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ABSTRACT

Dc thdc static power conditioning Systems on unmanned
spaqecraft have as their inputs highly fluctuating dc voltages
which they condiﬁion to regulated dc voltages. These input volt-
ages may be less than or greater than the desired regulated voit-
ages. Also, these systems should ﬁave high reliability, small
size and weight, and high efficiency. This dissertation discus-
ses the design of two circuits which address specific prokblems
in the design of these power conditioning systems and a nonlinear

analysis of one of the circuits.

One area of concern in spacecraft power conditioning
systems is the low feliability of large—capacitance capacitors
commonly used in the L-section or pﬁre—capacitance output filters
of dc to dc converters. In spacecraft applications these capaci-
tors are usually tantalum électrolytic capacitors and are nor-
mally the least éeliable electronic component. The first circuit
design discussedbié for a nondissipative active ripple filter fér
dé supplies which uses an operational amplifier to amplify the
sensed ripple voltage. The output of the amplifier is connected
to the primary winding of a mutual inductor which has its second-

ary connected in series with the main power path. The closed-
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loop gain and phase shift of the amplifier are designed so that
the voltage on the secondary of the mutual inductor is of the
same amplitude and phase as the ripple voltage at the input to
the filter. The secondary voltage has the éffect of cancelling
the ripple voltage. One configuration:of the fipple filter re-
quires only 4.87 uF ‘and has approximately the same attenuation
as a low pass L-ééction filter with a break frequency of 100 Hz
requiring 84 times more capaéitance. The small reqﬁired capaci-
tance for this fiiter can be obtained using the more reliable

Ceramic capacitors.

Normal optimum switching for dc to dc power conditioning
Circuits 1s in the range of 2 to 50 kHz. However, in the future,
experiments for spacecraft are anticipated which will make meas-
ureménts_in this frequency range. Theéefore, a dc to dc converﬁ-
"er‘opefating at a switching:frequency of 1 MHz is the second cir-
cuit discussed. The type of circui§ chosen is an energy-storage
converter using an isolated two-winding mutual inductor és the
energy storage element and a triangular waveform clock éignal to
produce a constant switching frequency of 1 MHz. This circuit
is designed to demonstrate the feasibility of operation at 1 MHz;
thefefore, the design does not include.self-starting andffequires
several power supplies. However, the circﬁit‘operates at an out-
put power of 20 wafts with a peak efficiency of 79 percent and
output-voltage regulaﬁion of abﬁroximately 1.5 percent. Because
of the high switching frequency of 1 MHz, this circuit also re-
quires less filter:éapécitance and should have smaller size and
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weight than lower frequency converters.

The third subject of this dissertation is a nonlinear
analysis of the typé of dc to dc converter utilized in designing
the 1 MHz cqnverfer. This type of circuit adds the output volt-
age to the triangular clock signal and subtracts this sum from
‘the reference voltage resulting in an error voltage. The analy-
sis is performed on this error voltage assuming instantaneous
switching. The period of oscillation is divided into segments
described by linear differential equations which are represented
in a limit cycle in a normalized phase plane of the time deriva-
tive of the error voltage versus the error voltage. The theoret- -
ical phase plane cﬁmpares closely with an experimental phase
plane determined from a 2 kHz converter. Piecewise linear tfans-
formations are made around the limit cycle to obtain two sequence
functions defining the time periods of a cycle. The accuracy of
these sequence functions is verified using data from the experi-

mental 2 kHz converter.
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STATIC DC TO DC POWER CONDITIONING-ACTIVE RIPPLE
FILTER, 1 MHZ DC TO DC CONVERSION,

AND NONLINEAR ANALYSIS



Chapter I

- - INTRODUCTION

The shbject of this dissertation is static electrical dc:
to dc péwer conversion for spacecraft power conditiqning~systems.
The most commonly used power system'oﬁ spacecraft has been and
continueé'td'be a system'which consists of a dc source and a |
battery. The battery is used té_store energy during periods of
high output from the source and to supply energy dﬁring periods
of low output from the sourcé. Typicai sources are fuel cells,‘
solar cells, thermoelectriélsourcés, and ﬁhermionic sources.,

The battery, by‘its nature,iacts‘as a filter; however, the bat-
tery voltage fluctuates depehding on whether it is in a fully
charged or discharged state and whether it is being charged or
discharged. The‘power.conditipnihg system uses .this battery as
its source and conditions the battery voltage by conversion,
regulatioﬁ, and filterinq to voltages which can be utilized by

the various electrical equipment aboard the spacecraft.

Unmanned scientific éatéilites AZé‘coﬁtiﬁuélly being de-
veloped for a variety of scientific experimenfs._ The poWer con-
version eqﬁipment pn.éach of thesebsatellites generally has
three common requirements which are_high réliability, high
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efficiency, and small size and weight. Other characteristics
of the conversion equipment such as voltage levels, ripple volt-
age, switching frequency, and regqulation may vary depending on

Many of these requirements are becoming more stringent requir-

the specific tasksvo; experiments which must be performed.

ing continued applied research to develop equipment which pro-
‘vides the characteristics required by the increasingly more so-

phisticated experiments.

Scope

One area of concern in spacecraft ﬁower éohditioning
systems is the ldw reliability of large—capaéitanpe capaci£ors
éommonly uséd in the L-section or pure-capacitance output fil-
ters of dc to dc converfers. Capacitors greater than a few mi-
éréfarads in véluefrequire the use of electrolytic capacitors.
In spacecréft applicationé, tantalum electrolytic capacitors
are used. These'cépaciﬁors are normally the leéstireliablé
electrpnic component .on the spacecraft and thus affect~tﬁe over-
all reliability of the power conditioning system‘éignificantly.
Chépter II discuéses the design of a nondissipative active fil-
ter which uses.an'operational'amplifier to amplify -the sensed
ripple voltage. The output of the amplifier is “connécted to e
the primary wipdiné of a mutual inductor which has:its second-
ary connected in series with the main power path. The closed-

loop gain and phase,éhift of the operational amplifier are



designed so that the voltage on the secondary of the mutual in-
ductor is of the same amplitude and phase as the ripple voltage
at the input to the filter. The voltage on the secondary of
the mutual inductor thus has the effect of cancelling the rip-
ple voltége. This -filter requires only a few microfarads of
capacitance and uses the more reliable ceramic type of capaci-
tor achieving approximately the same attenuation characteristic
as an L-section filter requiring ﬁundreds of microfarads. The
design procedures and experimental characteristics are given in

‘detail in Chapter II.

The normal Opfimum switching frequency for dc to dc
electrical power conversion considering size and weight, reli-
.ability and efficiency is in the approximate range'of two to
fifty kHz., In the near future, however, it is anticipated that
Spacecraft experiments will include electromagnetic measure-
ments at frequencies up to hundreds of kilohertz; In order that
the spacecraft power conditioning equipment not interfere with
the exPerimental.measurements, it becomes necessary to design
the switching frequencies of the power conditioning equipment at
least as high as 1 MHz, This design presents many problem areas
such as obtaining semiconductor diodes aﬁd transistors with ade-
quately fast switching speeds and designing circuits which can
effectively utilize these switching speeds. Core materials must
be found which can be used to design tranSformers that operate
efficiently at switching frequencies at least as hiéh as 1 MHz.

These problems are discussed in Chapter III where the design of




a basicAdc to dc converter‘operating'at a constant frequency of
1 MHz is discussed-in detail. The design does not include an
automatic starting'circuit and requires severai auxiliary shp;
plies; however, the basic objective to operate a §Onverter at a
switching frequency of 1 MHz with reasonable efficiency is dem-
onstrated. This converter is designed with electrical isolation
between the source-and the load and operates with good effi-
cienéy and é maximum output power of 20 watts. The output powef
can be increésed simply by increasing the base drive to the
poﬁer transistor. This converter provides a regulated output
voltage of 28 voltsvwhile operating with a source voltage varia-
tion from 21 to 31,vol£s. The high switching frequency.of this
converter enables the desigher to use the more reliable.capaci;
tors of bnly.a fe& microfarads,'therefore offeriné a secbnd.pos_
sible means for réducing the output filter capacitanceAin dc to

dc converters.

Every new éﬁacecraft seems to generate a new set of re-
quirements for its‘power éonditioning system.. The challenge to
design these systems is greatly aided by an analytical ability
to predict the perfofmance of the circuits used in the»systems
priof to designing them. There are a number of different types
of circuits used fér:dc to dc energy conversion and only a small
number of these have been thoroughly analyzéd. A complete analy-
sis of converters which utilize switching techniqués usually re-
qﬁires nonlinear anéiysis. Chapter IV of this disseftation con-

tains a nonlinear analysié of the error voltage for the type of



dc to dc converter circuit used for the 1 MHz converter in Chap-
ter III. The basic requlation concept of the converter is ver-
ified by the analysis and by an experimental confirmation of the
analysis using a converter operating at a frequency of 2 kHz.
The analysis assumes instantaneous switchingvand divides the
full period of oscillation into segments which are described by
linear differential equations. Thése equations are represented
in the phase plane by segments of continuous curves and instan-
taneous switching is represented by jumps. This converter has a
triangular waveform as a clock signal which results in nonauto-
nomous differential equations which cannot be directly plotted
in the phase plane; however, an approximation is used which
makes the equations autonémous; These equations and analytic
expressions for the jumps at switéhing are used to perform piece-
wise linear transformationé»from point to point around the limit
cycle resulting in a pair of sequence functions. These sequence
functions are expressed in.terms of the known circuit parameters
and unknown time periods of the limit cycle. An experimental
limit cycle for a circuit operating at 2 kHz and the theoretical
phase-plane trajectory compare‘very closely. The accuracy of
the sequence functions is also verified by the experimental data.
The analysis thus shows that éystems with triangular driving
functions can be analyzed using the method of piecewise linear

transformations in the phase plane.

