,VU), the core flux density of
the reactor with the number of turns determined from (18,VU) may exceed the

specified value of %nax at Pof and VI if the converter op-

= Po,max = V1, max
erates in Mode 2 at that condition. Consequently, in the design procedure,

an extra step must be included to ensure that the value of B ax is not ex-
ceeded by BB at that condition.

[A] Choose a core and determine the number of turns N:
Arbitrarily select a core (M-55324) with A =]0.678x10'4m2,

% = 8.98x10"2m, Awn=3.64x10'4m2 and u = 125y .




O O o A el A R T -»zimvmw,...‘_-wl

From (18,VU), N = 37, MWith this number of turns, the core flux

density will reach the specified value BLax at (PO = Py V, =V

smax® 1 I,min)
) due to (30,VU) if the con-

X

but may exceed Bax at (P0 =P V. =V

O,max’ I I,max
verter operates in Mode 2 at this condition because of (30,VU). If the con-
verter does operate in Mode 2 at this condition, and if the flux density at
this condition exceeds %nax’ this core is discarded and a new core is se-
lected for return to (18,VU) to find N. Otherwise, proceed to step [B].

For this particular example, the converter operates in Mode 2 at

(Po,max’ VI,max) because from (15,VU), BA(P0 = PO,max = 40W, Vp = VI,max =
22V) = - 0.012T <« BP’ which is 0.01T by specification. Thus, (29,VU) should
be used to compute BB(PO,max’ VI,max)'

BB(P0 = PO,max = 40U, VI = VI,max = 22V)

0.01 + (50x10°%)x (22-0.7)
(0.678x10™%)x37

[t}

0.43T7 » %nax’ which is 0.35T

Thus, the first selection of core does not work for this desion specification.

Select a new core (M-55254) with A = 1.072x10'4m2, g = 9.84x10'2m,

) 42 _ )
Apg=4.27%107"n%, u = 125u . From (18,VU), N = 50. From (15,WU), B,(P,

P = 40U, Vp =V = 22V) = 0.059T > BR' Thus, with N = 50 on the

0,max? I,max)’
and there is no need to check the value of BB at this condition because of

(16,VU).

0,max I,max

newly selected core, the converter operates in Mode 1 at (P Vv

[B] Determine wire size

From (50,WU), 7

IXe,max'= 3.52A. For current density of 5.067 x10

me/A(1000 cir.mils/A), wire AWG #14 (A = 2.294x10 %m?) is chosen.

wr

SO U — i __(-‘—-........—ﬂ.“y[«.“ o
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“ turn equation (18,UD) is equal to either V
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[C] Check winding factor
P = NAwr/Awn = 0.27< ﬁw;max’ and this design meets the specifica-
tions.
The results of this design procedure are core (M-555254), N = 50,
wire size AWG #14. The comment concerning core-size-permeability selec-

tion which followed Example 1 applies here as well.

‘Example 3

Design an inductor for a voltage step-up/current step-up converter
with a constant on-time controller of ton = 50 microseconds. Converter

specifications are V0 15V, V 12V, V = 20V, P0 = 30W.

I,min ~ * '1,max ,max

VQ = 0.5V, JD = 0.8V, %nax = 0.35T, BR = 0.01T and Fw,max = 0.4.

Desian Procedure

The design procedure for this controller-converter combination is
similar to but is even more complicated than that in Example 2. Because of
the uncertainty of the Tocation of BB,max expressed in (16,UD), VIO in the
I,min or VI,max’ The value of VIO
depends on which extreme value corresponds to the number of turns which

does not cause the core flux density to exceed B

max within the converter op-

eratina range.
[A] Choose a core an determine the number of turns N:
Arbitrarily select a core (M-55586) with A = 0.454x10" A 2
-2 s _ -4 2 _
¢ = 8.95%x10 "m Awn = 4.0x10" ' m", u = 60yg Settina VIO VI,min = 12V and
substituting the other specification into (18,UD), N = 58. Usina this cal-

culated number of turns, the converter will operate in Mode 2 at,(P0

v

.max’

) because from (15,UD), BA(P0 Vi =V max) = 0.001T < Bg,

I,max P0 max’
which, by specification, 1is 0.01T. Thus, the Mode 2 expression for BB’
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(30,UD), should be used to compute By at (p v ). Bp(Pn=P

O,max’> "I ,max BY 0 0,max’

v ) = 0.395T > B,ax® Which is 0.35T by specification. Thus, this

1= V1, max
core should be discarded, because the maximum flux density value is exceeded.

Select another core (M-55086) with parameter A = 1.34x10 4mz,

-2

= 11.63x107m, = 20045, 7, = 6.17x107m%. set v = 12V, and

10 = I,min =
use (18,UD), N = 25, With this turn on the particular core, the converter
will operate in Mode 1 at (P v

VI =V

) because from (15,UD),BA(P0

O,max* "I,max

PO,max’ I,max) = 0.06T > Bp, which is 0.01T.  Thus, Hode 1 equation

(15,UD) should be used to check By at (
v

PO,max’ VI,max)' BB(PO B PO,max’

=YV ) = 0.354 > B max* Thus, this desian should also be discarded.

I
Set V

I,max

10 = VI,max = 20V in (18,UD) for the same core, N = 24. Using the cal-

culated number of turns for this particular core, the flux density at

y ) should be checked to see if B at (P0 v

,max’® " I,min
) = 0.335 < B e Thus, for this

(Po,max’ I,min ) exceeds

B ... Using (15,UD), BA(P

max O,max® "I,min

particular core with N = 24, the core flux density w111 reach qnax at

(P VI but will never exceed B within the specified operatina

O0,max? ,max) max

range.
[B] Determine Wire Size

From (50,UD),

IXe(PO,max’ VI,max) = 3.99A
IXe(PO,max’ VI,min) = 4.85A
- . . -7 2
Thus, IXe,max = 4,.85A; on the basis of 5.0671x10 /A, the wire

size is AWa #13 with wire area A, = 2.87x10" 2.
[C] Check windino factor

3 -6 -4 _
Fy = (24x2.87x10°7)/6.11x107" = 0.11 < FW,max'

Therefore, core (1155086),u ='200uo, with N = 24, AWG #13 meets the
desian reouirements,
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2.7 Computer-Aided Design

As can be seen from the three examples oiven in the last section, the
design procedure starts with the arbitrary selection of a core, and then uses
equations presented in the tables to determine the number of windina turns,
wire size and the winding factor. If the first selected core fails to pro-
duce a design which meets the desian requirements, then additional cores are
tried until a workable core is found. This is a time-consuming process if
the desian is done by hand calculations. By autohating the design procedure
on a digital computer, each available core can be tested rapidly, and only
those cores which produce designs which meet the desian requirements are se-
lected. Such programs have been written and run on a minicomputer with 8K
words of memory. Fig. 2.3 gives an example of the computer printout for a
constant frequency voltace step-up converter. The operating conditions which
must be specified include the desired reaulated output voltage, the ranges
of input voltane and output power, transistor and diode forward voltace
drops, the converter operating frequency, the magnetic residual flux density,
the range of permitted core flux density, and the maximum permitted winding
factor. A list of desians matchina the desian specifications are printed
including the core size and permeability identification numbers, the rela-
tive permeability, the core volume, the number of turns, the wire cauce, the
value of inductance value, the actual windino factor, mode of operation'1
indicates that the converter operates in‘Mode 1 for the entire operatina
ranae, and 2 indicates that converter operates in Mode 2 over a portion of
the operating range), and the maximum value of peak reactor current which is

the same as the maximum value of peak transistor collector current.

Rt T —
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B RES:@.C1

B MIN:2.01

B MAX:2.35

MAX. WDGe+ FACTCR:Q+4

CORES MATCHING CONSTRAINTS DCATE: 8/ 4/ 7%

CORE MU MU VoL. NO. AWG INDUCT. WDGe MODE IB(MAX)
NO« NO. CU.CM« TURNS MHe FAC. NO. AMP .

8 2 125 44232 28 15 2.123 2.321 2 449014
9 2 125 Se326 40 15 0.203 0249 2 443553
9 3 160 5.336 28 15 0.128 2.174 2 48545
9 4 209 5326 18 14 0066 24140 2 641074
1e 2 125 4.001 39 15 @«1228 06177 2 449331
11 2 125 64223 46 15 0.248 2.231 2 42045
11 3 169 6+023 34 15 2.173 2.171 2 4.52€8
11 4 2092 6.223 24 14 0.108 92152 2 52974
12 2 125 1€.42 56 1S5 84527 04239 1 3.8394
12 3 162 1242 42 1S5 2.3828 024179 1 349683
12 4 2¢0 18.42 32 15 @275 24137 2 441354
13 2 125 2248 66 15 1.248 ©B.282 1 3.6523
13 3 169 22448 51 1S 2.954 @.218 1 36944
13 4 2020 22.48 48 15 B.734 2171 1 3.7482°
14 2 125 16.18 69 1S 2.855 2206 |} 3. 7182
14 3 1lée 16.18 53 1S 0.6456 ©B4158 1 3.7820
14 4 200 16.18 42 . 15 B.507 0,125 1 38524
15 2 125 16449 76 1S 2.885 -2.189 1 37284
15 3 1692 16449 58 15 0.660 0Qel44 i 37742
15 4 200 16+49 46 15 8.519 0.114 1 38446
16 1 69 21.81 184 1S 2.612 £4361 | 3+ 5829
16 2 12¢ 21.81 g6 15 1189 24169 1 36591
16 3 1682 21.81 67 15 0.924 @.132 1 3.7023
16 4 1 3+ 7518

209 21.81 53 15 0723 84104

S Computer Printout for an Example
™NAL pAGE ¥ Figure 2.3 of a Constant Frequency Voltage
ORXGY OR QUAL'LTY Step-Up Converter Design
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2.8 Conclusions

Three widely used single-winding converter types-- voltaoe step-up,
current step-up,and voltage step-up/current step-up-- are analyzed after the
circuits are modeled on a piecewise Tlinear basis. Design equations are
presented and procedures for designing the energy-storace reactors are de-
veloped to accommodate any combination of the three converter types and the
three controller types. Each controller-converter combinations has the po-
tential for operating in Mode 1 or Mode 2 so that a total of eichteen dif-
ferent possibilities are examined.

A number of converters of various types operating with various con-
trollers have been desicned using the relationships and the procedure pre-
sented in this chapter. When tested in the laboratory, the measured cur-
rents, flux density levels, on-times, and converter freguencies have agreed
with values predicted from the analytic expressions within three to five
percent,

The desian procedures presented have been automated in a set of
diaital computer programs to demonstrate the feasibility of computer-aided
design procedures for single-winding energy storage reactors for dc-to-dc

converters.
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Chapter III
DESIGN OF ENERGY-STORAGE REACTORS FOR TWO-WINDING
VOLTAGE STEP-UP/CURRENT STEP-UP DC-TO-DC CONVERTERS

3.1 Introduction

In this chapter, the basic concept used for desionino the eneray-
storace reactors for the three single-winding converters is extended to in-
clude a two-windina converter conficuration és shown in Fio. 3.1. This
confiouration, operating 1ike the sinale-windino voltace step-up/current
step-up converter described in Chapter I, is capable of steppinc up the
source voltage or steppina up the source current to a hicher level of vol-
tage or current. However, the presence of two windinas in this converter
enables a much greater range of performance characteristics than is pos-
sible in the sincle-windina configurations. For example, the ability to ob-
tain a voltane step-up or a current step-up by appropriate choice of turns
ratio removes many of the problems associated with the very narrow rance and
tight control of the duty cycle required of sincle-winding circuits when
laroe step-up ratios in voltace or current are required. In addition, the
second winding makes it possible to isolate input and output circuits from
each other. By utilizino the extra freedom provided by the additional
winding, ten desion options are presented in this chapter to permit a cus-
tomized desion of the converter with respect to a particular performance
characteristic.

(35)
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Figure 3.1 Two-winding voltage step-up/
current step-up converter (2up)
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As in the previous chapter on sinale-winding converters, three types
of controllers are considered-- constant-frequency, constant transistor on-
time, and constant transistor off-time, and two modes of operation are con-
sidered-- Mode 1 and Mode 2. For sinale-windinc converters, these two modes
of operation are often referred to as the continuous and the discontinuous
inductor current mode respectively. For the two-windine confiouration,
these modes of operation minht more properly be called the continuous and
the discontinuous mmf modes.

The material in this chapter builds heavily on the work presented in
References [4,5]. The format of the presentation follows closely that of
the preceding chanter. A1l of the useful expressfons are presented in a
tabular format so that they may be readily used for designina eneray-
storage reactors for two-winding converters. Two numerical examples are
given at the end of the chapter to illustrate the step-by-step desion proce-

dure developed.

3.2 Circuit Analysis and Desion Relationships

The operation of this converter configuration is similar to the op-
eration of the sinale-winding voltace step-up/current ste-up converter.. A
difference,however, is the fact that the winding currents for this configura-
tion are interrupted each time the transistor is turned on or off. When
the transistor is turned on the diode is reverse biased and no secondary
current flows. ‘Yhen the transistor is turned off, the primary current is
suddenly interrupted, and the eneray stored in the reactor core is released
thrdugh the secondary winding,
| The conventions used and the assumptions made in the analysis of

this confiquration build upon the analytical approach followed in the last
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chapter. By using these assumptions and referring to the sketches of flux
density, current, and voltage waveforms shown in Fia, 3.2, circuit equations
are written as Eq. (1) to (6) of Table 3.1. Equating the increase to the
decrease of core flux density leads to the time relationship (8).

Table 3.2 presents relationships for time, duty cycle, and flux
density for both modes of operation. Because of the length of some of the
expressions, the table is arranged in three parts, A,B, and C, correspondina
to the three controller types. To simplify the presentation, each control-
ler is identified by two letters: FQ for the constant frequency controller,
TN for the constant on-time controller, and TF for the constant off-time
controller. The equation numbers in the tables are coded so that parailel
relationships can.be identified as well as specific ones. For example, re-
ferring to Table 3.2, (18) refers to the equations for o for the cases of
all the three controllers, whereas (18, FQ) refers to the specific equation
for o for the case of constant-frequency controller.

Considering first only Mode 1 operation, Eq. (9) follows by defi-
nition. From (7), (8), and (9), the duty cycle a, of the power transistor
is aiven by (10).

By evaluatina the partial derivatives of o with respect to the in-
put voltage VI and output power PO’ o can be shown to decrease as VI in-
creases and to be independent of P0 (11). Of primary concern in the de-
sian of converters are the extrema of the flux-density-excursion values, By
and B,. Equations (12) and (13) aive the values of By and B, for any set
of operating conditions (VI’ Vos and PO), semiconductor parameters (VD and
VQ), transformer parameters (NP, Ngs ﬁ, 2, A, and BR), and controller time

parameters (T, ton’ toff)' The plus sian is used for Bg and the minus sian

for BA' These expressions are obtained by recognizina that (BB,BA) = Bav +
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Table 3.1 General Characteristics for the Two-Winding
Voltage Step-Up/Current Step-Up Converter
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GENERAL RELATIONSHIPS
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Time and Flux-Density Relationships
Table 3.2(A) for Constant Frequency Two-Hinding
. Voltage Step-Up/Current Step-Up Converter

CONSTANT FREGUENCY CONTROLLER
: _MODE 1
off = 0 N (9,FQ)
N IV +V.)
R N ¢ +VP7+?4 (3 = o (10)
P*'0 "D/ SV 'Q . S
o decreases with VI and 1s independent of PO' (1)
B.,B, = By + "o [NP(VOWDMS(VI- EL)].
B* A R zvo VI-VQ
! ;xgv?\)/(f\ll-\)lgr);(v VTl : (12),(13)
PV'O D/ TSI TQ
BB max OCCUrs at P0 = PO max and VI = VI min. (14)
BA min OCcurs at P0 = PO min and VI = VI max. (15)
, MODE 2 _
N 2uTPA(VA+VL) 2uTP.A
p 0"'\'0 ‘D’ 0
tu = T - - N (]6)
off VI'VQ\[ L Vo ) LVOKVO+VD§
.t B NP 2uTP0A(VO+VD) . | a7
on ¥ -V ) : ,
S17Q 0 '
) NP ZuPOA(V0+VD) a8
o decreases with V; and increases with Pg. (19)
2uTP0(VO+VD)
BB = BR + z Iv——-—o | . (20)
Bg max occurs at Pg = Py max and 1s fndependen; of Vy. (21)
BA = BR (22)
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Table 3.2(B) for Constant On-Time Voltage Step- Up/

Current Step-Up Converter

CONSTANT ON~TIME CONTROLLER
MODE 1
s - (8,TN)
off = 0 g
o g Fon Np(Vg*Vp) (10)
=T NP(V0+VD)+NSTVI-VQ). -
o decreases with VI and is independent of P,. . (11)
Bys 5, = By + w0 (N . “’o""o)NP] , 1Yokt (12),13)
B® "A ) 2V0 S VI'VQ - 2AN, - -
, . R - - ' 1)
BB,max occurs at P0 PO,max and vl VIO’ where VIO vI.min oF i
VI,max’ depending on the particular design,
BA,min occurs at P0 = Po,min and VI = VI,max‘ ¢ _(15?)
MODE 2
off N +V . )
PYOD c1ey |
2, .2
) 2.(VI-VQ) voton (17) .
ZNZuA(V o*Vp)
t ZNPMAPO(V D) o
2(V;-Vo)™Voton '
a decreases with VI and increases with PO' (.19).
(v,-v.)t '
- 1 on ,
By BR+—KN;Q— (20)
- is inds . “(21)
BB.max occurs at VI,max and is mdependent of P0 )
By = Bp (22)
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Table 3.2(C) for Constant Off-Time Voltage Step-Up/
Current Step-Up Converter

CONSTANT OFF-TIME CONTROLLER

MODE 1
bee=0 .(Q,TF};
t No(V.+V.)
on P\'0 "D
a A = N (10)
T Np(v0+vD)+uS(vI-Va)
a decreases with V; and is independent of Po- (11)
WP (VAV NG (VatVo )t
= 0 0 'D''P 0 'D'"off
0 I°Q S
BB,max occurs at P0 = Po.max and VI = vI,min‘ (1w)
BA,min occurs at P0 = Po,min and VI = vl,max' (15)
' * MODE 2
T-= TR where TR is the larger root of the quadratic
2 \
NSuAP, (VL 4V .)
2 P 0oM0 D 2 .
. 2[toﬁ, + ]TR+t°ff - 0 (16)
Vv (v.-V.) .
0°'1 "0
NCLAP T,
off = Yoff T "“(“V‘)‘zvsng (17)
A § “oto™ .
2 '
e _t_o_rl ) 1 ZNPuAPO(VOWD) e
é T 17;?V67 ETRVO (18)
fa decreases with V; and increases with Py (ig)
2uP (V +V )T
. 0%0™'p’ 'R
BB BR + J p.AVo (20)
BB,max occurs at PO = PO,mem and vl,min' . (21)
Bp * BR (22)
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(AB/2), where BaV = Bp + [“NS(ISB + ISA)/ZQJ and AB = uNS(ISB - ISA)/z.
The use of (4), (10) and the fact that the averace output current Po/Vg =
(t(')ff/T)[(ISB + ISA)/Z] leads to {12) and (13). Evaluation of the partial
derivatives of these expressions with respect to P0 and VI shows that the
two extremum values, BB and B

smax A,mi
(14) and (15). Appendix A outlines the steps leadino to these two pairs of

ns occur for the conditions aiven in

conditions,

The time relationships for Mode 2 operation are given by (16), and
(17), Manipulation of (7), (8), and (16) 1eéds to the expression for duty
cycle in (18). By examining the partial derivatives of o with respect to VI
and PO’ the duty cycle o can be shown to decrease as VI increases and to in-
crease as P, increases (19). The peak value of the flux excursion BB is ob-
tained by using By = Bp + (uNSISB/z) and the fact that the average output
current PO/V0 = (téff/T)(ISB/Z). Elimination of ISB from these two rela-
tionships and the use of (8) and (18) leads to (20). Appendix C aives a
more detailed derivation of the Mode 2 time relationships and the flux-
density expressions just described. The circuit operating conditions for
which By has its extremum value is given by (21), obtained by exahining the
partial derivatives of BB with respect to P0 and VI'

Table 3.3(A).(B) and (C)present expressions for the transformer rms
primary current IPe amd rms secondary current ISe for both modes of opera-
tion. The method for locatinn the maximum currents, and the reasons for
se1ecting mode 1 expressions to compute the maximum yms currents are similar
to those discussed in Sec.2.4, The derivation for the expressions for cur-
rents, and the conditions at which the currents ieache their maximum values

are given in Appendix D.
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- I,min" .
Ise,max® Tpe,ma NEIV?TE)'J_ using (28) for Ip (34)
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RMS Primary and Secondary Currents for
TABLE 3.3(A) Constant-Frequency Two-'/inding Voltage
Step-up/Current Step-up Converter
2
) P Ns VO+V '. 2(V0+VD)(V -VQ)T ' NP(V0+VD)
re” [-J(N—_+ V- UQ iU L ALNE (¥ +V; J+NN s(Vy-V)3d 7 Mo (v grvp NG (v v
- " 0''D 1°'q AN M ERRSERS Y
é (23’FQ)
Ipe,max 0CCUrs at Py = Po . and Vy = Vi min, (24)
- ZPO(VO'*'VD) ZZPO(V0+VD)T (25)
o | P ¥ 30U Veloy Ny ayg
a
Q -
= Ipe,max OCcurs at Py = PO,max and V VI,min__ (26‘)
E Ipe,max OCCUrs at Pg = Py . and Vy = VI,min_ (27)
d; _ _ _ N
21 Thesax= 1ofPo = Po,max V1 = Vi min) Using Eq. (23) for Ip (28)
No (V.=Va) '
_ Ige= Ip : (IJ+V0 using (23) for Ipg , (29)
(¥4 )
(=]
=) ;i - =
e Iga maxOCCurs at Pg = Pg oo and Vp = Vp .o (30)
Ny (Vo-V.) ' .
~ Iee= Ip N%(—\I:)—Jrv—%y using (25) for Ip, (31)
~ .
[=]
o . - =
= Ige maxoccurs at Py = PO,max and V; = vl,min. (32)
3 Ise maxoccurs at Pq = Py o and Vq = vI,min. (33)
2
A N (V Vq)