Chapter V provides a summary of the work described in the
dissertation and describes certain conclusions concerning this

work.




Chapter II

NONDISSIPATIVE ACTIVE FILTER FOR DC SUPPLIES

Power sources used on spacecraft typically produce
widely-fluctuating dc volﬁages which cannot be used directly to
supply electronic equipment. Consequently, dc to dc converters
are employed to provide the various regulated dc supply voltages
reqﬁired by the spacecraft equipment. These converters must be
capable of'meeting very stringent requirements such as tightly-
regulated output VOltaées with¢small ripple voltage, high oper-
ating efficiency, high reliability, small size, and low weight.
‘Nondissipative switching-mode converters instead of{series-dis—
sipative of éhuntfdissipative reqgulators are commonly used be-
cause-they are more efficient when applied to systems with
widelf—fluctuating input voltages and because they can be used
to obtain regulated Qoltage levels higher than the source volt-
agé-[l]. The output current of a switching-mode converter usu-
ally includes rapid large-amplitude changes which reqﬁire a sig-
nificant amount of filtering. Dc to dc converters commonly op-
erate at switching fréquencies in the range 6f two to fifty kHz
énd, in order to achieve high efficiencies, requiré output‘fil-
ters with nondissipative dc paths; Nondissipative.L-secfion or
pure-capacitance filters are‘commonly used to provide thg
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‘filtering required to produce smooth dc voltages. In the fre-
guency range of -two to fifty kHz, these filters require large

amounts of capacitance.

In order to provide these la;ge amounts of capacitance
the designer is required to use electrolytic capacitors. These
large-microfarad dc filter capacifors are less than ideal in
satellite static power converter applicétions. They occupy a
large volume and have a relatively low reliability compared to
low-microfarad capacitors, such as ceramic, mica, and solid tan-
talum, and other circuit components. .In applications'such-as
spacecraft where size and weight are important factors, the type
of capacitor which is usually choéen from among the many differ-
ent types currently available is the dry slug or wet slug tan-
talum electroiytic capacitor which has large capaéitance per
unit volume. HoweVer, these capacitors tend to fail due to in-
herent dielectric breakdown, ihternal heating, and electrolyte
leakage particularly in the severe dperating conditions of outer
space [(2,3,4]. The low—miérofarad types of capacitors have bet-
ter reliability but if used to provide hundreds of miéfofarads
of capacitance would occupy an exhorbitaﬂﬁly large volume due to
their small capacitance per unit volume. Consequently, there is
a definite need to reduce the.gmount of éapacitance required in
the output filters of dc supplies, even by'increasing circuit
éomplexity, so that the more reliable low-microfarad capacitors

can be used to improve filter reliability.




Various teChniques for reducing the required capacitance
have beén develcped; however, they generélly do not have dc
paths or they have dissipative elements in the dc paths [5,6].

As is later exPléined in Chapter III, the required capacitance
can also be reducéd at the expense of other circuit performance
characteristics, such ‘as éfficiency, by going to a'much higher

switching frequency in the vicinity of one MHz,

Scope

.The active ripple filter configuration discussed in
this chapter has a non-dissipative dc path and operates in the
frequency range of two to‘fifty kHzr It utilizes an operational
amplifier, a mutual inductor, and more reliable-low—ﬁicrofarad
-capacitors to provide the same ripple attenuation that is ob-

tained using conventional L-section or pure-capacitance filters.

'The'basicAprinciéles of L-section and pure-capacitance
filters and of the active ripple filter configuration are ex-
plained using block diagrams of the converter system. Then, the
complete schematic diagram for the active ripple filter config-
uration is given aiong with a brief description of the purpose
of each component. The transfer characteristic of the.opera;
‘tional amplifier is derived separately and then combined with
the remainder of the circuit to obtain an analytical transfer
function. Some circuit principles, or design considerations,

are given next which should be considered when designing an
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active ripple filter. Three types of active ripple filters all
derived from the same basic configuration are discussed. The
special case of the basic configuration which yields an active
filter having a narrow bandwidth of attenuation and its transfer
function are discussed first. Next, the special case of a wide-
bandwidth filter and its transfer function are discussed. Feed-
back is then added from the output of the wide-bandwidth filter
and a new transfer function is derived which is the third spe-
cial case with an attenuation characteristic significantly bet-
ter than the attentuation charécteristic of the wide-bandwidth
filter without feedback. The theoretical and expefimental char-
acteristics of each of these three aétive ripple filters are
discussed individually. In addition, the capacitance advantage
of the wide-bandwidth filter with feedback as compafed to an L-
section filter is discussed; and some péssible applications and

additional conclusions are given.

Circuit Principles

Background. Before an active filter can be designed to

attenuate:the load ripple voltage generated by nondissipative
switching dc to dc converters, the manner ih.which this Voltagé
is generated should be fully understood. Fundamental examples
of three types of dc to dc switéhing converters are shown in
Fig. 1. Figs. 1(a) and 1(b) show voltage step-up and voltage

step-down energy-storage'convertefs, respectively [(7,8,9,10].
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In both cases, when the switch is closed, energy from the source
E is stored in the inductor L; and when the switch is opened,
the energv is released through diode D forming the current wave-
forms shown. These waveforms are subsequently filtered by ca-
pacitance C'’ and the L-section filter made up of L¢ and Cf to
produce the ripple voltage on the load R; . Fig. 1l(c) employs
two controlled switches which switch in such a manner as to ap-
ply the source E alternately to the primary windings of the non-
saturating transformer T. The voltage on the secondary is rec-
tified to obtain the voltage v which is filtered by C' and the
and C

L-section filter L £ to obtain the ripple voltage on the

f

load R [11). The waveform for v in Fig. 1l(c) is the full-wave

rectified voltage without any filtering due to C’, L or Cg;

£
and the voltage is shown to dip to zero during the finite switch-
ing times. Whereas the circuits in Figs. 1l(a) and 1l(b) generate
current waveforms which require a capacitive input filter, the
circuit in Fig. 1l(c) generates a fﬁ11¥wave.rectified voltage
waveform for which a capacitance C’ may not be required. 1In
either case, it is possible to remove the L-section filter, made

up of Le and Cf, and have a pure-capacitive filter utilizing a

single large-microfarad capacitance C'.

The nature of the ac voltage on C’ is of significance
when designing the filter. This ac voltage is generated when
the capacitance charges4and discharges during the switching
cycle of the converter. The converter is basically a nonlinear

circuit. A Fourier analysis of the switching waveform would
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yield a large amplitude fundamentai component with the same fre-
gquency as the switching frequency. The nonlinear nature of the
circuit would aléorproduce numerous large-amplitude highér-order
harmonics. The most desirable filter is, therefore, a lowpass
filter-which must bé éapable-of passing a large direct éurrent
and which must have a cutoff freqguency less than the switching

frequency.

A basié'dc'to dc converter system is shown in Fig. 2(a).
The dc to AC converter is represented by the block appropriately
labelled. Capacitance C' is included as part of the converter
since mqny types'of converters do fequire some output capéci-
tance. The source E is shown as well as its intérnal resistance

Tg- Inductor L, and capacitor C. make up the conventional L-

£ £

"section filter and RL is the load resistance. The direct volt-

age on C'’ is V'; and the converter output ripple voltage is V.-
V’+vc is the complete converter output voltage. After’passing
L is V; and
In the following development of the

throﬁgh the filfer, the direct voltage at the load R
the ripple voltaée is vy
active filter, it is important to remember that the objective of
the active filter is to replace the conventional L-section fil-
ter.with‘circuitry that: (1) passes the required direct current
with high efficiency, (2) requires only small-microfarad filter
capacitance so as to improve the filter reliability, (3) does
not significantly increase the size and weight of the.filter,

and (4) achieves approximately the same ripple—voltage attenua-

tion as- the L-section filter. One of the changes which must be
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‘made to the filter shown in Fig. 2(a) in order to meet the ob-
jectives is that the capacitance requireméht for C' and Ce must

either be reduced or removed.

The basic configuration for the active ripple filter
which is discussed in this chapter is shown in Fig. 2(b). Ca-

pacitor Cf is removed and inductor L_ is replaced by mutual in-

f
ductor M. Capacitor C may be only a few microfarads instead of
" the hundreds of microfaréds required for C’ in Figq. 2(3). The
effect of the cépacitance reduction is an increase in the magni-
tude of the converter output'ripple vc; The actiye ripple fil-
ter uses the principiles of Kirchhoff's Law to reduce v, to an

acceptable small*émplitude for v The converter output ripple

L’
voltage V. in Fig. 2(b) is sensed and regenerated, by the block
so labelled, on the primary winding ND of the mutual inductor so

as to induce a voltage v, on the secondary winding Ns. By

Kirchhoff's Law, v

L is equal to the difference between Ve and v

S
as |

VvV, = V_ -V . (1)

If the waveform of Ve is exactly the same as the waveform of Ve
then vy is zero. HoWevef, this condition is impractical to ob-
tain; and vy, always has some magnitude. The following discus-
sion is concerned with the schematic diagram of one example of

this type of active filter and a discussion of some of the de-

sign considerations.
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The active filter circuit. The complete schematic dia-

gram for the active filter is given in Fig. 3 and the component
values are given in Table 1. In tﬁis diagram, a battery is
used to represent the dc component V'’ of the converter output
voltage; and an ac voltage source is used to represent the con-
verter output ripple voltage v -Resistor r, is the equivalent
series output resistance of the converter. The dc load-current

path thrbugh the mutual inductor M and load R, is indicated by

L
heavy 1lines. The operational amplifier with its associated com-
pohenﬁé is ehployéd aé the ripplevsenSSr ana régenerétor re- 7
ferred to in Fig. 2(b).v.Capacitor C, is the coupling capacitor
which blocks the dc voltage V' and should have a negllglble ef-
fect on the ac 1nput signal to the operational ampllfler. Re-
sistor Ry is the serles resistance of the operational amplifier
and RF is the feedback resistor. The closed?loop géin of the
amplifier is theféfore approximately RF/RS" Resistor rp is the
equivalent series resistance‘quthe primary winding'Np of the
mutual inductor M which has its secondary winding Ng in series
with the dc path. Lp; Ls' and M are the prima:y, secondary, and
mutual inductance, respectively. ‘It should be noted that the
negative input to.the amplifier is usea which'puts.the amplifief
in the inverted mode and that the polarities of the pfimafy and
secondary windings 6f the mutual inductor are therefore reversed.
Bias resistor R, and zener diodes D, and D,, provide the plus
and minus voltage supplies for the amplifier. Capacitors Cq




T V=30 Vdc

Fig. 3. Schematic diagram for the active ripple filter.

LT



Table I. Components list for the active filter,

OP AMP Analog Devices Model 148A

c, - 4.77 yF
DZi'D22 1N964A
RF 28 kQ fixed +5 k@ trimpot
RS 5110 ohms
RZ 100 ohms
RL 45 to w_ohms
- r,  S2.22.0hms. . . ]
r. sourqe'internal resistance
I, 203 mH (1000 turns AWG no. 36)
Ls‘ - 6.2 mH (176 turns AWG no. 22)
M 34.95 mH
Core Magnetics, Inc. no. 55928
Permalloy powder core
Cq Cp c, ‘R,
Narrow bandwidth 147 pF 67 pF OA 0
Wide bandwidth 0 0 -0 0
‘Wide-bandwidth 0 0 0.1 uF | 5 kQ
with feedback 4 : trimpot

18
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and‘.CF are used to compensate the transfer characteristic of the
amplifier. They are shown dashed because it is not always nec- .

essary to utilize them. Likewise, R

, and C, may not always be

used so they are shown dashed. The functions of these compo-

nents are ekplained in more detail later in the chapter.

Active ripple filter power dissipation. It is important
that thé active filter be essentially nondissipative. For this
reason, it is necessary to show that the load on the oPefétional
.amplifier is essentially non-dissipative and that all other dis-
sipation is very small compéred to the power passing through the’
filter to the load. First, the load ripple voltage 4 should be
very small so that vy essentially cancels Ve and negligible 1load
is reflectea to the primary winding Np. Second, the primary ;n-;‘
ductaﬁéé L, must have a high Q'fo'minimize phase shift as is ex-
‘plained later. This means that_rp mu$t be small andAthe dissi-
pation in r; is negligible. Under‘tﬁese two cqnditions the load
on the}output éf the operational amplifier is éssentially a pure -
_inducfaﬁce Lp. The output stage of most operational amplifiers '
is a class A amplifier; and, when a:class A amplifier is used to
driVe,; pure inductive load such-as-Lp} there is no real power
dei;vered from fhe output of the amplifier. This means that the
pgwef'dissipated in the active ripple filter‘invFig. 3 that is
not present inaconventional L-section filter is: (1) the négli—

gible power dissipation in R, due to a nonzero v, (2) the neg-

, L
ligible dissipation due to rp and (3) the quiescent power re-

quired by the operational amplifier and its bias sources. The
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first and second of these are ﬁsually much smaller than the
quiescént dissipation, and the'quiescént dissipation is usually
much less than the dc power passing through the filter to the

load.

Derivation of the transfer function. The purpose of the

following analysis is to derive the analytical expreséion for
the transfer function VL(s)/Vc(s)'between the input voltage'vc

and the output voltage v, of the filter,. vThé analysis is pri-

L
marily an ac analysis and does not include any dc or transient
‘analyses. The transfer function Kop(s) for the operational am-
plifier is found first. Then a circuit analysis is performed

using Kop(s) to obtain the overall transfer function

'vL(s)/vc(s) for the active filter.

When the operational amplifier has an open loop gain
significantly higher than the closed loop gain at all frequen-
cies of interest, the closed loop gain is assumed to be equal
to the feedback impedance Zst) divided byrthe sefies impedance

Zs(s) (12). In the diagram of Fig. 3, Z is,the combination of

S
C,. RS’ and Cs; and ZF is the combination of CF and RF so that
R
. 1 S
Z.(s) = + _ ‘ (2)
S sC1 l-+RSCSs _ ,
and
R
F
Z_(s) = ———m—n—ro . (3)
E 14-RFCFs

Using (2) and (3), the transfer function Kop(s) of the
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operational amplifier is

_ Vé(s) _ 25 (s) ) | [l+ RSCSS]RFCIS
ARG N (x| (RPN XA

Since C, is a coupling capacitor, it normally has a much larger

value compared with C therefore C. may be neglected in the de-

s7

nominator of (4) yielding

S

[l'FRséSs]RFcls
(s) = - , . (5)
[l-+RFCFs](1-FRSC}s]

K
oP

As mentioned earlier, the transfer function fér the op-
erational amplifier is derived on an.assumptionlthat the loop
gain,_which'is the difference betweén the open-loop gain and the
-qlosed—loop,gain.of the‘éperational amplifier is so large that
the.closed-loop gain can be éssumed to be equal to ZF(S)/ZS(s).
This assumption limits the frequency of validity of (5) to fre-
quéncies well -below the unity-gain-bandwidth freqﬁency of the
amplifier. At high frequencies, the loop gain of the operational -
'amplifief becémes~small; and the ideal approximation Kop(s)‘=
ZF(s)/ZS(s) is no!longer accurate. The Analog Deyices 148A op-
erational amplifigf used in Fig. 3 has a unity-gain-béndﬁidth
product of at least 10 MHz. Since most all converters operate
.at switching frequencies well below this frequency the approxi-

mation is acceptable.

The operational amplifier gain Kop(s) can be used to re-

late v. and v_ as.
- P c
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Vp(s) = Kop(s)Vc(s)- . :(6)

Knowing this, Fig. 3 can be analyzed to obtain the transfer
function VL(s)/Vc(s). The internal resistance of LS and r, are

in series with R along the dc path. These resistances are con-

sidered to be negligible compared to R, for all reasonable loads.

L

Also, R, is large with respect to typical values of R, so the

current is which flows through the secondary winding N is as-

sumed to flow entirely through Ry which yields

v .
L _ "sL
v (7?

The loop equations for the secondary and primary circuits of the
mutual inductor are
Vc(s) = (sLsi-RL]Is(s) +sMIp(s) (8)

and

Vp(S) = 'SMIS(S).' [st+ rp]Ip(s) , (9)

where Vc(s), Vp(s), Ip(s), and Is(s) are the Laplace forms of
the converter output voltage Var the primary voltage vp, the
primary current ip, and the secondary current is. Solving (8)

and (9) by Cramer's rule yields

Vé(S) sM
. v vp(s) - [st+-rp) oy
[} = : . .
s [sLs+-RL] sM '
-sM - (st+ rp]'
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Reducing the determinants in (10) yields

-[st + rp]vc(s) - sMV_(s)

I (s) = vl ' (11)
| -[sLs+RL] [st+ rp] +s2M
Substituting for Vp(s) by using (6) yields
SL_ +r_ +sMK__(s)
I_(s) = PP oP v ls) . T (12)
[sL +R][sL +r]—32M
.8 L jo) o) :
Rearranging (12) yields
L +K_(s)M
. 1+ |= r°p s :
I(s) = — _ ' Ye'e) (13)
s = . . L]
S (L1 -M? L L RL
SPR sz+—2+§—s—s+1 -
1 TRy T, Ry

As previously given in (7), the load ripple voltage can be ex-
pressed as v;, = igR; in the time domain and as VL(s) = I(s)-RL
in the Laplace form. Therefore the Laplace form of the overall

filter transfer function is

VL(S) _ IS(S)RL
VC(S) B Vc(s) :

(14)

By substituting (13) into (14) and cancelling V_(s) and R; in
the numerator and'denominator, the complete transfer function
for the active ripple filter is obtained in terms of the cir-

-cuit parameters and Kop(s) as
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L. +K (s)M
1+ op ]s
VL(s) rp
VIsY T ; . (15)
c Lgl, =M , (L, +Ls 1
' — L s+ | +="|s +
TRy, r, Ry

In (15) the coefficient [Lst —Mz]/(réRL] is much smaller than
[Lp/er-+[LS/RL] and Ls/RL << Lp/rp. Also it was determined ex-
perimentally that VL(s)/Vc(s) is independent of the magnitude of
RL except when RL takes values less than ten ohms. So if RL is
allowed to approach infinity (15) yields
L +K  (s)M
1+ |-B_09P
r
VL(S) _ o) \
v.(s) L -

]

(16)

Equation (5) is now substituted into (16) to obtain the approx-

imate transfer function as

. ) 2
V. (s) MR_C (1+RSCSS]S
L =1 _E1, (17)
Vclsi ' rp L _ ‘
[1+ L2 (1 +RSCIS] (1+ RyCps)
P
Since VL = Vc -Vs, then
R ™
c c c S
A comparison of (17) and (18) yields
2
v (s)  MRC, [1+ Rscss]s |
- 3 . (19)

v _(s) :
c kK [1 +§-P- s} (1+RSCIS} {1+RFch]

p
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Equation (17) is the theoretical transfer function for the cir-
cuit shown in Fig. 3 excluding the components R, and C,. The
purpose .of R, and C, is discussed later and another transfer
function is derived which includes these components. Fig. 3

and Equation (17) will be used in the following discussion.