#
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PMS Primary and Secondary Currents for
TABLE 3. 3(B) Constant On-Time Two-Winding Voltage
Step-up/Current Step-up Converter
N v +V Q(V -V )t N (V +V )
Ipe” [[V'O‘(WS“ V v )] * 12L 3 Off]] Ny (Vg 7 )+N ( vy (23,™)
- 0P Q NP A p/TsM 1T’
a
g .
Ipg  occurs at Py = Po,max and V; = VI,min or VI,max‘ (24)
1 _JZ“PO(V0+VD)t0n (25)
Pe” 2
o~ AY
a | .
2
IPe maxoceurs at PO PO.max and is independent of VI, (26)
é Ipe’maxoccurs at Py = Po.max and Vy = VI,min or VI,max (27)
o
- IPe,max= IPe(PO = PO,max’ VI = VI,min) or 1 (PO P0 ;max?
Vy = vI,max) whichever is the larger, using (23) for IPe. (28)
No(Vi=Va)
I PV'T 'Q R
B I.= Ip NS5, using (23) for Ipe (29)
iJ
= ;
= ISe,max°°c”rs at Py = Po,max and V; = VI,min or VI,max' (30)
N (V ) ' S
P .
o 1se N“(V"W/QT using (25) for Ip, (31)
w
)
= ISe,maxoccurs at Py = Po,max and Vy = vI,max' (32)
g Ise,max= IselPg * Po,max® V1 = ,m1n) orls (Pg Po,max’
33 Vp = vI,max) whichever is the larger, using (29) for I, ~ (33)
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) RMS Primary and Secondary Currents for
TABLE 3.3(C ) Constant Off-Time Two-Winding Voltage
Step-up/Current Step-up Converter
rPo s, VorVog 2, 1 rAVetpltorriz] Me(Vgtip)
Tpe™ [v*(r*v*:v*) *Tz‘[m'"“ : VooV (23.TF)
- € o' 'I7'q NpligH PWo D/ MsV ™Y
8
= .Ipe’maxoccu.rs. at P = Po,max and V; = vI,min‘ (24)
- ‘[‘ZPO(VDWD) 24P, (Vg+Vp ) TR (25)
o -
- Pe y 3TV -V NE, AV
s il
e
Ipe maxoccurs at Py = Po,max and V; = VI,min' (26).
IPe,m&x occursat P0 = Po.max and V; = vI.min‘ (27)
" IPe,max= IPe(PO N PO,max’ VI/= vI,min) using (23) for IPe. (28)
Q. .
N (V-V,)
- PV I .
— ISe- Ipe. N—S—(Vo-_'-_vg-y using (23) for Ipe. (29)
=]
e
Ise’maxoccurs at PO,max and vI,min' (30)
No(V=V,)
= P'\'1 .
~ = Ipe NS (Vo7 using (25) for Ip, (31)
S
z - -
Tge maxOccurs at Py = Po oo and Vpo= Vp o (32)
ISe’maxoccurs at Py = Po,max and Vy = vI,min (33)
g NlVy V)
El - P 1,min™"Q . ;
...3 ISe,max' IPe,max eV using (28) for IPe. (34)
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3.3 Mode Restriction
In Chapter II, a discussion of a mode restriction in the desion pro-
cedures for sinale-winding converters is presented. For similar reasons,
all of the desions considered in this chapter must operate in Mode 1 at
least at the operating point given by (14), the point at which BB = BB,max'
Thus, Mode 1 equation for By (12) should be used to determine N from a spec-

ified value of B . . Setting By = in (12) for the condition of (14)

BB,max
and manipulating the resultant equations Teads to (35) for each of the three

controliers
NS ¥ ;;$;;g;'NP ) z;;g’[(%ﬂax'BR)fA/Bmax'BR)z' Zigsz(vo+vo) ](35’FQ)
—i;- [NpN o+ é;;%xgégf-ﬂ (B,=Bp Np* EX&Q%XQ2£99-= 0 f (35,TN)
Py [Z¥O+XD; NpN+N o ] (B~ R) + (V0+VD)t°ff = 0 (35,TF)
where V, §=v1,m1n’kB2 A Brax® P2 = Po,max 34 Vyo = V1,min ©" VI,max’ de~

pending on which condition yvields BB as described in (14,TN). In other

smax
words, any converter-transformer design which satisfies (35) will never ex-
ceed the specified Bmax at any point of its operating range. As can be seen
from (35), even for a particular core withknown core parameters and defined
operating rance, NP and NS are not uniquely determined. Consequently, this
re]ationship provides an additional degree of freedom over that available
when a single-winding ene:a/—atorane converter is used to meet the same
specifications. It therefore opens the way for the desianer to choose an

additional performance cri?erion to be met by his desion. The next section
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discusses and shows how this additional dearee of freedom provides a variety

of useful options to the designer,

3.4 Design Options

Ten desian options are considered:

(A) Duty cycle centered at a particular value

(B) Minimum duty cycle

(C) Ranre of duty-cvcle variation

(D) Maximum transistor collector-to-emitter voltane

(E) Maximum reverse diode voltage

(F) Maximum peak transistor current

G) Maximum peak diode current

(H) Maximum duty cycle

(I) Total number of turns

(J) Turns ratio
Each of these ten options leads to an option constraint equation which in-
volves NP or NS or both., The mathematical description of the desion options
and the option constraint equations for the ten options Tisted above are
summarized in Table 3.4, where Uy represents the value of a special perfor-
mance constraint, The subscript y corresponds to one of the ten desion
options identified by letters A throunh J. 1In the column labeled MODE NO.,

1 indicates that the converter-transformer desian which uses this option

will operate in Mode 1 over the entire operating rance of output-power/input-
voltage while 1 or 2 indicates that the desion will operate either in Mode
1:entire1y or in Mode 2 over a portion of the operatine rance. Mode 2 op-
eration is not included in options A, B, and C, because the resultant con-

straint equations are not amenable to analytical solutions for NP and NS'
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Constraint Equations
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N V4V, '
S . o''p
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1 Ir V4V
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Option Solutions for Ny and Ng for
Table 3.5(A) Constant Frequency Two-Winding Voltage
Step-Up/Current Step-Up Converter

CONSTANT FREQUENCY CONTROLLER
COMMON EQUATION
(Wgrvp) 2V 2uTP,(Vg#Vy) |
. Vo 2 2Vo'Yp A
Nst g e m‘g[‘“a'%)* (85 8g)" ——‘a‘v;“‘]a K (35,FQ)
0PTION
orriof | OPTION w |3 SOLUTION FOR N, SOLUTION FOR N
- K(Vy=Vg) \
= _TV'"VTT%—V—T Ne = Y,
A "min%x.u 1 P YA 1-Q+ 0*0 s AP
i b
N —w"'(éi}ft%)—v—r N = "
= . = ‘Y
® buinls P Yl VgtV s e
K(V;-Vg)
€ Pacemn™e | 1IN VORIV, Ns = Yl
L . K(V3-Vg) .
L I T Np = 0V, Q)+(8‘°'+V'D'7 s = oY%
‘ K(V;-Vq) ) .
Np = —(V‘v-na—v—y =Y
3 "aam'“s or P e, Q’ o''p S E°P
n.(az-BR); ¢ (Vo*"o)"P
1 = =z K=
[ 2 ‘co'l\.m'U; o; NP “UF S !u]‘uq’
£(8,-By) V.-V £(8,-8,)
1 2-Br), Vi-Yg 28
. N, = (K = ) Ne =
 oans  [2| 7 W Yo'Vp s Wg
orf N -—W—V-,—-(-UQ-V—,-K(V"V) Ng = v
- = = ‘v
L o AL MU YRS .s H'p
N (K-Uy) v—vv—‘l;'vﬂv— N U,N
) 1 = - =
X #..'...s..,l or | LI 1S s = U
N u—w—v’r‘?v—V'TK(vrv ) N = U,
1P GyTNh=Vg)*lg*p s "0
) .Uy or
4 2




Option Solutions for Np and Ng for
Table 3.5(B) Constant On-Time Two-{inding Voltage
Step-Up/Current Step-Up Converter

CONSTANT ON-TIME CONTROLLER

comion QuATIOn T2 [y oo S0V )2
I‘? (%4 S ‘VXO-UQ’

(Vyg-¥o)t
(BB IN ¢ iyl 00 a o (35,TH)
2 My

. J0PTIO} 0PTI0N MCDS SOLUTION FOR N
. Orl{'(X;OIDESCRIPTlON Ho P . SOLUTION FOR "S
y (Vpo-V, ’ Ne .y
)NP'TE“EVI’?TQ)_W—TH (8,-8) s
- WPl VgmipMalVio-¥y 27°R
A min Smax 'UA 1
z 2uP. .
4J (82-3R)2_ mﬁ{, A“’xo"’q""o"’nha.']
¥y (Via=Vp) .
e )
8 U | MR IAUSE TS ) [(BZ'BR’ Ns = vl
-
min 8 4 — ZuPz
(Bz-aR) - u%- [ya(VIO-VQ)WoQVD]gu"]
l W (VoY)
0'1s
"z—p—w———L(v——v-n 8,-8.) Ne ® yN
4 v, - [‘ s “ YC
e R MR 4
2P,
2 2 s
‘J‘BZ'BR) - nv'o—{’(c(vm-vo)ﬂowu]gor]
. Wy (VineVa)
1 b 2010770 _ AN wy
] VCE. lUD mzn #‘P uPy OFiDO-yD 10-%q ‘(82 BR) S DNP
max
2uP,
: a2 B
"J(:Z ER) ny—o‘ [votvm VQ)'&VOOVD]gon]
W, (Vr0-Yg)
0’1o
¢ 1 2PNy NV io-Vg [(BZ'BR), Ng = vghp
d =| or
DRﬂ\lx € 2 2 zupz
+ [(B,-50)%- ma[*s('xo‘vq)’vo"’o]‘on
o (Vyg-Vgt
0 10 on
F 1 1(8; - Bp) N P, [“’2'%)' —m'g,,—]
Mener’le Dlz' i ¥F (Vy*Vpp
. 10°°Q
Vo (Vya-Vn) P,
0''10 2
N-mﬂ%—(a-s)-- N £(8, - Bp)
. 1P au * [ VR TG TS -2
€ ['opex o o; 2DDP zp?vw)t b %
max N p N
24132 2'\'0 _D’"on
ooz T - o]
Vo (Via-¥o)
0 'n
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for Constant Off-

Time Two- Winding Voltace Step-up/Current Step up

Converter

CONSTANT GFF-TIME CONTROLLER

(Vo *¥n) (V5%7p)t
COMION EQUITION [TOTET pwsousz)-usz gt L3220 (35,10
orTace uzza.;{;l’ﬁqn e SOLUTION FOR N, SOLUTIOH FO@ 8
zv,J (4y-¥g) [
r:v—vvmv—rn 8585} Ng * raltp
Prir*®max 6P, (Vo*V,) [N :
A ey} 2_ ST ety 27'p
3 A 8,-8.)%
‘J("z Bg) v, VA(V‘-\Q)] oft |
zv (¥,-V,!
1
. . : Kpe Zu'rf_\la 9‘“\7"\7“‘7(, [‘az'ea) Ns = vgllp
.
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* (BB —S—i —(T"v‘T8 TV oft
Wy (VY
e tho maueal (8,-8p) “s"’c“r
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The derivations of these constraint equations are aiven in Appendix E.

The option constraint equations presented in Table 3.4 are inde-
pendent of controller types. Each of the constraint equations can be solved
simultaneously with each of the three equations (35,FQ), (35,TN), and (35,TF)
to yield solutions for NP and NS for each of the three controller types.
These solution sets are in terms of core parameters and converter operating
conditions, and are presented in Table 3.5-A,B, and C, with the appropriate
(35) repeated at the top of each table. Appendix F outlines the steps fol-
lowed in these solution sets. Each of these three solution sets provides
the principal equations for each option to be used later in the desian pro-
cedure. It should be noted that the solution sets obtained are based on the

maximum specified flux density B at the critical input-output conditions

max
given in (14) and on the value of a special performance constraint. The de-
tailed use of these tables for desianing energy-storage transformers for
two-winding converters is illustrated with numerical examples in the next

section.

3.5 Desian Examples

In this section two examples are presented which demonstrate the pro-
cedures for desianina the eneray-storage transformers for two-windine con-
verters employing a constant on-time controller and a constant off-time con-
trolter. For the case of a constant-frequency controller, the design pro-
cedure is quite similar to the case of a constant off-time controller and
will not be presented here., The magnetic cores chosen for these examples are
obtained from commerical catalog MPP-303S by Maanetics Inc.
Example 1

Design the transformer for a constant off-time controller-converter
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with toff = 20 microseconds., Desion option (D) is selected to provide a
maximum collector-to-emitter voltace = 80 volts. Other specifications are:

vI,min = 10v, PO,max

BR = 0.01T, Fw’ max - 0.4

= 10V, V0 = 15V, Vp = 0.7, VQ = 0.2V, B

max - 0.35T7,

Desian Procedures

[A] Choose a core and determine number of turns NP and Ng:
Arbitrarily select a core (Magnetics Cataloo Number 55324) with
A = 0.678x107'n%, 5 = 8.98107%m, A = 3.64x10"*n%, (719,100 circular mils)

and y = 126, (u, = 4nx107H/m).

)
Use the equation for option D in Table 3.2 to find Yps and the

equations for option D in Table 3.4-C to find Np and Ne.

Yp = 1%%95% = 0.261
Np = 129
Ng = 0.261x129 = 34

[B] Determine wire sizes:

Compute ng’maxusinp (28,TF); Iee ,maxusing (34,7TF) of Table 3.3-C

32 -2 -6 72
10 1540.7 1(8.98x10~2)x (15+0.7)x 20x 10
I fq[[ (0. 261+ |+ [ ) i
pe smax af |T5 '5'0'2] 120x34x {125x47x10" )x0.678x10™%

129x (15+0.7) =
Ix 5+0.7)+34x (10-0. = 1.15A

- 10-0.2 _
Ise.max' 1.15 0.261x(15+0.7) ~ 1.78A

'7m2/A, use wire table to find wire

For current density of 5.0671x10
sizes, Wire AWG #19 (Awr=7.544x10'7m2) is chosen for primary windino, and

AYG #17 (Awr = 1.177x10'6m2) is chosen for secondary winding.
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[C] Check winding factor:

Fu = DINA,Dp + (NA D GI/A

[129x7.544x10" "+ 34x1.177x10"87/3. 64x107%

0.38 < Fw,max’ which is 0.4 by converter specification.

The pertinent information concernina this desian is: Np = 129,

P
NS = 34, primary wire AWG #19, secondary wire AWG #17, and Fw = 0.38.

In this example, the core size-permeability combinations selected
yields a satisfactory design. However, arbitrarily selected combinations
may fail to produce a workable desi¢n due to either an excessively large
vwinding factor or a nonrealizable complex number for NP or NS' In this
case; repetitive trials are necessary to find workable cores.

Exampic 2
Using the specifiéations from Example 1, desion a transformer for a

constant on-time controller with ton = 50 microseconds. The turns ratio

(Option J) to be 1.2.

Desian Procedure

Similar to the case of the constant on-time sihg1e-winding voltage
step-up/current step-up converter aiven in Example 3 of Chapter II, special
steps must be included to ensure that the core flux density at any condition
within the specified operating range does not exceed Bmax'
[A] Choose a core and determine number of turns Np and Ng:

Arbitrarily select a core (Magnetics Cataloa Number 55585) with
W= 125, A = 0.454x10"%7, 2 = 8.95x1072m, A = 4.00x10"*Z. From Option
J in Table 3.4, Yy = 1.2. Using the expressions for NP and NS in Table
3.5-B, calculate NP and NS for VIo = VI,min = 10V; NP = 83, and NS = 100.
Compute BB for NP =33 » Ns =100 VI = VI,max = 20V, and P0 =

= 100,

PO,max
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usine (12,TN) or (20,TN) dependine on which mode the converter operates in
under these conditions. Using (13,TN), B {Pg = PO,max’ vy = VI,max) = 0.06

tesla > Bq, which is 0.01 tesla; therefore the converter is in Mode 1 and

.} 3 -
the Mode 1 expression (12,TN) should be used to check BB at P0 = Po,max and
v

[ = VI and BB(P ) = 0.33 teslac< Bmax’ Thus, for this

,max Ommx’vhmu

first trial desian, the core flux density does not exceed B ax Within the
converter operating rance,
[B] Determine wire sizes

From (28,TN),

IPe(PO,max’ VI,min) = 1.89A
IPe(PO,max’ VI,max) = 0.92A

_ . . . - 1n-6.2
Thus, IPe,max = 1,89 and wire size AYG #17 (Awr,P 1.18x10™"m")

is chosen for the primary winding wire

From (33,Tit),

ISe(pO - PO,max’ VI,min) = 1.36A
Ise(Pg = Py.max’ vI’maX) = 0.94A
Thus, I, . = 1.36A, and wire size AUS #18 (A ¢ = 9.16x107m?)

is chosen for the secondary windin¢ wire.

[C] Check winding factor

Fo® (NPAW,‘P + NsAwr,s)/Awn = 0.47> Fu oy
Thus, this trial design does not meet the windina factor require-
ment, and should be discarded.
Try another core, startina from sten [A], repeatinc the same pro-
cedqre.
- [A] Select core (MAG. 55583) which has the same dimension as that of the
first trial core, but with y = 160,

NP = 67, Ng = 80.

N T S A T W T A Py L T L S
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B, (P v ) = 0,02 > BR' Thus converter operates in Mode 1 at PD'=

Usina (12,TN), BB(P v

AV O,max’® "I,max

4 and VI =V = 0,345 < %nék'

0,max I,max’ 0,max? I,max)

Thus, the flux density requirement is met.
[B] Determine Wire Size

= 1.888 AUWG #17

1.35A AUG #18

IPe,max

ISe,max
[C] Check winding factor
Fw = 0,38 < Fw, max
Thus, the second trial desian meets all the desian requirements. A
summary of the significant quantities resulting from this design is core
Cat. No., 55583 with u = 160u0, NP = 67, NS = 80 primary wire size is AWs 17;

Secondary wire size is AWG 18, Winding factor is 0.38.

3.6 Conclusions

The analysis of the two-winding energy-storage converter presented
in this chapter led to the recognition of an additional constraint relation-
ship not available in sinele-winding converters. By expressina this rela-
tionship in suitable mathematical form, the additional constraint concept was
incorporated into specific design equations to provide the designer new
Freedom to meet additional desian objectives not heretofore available. The
design relationships are presented in tabular form and can be readily auto-
mated in a digital computer to greatly reduce the time and effort required
of the designer,

Measurements have been made of critical circuit variables for a
number of energy-storage transformer designs obtained from the design proce-
dures presented in this chapter. The measured values aoree with these pre-

dicted from the analytical relationships within three to five percent.




Chapter IV
LOWER-BOUND ON VWORKABLE REACTOR CORE VOLUME

4.1 Introduction

This chapter develops the theory for a basic constraint relation-
ship for the eneray-storace reactors for the twelve controller-converter
combinations considered in the last two chapters. This constraint rela-
tionship is evolved through an analysis of the converters from an energy
point of view. Throuah this constraint relationshin, a lower-bound condi-
tion on the volume of workable reactor cores is established. This lower-
bound condition not only provides a useful criterion for the comparison of
the various controller-converter combinatibns, but it also leads to an
easily used rule for quickly selecting candidate cores for given converter
specification, thus considerably simplifyina the search process which is a
necessary nart of the desion procedures developed in the last two chapters.

This chapter follows closely the material presented in Ref. [e].
The scheme used in the last two chapters for identifying the various con-
troller-converter combinations are used in this chapter as well. The three
controllers are identified by the two-letter combinations: FQ for constant
frequency, TN for constant on-time, and TF for constant off-time controllers.
The converter conficurations are identified by two letters: VU for the vol-
tace step-up, CU for the current step up, UD for the single-winding vo1tage'
step-up/current step-un, and 2UD for the two-windina voltane step-up/current

(59)
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step-up converters. Usino these identification codes and referring to
Table 4.1, (1,FQVU) refers to the specific equation M = TPO(V0+VD-VI)/V0,
for the voltage step-up converter with a constant-frequency controller. To
simplify the presentation, when an equation applies to all controllers, the
controller identifier is omitted. For example, (1,VU) refers to all three
of the equations for ANm for the voltage step-up converter with all three
types of controllers. When both the controller and the converter identifi-
cation codes are absent, the equation reference applies to all twelve con-

troller-converter combinations.