Design considerations. This subsection discusses cer-

tain principles of design which must be considered when design-
ing . the active filtér, The discussion of these principles
should contribute toward the comprehension of the circuit func-

tions, -

The coupling capacitof C, which is the 1argest capacitor -
in the active filfer is used to block the chvoltage V! of the
converter output and shoﬁld have negligible effect'on the ac in-
put signal to thé’operational amplifier. In order to accomplish
this, the reactance of C, muSt'be much smaller than the input
impedance of the émplifier. The clésed-loop input:impedancerf
the inverting operational. amplifier is approximately the input
series resistance'Rs (13]. Since it is desired to keepAthe
total capacitance in the ripple filter small, R should be as
large as possiblé within the limits of amplifier performance so

that C, may be sméll, C, is the largest capacitance in the ac-

1
tive filter; and yet with RS = 5110 ohms, C, is less than 5 uF
-compared with hundreds of microfarads commonly used in filters

in dc to dc conVerte;s and.power supplies. Therefore C, may be

a ceramic or mica capacitor instead of the electrolytic capacitor



26
required when hundreds of microfarads are needed.

A variety of amplifiers can be used for the amplifier
function. The operational amplifier is selected because of its
versatility and because its characteristics can be easily de-
_scribed analytically. When the amplifier is designed, its gain
should be equal to the voltage ratio vp/vs of the mutual induc-
tor since the overall gain from Ve to Vg should be unity. The
output voltage swing of the operational amplifier is limited by
the supply voltage. Therefore, for a given voltage Var the Volt-
age transformation ratio vp/vs'of the mutual inductor must be
small enough so that the amplifier gain does not have to be so
large that the output voitage limit is exceeded.. The ripple am-
plitude v, at ﬁhe oﬁtput of the converter in‘Fig; 2 (b) depends
on R, C, the switching frequency, and the duty cycle. The con-
verter output ripple amplitﬁde must be determined before the
closed-1loop Operatisnal amplifier and the mutual inductor can be
designed. If difficulty is encountered in designing the opera-
tional amplifier and mutual inductor so that the amplitude of Ve
does not saturéte the amplifier, the converter outpﬁt capaciQ

tance C may be increased in order to reduce the amplitude of Vo

The operational amplifier should have a wide bandwidth
with the highest possible cutoff frequency. Since it is desir-
able that Rg

large. These large resistors make the stray feedback capaci-

is large, the feedback resistance RF‘must‘also be

tance in parallel with R, and the stray input capacitance whiéh‘

F
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'~ is effectively in series with Ry more significant especially at
high frequencies. For these reasons, it may be necessary to add
capacitors CFAor CS in order to cancel, or balance, the effects

of one or the other stray capacitances.

As mentidned earlier, the operational amplifier should
have a high open-loop gain to minimize the closéd—ioop gain var-
iation Qith ffequency and should have a low quiescént power dis-
sipation to maximize the filter effeciency. The operational am-
plifier may be either the integrated-circuit typelor the module
type. The integrated circuit is smaller and has less quiescent’
dissipation but the module type has higher open—léop gain to

lowexr and higher frequencies.

All amplifiers have a limit, or peak, output current at
which the amplifiér is said to saturate. If it is assumed that
the maximum outht voltage for the amplifier has been détermined,
then the output current limit determines a minimum value for the
primary inductahce.LD at. the lowest frequency of dperation. For
this reason, thevdesign of the mutual inductor is discussed next
keeping in mind that a minimuﬁ inductance for Lp must be esﬁab—

lished.

There is a nonlinear variation of inductance with dc
bias which causes the inductance of a given winding on a core té
decrease as the dc bias due to a direct current in any winding
increases. This decrease in inductance affects both windings

of the mutual inductor and requires that more alternating output'
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current be delivered by the operational amplifier. For this
reason, the minimum inductance discussed in the last paragraph
should be defined for full-load direct current flowing in Ng.
With this condition met, the variation of the direct current
does not significantly affect the performance of the filter.
The inductance change due to a change in current is so small
that the coefficient of coupling changes very little. It is
also desirable thgt rp be as small as possible so that the mu-

tual inductor has minimum phase shift at lower frequencies.

There are two additional factors to be considered in the
design of the mutual inductor. One is leakage inductance and
the other is winding capacitance. .Leakage inductance is impor-
tant because it affects the coupling coefficient of the mutual
inductor. The coupling coefficient is a maxXimum, near to_unity,
when the leakage inductance is a minimum. The design techniques
used to minimize leakage inductance increase the winding capaci-
tance. For example, the technique of bifilar winding a mutual
inductor puts each turn of one winding in'élose proxiﬁity to
. each turn of the other winding and thus ipcreases the winding
capacitance. If the windings are wound separately, separated by
a layer of insulation, the winding capacitance is.minimized; but
the leakage inductance increases due to the physical separation
of the windings. It is a known fact that ieakage inductance is
a much more significant parameter at low fréquencies than is
winding éapacitance [14]. Since the frequency range of interest

for most dc to dc converters in which large microfarad
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capacitors are ‘used is approximately two to fifty kHz, the mu-
tual inductor should be designed to minimize theAleakage induc-

tance of the'mutual inductor.

Thié-section has discussed some of the properties of the
components of the active filter, particularly the operational
amplifier and théAﬁutual inductor. The effect fhat these prop-
erties have on the performance of the active filfer were dis-
cussed and design.techniques which can be used to minimize these
effects weré given. An analysis to obtain the transfer function
of the basic fiiter configuratioh has already beéeen given. The
next three sectiops of this chapter are devoted to the deriva-
tion of the transfer functions of three specialized configura-
tions for_a narroﬁ—bandwidth filter, a wide bandwidth filter,
and a wide—bandwidth filter with feedback. In each of these
sections, the theoretical transfer chéracteristié is compared
with.the experimental transfer.cha:acteristic for tﬁe filter

shown in Fig. 3.

. . .Narrow-bandwidth Filter

The‘charaetefistics of the narrow-bandwidth filter are
discussed first because they best illustrate tﬁe effects of the
important parameteré‘of'phase shift and gain. As the name im-
plies, this filter has a narrow frequency bandwidth ovef which
the attenuation is>si§nificant. This filter does not have as

important applications with regard to dc supplies as the wide-
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bandwidth filter. Some-examples of applications are a filter
for a constant frequency dc to dc converter or a notch filter
in a system which must pass direct current with little or no at-

tenuation.

The circuit for the narrow-bandwidth filter is the cir-
cuit in Fig. 3 with Cp and C, included but with R, and C, ex-
cluded. This circuit is the same one for which the approximate
transfer function (17) has been derived. It can be determined
by examining (18) that the attenuation of the filter approaches
a maximum when.Vs(s)/Vc(s) asAdef;ned>in (19) approaches unity

with zero phase shift. When C, and CF are included in the cir-

S
cuit, their values are chosen to obtain maximum attenuation at
a chosen frequency. Then RF is adjusfed to obtain a maximum at-
tenuation at this frequency. The calcﬁlation of the break fre-
quencies of (19) and the magnitude of (19) at a,freduency of one
Hz are givenliﬁ Table II. The break frequencies due to the time
constants R,C, and Lp/rp are at low frequencies because C, and

Lp have relativély large values. Also Cg and C_, are relatively

F
small values of capacitance and the break frequencies due to

‘RSCS and RFCF are high.

A sketch of the Bode diagram for (19) and its asymptotic
approximation are plotted in Fig. 4 for the coﬁponent values
giVen in Table I. From these curves, it can be seen that
|Vs(s)/Vc(s)| approaches unity over a finite band of frequencies.

If only the magnitude of Vs(s)/Vc(s) were considered, it would
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Table II. Calculation of the break frequencies of (19).

v_(s) "ﬁRFCI (1+R C s]s2

s®s |
= . - : (19)
Vc(s) 'rp EE
(1+-Rsc1s] 1+-rp s [1+-RFch]
M Cl : . -3 3 -6
20 log FTl 2 L 50 1og 35XL0T°x29x107x4.7x107° ) 4o
r 52
p
= -48.84 db
6, = x5 = 1 = 41.7 rad/sec
S-1 5.1x103x4,7x10~°®
' r 52
(1)2 = fE = W = 256 rad/Sec .
. P ¢ ’
W, = ‘% = 1 = 4.98%x10° .rad/sec
ReCr 30x103x67x10-12
w, = RJZZ = 1 = 1.33x10° rad/sec

s*s 5.1x103x1.47x1071°

€.