4.2 Development of Constraint Relationship

Several fundamental papers [9,10,11] point out that in any efficient
dc-to-dc conversion process taking place in an electric network, an inter-
nal cyclic or ac power flow is an inherent feature of the power processing
system. The analytical approach followed in those papers is based on con-
siderations of the energy balance in a general dc-to-dc conversion system
and leads to a number of statements or laws which provide fundamental in-
siaht into the conversion process. In this chabter,.a constfaint relation-
ship is developed from a similar energy-balance approach, but it is derived
in the context of a set of piecewise-linear circuit models developed in
Chapters II and III. In the converters under consideration, part‘or all of
the energy supplied by the input source is stored as magnetic energy during
the firstrportion of a switching cycle, and is then transferred to the fil-
ter capacitor and load during the last portion of the cycle. The energy re-
ceived by the filter capacitor during the last portion of a switching cycle
subsequently is released to supply the load durina the first portion of the

next cycle.

T Ry g e
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The parameter of most concern in this chapter is Awm, and it repnre-
sents the macnetic eneray which must be transferred throuah the reactor dur-
ina each cvcle of steady-state operation. Aﬁn is defined as the difference
between the maximum and the minimum of the eneray stored durinc each steady-
state cycle. Analyses of the four converter tynes considered in this dis-
ertation yield expressions for AV% in terms of converter operatinc condi-
tions and the switchinc-cycle time parameters which are dictated by the type
of controlier employed in the feedback loop. These expressions form the
bases from which the Tower-bound conditions on reactor core volumes are de-

rived.

4.2.1 Expressions for Aqm and Awm,max
| Usina the piecewise- linearized circuit models described in Chapters
IT and III and some results from those two chapters, the expressions for
Awm can be derived and are presented in Table 4.1. The expressions for AV%
for the various controller-converter combinations are nresented for Mode 1
operation as (1), and for Mode 2 operation as (3). The expressions are in
terms of converter operatina conditions, input and output voltaces VI and V0
and output power Po; semiconductor voltage drops VQ and VD; controller time
parameters (conversion period T for the constant-frequency controller, trans-
istor on-time ton for the constant on-time controller, and transistor off-
time toff for the constant off-time controller) and for some cases, induct-
ance value and a winding parameter y. These expressions are obtained by
inteoratinn the input power to the enercy-storane reactor over a period of
time during which enerny is flowino into the maanetic core. Detailed deriva-

tions of these equations are c¢iven in Appendix G.

To use these expressions to obtain a lower bound for the required
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maonetic-core volume requires knowledoe of the particular input-voltace and
output-power condition, lyine within the operatinc ranne, for which A%n has
a maximum value Awm,max. This information is obtained by evaluating the
partial derivatives of Aﬂn with respect to VI and Pol This evaluation yields
the results civen by (2) and (4). Since a converter may operate in Mode 1 or
Mode 2 over only a portion of the PO-VI operatino range, results of both (2)
and (4) should be taken into consideration together to determine the location
at which Awm’max occurs. It can be seen from (2) and (4), that for each con-
troller-converter combination, aAHm/aPO is nonnecative, and aA‘.%/aVI is
either nonnenative or nonnositive but never changes sion within the operating
ranae. In other words, AMn is a monotonically increasina function of P0 and
is either a monotonically increasing or monotonically decreasina function of

VI' Thus, A%ﬂ

max Occurs at one of the extremities of the converter opera-
it 9t

tina rance as aiven in (5), no matter whether the converters operate only

in Mode 1 or only in Mode 2 overthe entire operating rance or in Mode 1 and
Mode 2 over different portions of the operatinc rance. An exception is the
Mode 2 case of TFCU, where the sign of aAl'-!m/aVI is undetermined; it only can

be concluded that Ab% max OCCurs at P as given in (5,TFCU). Once the
s

0,max
Tocation where al occurs is known, its value can be found by substi-

m,max
tuting condition (5) into expressions for Al in (1) or (3), dependina on
which mode the converter operates in at that particular condition. However,
converters considered in this chapter, as those considered in earlier
chapters are desioned to operate in Mode 1 at Teast at the location where

core flux density BB reaches its maximum prescribed value Bma This pre-

«
cludes for some controller-converter combinations such as TNCU, and for all
constant fréquency FQ and constant off-time TF controller-converter combi-

nations, the possibility of operatino in Mode 2 at the condition civen in
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in (5) and, thus, Mode 1 expressions for AW, should be used to compute

may

Aﬂn,max for such cases. For the cases of TNVU, TNUD, and TN2UD, AMN

»max
occur in Mode 1 or Mode 2, but Mode 1 expressions are used to compute
Awm,max as given in (5) for these three cases, for reasons to be explained
in the section on lower-bound conditions on core volume. In summary, for the
various reasons stated above, Mode 1 expressions for AMN are always used to

compute AW

in (6) for all controller-converter combinations.
m,max

4.2.2 Lower-Bound on Workable Core Volumes
In this section, a lower-bound condition on the volume of workable
reactor cores for given converter specifications is established by consid-

ering the amount of energy Awm required to be transferred under worst-
s

max
case conditions by the controller-converter and the enercy-transferring
canability of a maonetic core. The capability of a core to store and re-
lease energy is a function of +its volume, the B-H characteristic of the mag-
netic material used, and the maximum allowed flux density B

max *
is the maximum which the flux density is designed to reach at least at one

The latter

operatina condition but which must not be exceeded. Referrinag to Fig. 4.1,
the maximum eneray which a converter core could possibly store and release
over a complete switching cycle is equal to the volume of the core times
the inteqral of the maanetic field strenoth H with respect to the flux den-

sity B over the Timits BR and Bmax‘

%nax ; Bmax ,
M =2 A J Hdg = V J HdB
Bp Be

From the condition that the energy.transfer capability'of cores which meet




65

- B A

Bst -
Bmax{ -~ """ "

BgT

Core .has area A,

| - Path length £

BaT '

BR/

3 n > H o
NlA/f | Nl% Single-Winding

(Np ippt Ng isp) 7 (Npipgt Ng iSB% Two-Winding

Figure 4.1 Magnetic core characteristic




66

the desian specifications must be equal to or areater than Awm s @

»Max
lower-bound condition on the core volume Vi g is established, expressed in

the form of an inequality:

B

v max
> Awm.max/[[ HdB] A Vip (4.8)
Bp
where A%m max ©an be computed usina (6) in Table 4,1 for given specifica-
» "

tions. As discussed in the last section, for the combinations of TNVU,
TNUD, and TN2UD, Awm max May occur in Mode 1 or in Mode 2, but Mode 1 ex-

pressions are always used to determine Awm The reason for doing so is

;max’
that for such cases, a prior knowledoe of the value of the reactor inductance
(transformer primary inductance for TN2UD) is required in usinc Mode 2 ex-

pressions to determine Aqn » and from this parameter, the lower-bound

smax
core volume Vg The Mode 2 expressions thus imply that an additional
constraint is imposed on the converter core, so that the Tower-bound value
obtained in this manner will not bhe the absolute lower-bound value.
Returnina to the lower-bound value of workable core volume, if the
core is operated over the linear range of the B-H characteristic with con-

stant permeability u, then the intearal of H with respect to B becomes

(Bmax

- BR)Z/Zu and (4.8) may be rewritten as:
2 .
v Z-Z“Awm,max/(amax - BR) A VLB (4.9)

Details on the use of this expression with Table 4.1 to determine the lower

bound of workable converter cores will be illustrated in the next section.

4.3 An Example

‘A numerical example is given in this section to illustrate the use
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of Table 4.1 to determine the lower-bound core volume for a particular con-
verter.

Example

Find tlie lower-bound volume of workable cores for a constant-
frequency voltage step-up converter with specifications:

v = 12V, YO = 28V; VD = 0.7V
= 30¥; %nax
Conversion period T

I,min

0.35T7; BR = 0.01T
100us
From (6, FQVU) in Table 4.1 and (4.9),

PO,max

\, = —_ "3
A‘%,max = TPO,max(VO+VD_VI,min)/VO = 1.789%10 “J
foru = 12510, where g = 4ﬂx10'7H/m

= X 2 _ -6_3

4.4 Comparative Evaluation of Controller-Converter Combinations

Usina the derived lower-bound conditions on workable reactor core
volumes, comparative evaluations of the various controller-converter combi-
nations now may be made. In this section comparisons are made for conver-
ters in the followinn two catecories: all four converter configurations
with the same twvne of controller; and all three types of controllers with a
sinale converter conficuration. In the first catecory, comparisons are made
between conficurations VU and UD; CU and UD; and UD and 2UD, according to
the converter function. Both VU and UD co~fiaurations are capable of step-
pina up the output voltace above the input .¢ :ace level, while both CU and
UD are capable of stepping up the output current above the input current
level. Confiaurations UD and 2UD are capab1e of steppina up eifher the out-
put voltane or the output current over the correspondino input voltage or

current, The identification scheme used in Tables 4.1 to code the

N 5
R .
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controller-converter combinations is used in this section as the subscript

accompanying the lower-bound (LB) values of core volume VLB' For example,
VLB,VU stands for the lower-bound volume of workable cores in a voltage
step-up converter,

It can be seen from (4.9) that the lower bound of core volume VLB is

proportional to AW

i ,. : Oxl
I, max for a given magnetic material and specified qna

e
Thus, comparison of ULB can be made by comparing AH" max values for the

H
various combinations. A1l comparisons are based on identical maanetic
material and converter specifications of input veltage and output power.

The results of the comparison are summarized below.

4.4.1 Comparisons of Different Converter Configurations for the Same
Controller Type.

Comparison Between Conficurations VU and UD:

v LV
LB,VU < "LB,UD

This comparison shows that for a voltage step-up application, the
Tower-bound volume of workable cores for single-winding voltage step-up con-
verters is always less than the lower-bound volume of workable cores for

single-winding voltage step-up/current step-up converters,

Comparison Between Confiqurations CU and UD:

ViB,cu < ViB,up

This comparison shows that for a current step-up application, the
Tower-bound volume of workable cores for sinale-winding current step-up con-
verters is always less than the lower-bound volume of workable cores for

single-winding voltace step-up/current step-up converters.
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Comparison Between Confiourations UD and 2UD:

For a voltace step-up/current step-up application, a comparison of
the lower-bound volume on workable cores for the two possible confiourations
UD and 2UD must include a consideration of the type of controller employed.
If a constant frequency controller is employed in both converter configura-
tions, VLB,FQUD = ULB,FQZUD' For confiocurations TN2UD and TF2UD, Vg is in-
fluenced by the windinn parameter vy. VLB,TNZUD increases with an increase

of y, but VLB,TFZUD is decreased with an increase of y, and the results of the

comparisons are as follows:
Vis,Fquo = LB,FqauD

Vig,Toup > Vie,Thaupd Vi, Trup < Vig,Troups Oy <

n
—

Vig,TFup?  TOr Y
Vib,tivp > Vis,Theup’  Vis,TRUD * Vip,TFoupd  TOT Y

Vig,thup = Yie,Tn2up?  ViB,TFUD

v
—

4.4,2 Comparisons of Different Controller Types for the Same Converter
Confiquration,

Confiquration VU:

v\ g, rquu/T) _ Vig,mwe/ton)  _ Vip,1rvu/ tors!
Ut min '”'7(V0+V Vimint Wi Q7(V0+VD Vo) sare min? VgtVp-Vg)
(4.10)
Confiquration CU:
Vis,rqu/T) s, mhcu’ ton! V p,7rc0/ tofs)

WZWD’(InwaO 0) Wlmwwavﬁ”VImmfﬂb'Q (V d”vlmmﬁv—vﬂ)

(4.11)
Configurations UD ( y=1 ) and 2UD (y =N¢/Np):

P




P

VL8, Fouu =‘T(V0+VD Vimind | (100x1078) (28+0.8-18)
Vig,iwvu EonWo'pVq)  (50x307°)(28+0.8-0.2)

(v p,Fquo,2u0/T) (v_p,hUD, 20D Eon
Tin T (Vg Tg) — TV o Vg (Vo Vol

(W g, TruD, 200’ toff)
VotV LVgHVp* vV min=Vo )t

B v i
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(4.12)

A numerical example is aiven below to illustrate how to make use of these

comparisons.

Example

For a voltage step-up convarter with specifications V0 = 28V,

VI,min =18V, ¥ = 0.8V, and VQ = 0.2,

(A) determine the ratio of the lower-bound volume of workable cores for this

converter with a constant-frequency controller of period T = 100us to

the lower-bound volume of workable cores for the same converter with a

constant on-time controller with ton = B0us.

(B) determine the ratio of T to ton if the ratio of the lower-bound volume

of workable cores for this converter with a constant-frequency con-

troller to the lower-bound volume of workable cores for the same con-

verter with a constant on-time controller is unity.

(A) From the first equality in Eq. (4.10),

= 0.76

(B) From the first equality in Eq. (4.10),

T (VgtVp-Vo) Vip,Fouu _ _ 28+0.8-0.2

- 2.63
ton (V A ™V ,mmWLB,TNVU +0.8-
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4.5 Conclusions

A study of eneray-storage dc-to-dc converters from an eneray point
of view leads to a better understanding of the process by which energy is
transferred throucn the reactors and leads to a fundamental and useful con-
straint relationship on the maanetic reactor. From this constraint rela-
tionship, a Tower-bound condition on the volume of workable reactor cores
for each controller-converter combination is established. This lower-bound
value provides a numerical cutoff which may be used by a designer to easily
screen the population of available magnetic cores thereby locating those
cores vthich are candidates for a particular converter desian, It should be
noted, however, that while this lower-bound condition provides a useful cri-
terion for eliminatino unworkable cores from the core ponulation, it does not
auarantee that ahy core with a volume oreater than the lower-bound volume is
practically usable because the core may not be windable.

Usine ¢isrived lower-bound conditions, a comparative evaluation amonc
the various controller-converter combinations considered is presented. The
results of this comparative evaluation of the various combinations should be
useful to desioners of dc-to-dc converters by providina some auidance not
previously available for makinc choices among the many possible combinations

of controllers and converters,
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Chapter V
TABLE-AIDED DESIGN PROCEDURE% FOR ENERGY-STORAGE REACTORS

5.1 Introduction

The procedures described in Chapters II and Il for designing the
magnetic reactors required in eneray-storage dc-to-dc converters include a
search through a data file of maanetic core specifications and yield as an
output a list of windable cores which meet particular converter specifica-
tions. This search process usually begins with the smallest available core
size and proceeds sequentially toward the largest size. The search alagorithm
is readily implemented with a digital computer program, but it is a time con-
sumina approach whén the procedure must be followed with hand computations or
with a small computer which does not have sufficient memory to accommodate
the necessary macnetic core data.

This chapter, based on work presented in Reference [7], presents a
new set of procedures for desiging energy-storage reactors for the twelve
control ler-converter combinations which were described in earlier chapters.
These new procedures eliminate the need for an automated computer search
algorithm, The heart of the new design procedures depends on the
development of a spe¢1a1 table of parameters calculated from cataloa data
provided by manufacturers of magnetic cores. With the assistance of the
special table and the lower-bound condition on workable converter core vol-

umes as developed in Chapter 1V, the search process can be reduced to a

(72)
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methodical table search. With several relatively simple calculations and a

few trials, a core can be selected to match the controller-converter specifi-
cations and the number of turns can be determined.

The desion equations are aiven in tabular format and are placed to-
gether at the end of this chaptcr for convenient reference. Equation
numbers in the tables run from (1) through (17) . and continue sequentially
in the text, startino with (5.18). Within the tables, where appropriate,
equations are identified with converter types as in earlier chapters. For
example, (7,CU) refers to the particular expression for N aiven by (7) in
Table 5.1(B)for the current step-up converter. Followine the presentation
of the desian procedure, a number of examples are ~iven to illustrate the

step-by-step desion process.

5.2 Desion Relationships for Single- and Two-Windina Converters

Table 5.1 presented in four parts, A,B,C, and D, aives expressions
for computing maximum rms current and the number of turns for the winding of
the nine single-windina and the three two-winding contrq]]er-converter units.
These expressions are obtained directly from Tables 2.6 and 3.3 except for
(4,TNUD). This expressidn is obtained from (50,UD) of Table 2.6 and an
additional constraint imposed on TNUD to be described in the last paragraph of
this section. For each combination, the number of turns N, given by (7), is
seen to depend on a specification parameter ¢, a oroupino of terms common to
all three controllers for a aiven type of converter, and two maanetic core
parameters, {V/u} and {2/u}. The parameter ¢ is a function of the converter
specifications and is specific to the chosen controller-controller combina-
tion. The cuantities {V/u} and {2/u} are obtained from a special table of

core parameters to be discussed in a later section. Parameter values from
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this table are identified by enclosing braces. The expressiens for N in

(7) are obtained from Tables 2.3 and 3.5 and are rearranced to allow the use
of the specification parameters and the core parameters {V/u} and {2/u}. As
described in Chapters II and III, a condition required of these expressions
is that the core flux density, at one point in the operating range called
the design operating point, reaches but never exceeds a specified upper-
bound value Bmax; and that at this point, to which the equations for N corre-
spond, the converter operates in Mode 1, the continuous mmf mode.

In the two-windina configuration, the presence of the additional
winding not only provides input-output conductive isolation, but,as pointed
out in Chapter III, also proVides an additional dearee of freedom in the de-
sign procedure beyond those for single-winding converters. By utilizing the
extra deoree of freedom, it is possible to incorporate particular performance
or design constraints into the desian procedure. Seven of the ten options
considered in Chapter III are presented in this chapter using the same option
letter symbols previously employed. These are: (A) duty cycle centered at a
specified value; (B) minimum duty cycle; (C) specified range of duty-cycle
variation; (D) maximum transistor collector-to-emitter voltage; (E) maximum
diode reverse voltage; (H) maximum duty cycle; and (J) turns ratio. Each of
these options leads to an option constraint equation from which the turns
ratio v is determined. Options (F), (G), and (I) presented in Chapter III
are not considered in this chapter since the turns ratio for these three
options can not be determined directly from a given set of gonverter épeci-
ficatiops, and the design procedure presented in this chapter is not appli-
cable to the two-winding configurations without knowing the turns ratio.
Table 5.2 presents the option constraint equations from which the particu-

lar value of turns ratio v = yy, where y = A,B,C,D,E,H or J, to be used in
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Table 5.1(D)is determined for each of the seven options described.

As can be seen by referrina to the expressions for BB in Tables 2.3
and 3.2, for each of the controller-converter confiaurations considered ex-
cept TNUD and TN2UD, there is a well-defined extremum point in the output-
pover/input-voltage operatinog ranae at which the peak value of the flux-

density excursion has a maximum B Since the designer's choice for the

B,max"

maximum permissible value of core flux density Bmax assumes the role of a

basic constraint in the desian procedure, the expressions for turns N given
by (7) are written in terms of the output power and input voltaace at these

well-defined extremum points where BB max - Bmax' For each of the two ex-

ceptional cases of TNUD and TN2UD, the maximum flux density occurs at either

the point ( y ) or at the point (P v ) as can be seen

PO,max’ I,min 0,max* ' I,max
from (16,UD) of Chapter II and (14,TN) of Chapter III. To determine at

which of the input-voltace extremes the maximum flux density occurs requires
a somewhat involved set of computations and comparisons of results. These
are not well suited to the manipulation capability of a pnocket calculator,
whereas the computations and mathematical operations required in the desian
of the other ten controller-converter combinations are. For this reason,

for the TNUD and TN2UD cases, the desian operating point where the turns N
are calculated using Mode 1 conditions is assioned to be located at the point
(Pb,max’vl,min) althouah this assianment may decrease the number of designs
available ., A related complexity still remains with these two configura-
tions in comparison with the other ten in that there is no éssurance that

the peak value of the flux-density excursion By at the point (P v )

0,max’ " I,max

may not exceed the value at the desian point ( ) where the de-

PO,max’ VI,m1'n

sign procedure forces the peak value of the f]ux-density'excursion to be the

designer's choice for Bm A method for eliminating the posSibi]ity of

ax*
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such a design is obtained from a study of the equations for the peak value
of the flux-density excursion By as functions of N aiven in Equations (15,UD)
of Chapter 1I, and (12,TN) of Chapter III, from which it can be shown that
(aBB/aN) > 0. This means that at any point throughout the' converter out-
put-power/input-voltage operating range increasing the number of turns on a
particular core increases the peak value of the core flux density excursion.
Consideration of this fact permits determinina whether this undesirable set
of circumstances exists. The procedure is to compute the turns N in the

normal fashion using values of PO, VI and BB corresponding to P )

O,max®> "I,min
and Bmax and compare it to an artificial value of turns N' usino values
. !
cerresponding to PO,max’ VI,max and %nax' The two values N and N' corre-

spond to values obtained by setting VIO = VI and V in (18,UD) of

sin I,max
Chapter II (or the solution expressions for NP in Table 3.3-B). If the

value calculated for N' is greater than the value of N then it can be con-
cluded that with N turns on the winding the peak of the core flux-density

excursion at the point (P ) will be less than thé specified de-

0,max? VI,max
sian maximum of Qnax and the desian is satisfactory. Such a test is in-
cluded in the design procedure for these two exceptional cases and is de-

scribed in detail in a later section.