1 -

f1 = -2? = 6,64 lz
W,

f2 = 5= = 40.8 Hz
w3

f = =— = 79,2 kHz

3 27 _ :
w, A

f = 5— = 212 kHz

&
N
=
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"be expected that the filter attenuation would reach a maximum
and stay constant-oVer‘the same finite bandwidth over which (19)
is equal to unity. However, the phase shift in the mutual in-
ductor in the vicinity of f,, and the phase shift in the Operé—
tional émplifier'in the vicinity of f, have a éignificant effect.
When v _ and.vs hayg very large}amplitudes, such as a few volts,

compared to the milli&olts of ripple desired for v a tenth of

L’
a degree of phase shift between Ve and vy can result in a signif-

icant amplitude for;vL.

Since sméll‘amounts of phase shift are so’significant,
the phase shifts df«the operational amplifier'andAmutﬁal induc-
tor are examined separately. The 180 degree phase shifts due to
inversion in the operational amplifier and the mutual inductor
offset each other 'and therefore are not considered ﬁo be part of
either phase shift. AThe_phase shiftAof the operational amplifief

~in the frequency range of normal interest from two kHz to fifty
‘kHz can be found.by:exémining the expression for Kép(s) in (5).

Since f, = 1/[2nRSC1] = 6.64 Hz is very much less than_the fre-

quency range of .interest, RSCIS >> 1 apd the term 1+ Rscls in
. (5) can be approximated by Rscls with (5) becoming
[1 + Rscss’] R . B
(s) = ¢ — . (20)
op R
[1 +3Fch} s

Since the break frequency f, = 1/(2nRFCF] = 79.2 kHz ‘is much

lower than f, = l/[ZnRSCS) = 212 kHz, the phase'shift of the
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operational amplifier passes from approximately zero at 2 kHz to
a lagging phase shift as the frequency increases toward 79.2 kHz,
This behavior can be seen in the experimental phase characteris-

tic for the operational amplifier in Fig. 5.

The phase shift of the mutual inductor is found by de-
riving the transfer function of the mutual inductor with the

secondary open-circuited. The secondary voltage is

v (s) = MsI(s) (21)

where Ip(s), the current in the primary winding Np, is

\Y% (s).

'Ip(s> - _P

P (22)
r_ +sL
p p :

where Vp(s) is the output voltage of the operational amplifier.
Substituting (22) into {Zl) and dividing by Vp(s) yields the

transfer function

Vs‘(s)

Ky(s) = V_"(—Tp 5T = TE 3 (23)

It is>obvious from (23) that the mutual inductor has approxi-
mately zero phase shift at high frequencies but has an increas-
ing leading phase shift as the frequency is decreased toward

£, = rp)[Zan] = 40.8 Hz. The experimental phaee characteristic
for the mutual inductor is also given in Fig. 5. The total

phase shift which is the sum of the operational amplifier and

mutual inductor phase shifts is shown dashed.
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Equation (15) is the complete transfer function for the
narrow-bandwidth filter including RL' Equation (17) is the ap-
proximate transfer characteristic for the narrow-bandwidth fil-

ter under the approximation that R, can be assumed to approach

L

infinity. Equation (17) is evaluated using the component val-
ues given in Table I and is plotted in Fig. 6. In order to ver-

ify the accuracy of the assumption that R, may be assumed to ap-

L

proach infinity, transfer curves were calculated using (15) for

a wide range of values of R, . L

is there any significant deviation from the theoretical curve

Only when R_ is 10 phms or less,
calculated using (17). Since these curves agree so'cloéely,
only (17) is plotted. Experimentél data for the same circuit
conditions with R, = « are also plotted in Fig. é. It can be
seen that the theoretical and experimental curves agree quite
closely. The only significant difference being in the value of
the maximum attenuation. ﬁy examining Fig. 5, it can be seen
that the frequency at which the total phése shift from Ve to Ve

equals zero is 2.5 kHz which is also the frequency at which max-

imum attenuation occurs in Fig. 6.

In this section, the configuratioh for the narrow-band-
width filter has been discussed. The circuit configuration and
analytical transfer function are given; and the role that the
‘phase shifts in the operational amplifier and mutual iﬁductor
have in producing the null in the gain curve is discussed. The
experimental and theoretical gain characteristics compare very ..

closely. This configuration is discussed primarily to show the



0 T T T T T T T 1T717T T T T T TIT17T
-10
» -20
» e
0o
O
@
© |
= .30
> b
pd
O -40
i
S - Experimental ' ]
> P —\ i
L) -S5O Vo, -
- i
. ]
= Y _
'
}
. | ]
-60 I
P— —
-7ol N RN AN R S NN NN
Ol 1.0 10 100

FREQUENCY (kilohertz)

Fig. 6 Attenuation characteristics for the narrbw—bandwidth filter.

LE




38

effect of phase shift on the performance of the filter. The
next section is concerned with a filter in which the phése

shift is minimized to obtain a wide-bandwidth of attenuation.

Wide-bandwidth Filter

The wide-bandwidth filter has a wide range, or bandwidth
of frequencies over which the attenuation is below a certain
specified value. The particular case which this dissertation is
concerned with is the case of a low-pass filter. A circuit con-
figﬁration is described infthis seétion which achievés a close

approximation to the gain characteristic of such a filter.

In the section on the narrow-bandwidth filter, it was
shown that the dependence of the attenuation on fréquency is re-
lated té the variation of the phasé shifts of the opérational
amplifier and mutual inductor withrfrequency. If the total
phase shift from these two components can be made zero over the
bandwidth desired for the filter, then the result is a wide-

bandwidth filter with a constant attenuation in that bandwidth.

The approximate transfer function for the operational
amplifier is given in (20). This equation indicates that if
Cg = 0.0 and Cp = 0.0 then the transfer function Kop(s) of the
amplifier becomes a constant. Since Kop(é) is then independent

of s, the amplifier should have no phase shift. The experimen-

tal phase characteristic for the operational amplifier with Cq
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and Cp removed ié_shown in Fig. 7. The small variation from
zero for the phase shift could be caused by stray parameters in
the wiring or in the amplifier, or it could be instrument error

especially since thé angle is so small.

The transfef'function KM(s) for the mutﬁal inductor is
given in (23). An examination of this function reveals that the
phase~shift'of the mutual inductor is zero when the resistance
rp of the primary winding Np approaches zero. However, there is
a practical limit to the minimum value of rp which makes the
low—ffequency attépuation dependent on the time constant Lp/rp
with a break freéuency £, = rp/[Zan] = 40.8 Hz. The experimen-
tal phase charactefistic for the mutual inductor is éhown in
Fig. 7. - This mﬁtuai inductor is the same one listed in Tabie I
and used in the narrow-bandwidth filter. The phase shift of the
mutual inductor and £he operational amblifier withlcs = 0;0 apd
’CF = 0.0 are summed, and.thé total phasé shift is shown dashed
~in Fig. 7. It cén be seen that the total phaée shift remains

fairly close to zZero over a relatively wide bandwidth compared

to the total phase.shift in Fig. 5.

From the preceding discussion, Cg = 0.0 and Cp = 0.0 for
the wide-bandwidth filter; therefore the theoretical transfer
function can be obtained by'letting Cg = 0.0 and Cp = 0.0 in the

transfer function .(17) for the narrow-bandwidth filter yielding
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VL(S) 1 MRFC1 . 52 _ (24)
.Vc(s) rp LP :
1'*'—1:)' S [l+ RSCIS]

The theoretical-éain characteristic calculated using
(24) and fhe experimenﬁal gain'characteristiclare shown in Figqg.
8..'The two curves agree closely except above thirty kHz as the
phase shift incréases above zero causing the experimental atten-
uation to decrease. This phase shift is probably caused by §tray
-capacitaﬁce which is not included in the theoretical curve (24).
It is also noted that the slope of these characteristics at low
ffequenciés is -20 db per decade. This slope isl§n1y half that
of a low-pass L-section filter. It is desirable therefore that
the filter be improved in order to increase its attenﬁatién
which is the purpose of the filter configu;ation discussed in

the next section.

Wide-bandwidth Filter with Feedback.

The wide-bandwidth filter with feedback is the one out
of the three filters that is thé most important from the view-
point of an application as a filter for a dc to dc converter be-
cause its transfer characteristic has the greatesf attenuation.
The circuit configuration is the same as the wide-bandwidth fil-
ter with és = 0.0 and CF = 0.0 in Fig. 3 except that a second
input is added to the operational amplifier. This input is

feedback from the ‘load ripple voltage v to the input .of the



T | VR A U T B 1 LI B B A 0 T T— T 1T 17171
-10 -
» -20 -
©
0
S B
O
O
~ -30 -
=
_+
Z
O -40 ~
— _
< _
= .
pd ‘ _ . :
i -50 . p)
— : : ' . ~ / T
= . »__;,/////’ s /,
< r E xperimental Sean o .
-60- - .
1 _
. =701 I F N RN I [ 1 IR
0.l 1O ' 10 100

Fig. 8.

FREQUENCY (kilohertz) .

Attenuation characteristics for' the wide-bandwidth filter.