5.3 Eneray Transfer Requirement and Screening Rule

The fundamental process in an eneray-storage dc-to-dc converter con-
sists of storinag in the form of magnetic energy part of all df the energy to
be transferred from the supply to tha load. Eneray is stored in a mamnetic
core during the first portion of a switchina cycle and thén rejeased to the
output capacitor and the load duringlfhé last pbktion of the cycle. From

consideration of the amount of eneray required to be transferred during
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each switchina cycle, and the energy-transferrina capability of a maanetic
core when employed in a particular controller-converter confiouration, a
lower-bound condition on the volume of workable cores has been established
in Chapter IV. The inequality in (5.18) expresses this lower-bound condi-

tion.
AN
> ___Mhymax (5.18)

v
total =
(%nax'BR)

Vtota] is the total volume of the core or stack of cores, uis the perme-

ability of the maanetic material and'Bma and BR are, respectively, the

X
specified maximum allowable flux-density and the residual flux density in

the core. Awm max is the amount of eneroy transferred by the core over a
m,R :

switchino cycle at the particular operatina point of input voltace and out-
put power where the eneray transfer is a maximum. This point may occur in
either Mode 1 (continuous mmf mode) or Mode 2.

Table 5.3 presents the explicit expressions for Awm nax to be used
L]

in conjunction with the lower-bound core-volume condition of (5.18) for the
twelve controller-converter combinations considered. These expressions are
developed from Table 4.1, and, for the purpose of this chapter, are somewhat
different fromthose aiven in Table 4.1. For all except the three combina-

tions TNVU, TNUD, and TN2UD, AV occurs at the desion point where the

,max
desion procedure requires that the converter operate in Mode 1. Consequent-

1y, Mode 1 expressions are used to determine A%n max for these nine cases.
3

For the three exceptions 1isted, TNVU, TNUD, and TN2UD, Awm max OCcurs at an

operating point where the converter may operate in either Mode 1 or in Mode
2. However, Mode 2 expressions, instead uf Mode 1 expressions as used in

Table 4.1, are used to compute Aﬁn for these cases, since the maximum

n ,Mmax
energy transfer for Mode 2 operation is areater than that required in Mode 1,

e




78
and (5.18) must be true independent of mode. Appendix H contains a de-
tailed derivation justifyina the need for usina the Mode 2 energy relation-

ship for calculatina A%“ max for these three exceptions. There it is shown

9

that for TNVU, this is a natural consequence of the system dynamics. For

TNUD and TN2UD, the occurrence of Aﬂn max while in Mode 2 is a consequence
H]

of the imposed desian constraint that BB occur at P

smax 0,max and VI

,min’
as discussed in the previous section.

When several identical cores are stacked before windinag, as some-
times is done to achieve a particular component packace shape, the required

minimum volume of an individual core is defined by V = (V )/3, where J

total
is the number of cores in the stack. A more useful form of the relationship
given by (5.18), expressed in terms of volume of a singie core, is aiven by:

2a4
g_ S s A m,max (5.19)

=° & 2
J(Bmax'BR)

In this expression, the left side of the ineguality depends only on the
parameters ¢ and ;, of the magnetic core. The right side, defined as the
quantity s will be shown to be a useful parameter in pursuina an orderly
search for cores which satisfy the eneray transfer requirement. This para- _
meter depands through the relationships for AMﬂ,max given Table 5.3 on the
converter specifications and on the designer's choice of Qnax and the value
of the residual flux density Bp- The value of BR usually is small compared
to the va1ué of Bmax specified by the designer and therefore does not affect
the right side of (5.19) appreciably. How numerical values for the para-
meter &, calculated from the expressions in Table 5.1 are used to choose

the candidate cores capable of transferring the required eneray is discussed

in the following sections.




5.4 Special Table of Core Parameters

The data for ceneratinn the special table of core parameters,
Table 5.4A and 5.4B, are obtained from catalogs of commercially'ava11ab1e
permalloy powder cores. The table is arranced so that core volume increases
with downward position in the tables and permeability increases with
position to the right. Table 5.4A contains data for cores with relative
permeabilities from 14 throuch 160, while dafa for relative permeabilities
from 173 through 550 are found in Table 5.4B. To distincuish between an
equation variable such as V/y and the numerical value of V/u associated
with a particular core, core-parameter values obtained from Table 5.4 are
identified by enclosino braces as {V/u}. Each distinct core size is assion-
ed a size number S which appears in the first column of the table. In the
second column, opposite the core size number S, are listed the core volume

{V} (upper number) and the window area {A 3} (lower number). Four para-

vin
meters are associated with each core size-permeability combination; a blank
section is inserted into the table if a particular combination is not of-
fered by core manufacturers. Beginning with the Tower left entry in each
box of four parameters, these numbers represent, moving clockwise: volume
divided by nermeability {V/u}; mean magnetic path lenoth divided by perme-
ability {2/u}; inductance divided by the square of the number of turns
{L/Nz}; and the mean maanetic path length divided by the product of the
permeabj]ity and the window area of the corek{z/quh}.

From the relationship in (5.19) which must be satisfied, it can be
seen that one may locate a boundary separating those cores capable of trans-
ferrina the eneroy‘required by the converter specifications from those
which cannot do so. Because of the arranaement of the parameters in the

table, the boundary which separates the two recions will be diaconal-like,
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running from the upper-left part downward toward the lower-rioht part. The

dividino 1ine, above which cores immediately may be eliminated from further
consideration, is found by using the value of & calculated from the ap-
propriate expression (1), (3) or (5) and comparina it to the values of core
parameter {V/u} listed in the table which satisfy inequality (5.19). The
remajning three parameters in each box in Table 5.4 are provided for com-
puting other desiagn quantities such as number of turns, windina wire size,
and winding factor. In a subsequent section, the use of Tables 5.1, 5.2 and
5.4 to desian practical energy-storage reactors and transformers will be

described.

5.5 Procedure for Identifying Windable Cores

The prediction of windability through computation of the winding
factor FW is as important in obtaining a workable desian as is the determi-
nation of turns and wire size. Although it is defined in many different
ways for different applications, for the purpose of this dissertation, F , is

W
defined as NAwr/{Awn} for single-winding converters and as (NPA +NA

wr,P S wr,S)
/{Awn} for two-windina converters, where Awr is the cross-sectional area of
the wire with its insultation and {Awn} is the window area of the core. Ob-
viously, the winding factor cannot be computed until both turns and‘wire
area are found for a given core. In this section, a method for identifyino
windable cores, based on an initial trial desian, is developed. Fof single-
winding conVerters, by usina (7,VU), (7,CU), or (7,UD) and the definition of
windina factor, an expression is obtained for the ratio of the winding

factors for two trial designs usino different cores but for the same conver-

ter specifications and for the same choice of Bmax‘
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/ C
{R'/UAWI'I}] []+ 1- W ]AWY‘,]
Wl - ! (5.20)

F 7 T )
wa2  {t/uRgty [}tvr]- TV7HTE-JAwr,2

vihere subscript 1 is used to indicate the parameters associated with the
initial trial design and subscript 2 with the second trial desion, Assumina,
as is often the case, that the windino wire size does not change with a

change in core, then for the same specifications, (5.20) can be arranced as

/ S -
{z/qun}2 [H ] {V/u}z]

wy1 ' ' T
/A []+A/]' 77737}]

It can be seen from (5.21) that the windina factor of the second

vy -
‘w,2. F

(5.21)

trial core can be determined from knowledae of the windino factor and core
parameters of the initial desian and the parameters of the second trial
core. llhether core 2 is windable or not depends on the relative maanitude
of Fw’2 with respect to the maximum allowable windinc factor F If

w,max’
Fw 5 S F then core 2 is windable; otherwise it is not. These two
9

wymax?
cases--windable versus non-windable--will be discussed later separately.
Identification of windable or non-windable cores from an initial
trial design is not quite as easily accomplished in the case of two-windina
converters (2UD), especially with a constant on-time controller (TN2UD).
The ratio of the winding factors for two trial desions to meet the same

specifications and for the same choice of Qnax is aiven by the expression:

.-—m,v.n‘ﬂ:ulktwnﬂ‘ww;:‘i\"ﬁ,'-r,', R
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A
. wr,S,1
. {a/uh 1y []ﬁv {V7u}] ]Awr P,1 []+Y Kwr’p’l]
w1 . (5.22)
w2 (2/uh ) 1+ A [ 1y Ruras,2 '
Hn’2° {V7 T, [ wr.P,2 Y Kwr p.2

If the assumption is made that neither the primary nor the secondary wire
size changes between the first and second trial desians, then equation (5.22)
reduces to expression (5.21) obtained for the three sinole-winding conver-
ters. A sliaht additional complication exists in applyina (5.21) to the
constant on-time two-windina (TN2UD) converter because of the uncertainty
expressed in (4P,2UD) and (4S,2UD) on whether the maximum values of Ipeand

In the case of the other two controllers FQ

ISeoccur at VI or VI

,min smax *
and TF, this uncertainty does not exist so there is no possibility that the
maximum current values may chanqe from occurrina at VI,min for the initial
trial design to VI,max for the second trail design, or vice versa. Althouah
not precisely correct, experience indicates (5.21) still can serve as a use-
ful guide for identifying windable cores in the case of the TN2UD converter
and will be employed for this purpose in the procedure to be described sub-
sequently.

It is thus seen from (5.21) that the windina factor of the second
trial core can be computed from knowledae of the windina factor and core
parameters of the initial desian and the parameters of the second trial core.
Whether core 2 is windable or not depends on the relative magnitude of Fw,2
with respect to a specified maximum ailowable winding factor Fw,max' If
FW’2 §=Fw,max’ then core 2 is windable; otherwise it is not. These two

cases now will be discussed separately.

Seas BE RS
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5.5.1 Windable Cores
For core 2 to be windable, Fw,2 < Fw,max' Usina this inequality and
(5.21) leads to (5.23)
SR S
F max 1fq/ - TAT
W/uhynly £ Ghibygdy - 2= (5.23)
) + - ?
Incorporating the fact that [1+/ 1- ;/ﬂ//u}z] < 2, yields (5.24),
(LA Y, <0 A v (/WA ) Jwamax [ 1= 5 (5.24)
Hiyndg =1 27 Wiy tye P ] B {V/u}1 '
which is a useful, but often overly conservative requirement on {z/qun}

for the second trial core to be windable. The parameter n, defined as the
right side of (5.24), will be used in the desion procedure in the identifi-

cation of windable cores.

5.5.2 Non-windable Cores

If F, y» core 2 will not be windable. Using (21) under
]

2> Fw,ma
this condition leads to (25).

/ 3
/- {V/u}
{a/uh, Yo > {8/uh, 1q» " max 1 (5.25)
“yn'2 7 71 Fw-'l ' J_—_E— )
’ -
LY {CJU}Z

Incorporating the fact that,[1+;/1-g/{v/u}2] > 1 leads to (5.26), where the

- rioht side is seen to be equal to 2n.

{2/uhA

F __
o w,max P
wnl2 > {JL/qun}] H\Tr . []f 1 m‘ ] 2n (5.26)

Followine an initial trial desian, windable cores can be readily

identified from the large number of candidate cores that rmeet the eneray-

T e e

[

W

£

= g

Y

[

B
[POS———

JoT——

povemett Pt ek



84
transfer requirement by use of the above relationships. In the following
section, the step-by-step procedure for identifyino windable cores is pre-

sented.

5.6 Design Procedures for Sinale-Winding and Two-Winding Converters

Using Tables 5.1, 5.2 and 5.4, a general procedure for designing
energy-storage reactors and transformers is now presented. The specifica-
tions for single-windinag converter confiqurations which are considered in
this procedure are VO‘ VI.min' V'I,max’ PO,max’ VD’ VQ’ %nax’ BR’ Fw,max’
and the controller-converter type with the appropriate controller time para-
meter T, ton’ or toff‘ For two-windina converters, the specifications in-
clude all those above for the single-winding configurations plus an addi-
tional performance or desian constraint.

Having decided, from consideration of the overall system and envir-
onmental requirements, on a particular combination of controller and con-
verter to be implemented, the first step in the desian procedure is to
identify which one of the four parts of Table 5.1 is applicable. In what
follows, if the converter to be desianéd is a two-winding voltage step-up/
current step-up confiauration, then, for example, when the procedure calls
for the computation of the number of turns N usina equation (7), it is
understood that equations (7P) and (7S) are both to be used to calculate,
respectively, the number of turns on the primary winding NP and the number

of secondary turns Ne.

A, Idéntify Converter Configuration and Associated Table 5.1 Equations

For the three single-windinag converters, choose Table 5.1-A, 5.1-B, or
5.1-C, then ao to step B. For the two-winding converter, identify the

desired option A,B,C,D,E,H, or J and ca]cu]ate the turns ratio y from




C.

R
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the associated option constraint equation in Table 5.2 and use Table

5.1-D.

Identify Candidate Cores Capable of Transferrino Required Enerqy per Cycle

1.

Choose number of cores J to be stacked and calculate ¢ and & from
(1), (3) or (5), according to the controller type.

Identify the cores in Table 5.4 satisfyino (5.19); these cores be-
come candidates for further consideration. To hiahlioht the dividino
1ine between possibly usable and unusable cores, one may wish for
each relative-permeability column in Table 5.4 to draw a 1ine above
the parameter box correspondina to the smallest core size which just
satisfies the condition {Y/u} > &. Cores below this staircase-like

lTine are candidates for further consideration.

Determine the Number of Turns and Inductance

]o

2.

Select a particular core size and relative permeability, accordina
to the desicner's preference from the array of candidate cores ob-
tained in step B.

Compute inductance L = {L/NZ}JN2 usino parameter {L/Nz} from Table
5.4 for the chosen core, J for the number of cores in the stack, and

the value of N obtained in step C-2.

" Determine Wire Size

Compute maximum rms winding current usina (2), (4) or (6). Using

the maximum allowable current density specified by the_desipner, de-
termine the required wire size and cross-sectional area from a wire.

table.

. Check winding Factor F, to Determine Windability

Compute winding factor ﬁw usino {Awn} from Table 5.4, If

e I
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F < F » trial core meets the specifications and the desian is
W = W,max

completed for all configurations but TNUD and TN2UD, For TNUD and

TN2UD, ao to step G. For all configurations, if Fu > Fu max of if
. ’

desianer wishes to try another core, go to step F.

F. Identification of Windable Core

1.

As the first step in identifyinhg a new trial core, compute n from
(5.27) using the value of ¢ from step B-1 and the initial trial

values F {z/qun}] and {V/u}ywhere the subscript 1 stands for

w,1°?
th2 values used for the first trial core.
n= 1 A e Fw‘,max ’[]+ 1. ] (5.27)
7 wn’1 Fw,] , {Viu}] J

Cores which satisfy (5.28) are windable.

{a/uA} < n (5.28)

Those which do not satisfy (5.28) may be eliminated from further
consideration if they fail to satisfy (5.29) |

{a/uA } < 2n (5.29)

wn
Cores which satisfy (5.29) are windable if they satisfy the more

exacting inequality (5.30)

u/qun}[HJ - vau—}‘}é 20 (5.30)

If a windable core is not found in step E-2, increase the number of

cores in the stack by one and ao to step B-1. If a windable core
is obtained, compute turns and inductance uéing steps C-2 ahd C-3.
For TNUD and TN2UD, go to step G; for all other confiqurations, go‘
to step F-4,
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Usina step D, obtain wire size, which will nearly always be the
initially computed size; if it is no larcer than the initial size,
the desion is completed. If it is larcer and the new windina factor
exceeds F ,» or if the designer wishes to try another core, go to

Wmax
step F-2.

B,max © Qnax for TNUDYand TN2UD

].

Usino the windable core obtained from step 3 or from step F, compute
the number of turns N' usina (5.31) for TNUD, or (5.32) for TN2UD.

VoV ~Bp)
7P

I,max-VQ)( max
O,max(vi’max+v otVp- Q)

(v +V Vo =Vs) ‘
I
H I,m1n 'Q

N' =

{a/ul

V I,max" Q)( max_ R)

x-Y V1, max Vo *Vo*Vp M Ly

. ”":[v( V1 max~Yg)*VotVp)]
PN/1' {V/“}IY(VI,m1n Q)+V 0 Vp )] : (5.32)

(
N O
0 smax

If the value of N' (or Np) exceeds the value of N for TNUD (or Np
for TN2UD) from step C-2,then N (or Np) is to be used and the de-
sign is completed. The flux cdensity in cores which fail this test
will exceed the specified value %nax at the operating point P0 =

P and V., =V If this test is failed or if the designer

I
wishes to try another core, and this step was reached by aoina di-

0,max I,max’

rectly from step E to step G, then go to step F-1 and continue. If

‘the core under consideration was obtained from the procedure of

step F, do to step F-2 and select a new windable core usinc the

original value of n.
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5.7 Design Examples

Four examples are aiven in this section which illustrate the proce-
dure for desianing energy-storage reactors and transformers for various con-
troller-converter combinations. Example 1 considers a current step-up con-
verter with a constant-frequency controller. In Example 2, the reactor for
a constant on-time voltage step-up confiouration is desianed. Example 3
illustrates a two-windino converter core design for use with a constant-fre-
quency controller, Example 4 considers a voltace step-up/current step-up
converter with constant on-time controlter.

Example 1

Desian the inductor for a current step-up converter with a constant-

frequency controller (FQCU) with T = 100 microseconds. The remainina speci-

,min =20 V; VI,max 0,max

0.5 V; V= 0.7 V; Bmax = 0,35 T BR = 0.01 T; Fw,max = 0.4,

fications are: VO =15 V; VI =28V, P = 40 W; V0 =

A. Use Table 5.1-B
B. 1. Choose J = 1. Using (1,0U), ¢ = & = 3.21x1072
C. 1. Select core size S = 18 with Hp = 60, with parameters {V/u} = 5.39 x
1072, (a/uy = 1.19x10%, (L/NP) = 3.8210°8, (2/uA ) = 2.97%108, and
(A} = 4.0x107 e,
2. Using (7,CU), N = 124
3. Using parameter {L/N2} and N found in step C-2, L = 0.59 mH.

D. Using (2,CU), I = 2.67 A; on the basis of 5.0671x10"'m%/A (1000

Xe ,max ;
circular mils/A), the wire size is AWG 15 with wire area Awr=1.836x

107%% (3624 circular mils).
~E. Usina N and Awr from steps C-2 and D and parameter {Awn} = 4.0x10'4m2

(2.78x105 circular mils), F.. = 0.57 > F and the core is not
W ,

W,max
windable.
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F. 1. Using (5.27) n = 1.71x10%; 2n = 3.42x10°.

2. Select trial core size S = 21 with Wy = 125, with parameters {VWu} =
3.49x1072, (a/u} = 519107, (L/N?) = 1.30x10°77, (auh ) = 1.77x10°,
and {Awn} = 2.93x10'4m2. The value of parameter {z/qun} does not
satisfy (28) but does satisfy (29) and yields for the left side
of (30) 2.27 x 106 which is less than 2n and so is windable.

C. 2. Usinu (7,CU), N = 42,
3. Using {L/N?} = 1.30x10°77, L = 0.23 nH.

D. Using (2,CU), = 2.8 A, The wire size is unchanoed (AWG 15).

2

IXe,max

E. Usino N = 42, A = 1.836x10"%m® and for the new trial core (A} =

and the core is windable, as pre-

42
2.93x10™"", F, = 0.26 < F,

dicted in step F.
The pertinent information concernina the core chosen as the second
candidate includes the followina: core size S = 21; My = 125; N=42; L =

0.23 mH; maximum rins inductor current IXe = 2.8 Ay wire size AWG 15§

»max
winding factor Fw = 0.26, which is less than the allowabie maximum and the
core is windable,
Example 2

Design the energy-storage inductor for a constant on-time voltage

step-up controller-converter combination with transistor on-time ton = 20

microseconds. The remaining specifications are: V0 =30V, VI min - 8 V;
Vi max = 22 V5 Po oy = 30 M3 Vg = 0.5 V3 Vp = 0.7 V5 By, = 0.35T; By =
0.01 T; and Fw,max = 0.4.

A. Use Table 5.1-A
B. 1. Choose J=1. Using (3,WU), ¢ = 1.04x10°%, h = 2.87, & = 1.80x1072.
C. 1. Select core:size S = 16 with u, = 60, with parameters {V/u} = 2.49x

10725 (a/u} = 7.52x10%; (L/N%} = 4.40x10°8; {o/uh, ) = 5.34x10°%;
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- -4 2
and {Awn} = 1.41x10 'm~.

2. Using (7,VU), N = 56,
3. L =20,138 mH,

D. Using (4,VU), I = 4,04 A; on the basis of 5.0671x10'7m2/A (1000

Xe,max
circular mils/A), the wire size is AWG 14 with wire area Awr = 2.29

x10~ 02 (4529 circular mils).
E. Fw = 0.91 > Fw,max and the core is not windable.
F. 1. Usina (5.27), n=2.07 x 10°.
2. Select trial core size S = 18 with i, = 125, with parameters {V/u}

= 2.59x1072; {a/u} = 5.70x10%; {L/N%}
6

7.97x10°8; {a/uh 3 = 1.43
x107; and {Awn} = 4.00x10'4m2. The parameter {z/qun} satisfies
(28) and so is windable.
C. 2. Using (7,VU), N = 43,
3. L = 0.147 mH.
D. Using (4,WU), I

E. Fw = 0,246 < F

Xe,max - 4,04 A and the wire size is unchanged.

., and the core is windable as predicted in step F.
W,max

The sianificant quantities resulting from the desion procedure are:
~core size S = 18;1ir = 1253 N = 43; L = 0.147 mH; maximum winding yms cur-

rent IXe = 4,04 A; wire size is AWG 14; end winding factor FW = 0.246

,max
and core is windable.

Examg1e 3

i Design the transformer for a two-winding.vo1taqe step-up/current
| stap-up converter with a constant-frequency controller (FQ2UD) with T=100

microseconds. The remaining specifications are: V0 =12 Vs VI = 10 V;

,min
5 VI,max =‘15 V;,Po,max = 30 U VQ = 0.5V; VD = 0.7 Vs %nax =0.35 T

"Bp = 0.01.T;’Fw’max = 0.4; and the option consthaint of a minimum value

‘:Fy-mf_"f;gzz‘,'.‘ﬂc“uu-:ﬂ‘ S

i

T G ok SRS, RN e T T
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for duty cycle a of 0.3.

A.

Using Table 5.2, Uy = 0.3 for option B. From (9), NS/NP =vg = 2.04.
Use Table 5.1-D for remaining relationships.

1. Choose J = 1, Using (1,2UD), ¢z = § = 5.49x1072,

1. Select core size S = 21 with u = 60, with parameters { Yu} = 7.26x

10725 {a/u) = 1.08x10%; {L/N%} = 6.22x1078; (2/uh b = 3.69x10°;

} -4 2
and {Awn} = 2.93x10 m"~,
2. Using (7P,2UD), NP = 32,
Using (7S,2ub), No = 65.

S
3. Lp-= 0.048 mH.

Usina (2P,2UD) and (2S,2UD), I = 5.47 A and 1

Pe,max Se,max = 3.35 A3 on
the basis of 5.0671x10’7m2/A (1000 circular mils/A), the primary

wire size is AWG 12 with wire area A _ . = 3.592x10"%m? (7088 cir-

wr,P
cular mils) and the secondary wire size is AWG 14 with wire area
Agp.s = 2-295¥10"°n° (4529 circular mils).

Fw = 0.9 > Fw,max and the core is not windable

1. Using (5.27), n = 1.22x10°.

2. §e1ect core size S = 26 with uf = 125, with parameter {2/uA } =
1.08x106 which is less than n and should be windable. The other
parameters are {V/u} = 1.01x107'5 (2/u} = 8.10x10%; {L/N%} = 1.54
10775 and (A} = 7.52x107n?.

2. Using (7P,2UD), Np = 27.

Usina (75,2UD), Ng = 55.

3. Lp= 0.11 mH.

= 3.29 A, and

IPe,max smax

the wire sizes are unchanaed from the previous trial desion.

Using (2P,2UD) and (25,2UD), = 5.37 A and Ig,

F,=0.3<F and the core is windable.

W,max
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A review of the quantities associated with the core meeting the con-

verter specifications follows: core size S = 26; Hp = 125; NP = 27; NS = 553

LP = 0,17 mH; I

Pe,max

=537 A3 1

Se ,max

AlG 12, secondary AWG 14; winding factor = 0.3.
Example 4

De. ign the inductor for a voltage step-up/current step-up converter

= 3,29 A; wire sizes are primary

with a constant on-time controller (TNUD) for the same converter specifica-

tions as given in Example 3 of Chapter II: V0 = 15 Vs VI

v

50 microseconds.

,min
Q = 0.5 Vs VD =0,8V; Bmax = 0.35 T, BR = 0.01 Ty,

=12 ViV,

sMmax

Choose J=1, Using (3,UD), ¢ = 4.72x10'2,h = 1.70,8 = 5.67x10'2.

Select core size S = 21 with Wy = 60, with parameter { V/u} = 7.26x

1.08x10%, (L/N°} = 6.22x10

IXe,max

-8
4m2.

-6 2

wire size is AWG 13 with wire area {Awr} = 2.87x10 “m",

and the core is not windable

- 6
> {R/qun} = 3.69%10°,

= 4,8 A; on the basis of 5.0671x10'7m2/A, the

Select core size S = 25 with uy S 200, with parameter { /u} = 6.20x

1072, (a/u} = 4.63x10%, {L/N?} = 2.90x10

-7
-4

LI 24

=20V PO,max = 30 Wy
Fw max = 0.4 and ton =
A. Use Table 5.1-C
B. 1.
c. 1.
1072, (a/u) =
and {Awn} = 2,93x10
2. Usina (7,UD}, N = 60
3. L =0.22
D. Usina (4,UD),
E. FW =0,59 > Fw,max
F. 1. n=1.9910°
2.
{Awn} = 6,11x107 ",
G. 1. Using (5.31) N
2. Using (7,UD), N

specified value B ax at the operating point P0 =

ma

et

s {z/qun} = 7.57x10

PO,max

5 and

= 25 > N'. Thus, the flux density will exceed the

and
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VI = VI,max’ and this core is not viorkable.
F. 2. Select another core with S = 25, u = 125 with {W/u} = 9.92x107¢,
(e/u} / 6
{Awn}
G. 1. M' = 56

7.40x10%, (L/N°} = 1.81x10"

n

. {z/qun} = 1.21x10°, and

6.11x10" 4,2

G. 2. N =46 < N', Thus, the flux density will never exceed Qnax’ and
the desian is completed. '

E. F, = 0.22

A summary of this workable design follows:

S = 25, My = 125, N = 46, AWG 13, and Fw = 0.22.

5.8 Conclusions

The new set of design procedures presented in this chapter i1lu-
strates a straight-forward method for designine eneray-storane reactors for
a aroup of widely-used dc-to-dc converters. The desian procedure is de-
veloped from analyses of piecewise-linearized circuit models of the various
controller-converter combinations as described in Chapters II and III. As
indicated 16 those chapters, the desian relationships developed for calcu-
lating winding turns and maximum rms reactor currents are valid only when
each converter operates in Mode 1 at Teast at the boint in its output-power/
input-voltage operating range where the peak instantaneous value of core
flux density is encountered. Only in the two cases of the single-winding
and the two-windine voltaces step-up/current step-up converters with con-
stant on-time controllers does this condition requife the additional con-
straint, not imposed in Chapters II and III, that the maximum of the peak
flux denSity occur at PO and VI ‘This might result in a desiaon

Jmax ,min®

[NV,

[

L g simin g

i ey



which uses a slightly larger core than might be necessary.

The most important features of the new procedure are the facility
provided the designer to eliminate from the population of available cores
those which cannot meet the energy transfer requirement and a method for
identifyina windable cores. These new features, alona with a specially
constructed table of maanetic core parameters, enable the designer to se-
lect from among the wide selection of powder permalloy cores those which
meet the design specifications, eliminating the need for repetitive trial

desians,
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Design Expressions for Single-ilinding
Voltage Step-Up .Converter (VU)

R .
CON}$3§LE SINGLE-WINDING VOLTAGE-STEP-UP CONVERTER (VU)
¢ = Z0.max "0V in) . (1,w0)
CONSTANT- V(B -B) .
FREQUENCY: .0 max "R —— - el
(FQ) i = PO,IZlax(V +VD )Q) 1+ }2 0'\'I,min” Q) ( 0 D2 I min.l
e,max ValVs
0\ I,min” Q LPy ,max(VOWD VQ)
= 2tonPO,mé\X(VU‘WD—VQ) and 6‘ =z ——-—-—hz . (3)
CONSTANT PRTENERL - . Zh =1
ON-TIME: 0\ Brax™ o )
where h = ________Q_VI,max_v
v I.mip Q
p .'iQ w-V) (v V)¢ 12
(TN)' 5 _ 0,max'’0 D "Q/ 1+_1__ on Yo Imm Yq (4)
e,max VO(VI,min'VQ) 12 0,m (V D Q)_
CONSTANT _ 2to66P0 max Vot Vo V1 min)(V0+VD Vo) and sec. (5)
OFF-TIME: 3 N
(1) 3oV min~V) CBp)” :
K - ,max(V D™ Q) 1+ l_[toffvo(vl,mm Q)(VOWD'VI,min‘)-l ,
€,max v (VI min~ Q) oz Lpo,max(V0+V VQ) ] (6)
ALL TYPES: (v )(8 )
= Yo\ V1, min Q max 2R’ g - (1)
(Fq, TN, TF)| M (Lo P Py il ‘*/ 1 rv731] (7)

S



Table 5.1(B)
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Design Expressions. for Single-Winding
Current Step-Up Converter

conwgtm SINGLE-WINDING CURRENT STEP-UP CONVERTER (CU)
L = 21"’o,max(vl,max )(VOWD) §=1¢ (1,cv)
gg’éaaén& J‘_’O(VI,maxWD' Q)(Bmax' R) o
(FQ) L - To,max Vo (V) VoY) Vg ] @)
Xe,max Yo LPO,max(v max o~ Vg |
C = 2tonPO max( I,max” O'VQ) and §=1¢ . (3)
ON-TIME: - WVolBray-Bp)
(TN) e max Po,max j” 1 [on O(VI max~ Vo~V (4)
smax
e Y 7 | LPO,max
CONSTANT |, Zof£%0,max( Vo™ 5= (5)
OFF-TIME: 2
" (TF) Vo (Brax~Bg) »2
Iy maye - a2 orelo(VotVp) (6)
’ Yo |'PO,max
ALL TYPES: . V(B -B) N R : . (7)
(FQ,TN,TF) 290‘,m"a'x' ' M)
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Table 5.1(C) Design Expressions for ang]e-winding
Voltage Step-Up/Current Step-Up Converter (UD)

°°"}$8§LER SINGLE-WINDING VOLTAGE STEP-UP/CURRENT STEP-UP CONVERTER (UD)
g = ETPO'max(Vowg) and ' =1t (1,U0)
CONSTANT JV.(B__ -B : . .
FREQUENCY: 0Brax B 2 2
(FQ) 1 - PO,ma\x(vl,mm)V o*Vp~ Ql 1+ %_2_ v (VI rm'n'VQ) (Vo"'VD) 3 - (2)
Xe,max Vo(Vo . - -
' 0" I,min Q O,max(vI min+V0+VD VQ)
2
e 2tonPo,max' V1, mm Yo*Vp-Yo) and §=¢ Zhh- 1 (3)
CONSTANT ' :
ON-TIME: o (Brax” B)° i
where h = VI.max'Vg'
V1,minYo
T ' [ \ RYR L T2
(™) I - Po,max{V1, m1n+V0+VD Vo) + 1 tonYo V1, min"Vo! (4)
Xe,max VO(VI min~ Q) "1 LPO,max(vl,minWOWD'VQ)d
, + +
8??%?”; ¢ « Zoff'0 nex{V1,min*o o Vo) Vo*Yp) and §=¢ %)
(TF) Wolvy ,min” Q)(Bmax' R) - : >
1 PO,max( I mm+v0+v VQ) 1+ 1 to*FfVO(VI min_ Q)(VO D) (6)
X{e,max Yol min~V) Z L_LPO;,max(v ,min 0+VD Vo
l(\:_:l'l’:P:’S__) N = VO(VI ,min~ Q)( max_ R) 4 h [ - ’ n
Q, TN, 2P0’max(v1’mm VotVp-Vg) ® J {V/u}

P g ’ : iicy “ AT ek Sz
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Table 5.1(D) Design Expressions for Two-Winding 98
Voltage Step-Up/Current Step-Up Converter (2UD)

CON;f}gtLER THO-WINDING VOLTAGE STEP-UP/CURRENT STEP-UP CONVERTER (2UD)
21py . (Vg+ B
Po max 2 and - : §=¢ (1,2uD)
JvO(Bmax R) _
CONSTANT : P V. +V 2 (V4T 2 Vot
FREQUENCY ~[The mayt | |- (vt L) + 5 Dy AT, )
(FQ) gL o 1,min™'Q L (y + 20D 0" V1,min"'e »0
p V] min- Vg (2p)
1 V1, min Q L ' 428)
Se,max Pe max Y(vo+vD) ' '
- ) 2
= 21;OnPO,max[VOJ'VD*"'(VI min"Yg)] and v ' §=1 zhh- 1 (3)
JVO(B ax~ R) _ : . i
: ' where h = vI,max'vg
- S o vI,min'vQ
CONSTANT [
ON-TIME | I.= [[Pe,maxmzo*"n)] + 1 [("I'I‘iO)"on'l2 : W"o*‘(’\tl) -
e : ] =
(TN) Yo 1" P | Yotoh VY
Tpe,max = Ipe 2t (Po.max’vl,min) or.at (Po,max’vl,max)’ (4p)
whichever is larger ' ‘
V.-V . ,
S S g :
Se "Pelf y v0+vD) | -
ISe,max = ISe at (Po,max’vl,min) or at (PO max’VI,max)’ (45)
whichever is larger
2t V.tV V +V
¢ = S-off Po,max‘ Yo 2 o) [1+ ?v )] and 5=t (5)
Y
. JVO(Bmax R) I,min” Q N
CONSTANT o
OFF-TIME  [Tp, .= [PO‘,maXJ\Y... Yot ﬂ"- L [(V0+V0)toff] (Vo*Vp)
Lmaj - ¥ 7
(TF) e .max v0 VI,m1n vQ 2 vLp | (V0 V[,)‘f\((vl,mm Vé) (6P)
v . =V .
—_— 1,min .
ISe,max'IPe,max Y(v0+vD) : . (65)
. O TV (V.. -Vg) (B ) - ,
0\ 1,min”'Q max B
ALL TYPES N { 4 M+ 1~ b @P)
P " 2Py T¥(Vy FgFp] [ J {7
(FQ,TN,TF) 0,max-* V1 ,min~Yo Vo *Vp ‘ /v :
Ng = vNp | ‘ (7s)
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Option Descriptions and Design Equations

Tabie 5.2 for Two-Winding Voltage Step-Up/Current

Step-Up Converter

0 P N
PN e oo | OPTION CONSTRAINT EQUATION
N (Vo*Vp '
o NE " A C v m1n"VQ)(V:,max‘V67-(vl’m’" 1 »max ~2V)(1- ; 205
A min"max _, {1 A
A 2 2 , 1
+‘J(Vl,mm Imax2VQ) (1~ 2U -) 40V min~VQ) V1 max V) (- T2 (a)
A Ad
N v +\’
- ) 0 1
B o, =U 1R v s A (e
min "B Np B Vi nax g Ug (9).
;§ - -(Vg*Vp) f iy oy - vI,max'vI,min)
‘ P 2(v I,min- Q)(VI max" Q)L I,m1n I,max °'Q 1]
¢ l%max"%min~Vc | ‘l ) V[ e V] i ](10)
+ I, TV 111 S 1111 1 AN - -
- (VI m1n ,max ZVQ UC ) 4(VI,m'in vQ)(vl,max VQ)
1 VAtV
S 0" "D .
N 7 or |2= v : g 1
CEmax UD 2 NP D UD I,max ’ ()
1 |IN U~V
S E 0
E |Vor U for |2= v = v 12
DRpax E 2 N; E VI,max'VQ (12)
1 |N V. +V .
S 0 D 1
H o =y or I w vr———v- - 1) 13
max ~ H 2 |% W7 V[ nin Vg Uy _ - (3
N 1 |IN )
: S S
dJd == U or {7—=v,= U (18)
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Table 5.3

Expressions for Awm,max for the Twelve Controller-
Expressions are for Mode 1

Converter Combinations.

[

operation except for those 1dent1 fied by asterisk (*),

which are for Mode 2

CONVERTER VOLTAGE STEP-UP/CURRENT STEP-UP
TYPE ey . - P-UP
_ SINGLE-HINDIN((; V())LTAGE STEP-UP SINGLE wmnn(«gufumem STEP-U P —— THO WDG. (2UD)
CONTROLLER vu c1:1 = = -
FANT- (N (15 ,UD)
CONSTANT- (Vg*p-Yy min) ™ max(vo p) (Y Jmax_"'0" Q) TP max D (15,2uD)
0, 0 - 15,CU)
FREQUENCY mex (15,V0) (4 =) (s, Yo
. (FQ) 0 YolVy smax Q .
2 2 -V-V to (Vy ma~Vo) {16) -
ggfjﬂafg ton(V1 max'vg) (16) tonpo,max(vl,m\e;x Yo _Ql (16) on I.tlr-!ax‘ Q (16)
: . (Vo) (., Yo*'p
- St P [1+ - ()
CONSTANT toeP0.max (Yoo V1, min) (Voo Vo) to£6%0 max Yo' Vp) a7 off' 0, max Y} nin Q)
S YoV, min"Vg! (7) Yo
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. Tables of Parameters for Commercially
Table 5.4(A) Available Powder Permalloy Toroidal

- ]

Magnetic Cores (u=14 ~ p=160) 01
v Ur
S wy,md {e/u} ,me/H {L/N2} K
Core -
W oSize No. | (Agdum? | A mH | {a/uBgnd s I/H
14 26 [T [’ 12% 147 160

1]1,21E=28 h.SBE @1 2,24E=08|4,85E 91 2,04Eed8|4,18E R1 2,87€-08
1.82E=06 5,42E=85 2,93E Q7 [9,48E=05 2,49E A7 [8,01EmB5 2,29E €7

2(1,99€28)|5,38E A2 3,84E~2912,88f 02 7,32E~00|1,28€ 02 1,096-08]6,0CE 21 3,52E-28 |3,10F @) 4,14E«28(d4,69F O 4,80E-08
2,7@E«26{11,13E=23 1,50E 08/6,008E-04 1,07E 08]2,64E04 4,63F @7(1,27E=04 2,22E 3711,38E=24 | ,B9F 97:19,00€6-08 |,73E €7

313,82E=08(16,03E B2 4,73E=09(3,24E 82 B8,7PE-@9|1,49E @2 2,2JE-CB[6,75E 1 4,22E=08 5,7‘6 @1 d,0P7EwQ8|5,27E 21 S,41Enpl
2493E«R6||1,72E-03 2,86¢ B8|9,28E=04 1,11E @8)4,01E-04 4,80F @71,92E«04 2,33E 27|1,064E-04 1,96E 87 1),3CE04 |,08E 07

410,40E=-R8[[7 ,74E 82 6,08€=R5|4,17E Q2 1,13E=08{1,81E 02 2,62F=2F|8,066E 01 8,42E=28{7 ,37E 0§ &,38E«3816,77€ P} 6,94E~28
4, 10E~06||3,04E=3) 1 ,88E QF|{,96E=7) 1,01E @88, 48Ee0a 4,42E @7{4,07E=P4 2,{1E A7 3,46E~04 §,88F @7 [3,10¢8=04 1,6%E B7

6,49€=a8|17,75€ @2 6,34E=9|4,17E 02 1,145<88}1,81F 32 2,83E=288,68F P 5,49E<A8{7,39F 21 &,45E~2816,78€ 31 7,22E-0¢
4,18E=06|]3,69€03 1,89E 08| 1,99E=P) 1,02E PB[2,60E-A4 4,40F €7|a,13tmpd 2,11E 97|3,81E=04 1,80 @7(3,23E-04 {,65E 07

1918E=27 I.BiE 23 6,85€=-05|5,47¢t 02 1,12€-8R|2,37€ A2 2,50E-08 i.lli €2 5,41E=08|9,675 @) 6,36E-A8|8,80F 21 6,92E«08
9,22E=008|6,23E«03 1,10k 28| 3, 6Ea03 5,03F @7(1,48E«9) 2,57E 27|7,08E~R4, 1,23E 07]5,9%E«04 [,@5E AY|5,47€=04 9,64EF 08

~

1,25€=27/17,73E @2 1.19E=08| 4,17E #2 2,21E~M8|1,81E P2 5,P9FE=00(8,08E @1 1,A6E=37|7,30E @1 1,25€-076,78E €} 1,36E«07
J,84E=261(7,1JEw2I 2,02E 083, 84E#23 |,B0E 08|} ,E6E0DY 4, 71F 27]7,906-04 2,26F ¥7[6,79E«04 1,92E 07|6,24E24 1,77E 07

146ak<071 11,246 03 6.076-05]6,676 82 1,13F=08]2,80 A2 2,60F-00[1,39E €2 5,426008]1,18E 32 6,37E-n8[1,08E 02 6,94Ew00
10436005 [ {9,326+03 8,67E ©7[3,02€083 4,67€ 07]2.17603 2,02E 07{1404E=P3 9,71E 06|8.87E-a4 6,26€ 06[8,16€~04 7,59E 06
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Tables of Parameters for Cormercially
Table 5.4(B) Available Powder Permalloy Toroida] 102
Magnetic Cores (u=173 ~ u=550)
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Chapter VI
CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH

6.1 Conclusions

The research reported in this dissertation provides the desianer
with useful analytical ocuidance and practically usable procedures for
designing the energy-storage reactors for a group of widely used dc-to-dc
converters. Two methodical approaches are presented which eliminate the
conventional cut-and-try design process. One of the approaches is based
on time-domain analyses of the converter circuits, and is well-suited to
computer-aided desian procedures. The other approach is based on the
energy transfer equations for the reactor and it depends on a specially
constructed table of magnetic core characteristics. The desian calcu-
lations of the latter method are easily made on an electronic pocket
calculator.