(44




43

operétional aﬁplifier. The feedback path that is added is made
up of R, and. C, shown dashed in Fig. 3 so that the wide-band-
width filter with feedback is the circuit in Fig.‘3 including
R, and C, but not including C, or CF'

1 S

The feedback works in the following manner. The load

L

equal in magnitude and phase. Since v

ripple voltage v, is non-zero when Ve and vy are not exactly

L is the difference

Vo~ Vgs Vv can be thought of as an error voltage. The converter

C L

output voltage Ve is the known voltage to be eliminated; there-
fore, if v is nonzero then Vg is the voltage in error. The

addition of feedback through R, and C, adds the error voltage \EY,
times a gain factor, to_vs in such a manner as to decrease the

amplitude of v This qualitative explanation may be better un-

L
derstood by examining the following derivation of the transfer

'function of the wide-bandwidth filter with feedback._

The transfer function Kop(s) in»(S) for the operational
amplifier and the transfer function KM(s) in (23) for the mutual
inductor have been derived. At this time, a new transfer func-
tion K (s) for the feedback path through R, and C, is derived

from the ratio’ of the impedance of the feedback elements R_ and

F
Cp and the impedance of the series elements R, and C, as
V_(s) -R_C, s
Kp(s) = gorgy = T ’ (25)
L [l-+RFCFs](l4-R1C2s]

Since the two inputs are summed through the operational
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amplifier, the output voltage Vp(s) of the amplifier is

Vp(s) = Kop(s)vc(s)+-KF(s)VL(s) . | (26)

The secondary voltage Vs(s) of the mutual inductor is obtained

by using KM(s) in (23) and Vp(s) in (26) as
v (8) = Ky(e)V (s) = Ky(s) [k (9)V (s) + Ky (&)V ()] 27
Starting with
v (s) = V_(s) -V (s) (28)
and substituting Vs(s) from (27) into (28) yields
v (s) = V_(s) -KM(S)KOp(s)VC(s) - Ky (s)K(s)V, (s) (29)

which can be reduced into the form

VL(s) 1 -KM(S)Kop(s)

Vc(s).= 1-+KM(s)KF(S) . (30)

Equation (30) is the transfer function for the wide-bandwidth
filter with feeaback. When KF(s) = 0,0, (30).becomes the trans-
fer function for the wide-bandwidth filter without feedback.
Also, it can be seen that-the attenuation of the filter with
feedback is greater than the attenuation of the filter without
feedback whenever |1-+KM(s)KF(s)I> 1. When Kop(s) from (3),
KM(s) from (23), and KF(s) from (25) are substituted in (30),

(30) becomes
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. { EB A MRFCl ] ,
V. (s) [1+-RFCFS][1-+RSC15] 1+-r s| - —5 (14-RSCSs)s
_L - L p__J P ;
Vels) (L ) MRGC, (1+ Rscls]sz
‘ ' R. £
[li—RFCFs][l-+Rscls] l-+r sji— 1, R _—
: > p ] P 12

| (31)
Using the values of the cifcuit parameters given in Table I, the
theoretical chafacteristic curve for (31) is calculated; and the
resulting theoretical curve as well as the experimental curve
are shown inAFig. 9.. Both curves have a steep initial negative
slope; and at approximately 2 kHz, the slope begins to increase
toward zero more sharply for the experimental curvé than for the
theoretical curVé, At high frequencies, the experimental atten-
uation decreaseé while the theoretical attenuafion reachés a
constant level. The experimental curve for the wide-bandwidth
filter withouf feedback showed the same property which is at-
tributable to stray parameters in the circuit of the amplifier.
The initial slopés of the two curves are approximately -40 db
per decade which is the slope of the characteristic for an L-
section filter. A comparison of these two filters is given

later.

By comparing Figs. 6, 8, and 9, it can be seén that the
attenuation characteristic for the wide-bandwidﬁh filter with
feedback reaches a'greater'attenuation at a lower frequency and
maintains a large attenuation for at least a decade of frequen;

cies. The wide-bandwidth filter with feedback is therefore the
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the most logicai choice for use Qith.dc'to dc converters because
practically all of these circuits either have a variable fre-

gquency of operation or a highly nonlinear output ripple-waveform
which contéins a number of large-amplitude harmonics. This fil-
ter is slightly more complex fhan the narrow-bandwidth filter or
the wide-bandwidth filter; nevertheless, it is still the best

choice. For this reason, the emphasis in the next seétion is on

the wide-bandwidth filter with feedback.

Conclusions

This chapter begins with background information on ﬁhe
necessity for réducing the hundreds of microfarads of capaci;
ténce needed in the output filters for switching dc to dc con-
verters. A brief description is given describing the basic
principles of switching dc to dc converters. The function of
the passive»L—sectibn Qutéut filter and the basic principle of
the active fiiter are £hen given using block diagréms.' The cir-
cuit diagram. of the active filter is given next and its transfer
function is derived. Principles which should be followed wheﬁ
designing . the activé filter are given and each of the three
filter configurations are then discussed. The narrow-bandwidth
filter configuratidn-is discussed first. The narrow-bandwidth
of attenuation is shown to be a function of the phase character-
istics of the operational amplifier and the mutual inductor.

The wide-bandwidth filter configuration is developed  next by
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minimizing the phase shift in the operational amplifier. Fin-
ally, feedback is added from the load to the input of the oper-
ational amplifier to produce the wide-bandwidth filter with
feedback. This last filter is the most important in applica-
tions with dc to dc converters because it has the widest band-
width of attenuation and its attenuation characteristic most
néarly approximates: that of an L-section filter; The theoreti-
cal attenuation characteristics obtained from the derived trans-
fer functions and the experimental characteristics for each c¢on-
figuration are plotted. The theoretical and experimental curves

compare favorably in each case. -

An attempt is not made to analyze the active filter in a
closed~-1loop converter system. The mathematical relations in
such a system would be at ieast fourth order relafiéns. Tﬁe
transient performance and the ripple attenuation of the active
filter in Fig. 3, however; weré tested by replacing the exist-
ing passive filter in a breadboard converter with the wide-band-
width filter with feedback. The ripple attenuation was found to
be commensurate with the characteristics given in Fig. 9 -and the
output ripple amplitude was essentially the same as the ripple
amplitude when the original passive filter is used. The trans-
ient response of the‘output voltage to step changes in source
voltage and load was tested using the active filter and was
found to be essentially the same as the transient response when
the original passive filter was used. An intuitive justifiéa—

tion of the close compafiéon of the transient response may be
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that the attenuation characteristic of the passive L-section

. filter has a -40 db per decade slope and the attenuation charac-
teristic for the wide-bandwidth filter with feedback in Fig. 9
also has a -40 db per decade slope. The original'L—Qection fil-
ter with'large capaciténce has therefore been reblaced by the
active filter which even"though it requires only small capaci-
tance has approximately the same characteristic as the L-section

filter.

The similérity between the attenuation characteristic éf
an L-section filter and that of the wide—Eandwidth filter with
feedback in.Fig5:9 suggests compéring the requifed capacitance
for each filter that yields approximate;y the same attehﬁation
characteristic. The slope of the expefimental curve in Fig. 9
is -40 db per decade from 0.1 to 4 kHz. If the slope is ex-
tended toward lower frequencies, it intersects the zero db axis
at 100 Hz. An L-section filter with the same atténUation char-
acteristic over fhaﬁ frequency range requires that [Lfcf]_l/2

2m(100). The same value of secondary inductance L, = 6.2 mH

used in the mutual inductor of the active filter is used in the

L-section filter so that Lg = 6.2 mH. Then it follows that
Cf = 408.5 pF which can be compared with a total capacitance in
the active filter of C, + C, = 4.87 uF. This represents an 84

to 1 saving in capacitance.

The discussion that was given on the effect that the
phase shift of the operational aﬁplifier and the mutual inductor

‘have on the attenuation characteristic suggests possible



50

improvements that might be made to the filter. The high-~fre-
quency portion of the attenuation characteristic can be improved
by using an amplifier which has a higher frequency response and
smaller magnitudes of stray parameters. Stray parameters might
also be reduced if the filter were built on a printed circuit
board instead of a breadboard to minimize the lengths of con-
necting paths. Tﬁe high-frequency attenuation of the filter can
also be improved by adding a'small capacitor on thelorder of C,
in parallel with the load. The low frequency peiformance is de-~-
termined by break freqﬁency £, = Lp/[Zwrp]. This indicates that
the attenuation Can‘be improved by designing the primary induc-
tance Lp with a higher Q = wLp/rp. The discussion in this para-
graph has indicated that improﬁement in the attenuation charac-
teristic of the active filter can also be obtained by using more

exact phase compensation.

In summary, it is known that_the‘active filter uses a
mutual inductor which proVides a highly efficient dc path . and
that the operational'amplifier dissipates only a small amount of
fixed quiescent power so that the active filter has a high ef-
ficiency especially at high dc power levels. Also it is obvious
from Table I that the circuit requires only small amounts of ca-
pacitance. The secondary winding NS and the core of the mutual
inductor are essentially the same size as an L-section filter

using an inductance L_. equal to the secondary inductance L, of

f
the mutual inductor. The additional size and wéight of the pri-

mary winding Np and the operational amplifier with components
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is no more than the additional size and weight of the tantalum
capacitors required in the L-section filter; therefore the ac-
tive filter does not have a greater size and weight than the L-
"section filter. The theoretiéal and experimental attenuation
charécteristics for the wide-bandwidth filter with feedback in-
dicate that the wide-bandwidth filter with feedback achieves ap-
'proximately the”éame attenuation as an L-section filter; and a
comparison of the capacitances required for the active and L-seco-
tion filters shows a significant capacitance advantage for the
wide-bandwidth filter with feedback. These characteristics sat-
isfy all of the objectives given in the first part of the chap-

ter.

The primary advantage of this active filter is the reduc-
tion in the microfarads of capacitancé required in output fil-
ters for dc power supplies. The reduction in capacitance en-
ables the designer to use capacitors such as ceramic or mica.
These'capacitoré‘ére much more reliable than the electfolytic
types of capacitors such as tantalum. The active filter is es-
sentially noﬁ—dissipative requiring only a small amount of
quiescent power for the bias of-the amplifier. Because the at-
tenuation characteristic of this filter is so similar to that of
an L—seétion filter, it can be used in applications where highly
reliable power suppiies are required. One of these applications
is in dc to dc convér£ers especially those used in outer space
where the vacuum and the extreme variations in temperature are

known to cause failures in electrolytic capacitors. They can be
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used in other dc supplies where long life is essential such as
in unmanned Arctic and oceanic stations. The active filter may
also be used iﬂ dc to dc converters and power supplies in com-
puters to improve their reliability. Reliability is important
to the operating expense of large computers since improved reli-
ability results ;n less maintenance which is expensive. The
wide-bandwidth filter with feedback can be used in virtually any
dc to dc converter or power supply to reduce the required capac-

itance and in so doing to improve the reliability.



Chapter III

DESIGN OF A MEGAHERTZ DC TO DC 'CONVERTER

This chépter discusses the design of a 20 watt dc to dc
converter operating with high efficiency at ‘a switching fre-
guency of approximately 1 MHz and a regulated output voltage of
28 volts. The output power and voltage are typidal values used
in unmanned spacecraft énd some other aerospace applications;
but thé switching frequency of 1 MHz is unusually high. DC to
dc converters are normally designed to operate in the frequency
range of 2 to 20 kHz in order to accomplish a compromise between
high efficiency and small size and weight. There-afe several |
reasons for desiéhing this converter at a switching frequency of
l‘MHz. The first is that an increase in frequency‘is usually
accompanied by a reduction in the size and weight of the cir- 
cuitry. This size and weight reduction is especially pronounced
in the output filteriwhere large amounts of capacitance and in-
ductance are required when switching frequencies are from 2 to
20 kHz. A second reason is that the reduced amount.of capaci-
tance required to filter the 1 MHz switching waveform can result
in eliminating the need for relatively low reliability electro-
lytic filter capacitors. Ceramic or mica capacitors could be
used to improve the reliability of the converter. Reduction in

(53)
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size and weight and improved reliability are desirable proper-
ties for any converter if an unacceptable loss ;n efficiency is
not created by increasing the switching frequency. The third
and most important reason fof designing a 1 MHz converter is
that there are experiments planned for satéllites to measure
electromagnetic radiation in outer space within the frequency
range of 0.2 to 100 kHz [15]. A converter operating at a switch-
ing frequency of 1 MHz would not emit electroﬁagﬁetic radiation
that would interfere with these expefiments. An additional ad-
vantage of the 1 MHz converter is that since the operating freQA
quency of the converter is so high.the éystem should be capable
of respénding faster to source voltage and load transients.than
the low-frequency converters. The méjor reason dc to dc con-
verters have not been designed to operate at frequencies ap-
proaching 1 MHz is that components have not been available that
would operate at that frequency at a sufficiently high effi-
ciency. These components are becoming available but the task
remains to devise adequate design techniques at these frequen-

cies.

This chapter discusses the design of a 1 MHz energy-
storage type converter. The discussion begins with information
on the properties of the components to be ﬁsedvand design con-
siderations at 1 MHz. Reasons for choosing. an energy-sforage
type circuit and the aesign of the cbnverter are given next.
Finally some experimental results are given followed by the con-

clusions.
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Design Principles at High
Switching Frequencies
The design of a 1l MHzAconverter begins with‘a.study of
Circuit components in order to determine the type of each com-
ponent needed to obtain adequate efficiency and switching times.
Each of these components has an upper frequency limit below
which it must 6§erate. The lowest of these frequencies is the

highest frequency'at which the converter may operate.

Capacitors. At frequencies near 1 MHz the lead induc-

tance and internal resistance of electrolytic capacitors become
significént. One MHz can easily exceed the résonant frequency
of a large-microfarad electrolytic capacitor so that it appears
inductive [16]. The internal power loss of electrolytic capaci-
tors incréases éignificantly at high frequencies [17]. Both of
these factors cause the filtefing ability and response of the
capacitor to be impaired. For these reasons, high-Q capacitors
such as éeramic, mica, or solid tantalum muét bevused. These
capacitors are only available in values up to several microfar-
ads; but as mentioned in Chapter II, they are significantly more
reliable than electrélytic capacitors. Since the converter
frequency is so hiéh, the required microfarads fof filter, by-
pass, and coupling capécitors are small; and, conéequentiy, the
microfarads of the low-capacitance high-Q capacitors are ade-

quate.
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Magnetic components. If the capacitors must be high-0Q,

then the magnetic components such as inductors, mutual induc-
tors, and transformers must also be low-loss, or high—Q. Ex-
perimental data in manufacturers' catalogs indicates that total
magnetic material losses, including hysteresis and eddy-current
losses, increaée significantly with frequency. For this reason,
eddy-current losses are more significant at very high frequen-
cies. Typical converters have used square B-H characteristic
materials which are either tape-wound in toroids or stacked lam-
inations. These components have high eddy-current losses at
high frequencies and are nbt recommended for use above 500 kHz
(8. Another commonly used magnetic core material is powdered
permalloy which has a linéar B-H charééteristic{ however, this
material has high losses above 200 kHz [19]. There are two ma-
terials remaining fo choose. One is air and another is ferrite.
Both of these materials exhibit linear B-H characteristics and
‘are used to design high—frequency inductors and mutual inductors
in the megahertz range. The high reluctance and low permeabil-~
ity of air result in a large amount of leakage inductance which
makes it undesirable for use in switching applications. The en-
ergy stored in the leakage inductance must be dissipated in the
circuit components during switching. These,circuit losses eas-
ily become much greater than the core loss which would be pres-
ent if a ferrite material were used. Also, the stray magnetic
field associated with the leakage inductance by coupling with

other parts of the circuit can cause faléeAtriggering of
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switching circuits. Therefore, an air core inductor would have
to be shielded. A ferrite pot core has less leakage flux and

inherent shielding as a result of its thsical configuration.

Winding capacitance also may have a detfimen?al effect
on the higﬁ frequency performance of an inductor. Unfortunately,
most of the design principles used to reduce leakage inductance
bring .the windings in closer proximity which causes an in-
cfeaée in winding capacitance. However, when lafge currents are
switched at'higﬁ'ffequencies and the source impedance and load
are émall, the effect. of leakage inductance is much more sig-
nificant than the effect of winding capaéitance [14]. This ef-
fect is directly related to the inductive time constants found
by dividing the leékage inductance by the source resistance or
load. Since large currents are switched in the inductors of en-
ergy-storage converters, the design is primarily concerned with
reducing the leakage inductance, or maximizing'the coupling co-

4efficient.

Wire. Ffequencieé near 1 MHz also produée significant
skin effect. Litz wire may be used up to sine-wave frequencies
of 0.5 to 2 MHz to reduce skin effect. However, as the fre-
quency -increases abpve these frequencies, irregularities in
stranding and capacitance between individual strands causes Litz
wire to become progressively less advantageous [20]. Switching
at a rate near 1 MHz requires a much faster response than a sin-

usoidal signal at 1 MHz does, due to the rapid rise and fall
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times of the waveform. For this reason, Litz wire is not any
better than solid copper wire at switching frequencies near 1

MHz.

Semiconductors. Now that the considerations for the

passive components have been stﬁdied, it is necessary to find
semiconductors which operate efficiently at the required volt-
age, current, and frequency. Semiconductors are required that
switch several amperes with very fast rise and fall times and
block at least thirty to fifty volts reverse voltage. Since a
-switching element must switch at least once in every'half.cycle,
a rough estimate of the switching times for turning-on and turn-
ing—off’can be obtained as fifty nsec by taking ten percent of a
half period of 1 MHz. This means that the rise and fail times
of a transistor or diode must be less than fifty nsec when
switching several amperes if efficient sWitching is to be accom-

plished.