- Chapters II and III present steady-state time-domain analyses of
the converters which lead to the relationships and procedures for designing
the energy-storage reactors for twelve controller-converter combinations.
The desion relationshins are presented in tabular format so that they can
be readily used to design practical eneray-storage reactors for the various
converters. The desion procedures have been automated in digital computer

prbgrams to demonstrate the feasibility of computer-aided desian of such

reactors. The presence of two windings on the reactor of the two-winding

(103)
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converter configuration described in Chapter III provides an additional
design freedom which is not available in single-windina converters. By
utilizing this extra freedom, ten design options are developed to pemit
customized design of this configuration with respect to particular perform-
ance characteristics.

In Chapter IV, the converters are analyzed from an energy point of
view, This ana1ysis provides new insiaght into the energy transferring pro-
cess in the converters and leads to a lower-bound condition on the volume of
workable reactor cores. Applying this theory to design, use of this Tower-
bound condition leads to a simple and easily used screening rule for select-
ing candidate cores from the population of available cores. Usina the lower-
bound condition in another manner, a comparative evaluation of the various
controller-converter combinations is presented. The results of this evalua-
tion provide the designer with information useful in the process of selection
of a controller-converter unit from among the various possible combinations.

Making use of the screening rule for workable cores and a specially
constructed table of core characteristics, Chapter V presents the second
approach for designing reactors for dc-to-dc converters. fhe most important
features of this apprqach'are the straight-forward method for identifying
workable cores and the simplicity of the design procedures. With several
relatively simple calculations, a workable core can be selected from the
special table of core characteristics and the‘number of turns and the wire
size can be determined. This approach does not yield as much information
on the predicted performance of a converter as the time-domain approach does,
but it does provide the designer with an easy method to quickly reach a
workable design, and is particularly useful when the design is to be made

by hand calculations or with a calculator,
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Although the maanetic cores used in the examplies throuchout the
dissertation and the special table of core characteristics provided in
Chapter V are for powder permalloy cores, the desian equations and procedures
presented are independent of core ceometry and maanetic material used and it
should be possible to extend them to other geometries and materials. It is
believed that the analytical guidance presented in this dissertation enables
a better understanding of the converters discussed and the desion procedures
presented can significantly reduce the time and the effort required to desian

the energy-storage reactors in dc-to-dc converters.

6.2 Suagestions for Future Research

Two particular areas for future research have suqoested themselves
durina the course of this research effort. The first area is concerned
with a confiqguration of a type of dc-to-dc converter in which a tapped
inductor, acting as an autotransformer, serves to store and transfer eneray
in the circuit [12,13]. The circuit operation of this type of converter
is somewhat similar to that of the two-winding voltage step-up/current
step-up converter configuration described in this dissertation. It is
suggested that the desian concepts presented here be investigated for
applicability to the tapped-inductor converter conficuration.

Secondly, in this dissertation, all of the design procedures require
that the converter must operate in Mode 1 at 1eést at the design operating
point in the output-power/input-voltace operating range. It recently has
been reported that the dynamic response of energy-storage converter is
improved if the converter operates in Mode 2 f14]. It is suagested that
;thé~advantaqes and disadvantanes of operation of a converter operating

entirely in Mode 2 be investigated and that an analysis from which desian
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equations and design procedures for an all-Mode .2 converter operation be

attempted.
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APPENDIX A

LOCATING Bp yax AND B min FOR THE
TWELVE CONTROLLER-CONVERTER COMBINATIONS

The converter output power and input voltage conditions for which

BB,max

and BA min Occur are evaluated for the twelve combinations of con-
]

verter and controller. The nine single-winding combinations are considered

in Appendix A-1, where the equation numbers corresponds to those in

Chapter II. The three two-winding combinations are considered in Appendix

A-2, where the equation numbers corresponds to those in Chapter III.

Appendix A-1

Voltage Step-up Converter with Constant Frequency Controller

MODE 1, (12,vU){(13,VU)

P, = vy - VjS > 0 under assumption (5) in Chapter II.

Therefore, Bg increases monotonically with PO:

WV,
: WolVy - Vg)?
TV, + Vo - V, T, -
[Tt -y Tl - YY)
TV, + Vy = V) ZN"'ATV_‘V’Q"T)‘O+ T

(108)




109

The average inductor current IX is greater than or equal to half of

the inductor current excursion [z(BB - BA)/ZuN]:

P0 v0 + vD - vQ szT(vI - VQ)(V0 + vD - VI)

>

Vo Vi-Vy = a2 Avg + VP - Vo)
or ‘
P (Vg + Vp - V) TUY, - Vg) (Vg + Vg = V)
W= Vgl = ARy ¥ Vy = V)

Hence, the sum of the first two terms of the expression for aBB/aVI is zero

or negative. Therefore, when the third term which is necative is added,

aBB/aVI is less than zero, and BB occurs at P0 and VI

Jmax sMmax ,min’

SBA uN(V0 + VD - VQ)

= > 0.

Therefore, BA increases monotonically with PO’ and the minimum of BA with

respect to P0 occurs at P0

,min* ‘
The cubic equation in (13, VU) is obtained by setting
BBA -
Vi)p =p '
0 0,min

At the real root (or roots) of the cuhic equation, the curve of BA versus
VI on the PO = PO,min plane has a local extremum. Since there are sign
changes in the coefficients of this cubic equation, there is at least one

positive real root. But, for the range of VI 3_VQ,
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8y _ 2P (Vg * Vg - Vo)
(T\F)PO o Vol - Vg
A ! R
The curve of BA versus VI on the P0 = PO,min plane is thus concave

upward for the range of VI > Vq. Hence, there cannot be more than one
positive real root for this cubic. Thus, there exists one and only one
positive real root, say VR’ for this cubic, and at this root, BA has a Tocal

minimum because of the concavity of B(Vy)p . p Therefore, if
0 0,min.
<Vp <V B

Vimin < VR < Vimax, occurs at Vy = Vp.  If Vp < Vi oo, Bamin

occurs at VI

A,min

min since BA must increase monotonically within the input
voltage range, due to the concavity of BA(VI)Po - PO,min' If Vp > VI,max,

occurs at VI since BA must decrease monotonically within the in-

Ba,min
put voltage range.

»,Mmax,

MODE 2, (26,VU)

3B 9B
B 3 B
Apparent'ly, S-p—o- > 0 Ta . < 0. Therefore, BB,maX occurs at Po,max and
Y1, min.

Current Step-Up Converter With Constant Frequency Controller

MODE 1, (12,CU)(13,CU)

P " “zvg > 0
2

) 7> 0
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Therefore, BB increases monotonically with both P0 and VI’ and BB,max occurs
at Po,max and VI,max'

aBA i aBB .0

RS

aBA . aBB <o

B
Therefore, BA increases monotonically with PO’ but decreases monotonically
with VI’ and BA,min occurs at PO.min and VI,max'

MODE 2, (26,CU)

BBB
. >0
0

From (26,CU)

B, = B, +
B R zAVo(VI + VD - Vd)
e+ 2uTPo (Vy + Vp) (1 _ Vg + Vp )
R RJWO VI+VD-VQ
: BBB _
Apparently, o 0. Therefore BB max Occurs at P0 max and VI max"
I 9 s 9

Voltage Step-up/Current Step-up Constant Frequency Controller

MODE 1 (12,UD), (13,UD)

aBB"= UN(V_}IC ¥ VO ¥ VD 3 VQ) > 0.

Therefore, BB occurs at P0 By argument similar to that in case

smax ,max’

(IZ’VU)(]3.VU) for (BBB/QVI)’ occurs at VI

BB,max ,min’

Hiay
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3By ) 3By o
¥ P
X} 2
I 2V0(VI - VQ)
T(Vy + Vp)?

- <0

2 .

Thus, BA increases monotonically with PO’ but decreases monotonically with

VI’ and BA,min occurs at PO,min and VI,max'

MODE 2, (26,UD)

3B

(s3]
[» =)

5?%" 0; §V%~= 0. Therefore, BB,max occurs at PO,max and is independent
of VI‘

Voltage Step-up Converter With Constant On-Time Controller

MODE 1, (16,vU), (17,VU)

ABy wN(Vg + Vp - V) .
Py T TG - V)

By argument similar to that in case (12,VU) (13,VU) for (BBB/BVI), BR max

occurs at VI,min’ and from the relationship above must occur at Po,max'
aBA - aBB,> 0
555 SFE
By _ MWl ¥ Vp - Vo) ton

Therefore, BA,min occurs at PO,min and VI,max'
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MODE 2, -(30,VU)

= 0- B . s
gpa-- 0; 5V;'> 0. Therefore, BB,max occurs at VI,max and is independent
of Po.

Current Step-up Converter With Constant On-Time Controller

MODE 1, (16,CU) (17,CU)

BBB - BBA - uN S 0

aPO aPo sz

aBB =00y

sV, TR

aBA - . ton <0

5,7 7R
Thus, BB,max occurs at PO,max and VI,max; BA,min occurs at PO,min and VI,max'
MODE 2. (30,CU)
356-= 0; EVY > 0. Thus, BB,max occurs at VI,max and. is independent of PO'

Voltage Step-up/Current Step-up Converter With Constant On-Time Controller

MODE 1, (16,UD) (17,UD)

= > 0.
Therefore, BB,max occurs at PO,max'
) _ 2
17 Pg = PO,max 2VO(VI - VQ)

i e g g e e 2
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(3 BB) . BN max (Vg * Yp) o
3 -
V2 . VgV - Vg)
1" Pg = Py nax olV1 - Vg

So, the curve of BB versus VI on the P0 = P0 plane is concave upward,

smax

and BB max Occurs at one of the extremities of the VI ranne, i.e., at
VI,max or VI,m1’n‘
aBA i aBB o
¥y P
aBA } -uNP0 (V0,+ VD) E§%.< 0
3V 22
Therefore, BA,min occurs at PO,min and VI,max'
MODE 2, (30,UD)
aBB aBB :
556 = 0; KVI > 0. Thus, BB,max occurs at VI,max and is independent of
PO.

Voltage Step-up Converter With Constant Off-Time Controller

MODE 1, (20,VU) (21,VU)

2By uN(Vg + Vp - Vo) o
IR

)2

avVy

Q
BB increases monotonically with PO’ but decreases monotonically with VI'

Therefore BB occurs at P0 “and VI

,max ,max ,min°®
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3B 3B
A B >0
Bﬁo Bpo ’

Thgrefore, BA,min occurs at PO,min'

3 _ 7
1328, \ 2uNP (Vo + Vo = V)
A ) . 2 o,mint'o " 'p " g
\ 2 - 2
A S Y . WolVy - Vo)

| >0 for VI > VQ'

Thus, the curve of BA versus VI on the P0 = Po,min plane is concave upward.

The positive root VR’ found by solvinag the quadratic equation ob-

tained by setting

aBA
=0
(SV?') P, =P '
0 0,min
gives the location of the local minimum for BA' By argument similar to that

for (12,VU)(13,VU) concernina the location of B with respect to the in-

A,min
put voltage range, if VI
VR‘< )

vI,max'

< VR < VI,max’ BA’mih~occurs at VI = VR‘ If
If VR > VI

smin

I,min’ BA,min occurs at vI.min' ,max® BA,min occurs at

MODE 2, (34,VU)
~ From (34,VU)



mm- R R R g 1L

2

T, = t +
R off 2
* ["off * v o V)2 - M oer
0'\'I Q
oT 3T
§F§-> 0; 5V%-< 0
EFE 22AV,P, 2RV, 2 T, 5?3
>0
Similarly, <0
vy
Thus BB, max OCCuUrs at PO,max and VI,min.

Current Step-up Converter With Constant Off-Time Controller

MODE 1, (20,CU) (21,cCU)

Therefore, B

occurs at P0

B,max

,min

2By 2By .

= >
BPO aPO QVO
BBB ) aBA 0

Wy A

occurs at P0 » and is independent of VI’ and BA

;max
, and is independent of VI',.

.min

116
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Mode 2, (34,CU)

From (34,CU)

WANZP (V)
T, = t ..+
2 2
HANSP A (V V) ]
0''0 D 2
+ [t .+ -t [A-1-1]
A//[ off = &V, (V;-Vy- Q Vo~ Q of f
i

By argument similar to that for (34,VU),
9B

B.
W6>00
aBB
The sign of SV is undetermined. Thus it can only be concluded that
1
BB,max occurs at PO,max’

Voltage Step-up/Current Step-up Converter with Constant Off-Time Controller
Mode 1 (20,UD), (21,UD)
3B 3B UN(V +V+V -V )

B _ 2B _ 100%>0
¥y P - HlV-Yy

<0

RS R WV -Vg)?
Thus, BB,max occurs at PO,max and VI,min’ and BA,mih occurs at Po,min and
VI%,max‘
Mode 2
From (34,UD) 9

u AN PO(V0+VD)
F )

2 Z
WANPL(VotVp)
2
zvo(vl-vq)

2

toff

+ ; toff+
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aBB aBB
Thus 5p—>0and -a-v—<0
0 I

Therefore, BB occurs at P0 and V

yMmax smax I,min’

Apnendix A-2

Two-Winding Voltage Step-up/Current Step-up Converter With Constant

Frequency Contro]]er.

Mode 1, (12,FQ) (13,FQ)

= . >0
¥ Wy Vi
2
BBB i uPONP(v0+vD) . (v0+VD) TNP

aVy zvo(vl-vo)z 2A[NS(VI-VQ)+NP(VO+VD)]7

-up (VaAtVa )T
- 0 0 'D -
= Np(Vg#Vp) — * 7
For Mode 1 operation, the average flux density [(BB+BA)/2] is greater than

of equal to the sum of BR and half of the flux density excursion

WPg N (VGHUp 4N (V =Vy) (VgHip) (V)T
Wy V1-Yq = 2RI, VPV J#Ng V-V 7]

uPO (V0+VD)T
or —————y z - —
zvo(vI-vQ) L 2A[NS(VI-VQ)+NP(VO+VD)]

SRS Jinrt‘wﬂ"ﬂ
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BBB
Hence 5V"< 0
I

Therefore BB occurs at P0 and VI

,max ,max ,min’
aBA _ BBB -
3Py Py
2
:,3'& i -uPoNP(v0+vD) (VO+VD) TNy <o
oV, 2 2
I WO(VI'VQ) 2A[NS(VI-VQ)+NP(V0+VD)]
Therefore, BA,min occurs at Po,min and VI.max'
Mode 2, (20,FQ)

>0; = 0
P Wy

Thus, BB occurs at P0 and is independent of VI'

Jmax »Mmax

Two-tinding Voltage Step-up/Current Step-up Converter With Constant On-Time

Controller.
Mode 1, (12,TN) (13,TN)
. aBB _
3P > 0 apparently.
0

Therefore, BB,max occurs at P0

;max
E$§= WPoVgtipip - ton
P) 2 2AN
I QVO(VI-VQ) P
2By BZBB 24P, (V g+ N
The sian of Vo is undetermined, but (—-—-7)P0=P0 max- T > 0
I 8VI > QVO(VI-VQ)

So, the curve of BB versus VI on the P0=P0 plane is concave upward, and

sMax
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BB,max occurs at either‘yvl’mn or vI,max'

3By i 3Bg o

¥ P

) 2
Therefore, BA,min occurs at Po,min and vI,max'
Mode 2, (20,FQ)

57, 0% AT
Therefore, BB,max occurs at VI,max and is independent of Po.

Two-Winding Voltage Step-up/Current Step-up Converter With Constant Off-

Time Controller.

Mode 1 (12,TF) (13,TF)

.3 B; 3B
B>0‘ B<0
ETQ; : SV;
Thus, BB;max occurs at Po,max a"drvl,min’
Ié‘BA>0’ IBBA>0
W W
Thus, BA,min occurs at Po,min and VI,max'

Mode 2, (20,TF)

> 0.
P




aBB i} 2uP0(vo+VD) ) 3Tp
vy 2AVg 2T, vy

From (16,TF), solving for Tr

2
NBAP, (V gtV

Tp =t oo+ T

R off

2 2
+ t + NP“APO(V0+VD) ) tz
off RY4 off
zvo(vl-vq)

T aBB

Thus, 5V3'< 0 obviously , and consequently <
I I

Therefore, BB occurs at Po and V

smax smax I,min°

,,,,,

0
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Appendix B

DERIVATIONS FOR THE EXPRESSIONS.FOR.THE NUMBER
OF TURNS GIVEN IN TABLE 2.3

In this appendix, the single-winding constant frequency voltage
step-up converter is taken as an example to illustrate the procedure for
deriving the number of turns N [Eq. (14,VU) of Chapter II]. The procedure
for deriving the number of turns for the remaining eight single-windina
convérters is similar to that of this example and will be omitted. A1l the
equation numbers used in this appendix correspond to those used in
Chapter II.

By setting BB = Bmax’ and the conditions given in (12,VU), i.e.,

P

P and Vy = Vp oo, in (11,VU) and rearranging the resultant
1]

0~ "0,max
equation into a polynomial of variable N:

+V=V,) ’ T(V
2 V- (Bmax'BR) N+

I,min” Q)(V *p -V
AZATV‘+V - Q)

“P(},max(V

I,min) =0
“VO(Vi

0
,m1n'VQ)

Solving for N from this equation:

‘ 2o (Vy ) 2uTP
min~ Q, 2_ 0,max
NyoNy = 2uP0 ax(V D Q) [( max BR) (Bmax R) QFVO (V0+VD'VI,m1n)]

Both roots are positive if (B BR)Z —m%ﬂ"-‘i(v WpVp i) BUE the

smaller root of the two,

(122)
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\ O(VI min~VQ)

B ._-B
2 " 0 maxIV V’JVQ) [ max R)

. 2uTP
2 0,max
'A/ (Brax~BR)"- “IKVE;""(VO*VD'VI,min)] [8-1]

will, to be proved later, cause the converter to operate in Mode 2 at the

point P0 = P and VI =V , at which the converter is restricted to

0,max I,min
operate in Mode 1. Consequently, this root should be eliminated from
consideration.

To prove that the smaller root will cause the converter to operate

in Mode 2 at (PO,max’ VI,min)’ let BA(P0 = PO,max’ Vi = VI,min’ N = NO) = Bp.
Thus,
“Nopb,max( otVp-Y ) T(VI min~ Q)(VO v 'VI,min)
zvdrvi,m1n Q) “(VV_V 'VQ)
ie., N, = WolVt min'o) A/ 2720, max (VA =V ) [B-2]
0 Zupo’max(v +V Q) RAVO 0 'D” I,m1n

It can be seen from (11,VU) that if N < NO’ then BA(P0=P0,max’ VI=VI,m1n’

N=N) < BR and, thus, the converter operates in Mode 2 at this condition.
Otherwise, the converter operates in Mode 1 at the same condition. There-
fore, it can be proved that N2 will cause the converter to operate in Mode

2 at (P Vi ) if N, can be proved to be less than Ny. In order to

,max’ "I,min
prove this, several symbols are defined, which simplify the algebra.

v

WolV1 min-Yg)
a 45p W +3":V"T
Hro,max*'0 'D7'Q
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(Bmax - BR)

o
fic>

ZuTPO

(2]
i

D'VI,min)

Using these symbols, N, = a(b- v bz - c)
and N a V¢

0

Assume N2 < NO’ and check if the result is contradictory or not. Thus,

a(b- v b2 -c)<avc
Since a > 0, b- V¢ < /bz -C

Squaring both sides, b2 + ¢ - 2b VT <b? - ¢
Rearranging, vyec(vc-b)<0
Thus, Vyc<b

/¢ < b is true because b2 > C, which is required by the fact that N2 has

to be a real number.

Therefore, the result is not contradictory, and thus N < NO‘
Therefore, N2 will cause the converter to operate in Mode 2 at

v )» and should be eliminated.By a procedure similar to that just

(PO,max’ I,min

described, N] can be proved to be greater than NO' Thus, N] should be used

to determine the number of turns, as i: given in (14,VU).




Appendix C
DERIVATIONS FOR MODE 2 FLUX-DENSITY AND TIME

RELATIONSHIPS FOR THE TWELVE CONTROLLER-
CONVERTER COMBINATIONS

In this appendix, the voltage step-up converter with the three
types of controller are taken as examples to illustrate the procedures
for deriving Mode 2 expressions for flux density and time, which are aiven
in Table 2.5 for sincle-windina converters, and in Table 3.3-A, B, and C
for two-winding converters. For each controller type, the derivation
procedures for the other three converter confiqurations are the same as

that of the voltaqe step-up confiauration, and are omitted in this appendix.

Constant Frequency Voltage Step-up Converter

(26,VU), (28,VU) and (29,VU)

From the Mode 2 waveform of the inductor current ix of the voltage

step-up converter as aiven in Table 2.4 and from (1,VU) and (3,VU),

(V.=Va)t (VA V-V )t
. _ V'T7°Q%%n _ Y0 D "I %off
B T [c-1]

The average output current Py/V, can be expressed in terms of i, as [c-2]

below

Po _ Tp Yorr

Vo T | [c-2]

(125)
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Th ZPOT ]
us i = Vi [C-3
’ B otoff '
(VatVn=Vs)t! 2P.T
From [C-1] and [C-3], 0 DE»I off - v gl
0" off
W// ZPOTL
Solving tl..: t! = 1 v e [C-4]
2 2uTPLA
s NEA 0
Substituting L = E-——, tlep = TW_T_T [c-5]
3 off oVt D-VI

[C-5] is the same as (29,VU).
Substituting [C-4] into [C-1],

. ] B VgpY)

uNi 2uTP A (VA V-V )
B _ 0''0 DI
- = Bp +A// TRV [c-6]

Thus, BB = BR +

[C-6] is the same as (26,VU).
From [C-5] and [C-1],

N(VA+V =V ) 2uTPAA
ton = 3 -D ); ‘V’(s =Ve) [c-7]
1-'Q WolVo™VpV1
[C-7] is the same as (28,VU).

Constant On-Time Voltage Step-up Converter

(30,vU), (32,vU) and (33,VU)

A11 the equations, fron [C-1] to [C-7], are true for this case
except the fact that T is a specified‘parémeter for the constant frequency
case but ton is a specified parameter in this case. Thus, BB, T, and

téff need to be expressed in terms of the independent variable ton'
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pNiB
From [C-1], and the fact that By = By + T
(Vi-Vq)
- on*'I 'Q
B =Bt W Lc-8] ;

[C-8] is the same as (30,VU). .y
From [C-7], solvina for T in terms of ton leads to (32,VU).

:
From [C-1], solvino for téff in terms of t = Teads to (33,VU). 5

Constant Off-Time Voltaae Step-up Converter
(34,VU), (36,VU), (37,VU) and (38,VU) ' i

In this case, toef is a specified parameter. Thus, BB’ T, and y

] 1 :
toff need to be expressed in terms of toff'

From [C-7], |
N(V gV ) /rf TP A |

=T -ty =T+ 4V

£ e N VgtV

off

NV Y V) [2.TPA 2
Thus, (T - t )2 = 0 D1 0
, of f T 4 WGV

uAN P, (V. +V -V ) ’
i.e., T2 - 2t 00D Ihq4+42 =9 [c-9]
off off
WA (V,=V ) -
0''I 'Q
Solvina for T: ;
Tpp Tp = T2/ = toge

2

where T A t +
= “off 2
. 2 2 2
Since (vt - toff) < 1" - toff «
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ThUS, T2 =T = VT - to < to

ff < off

which is contradicfory to the definition of T and toff'
Therefore, the root T2 should be eliminated. Denoting the larger
root T] by TR’ T = T1 = TR' where TR is the larger root of the gquadratic
[C-9]. Substituting T = T n It ~6] leads to (34,VU), in [C-7] leads to
(37,VU). And (38,VU) is the same as (33,VU), where the ton in (38,VU)

is given by (37,VU).




Appendix D
DERIVATIONS FOR RMS REACTOR CURRENTS AND THEIR MAXIMUM

The derivations for RMS reactor currents for the twelve controller-
converter combinations are aiven in Appendix D-1, and Appendix D-2 out-

lines the steps for locating their maximum values.
Appendix D-1
Single-Windina Converters

Mode 1

From the waveforms for the reactor currents 1X given in Table 2.2,

i)z(eéjr f i2(t)dt = ¢ [ j i2(t)dt + J i2(t)dt]

over over over
T ton toff
t oL
on i~
where | i2(t)dt = | (i, + =B t)%dt
Xe AT T
over 0
ton
fo-1 t3 (ip-1,)
Si2¢ o+ (BAy2Ton, o BT 2
A .?n v ton 3 A ton “on
L2
(ip=1y)
) o Upg=ipg)™
ton LI ¥ —3— * Tplig-ip)]
i-i)8
= t,, [+ iyiy]
on A'B
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2 ip-ip)’
sinitarly, | 2ft)dt = tcc (APt iy
over
tots

Thus, 1)2(e=‘]i’ f i)zét)dt +[ 'i)zét)dt
over over

ton toff

(1p-1,)2
B A + L] _i
3 T 'glA

]

(1g+1y)° g1
3

= W L (BB+BA‘ZBR)' (BB-BR) (BA-BR)]

L] 2 1z
Therefore, Tyg= v [ 30 (By¥By-2Bp) - (By-By ) (8y-Bp)1 |

Substituting for BBand 'BA with the appropriéte expressions given in-Table
2.,3-A,B, and C will lead to the Mode 1 expressions for IXeaS given in
Table 2.6-A,B, and C.

Take constant frequency voltage step-up converter as an example,
From (11,VU)

BTEATTR T TV, VAV

HNPQ (VgrVp-Vo N2 [T{V=Vg) (Vg#Vp-V)) 2
and (B-B)(B-B)=[ LI [ e ODI]
, ?
o\'17Yq HN“AP o (Vg+Vp-Vg)

as given by (39,VU).
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For the remaining eiaht single-winding combinations, the derivation

procedures are similar and are omitted.

Mode 2

From the waveforms for the reactor current 1X aiven in Table 2.4,

AT I%t - F Ii)z(ét)dt+J i2(t)dt

over over over
]
T Con torf
t
on . .2
ipt it
where iz(t)dt = (-5-02 dt = Bon
Xe ton 3
over 0
ton 2 g
Similarly, J 1ngt = 8 Off
over
tof

1/2

‘ 1/2 .
Thus. I = i [(t +toff)] _ MBgrBR) Mon*tore
» he™ g [T 3T Tl i

Eon' tofs
Substituting BB and _£!Lr£l__ by the appropriate expressions aiven

in Table 2.5 will Tead to the Mode 2 expressions for I, as given in

Table 2.6-A,B, and C.

Two-Winding Converters
Mode 1
From the Mode 1 waveforms for the primary current ipg and the

secondary current i¢ given in Fig. 3.2, the mean square primary current IPe

2 1.2 ipg=ipp (2
Ipe" TJ 1Pe(t_)dt I (TPA -———;'n-‘ t)cdt ;
over’ -0
ton ‘

e g e et b S
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t
S Llpgtipn)? - ipgipy]

2
t n®
—'ﬁ [ (Bg+By-28,)°- (By-Bp) (By-8p )]

t 1/2
Thus Ip,= ;ﬁ%;[ °ff[(B 5*Ba-2Bp )2-(BB-BR)(BA-BR)]] [D-1-1]

1/2
Similarly, Ige= E{r— [—%;i [(B +BA'ZBR)2 (BB-BR)(BA-Bqu

= I N(Off}
Pe Ng
t N (Va+Vy )
: P*'0 D
From Eq. (8) in Chapter 3, —-=
torr  Ns(V[-Vg)

Therefore,‘ISe= IPe [D-1-2]

Substituting By, BA’ and E%E in [D-1-1] by the appropriate expressions
given in Table 3;2-A,B, and C will lead to Mode 1 expressions for Ipein
Table 3.3-A,B, and C.
Mode 2

From the Mode 2 waveforms for the primary current ip given in Fig.

3.2,

e L
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Similar to the procedure for deriving [D-1-1] and [D-1-2],

2(Bp-By) t_ - 1/2

B "R on

Ipe® uNp ( 3T ) (D-1-3]
tOﬂ

Substituting By and —— in [D-1-3] by the appropriate expressions given
in Table 3.2-A,B, and C will lead to Mode 2 expressions for Ipein Table

3.3-A,B, and C.

Appendix D-2
“LOCATING THE MAXIMUM RMS REACTOR CURRENTS

This appendix outlines the steps leading to the output-power/input-
voltace conditions at which the rms reactor currents reach their maxima
for the twelve controller-converter combinations. The maximum of IXe {or
Ipeand IS% is located by evaluating the partial derivatives of the ex-
pressions for IXe (or IRaand Isg with respect to P0 and VI‘ For the con-
venience of algebraic operation, the partial derivatives of Ife with re-

~ spect to P0 and VI are, for some cases, used to locate the maximum.

Single-Winding Converters

Voltage Step-up Converter With Constant-Freguency Controller
Mode 1 (40,VU)
| From (39,WU),




Pa(VatV o=V

( ? ATV =V ) (VA +V -V ) 72
2 _[T0%"p g ] ] [ LA ]
I +
Xe [ 017 "Z LuNZA(V V-V

2 2.2 2 2
Xe . 2 -PO(V0+VD-VQ 7T (VI-VQ) (V0+VD-VI)

. . +—
T e Ry N P U G

2, 2
277 (Vy~Vg) ™ (Vg#Vp-Vy)
12u2A(V0+VD-VQ)Z

By arguments similar to that given in locating BB Max

converter combination given in Appendix A, for Mode 1 operation,

PO(V0+VD-VQ) 2T (VI-VQ)(V0+VD-VI)

V. (V,-V,) = TN
0’1 q 12uN A(V0+VD-VQ)
PRV V)2 g2 (v v )2 (Y Y V)2
0''0°''D Q 1°Q 0D "I
Thus, Va(v,-v )2 2 2 R TIRERY:
0M'17'Q HRA ety
alﬁe
Therefore, Vo < 0
I
Consequently, IXe max °Ccurs at P0 max and VI min®
Mode 2 (42,VU)
a1 51
Xe . Xe
=3P, > % e, <O
Therefore, IXe,max occurs at Po,max and vI,min‘

e A T
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for this controller-




Current Step-up Converter With Constant-Frequency Controller
Mode 1 (40,CU)
From (39,CU)

2 2 2 2
O TR wd U Ui
e 2 2nd a2y 2
Vo 12 NAT(VpHI-Ye)
p2 22(v )2 o2 Yo 2
= + -
Vg 12u2NPA2 ( gI"VD'UQ)
312 312
Xe > 0 Xe >0
Py
Therefore, IX,max occurs at Po,max and vI,max'
Mode 2 (42’CU)
o1, 31 Vo V-V VgtV
5_.P.Z(.:é.> 0 and FVKS >0 since V13V91V9’= 1- v‘%kr%%r'
Therefore, Iy, .y occurs at Po ., and Vy ooy-

Voltage Step-up/Current Step-up With Constant-Frequency Controller
Mode 1 (40,UD)

b2,
€ . 0
3%
212, Vgtp P%'(_l' Vo*p ? Rr2(y a2
= + +
oV 2 2 V.=V,) ‘ VAL )2
I (V.=V,) v 17°Q 2,4,2 0D
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By arguments similar to that given in locating IXe Max for Mode 1 operation,
L)

212
€ .9

oV;
Therefore, IXe,max occurs at Po.max and VI,min‘
Mode 2 (42,UD)

. aIXe o aIXe 0

2Py oV]

Thereere, IXe,max occurs at Po,max and VI,min‘

Voltage Step-up Converter With Constant On-Time Controller
Mode 1 (46,VU)

2 2
Pa(VatVn=V,) et (Vo-=V.)
2 _ [Polo*p 1 [*ton'V17Yg
'IXe“[—'V’T“VQTv- ]*1?‘[ 2 ]
0''I°q uN"A
2
olye
Py
2 2 2 12,2 2
3lya o ['PO(VO+VD-VQ) ) tqn(VJ'VQ) ]
B R U L Pt

By arguments similar to (40,VU) in locating I for Mode 1 operation,

Xe,max
PoligHipVg) zztsn(VI-VQ).z’
VO(VI-VQ) = 12u2N4A2
Therefore alie < 0
Sy
Consequently, IXe,max occurs at PO,max and vI,min'
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Mode 2 (48,VU)

9l ol
Xe _ n. Xe
BFO - 0’ av"I'— > 0 )

Thervfore, I and independent of PO'

occurs at VI

Xe,max »max

Mode 1 (46,CU)

W)O; EV—I-->0

Therefore Iy occurs at Py and V,

Jmax »smax ymax’

Mode 2 (48,CU)

..BIxe ) 9l

gpa-- 0; gv;'-> 0

Therefore IXe and is independent of PO.

Jmax oc;urs at VI

sMmax

Voltage Step-up/Current Step-up Converter With Constant On-Time Controller
Mode 1 (46,UD)

dlye 0
%P
2 2 2,2
0 I°Q
2
BIXe
The sign of = can not be determined, but
I .
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2,2
0 IXe 0
2 >
aVy
Thus, IXe,max occurs at PO,max and Vy = vI,min or VI = VI,max'
Mode 2 (48,UD)
3l 3l
Xe | 0s Xe . o
oV L
Therefore, IXe,max occurs at VI,max and is independent of Po

Voltage Step-up Converter With Constant Off-Time Controller
Mode 1 (52,VU)

21 212
__-—g_ > 0' xe < 0
aP )|
0 I
Therefore, IXe,max occurs at Py oy and Vi,min®
Mode 2 (54,VU)
d BTR q BTR
From Appendix A, >0 an <0
Py 02 ey
51 ol
Therefore, EVXE" < 0 and gpﬁg >0
I
Thus, IXe,max occurs at Po,max and VI,min'

Current Step-up Converter With Constant.Off-Time Contretler
Mode 1 (52,CU)

312 3l
Xe . Xe _
5Tiy-> 0; EV;_ 0
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Thus, I occurs at P0 and is independent of VI'

Xe,max oJmax

Mode 2 (54.CU)
From (53,CU), and Eq. [A-1-1] in Appendix A-1,

aTR .aIXe
SFE > 0 and hence 356- > 0

Substituting the expression for Tp given in [A-1-1] into (53,CU), it can
be seen that IXe increases with VI' Therefore,

and V

occurs at P0

IXe,max Jmax

I,max"

Vo]fagé‘Step;uplcurrent Step-up Converter With Constant Off-Time Controller
Mode 1 (52,UD)

22
”QIXe 0: '3IXe <0
BPO > > BUI

Therefore, IXe occurs at P0 and VI

,max ymax ,min’

Mode 2 (54,UD)

- .
xe>0' <0
an Y

Therefore, IXe,max occurs at PO,max and vI,min' ’ ,

Two-Winding Converters

Two-Winding Voltage Step-up/Current Step-up Converter With Constant-

Mode 1 (24,FQ), (30,FQ)
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Ipe'
aIPe>
5P, 0

From (23,FQ),

12 - [;9(g§+ V0+VD)]2;,[ 1'[%(V9+VD)(VI:V‘(1)T' ]2 R Np (Vo *+Vp)
Pe 0°p UI'UQ Z uA[N?,(v0+vD)+N‘|',R§(vi-vQ) ‘NP(vo+vD)+NS(vI-vQ)
\ Lt PN W PSS
2t f
- of
2
-B—V-I-< 0
of P Ne Vo RV (V)T 1]
1_.1" o'y, 1 o'/ V1-Yg
= 2|2 (2 S [ ]
VYV N VT T2 uA[N%(V0+VD)+NPNS(VI-VQ)
[-PO(VOWD;NP . T}__ 2(Vg+Vp)T :
VA (Vo =V,) Vo4V
o WNALNG V-V—‘I’ 3 No
'\—_ Rl /\
. gty [_ Po, 1 _ MVgp)T ]
3 (Vy-Yg) W 12 Vo, 2

0''p
uNpA (NG + T No)

~ BtB
For Mode 1 operation, the average flux density -%——A- and Bp.

From (12,FQ) and (13,FQ) of Table 3.2-A,
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uPq V0+V (VAR (Vi =VA)T

0 D'V
Ng + N WV—T)——%TW [D-2-2]
T ( V VQ P) sV, Ny oo

P 2 (VAHVA)T
Therefore V-Q— > 0D

° PA(NGH Yg"p N, )
H STV VQ p

2

af
Thus, f3 < 0 and T< 0

2
31p a(f]fz) af2 af]

Therefore, sy-= ——y—= 157, * fa5v, < 0

Thus, Ipe,maxoccurs at PO,max and VI,m'in'

Ise:

From (29,FQ)

| 2
12 [[PO (NS V0+VD)] -I[SL(V0+VD)(VI-VQ)T :IZ] N (v -VQ)
Yo M " Vo T T2 ATNZ ey b (Vg-vg) | ] B g Ny (V)

Pg 2 NV Vo) (Vg#yp) N 2(V0+VD)2T2 V.-V ] 3 |

| D p¥ I
= My = ' s E R
P Vo N’(VI'VQ’ 12u2A2N p (Vg +Vp )N V=V

=yt s

2 2
oty P gy
a




2
ofg zz(V0+VD)2T2[ (Vy-Vy) ] 2 NE (V g+ )
3V 2,0 )  y12

2 3.2.2 2
L2V TR (Y -V,)
4u2A2NS[NP(V0+VD)+NS(VI-VQ)]4

. af4 af5
From [D-2-2], it can be concluded that W t 37 0
I I
2

Therefore, 'é-v—I- = Wi- + -a-v—I- <0

Thus, Ise’maxoccurs at P0 and VI

’max .m’in’

Mode 2 (26,FQ), (32,FQ)
Ie; It is apparent from (25,FQ) that

Ipe’maxoccurs at PO,max and VI,min‘

Ige: It is apparent from (31,FQ) that

Ige,max@ccurs at P and is independent of V,.

0,max
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Two-Winding Voltage Step-up/Current Step-up Converter With Constant On-Time

Controller
Mode 1 (24,TN), (30,TN)

th
a1
Pe
7> 0




From (23, TN)

NP(VO+VD)
Np (Vg #Vpy )+ N (V-Vq)

]

12 =[[P0 (_:§+ zo"‘Vg )]2+ T]E [JL(VI-Vg)ton] 2].

LUN2A

A f / '\__Afz___i‘
It can be seen that f1 > 0, and fz > 0
Vg Yy V— Vi-Yq 77' N2A VoV -V ) Tﬁ.uNgA

X A fy / § A ____f

It can be seen that f3 > 0, f4 may be positive or negative.

Nl (V+Vp)
I [NP(V0+VD)+NS(VI-VQ)]2

<0

a%f Pollgtp) 2 o,
= fpr =30 D 4 262 . 0, because f, > 0.
3V 23 Vo(V -Vq) 4 3
I 0 Q
azfz | 2N2N o (Vg+Vp)
. 0
¥) 3’
Since 12,4 f..f
ped T3- 5 2
aIPe afz af]
W TRt e oA

I
~h
—t
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2218 2 °f 3 2f 2, of
2= f Z, ¢ % +2 L . 2
avI2 1 avI2 23V, aVy © oy
2%,  afy  af,
“fhzt ot 2y Tl
aVI aVI I
ofy  of, o %1, 2 %%,
From the signs of f],fz,f3.f4, V=0 5V T2 and ~—% as described,
1 1 aVI aVI
512
it can be concluded that if f4 < 0, then -55%-< 0. Thus, Ipe’ma}pccurs
, azﬁb
at PO,max and VI,min' If f4 > 0, then ;\-I—Y >0. Thus, Ipeama,?ccurs at
I
PO,max and VI = VI,min or VI,max' Therefore, IR%max occurs at PO,max and
VI = VI,min or VI,max’ regardless of the value of f4.
Ise‘ :
(From 29,TN), > Se. o
0
No P 2 No V.V s (v,-v. )3t 2
I2 = P 0 ) ( + .0 D)_+ 1 . 1"'Q’ “on ) ]
se Ny Vo "N VT T T uANg N VgV )+ TV =V)
N fg " A fe A
2,
5 F
> >0
aVI
2 2 '
. 2, 2 3, 2 2
eVl alVVe) ey 2Ng >0
uA[NP(V0+VD)+NS(VI-VQ)]2 uANg [NP(V0+VD)+NS(VI-VQ)]3

because the sum of the first two terms is positive and the third terms

- s oo et
e S ) : ) ) RS

it A S
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is also positive.

Therefore 2

2212 a2f, aPf
—S%. = g + g— > 0.
Thus, Ise,max occurs at pO,max and VI = VI,min or VI,ma_x

Mode 2 (26,TN), (32,TN)
IPe:__From (25,TN), it is apparent that
1

aIPe BP
W oAy

Thus, Ipe’maxoccurs at Po,max and is independent of VI"

Ig: From (31,TN), it is apparent that
.91, ol
e ®y
PN , >0 and =~ 8VI >0

Therefore, Ise,max occurs at P0 and V-I

,max ,max’

Two-Winding Voltage Step-up/Current Step-up With Constant Off-Time Controller
Mode 1 (24,TF), (30,TF)

5 2 2 .2 2
2. l'Po Ns |, Yotlp 7, 2 0gMp) toee2 ] Np Vg*Vp)
T PR P T P e Np (Vv *Ns V=V
| aI aIP2
Thus, it is apparent that "p"" > 0 and —v—- &
Therefore, IPe,max occurs at Po.max and vI,min'
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Ise: |
From (23,TF) and (29,TF)
2 2
Ié= NP( ;—Q-) ? NS(VI--VOIFNP(VOWD) N 2 (V0+VD) toffz . VI-VQ
2,2
L’"“ é:f] é:fz
af Po 2 NE(VGHY)
LR Yp
av. v 2
I 0 NS(VI- Q)
2, 2
8f3 i 2 (V0+VD) NP(V0+VD)
aV 2,2 " 2

Similar to the procedure for deriving [D-2-2], it can be concluded that

of of
1 2
SV-I-"‘ Wf- < 0. Thqs, Ise’m XOCCUY‘S at Po,max and VI,min'
Mode 2 (26,TF), (32,TF)
aT : aT

From (16,TF), it can be proved that —V—-< 0, and 'F"> 0. The

procedure for this proof is similar to that given for the case of voltage

step-up converter with constant off-time controller in Appendix A. From

aT aT
(25,TF) and the fact that -p—-> 0 and -V—-< 0, it is apparent that
aIP aI
aPO €, 0 and -V—-< 0. Thus, IRe’maxpccurs at Po,max and VI,min'

From (31,TF) and (25,TF)

N/E 24P (U g+ Tg

P“MO
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3T 8T
Since 5-p3- > 0 and 5-V-R- < 0 as described above, it is apparent that
0 B

occurs at PO and VI

,min*

Se max

algq olge
WE > 0 and EV—I- < 0. Therefore, I max




Appendix E

DERIVATION FOR THE OPTION CONSTRAINT EQUATIONS
GIVEN IN TABLE 3.4

This appendix outlines the steps leading to the option constraint
equations given in Table 3.4, A1l those equation numbers, which are not

prefixed by E, correspond to those used in Chapter III. Several symbols

need to be reiterated: V, £¥V1,min’ v, é=VI’max, Py A=P0.min’ Py A Po,max’
A
[A] Duty cycle centered at a particular value UA’ Mode 1.
From (10 ' {g*p) 1
rom (10), ey = FTVGHVy TG T, V) (E-1)
No (VA +Ve)
and o, = PO D (E-2)

min = No(VHV TS (V,=Vo)

Thus, ooy = Up = Up = o
e NE'}V1:V ) TN ](Vz'V 7 = 20y
”N"W‘TV'QT Ll e
p 0D P 0-D
N

Rearrange into polynomial form of variables N%’

(148)
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(Vg=Vg) (Vp-Vg) Ng o (Vq#Vp-2Vp) 1N i
ey - =t (1 - =0
(Vg#Vp)* o 0"'D iU’,;) M _UX)

N
Solve for N—:— from this quadratic equation.

~grip)|m i M2=4(V-Vg) (V,=Yg) (1= ) ]
2(V;-Vq) (V,-Vg)

Ns i
iy

where M & (V#V,-2V0)(1 - ZEJK )

Since 0 < Uy < 1, thus (1 - Ul ) < 0, and the term inside the square root
A

sign is always positive. M may be positive or negative depending on the

specification of UA’ But,the term inside the square sign sign
M2 4 (Vq=V ) (Vo-V ) (1 = 1 ) > [M]
172 T T,

Thus, only one of the two roots is positive and should be used, that is

(V0+VD)[-M+,\/ M2-4(V]-VQ)(V2-VQ)(1- Er;)]

2(V3-Vg) (Vp-Yg)

Ns
N

[B] Minimum duty cycle din = UB’ Mode 1

Np (VA+VR)
- P 0 D =
N VotV
S 0D 1
Thusﬂ-—--lv—-v—-(u—- 1)
P 27°Q 8B

o A R i P e

ke R R R el v it s e e e e



[C] Duty cycle variation = Ue» Mode 1

From (E-1) and (E-2), @ .. = %... = U
ie. p Ui+ Yp) R A\
NSV TV~ WSTV,- qu NpWo ol ~

N
Rearrange th1s equation into a quadratic equation of variable N' » and

soive for N‘“ similar to that in [A].

Ny (g (Y £ 2)
AW,
V2 - V]
where Y.A=V1 +V2-2VQ- —U-C-—--

za ,f V-4V, -Yg) (V=Yg

The nature of the two roots are discussed in the following:

Y2 _ a(v,- -V
(a) ( 1 VQ)(VZ Q) N

Z is a nonreal number, and there is no solution for N§

(b) Y2 > 4(¥y-¥Q) (Vp-Vg)

Since 0 < UC <1, Y may be positive or negative depending on the

specified value of UC'

(i) Y>>0

Both roots are negative because Y > L. Therefore, no solution

exists.

150
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(ii) Y< O
Both roots are positive because |Y| > Z.

Therefore, both roots are solutions.

[D] Maximum transistor collector-to-emitter voltage = UD’

VCE.max = UD’ Mode 1 or Mode 2
From Fig. 3.1, transistor collector-to-emitter voltaae
N
_ P
= N.g.(vc)+vD) + VI'
Np
ThUS, UD = Ng'(V0+VD) + V2
N v+
S 0 ')
Therefore =
o BV

[E] Maximum diode reverse voltage KDR max - UE, Mode 1 or Mode 2

. _ S
From F]g. 3.], UE = VO + N;'(Vz - VQ)

N U=V
S E°0
Thus =
‘N
[F] Maximum peak transistor current ico11 max = Yp? Mode 1 or Mode 2
. l(BB‘BR)
From Fig. 3.1 10011. = iPB = ——_;TE;-
. L(B,-Bp)
Thus, Tco11,max = “NP = Ug
Q(BZ-BR)
Therefore, NP = -
F
[6] Maximum peak diode current iD max - UG’ Mode 1 or Mode 2
. o 2(B,-Bp)
From F1g. 3.1 p,max = TsB,max ° -—-THEE-_

s . o . U S
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[1]
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Maximum duty cycle Unax UH' Mode 1 or Mode 2
From (10) and (18), Unax always occurs at Po,max and VI,min no
matter whether the converter operates in Mode 1 for the entire range
or in Mode 2 for a portion -of the range, and since all of the design
considered operates at Mode 1 at least at Po and V

smax I,min® Thus,
Mode 1 expression for duty cycle (10) should be used.

V. )+
max p

No  Vo*Vp ;4
Therefore, 'N'P— = v;:v-q- (U-H— - ])

Total number of turns = UI

Turns ratio = UJ

N
s

= U
N; J
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Appendix F

DERIVATIONS FOR THE OPTION SOLUTIONS FOR
Np AND Ng GIVEN IN TABLE 3.5-A,B, and C

This appendix outlines the steps leading to the option solutions for

NP and NS for the two-winding converter with the three controller types.

Constant Frequency Controller

from Eq. (35,FQ) of Chapter III

VAtV 2V 2uTP, (V +v )
o', . Vo 2 20" V),
s * 7Ty e T 7, [8,-Bg fv/(Bz‘BR) M Fx o (35.FQ)

Solutions for NP and NS for each option are obtained by solving

(35,FQ) with the corresponding option constraint equation simultaneously. :

Options [A], [B], [C], [D], [E], [H], and [J]

For each of these options, the turns ratio NS/NP»= vi., i1s given by

¥
the corresponding option consirain equation given in Table 3.4, where the
sut:script y corresponds to the desian options A,B,C,D,E,H, and J. Thus,

substituting Ng = vy Np into (35,FQ) and solving for Np, the solutions are "

written in general form. |
K(V,=Vn) -

N =~ ¢ M=y N
Yy'17e 0T’ " :

Yy

(153)
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Option [F]
_ % (By-Bp)
From Table 3.4 NP = _-TI-U;——
V0+VD
From (35,FQ) NS =K - W'NP
Option [G]
2 (By-Bp)
From Table 3.4 NS = 7
G
From (35,FQ) Np = (K - Ns) . VB:v%‘
Option [I]
From Table 3.4 Np + NS = U; (F-1)
(VO+VD) )
From (35,FQ) Ng + Np --V?:Va— = K (F-2)

Solve (F-1), (F-2) simultaneously for Np and N.

=
-
I
C e
~
1
e
-
S
ot
]
+

Ng =Ur - %

Constant On-Time Controller

For options [A], [Bl, [¢], [D], [E], [H], and [J];

..N
N'FS,‘= Yy whereyY = A,B,C,D,E,H, and J

Substitute Ng = T?NP into (35,TN) and arrange the resultant equation in a

quadratic form of variable Np.

WP, ',v0+vD ) B{SAL
zvg[\y“‘ V'Iafva] Np = (Bp-Bp)llp + —Loppi—N = @
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Solving for NP leads to the solution expressions for NP agiven by Table
3.5-C.
Option [F]:
From option constraint equation given in Table 3.4,
z(BZ-BR)
*UF

NP=

From (TN,35), solving for Ng in terms of Np leads to the solution

expression for NS given in Option [F] of Table 3.5-B.

Option [G]:
From option constraint equation in Table 3.4,
" z(Bz-BR)
S uU

n
a

Arranging (35,TN) into a polynomial form of variable NP:

(V0+V 2 uP

Py p)Np 2 (V1o-Yq)ton
Wy (rg-vg) (By-Bp- IVB'NS)NP+ — -0

Solving this quadratic in terms of Ng Teads to the expression for

N, given in Option [G] of Table 3.5-B.

Option [I]
From option constraint equation, NP+NS UI' Substituting NS=UI-NP
into (35,TN) and arranging the resultant equation in polynomial
form of variable Np.

Wy Q Np2+ zva‘”:*BR‘Bz INp

(VIO'VQ)ton

+ Y

e R L s e e e G b e e S i
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Solving this quadratic for NP leads to the expression for NP diven

in Option [I] of Table 3.5-B.

Constant Off-Time Controller

From (35,TF) of Chapter III,

(Va+Vo)t .
0tV ot =0 (35,TF)

zVO VI-VQ

For Options [A], [B], [C], [D], [E], [H] and [J]
For each of these options, the turns ratio N§ = yy is given by the

P
corresponding constraint equation given in Table 3.4. Substitute NS=NP‘Yy

2
NpN + Ns] - (B,-Bp NGt

into (35,TF) and arrange the resultant equation into a polynomial form of

variable NS'

WgHVpltoss _

uP V.tV
2[ 0 D] 2y 2 ¢

1+ NpS={B,=Bp) v, N+
2, Yy V1-Vg) Yy P TR R)yNp

0
Solving for Ns‘from this equation leads to the solution for NP given for
these options in Table 3.5-C.
For Option [F]:
From the constraint equation for option [F] in Table 3.4,

N, =
N |
Arranging (35,TF) in a polynomial form of variable Ng Teads to

(v0+VD)t

of f _ 0

Wy Ns Ly s 7 (By-Bg) ]Ns+

Solving for NS in tems of NP leads to the solution for Ng for option [F] in
Table 3.5-C,

O N
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For Option [G]:
From the constraint equation for option G given in Table 3.4,
z(BZ-BR)
"Y'

Ng

From (35,TF), solving for NP in tems of NS leads to the solution for NP for
Option [G] in Table 3.5-C.

For Option [I]
From the constraint equation, NP+NS=UI.
Substituting NP=UI'NS into (35,TF) and arranging the equation into
a quadratic equation of variable NS leads to

uPy [“PZ(VO+VD)

N2+ Wgpltoee _
Wy S

WV Vo) NP'BZ+BR] Net ——r—
Solving for Ns in terms of NP leads to the solution for NS in

Table 3.5-C.
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Appendix G
DERIVATIONS OF EXPRESSIONS FOR AW

The expressions for AHn for the various controller-converter combi-
nations given are derived in this Appendix. By definition, Awm is equal to
the difference between the maximum energy and the minimum eneray stored in
the magnetic core during a steady-state operating cycle. The amount of
energy stored in the converter core increases with time during transistor
on-time, reaching its maximum at the instant when transistor is turned off;
it then decreases with time until it reaches its minimum value. This value,
which may be zero, is the energy stored at the instant when the transistor
is turned on acain. Thus, Awm is equal to the total energy flowing into
reactor during transistor on-time or the total energy released from the re-
actor during transistor off-time. In other words, for sinale-winding con-
verters,

ANm = j ixvxdt = - J ixvxdt (6-1)

ton toff

For two-winding voltage step-up/current step-up converters,

M = J ipvpdt = - I igvgdt (6-2)
on toff
Using these two equations, the following derivation will be divided

into three sections, according to converter configuration type.

(158)
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(A) Single-Windina Voltage Step-Up Converter
From Eq. (G-1), AM“ = - I iXVX dt
Cots
During toees Vy ° -(v0 + Vg -'VI), where vy is the total output voltage.
Since the ripple voltage is small compared to the average output voltage
Vs oW ;;:(V0 +Vp - VI) J iydt. Referring to Fig. 2.1,
toff
. . . L . Pol
J iydt = f ipdt = l ipdt = l (1C+10)dt = l 10dt = —\Q;
toff toff
where the second equality is true because iD = 0 during ton’ and the
fourth equality is true because the integration of capacitor current over
- a complete switching cycle is zero.
TPO(V0+VD-VI)
Thus, aW = v (6-3)
0

From Chapter II, T can be expressed in terms of controller time parameters
as follow.
Constant-frequency controller with T specified,

Mode 1 and Mode 2: T = specified value T

Constant on-time controller with ton specified,

Mode 1: T

[}

[from (8,VU)] (G-4)

2 2

2

Mode 2: T [from (32,VU)]

Constant off-time controller with toff specified,
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(Vo + Vo = Vo)t
Mode 1: T = —2— P L off [from (9,VU)] (6-5)
Q
Mode 2: T = TR’ where TR is the larger root of quadratic
WANP (Vg + Vg = V) »
T - 2t o+ 1T+ tops = O

zVO(VI - VQ)2
[from (36,VU)]

Substituting the appropriate time relationships given above into (G-3), the

corresponding expressions for AMn can be obtained.

(B) Single-Winding Current Step-Up Converter

From (G-1),

MM = I xVydt = [ ix(VI-vo-VQ)dt & (Vp=Vo- Vo) I iydt (6-6)
tO‘ﬂ ton tO n
oW = - J ixvxdt = J ix(v0+vD) n (V +VD) J i dt (G-7)
toff tors toff

From (G-6), (G-7), and (G-1),

(Vi-Vgg) | ixdt = (i) [yt

ton torf
. S, o ‘o Pol
ton tore T

Treating f 1th and j ixdt as unknowns, and solving for the first integral

ton toff

using (G-8) and (G-9),
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(VA+V )PAT
Iixdt= 0 A0

G-10
: V#p-Vo)Vg (6-10)
on
TP AV =Va=Va)(Vy +V5)
. _ 0''1 "0 Q*°0 D
F G6 d (G-10), aW_ = G-11
rom (G-6) and ( ) wm —(VI.,.VD—_VQW‘E ( )

As in the case of voltage step-up converter in (A), the expressions for
aW, for various cases can be obtained by substituting appropriate time re-
lationships for T in (G-1), These time relationships, which are different
from those given in (A), can be obtained from Chapter II, and thus, are not

repeated here,

(C) Single- and Two-Winding Voltace Step-Up/Current Step-Up Converters

The procedures for derivina Awm for these two configurations are
similar to those for the voltage step-up converter given in (A), and are
omitted. The time relationships between controller time parameters can be
obtained from Chapter II for singlie-winding configurations, and from Chapter

III for two«winding configuration.
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APPENDIX H

JUSTIFICATION FOR USING THE MODE 2 ENERGY RELATION-

SHIPS FOR CALCULATING Awm max IN EQUATION (5,19)

FOR CONFIGURATIONS TNVU, TNUD AND TN2UD

Examination of the relationships given in Table 4.1 for (aANn/aPO)
and (aANn/BVI) in Mode 1 and in Mode 2 for the three controller converter com-
binations TNVU, TNUD and TN2UD shows that, independent of mode, Aﬂn either
increases with an increase of P0 or it is independent of PO; and, similarly,
AW, either increases with or is independent of Vi- It follows that, whether
the converter is operating in Mode 1 or in Mode 2, the maximum numerical
value for Awm is obtained by using the extreme operatina-range condition of

P

and VI =Y It will be shown that, for these three ex-

0 = Po,max
ceptional controller-converter combinations, Mode 2 equations yield the

I,max*

larger value for Aqn at this extreme operating point. Consequently, Mode 2

equations evaluated at the point ( ) are used for A%n when

pO,max' I,max) Jmax
evaluating the parameter & which is the right side of inequality (5,19) and .
the parameter‘used in searching the special table of core parameters. The
TNVU configuration will be taken as an example to prove this asseftion. The
proofs for the other two cases of TNUD and TN2UD are similar and will not be
aiven,

The first step in showing that for the TNVU converter the larger
value of A%n Vi

at (P0 ) is obtained with the Mode 2 expression

ymax smax?’ "I ,max

(162)
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is to examine the Mode 1 expression for BA’ the minimum value of core flux
density over a cycle, given by (15,WU) of Chapter Il which is repeated here

for convenience

uNPA(VAHV VYt (Vo =V0)
B, = B. + 00 'D Q _ on' I [H-]]
A R zVO(VI-VQ) A

where the total cross~sectional area for a stack of J cores is JA. If the

converter is operating in Mode 2 at (P0 ) then the Mode 1 value of

Jmax? VI

v

,Max

BA'BR given by [H-1] evaluated at (P ) will be less than zero, or

O,max?® "I,max

tonV ﬁmax'VQ) ) iy max (Vo*Vp-Vo) [H-2]
2NJA 2olV1 max=Vq’

Multiplyina both sides by [zton(vl’max-vq)/uN] and recoanizing that
L = uNZJA/z agives the result

2 2
ton (VI ,max‘VQ) tonfo pmax (V0+VD'VQ) [H-3]
2L > 1A

From (3,TNVU) Table 4.1, the left side is seen to be the Mode 2 expression

for Awm at (PO Vv

,max?® ~I,max

side is seen to be the Mode 1 expression for Aﬁn at (Po max’ VI

), and from (1,TNVU) of the same table the right

,max)' Thus,

it is proved that the Mode 2 expression will lead to a larger value for A%n.
Continuing With the TNVU confiqguration to illustrate the derivations,

the equation for s aiven by (3,VU) is derived. Substitution of the left

side of [H-3], which is the same as the expression for AM“ max given by
(16,VU) in Table 5.3 into inequality (19) gives
2 4 2
ts (v “Vn)
%;6 - _on' I,max Q [H-4]

2
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where L is defined as above. Using the expression for N given by (7,VU) and

the fact that v = gA, [H-4] can be written as

2

[Ztonpoémgx(V0+VD'vQ)(VI,max'VQ)]
Yol max'BR)z(Vi,min;VQ) -

2%y (1l 10 B 12
) D 1= oy ]

Multiplying both sides of [H-5] by (v/u)[1af 1-2/(v/4)12 and taking

the square root of the resultant inequality leads to the inequality

G- 2 on0nex 10y o ey [#-6]

2
JVO(Bmax'BR) (VI,min'VQ)

[H-5]

v,
po=

Letting h = (VI,max'VQ>/(VI.m1n'VQ) for this case and using the expression

for ¢z in (3,VU), [H-6] can be rewritten as

G D41+ Py 1 2 oh

Solving for (V/u) from this inequality,

2 v | -V
v h™ . _ _1,max
TZLPRT % where h V—-‘———-vg-l’mih_ "
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GLOSSARY OF SYMBOLS

cross-sectional area of maanetic core, m2

area of magnetic core window, m2

cross-sectional area of wire, including insulation, m2
cross-sectional area of wire for primary winding, including
insulation, m2

cross-section area of wire for secondary winding, including
insulation, m2

minimum value of flux density during a particular cycle, T
maximum value of flux density during a particular cycle, T
minimum value of BA within operatina range, T

maximum value of BB within operating range, T

maximum allowable core flux density, T

residual core flux density, T

saturation core flux density, T

B

max? T

filter capacitor for neg]igib]e'ripp1e voltage, F
winding factor, numeric

maximum allowable winding factor, numeric
coefficient used in calcuiating ¢, numeric

minimum value of eneray-storage inductor current during a

particular cycle, A

(169)
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isp
1.Pe

IPe,max

Tse

ISe,max
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maximum vaiue of eneray-storage inductor current during a

particular cycle, A

= total instantaneous capacitor current, A

totaT instantaneous primary current, A

total instantaneous secondary current, A

mimimum value of the primary current during the transistor
orn time, A |
maximum value of the primary current, A

minimum value of the secondary current during the transistor
off time, A

maximum value of the secondary current, A

primary winding rms cufrent, A

maximum value of IPe within operating range, A
secondary winding rms current, A

maximum value of ISe within operating range, A
total instantaneous inductor current, A

average value of an inductor current, A

rms inductor current, A

maximum value of IXe within the operatina range, A
number of cores in stack, numeric

mean maagnetic path length, m

inductance of inductor, H

inductance of primary winding, H

inductance of secondary winding, H

converter average output power,y

minimum value of average output power, W

maximum value of average output power, w
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P W

0,min?

PO,max’ W
equivalent resistance load, ¢

core size number, numeric

transistor cut-off interval, s

diode conduction interval, s

interval when B = By or T - ton - téff’ S

transistor conduction interval, s

period of one conversion cycle, s

option constraint quantity, y = A, B, C, D, E, H, or J;
units depend on option

2A = volume of magnetic core, m3
JV = total volume of core stack, m3
diode forward voltage drop, V
converter DC input volitage, V
maximum converter input voltage, V
minimum converter input voltage, V
v v

v v

I,min?

I,max’

v or VI v

I,min ,max’

converter output voltage, V

transistor saturation voltage drop, V

total instantaneous voltage across inductor, V

amount of energy transferred by the energy-storage reactor
over a switching cycle, J

maximum amount of energy transferred by core over a

switching cycle, J

BN o

s b 1



B
N K

%max

“min

soo T AT e e T TR ST BRI T e AR e e T R LT Ry R TR S TR R e TR etk .Wrﬂy'rnﬂ!w'v“ﬂm R |- % it
s p

-~

172

maximum transistor duty cycle, numeric

minimum transistor duty cycle, numeric

NS/NP = turns ratio, numeric

turns ratio NS/NP for option y wher y = A,B,C,D,E,H, or J,
numeric

computed quantity for use in core table search, m4/H
computed quantity used in calculating §, N and NP’ m4/H
computed quantity used in identification of windable cores, 1/H
Mg = permeability of magnetic material, H/m

permeability of free space, H/m

relative permeability, numeric

identifier of numerical value for core parameter obtained

from Table 5.4.
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