A comprehensive search of conventional diode spécifica—
tions reveals that ion—implahted diodes aré aVailabie.which have
reverse recovery times of 9 nsec, with é forward current of 0.6
'amperes (IsofilmAInternational 10A26) and 10 nsec with a forward
currént of 3 amperes (Isofilm International 10R2). Théy have
forward recovery times of 0.5 nsec and 1.0 nsec respectively and
peak reverse voltages PRV of 100 volts. These diodes are more

than adequate for use in the converter.
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Aﬁ investigation of controlled switching devices quickly
reveais that the résponse of devices such as unijuncﬁion t;an-
sistors and thyristors - are well below that required for opera-
tion near llMHz.. There are field-effect transistors with very
fast switching speeds but they are not capable of processing
‘adequate power ievéls. fhe remaining devices to be examined are
the other types of transistors. Unfortunately, trénsistor tech-
nology is laggiﬁg diode technolégy in the afea of switching.
time; and the éWitéhing time of the transistor is the factor
which determines the upper limit on the switching frequency of
fhe converter. vManufacturers are developing ion-implanted trah—
sistors which should be very useful in increaéing the switching
frequencieé of conVerters. A continuing'search of transistor
épecificatidns_Yields several transistors designed for computer
circuits which Can switch up to approximately 1.5 ampéres effi-
ciently at a-fféquency of 1 MHz. However, these transistors are
not désigned for power applications. Further searching has un-
covered two Solitron NPN power transistor switches. One
(SDT6106) switches 2 amperes on or off in 50 nsec, and has a
maximum»collector‘current rating of 5 amperes and a collector to
emitter blocking voltage of 50 volts. This transisﬁor is ideal
as the driver for the éecond transistor (SDT6116) which switches
5 amperes on or'off in 75 nsec and has a maximum collector cur-
rent rating of 10 amperes and a collector to emitter biockihg
voltage of 50 volts. The saturation voltages of these transis-

tors are sufficiently low (0.8 to 1.0 volts) to permit efficient

. power conversion.
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In any regulated energy storage dc to dc converter, it
is necessary to generate a controlled duty cycle. At a fre-
quency near 1 MHz, problems with stray pickup‘between parts of
the circuit would be expected if the circuit is constructed of
discrete components. Particular care would have to be taken in
planning the physical layout of such a circuit. However, since
the duty cycle generator is normally required to deliver a low
power signal, this problém can be minimized if integrated cir-’
cuits are used. There are a number of circuits available that
are designed for use in cdmputer logic circuits which are ideal
for a duty cycle generator at 1 MHz. One of thesé is the 710

‘series of differential voltage comparators. These devices.have
an output current.capabiliﬁy of 10 ma and dissipate typically
only 110 mw. These circuité_can operate‘as hysteretic or
Schmitt trigger‘ciréuits capable of producing an output voltage
which switches from -0.5 volts to -3.2 volts with switching

times on the order of 40 nsec.

Physical layout. The physical layout of a circuit oper-

vating néar 1 MHz is very important. As has been mentioned be-
fore, it is easy to have stray magnetic induction which results
in undesirable coupling causing false-triggering, oscillqtions,
or other deterioration of the performance'of the circuit. 1In |
order to avoid these problems} shielded cables should be used
whenever possible and especially when long leads are required,
'all connecting wires both shielded and unshielded should be kept

as short as possible, and circuit complexity should be minimized.
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Other shielding besides shielaed cables should be used to iso-
late the sensitive.small-signal parts of the circuit from the
high-current switching parts of the circuit. Ground return
paths should be well pianned to avoid having. high-current paths
‘near the sensitive circuits and also to minimize the lengths of
.the high-current switching paths which are most likely to have
stray magnetiq fields which could interfere with the normal op-
eration of the circuit. In addition, ali points in the circuit
easily affectéd by stray noise such as the input to an amplifier
having a high input impedance should be bypassed with high~Q

. high frequency capacitors.

So far in this chapter, background reasons for designing
a 1MHz ‘dc to dc converter and some principles of design at ‘this
high frequency have been discussed. In éddition, the transis--
tors, dioaes, aﬂd magnetic material have been Sélected in ac-
cordance with these principles. The components and.principles
discussed in this section are utilized in fhe’next section to

obtain the complete circuit design.

Block Diagram of a Regulated 1 MHzZ
" DC to DC Power Converter '
The design is presented by dividing the converter into
functional circuits and discussing each separately. Initially a
block diagram of the converter is given and discussed to provide

a better understanding of the function of each circuit and its
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contribution to the operation of the whole converter. Each cir-
cuit is discussed in greater detail in subsections of the dis-
sertation. These subsections contain theoretical explanations,
design procedures, and design exambles yielding the actual com-

ponents used for each circuit.

The block diagram. The block diagram is shown in Fig.

10. The dc source in an unmanned spacecraft is normally a bat-
tery charged from solar cell panels. The voltage of this source
fluctuates significantly. For experimental measurements for
‘this dissertation a regulated power supply is used for the bat-
tery and solar cells. The power circuit block contains the pow-
er.conyersion circuits. 1In order to accomplish a change in dc
voltage, the dc energy must be converted to ac energy and recti-
fied [21]. The power circuit block performs these functions us-
ing a saturating power transistor as an oscillating power switch

to generate the ac and a diode to rectify.

The dc of rectified waveform from the power ci:cuit must
be filtered in order to obtain a low-ripple output voltage.
This function is performed by the output filter block which is
normally either a pure capacitance or a pi-neﬁwork loQ-pass fil-

ter. The load in this circuit is simply a pure resistive element.

Regulation is obtained by a combination of the functions
of the three blocks in the lower part of the diagram. The dif-
ferential voltage comparator circuit has two direct-voltage in-

put thresholds with a difference_of only millivolts. When the
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applied direct voltage rises above the higher threshold, the
comparator output voltage is positive and remains in this state
until the applied dc voltage falls below the lower threshold

when its output voltage either becomes zero or negative.

In order to obtain a constant frequency of oscillation
of 1 MHz, a 1 MHz triéngular waveform generator is added to the
input of the comparator circuit as shown in Fig..lO. The output
of the comparator becomes a pulsed voltage with a constant fre-
quency of 1 MHz. The duty cycle of the pulsed voltage which
- controls the power switch in the power circuit varies inversely
| with the dc voitage applied to thé input of the comparator cir-

cuit and thus maintains regulation.

The comparator circuit doés not supply enough current td-
drive the power transistor 'in the power circuit. The drive cir-
cuit is designed, therefore, to providé sufficient forward bias
to hold the poWér transistor in saturation and to prdvide av
rapidly switched reverse bias to enable tﬁe power transistor to

switch rapidly and efficiently.

It can be seen that the block diagram in Fig. 10 forms
a closed loop capable of maintaiﬁing a regulated output voltage.
A éompléte schematié diagram is shown in Fig. 11 and the compo-
nent parts list is given in Table 3. Dotted lines are used to
separate each section of the schematic diagram corresponding to
a block in Fig. 10 and each section is labelled. Figs. lO‘and

11 can be used to relate the schematic diagrams of the circuit
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Table III.

Cc1,Cc2
C3,C4,C5
c6,C7,C8,C9
c1l0
Cll
Dl
D2,D3
DZ1
DZ2
Il

I2

Ll

L2
L4,L5
N1l

N2
N4,N5
0l

Q2

R1

R2

R3

R4

RS

R6

R7

R8
R9,R10
R
Tl

T2
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Components list for the converter.
0.5 uF 100 Vv disc ceramic

4.7 yF 50 V solid tantalum (Erie)
0.1 pF 500 Vv disc ceramic

1500 pF 1000 V disc ceramic

33 pF 1000 V disc ceramic

10R2. (Isofilm International)
10A26 (Isofilm International)
IN750

IN751

SN72710L Differential Comparator (TI)
CA3000 DC Amplifier (RCA)

33 uyH

131.5 uB

1 mH

4 turns #19 AWG

8 turns #21 AWG

49 turns #26 AWG bifilar wound
SDT6115 (Solitron Devices, Inc.)
SDT6106 (Solitron Devices, Inc.)
10- @

22 0

470

1.8 k@

2.7 kR

12 kQ

69.8 kQ

14.3 k&

1.0 k&

26 2 to =«

2616P-3D3 UG (Ferroxcube, Corp.)
768T188/3D3 (Ferroxcube,'Corp.)
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blocks which are discussed separately in the following subsec-

tions.

The Power Circuit

The first step in designing a nondissipative switching
converter that operates near a frequency of 1 MHz with a rela-
tively high efficiéncy is to decide which of the current types
of power converters is best suited for operation at these high-
frequenciés. From améng the possible dc to dc converter config-
urations including énergy—storage converters [22] ahd parallel
inverters with voltage~feedback [11l] or current-feedback [23],
the energy-storage converter is chosen for the followihg rea-
sons: (1) The circuit is less complex requiring a minimum num-
ber of compoﬁents including only one transistor switch used in
conjunction with a switching diode. (2) Power dissipation
should be high in the switéhing power transistor fof any con-
verter. Since the energy-storage converﬁér requires»only one
power transistor, it is most likely to have smaller total
switching losses than the parallel inverter which requires two
switching transisto;s and, additionally, some form of full-wave
rectification. (3) The energy-storage converter uses inductive
.transformation which does not require driving the magnetic ma-
terial to saturation and uses a core material with a linear B-H
characteristic which is available in materials such as ferrite

which are designed for efficient operation at frequencies near 1
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MHz. (4) Since the transistor and diode currents are transfer-
red one for the other during the switching times in the energy-
storage converter, delay time and storage time in the power
switching transistor do ﬁot produce switching loss but are im-
portant only so far as they are concerned with the duty cycle,
the time of a period of the oscillation, and the equilibrium,

or steady-state, of the closed-loop system. The conclusion is
that the energy-storage converter is the most versatile, most
efficient, and least complex of dc to dc power converters and 1is

best suited for use at frequencies near 1 MHz.

There are three basic types of dc £o dc energy-storage
converters from which to choose. One is the voltage step-up
converter shown in Fig. 1l(a); a second is the voltage step-down
converter shown in Fig. 1(b); and the third, often célled an
isolated energy-storage converter, is shown in Fig. 12. There
are two basic disadvantages to the first two circuits. dne-is
that they can perform only a'singulér function which is either
Volﬁage step-up or voltage stép-do&n. Another is that they do
-not provide electrical isolation between the source and the
load. The third circuit uses‘a mutual inductor which provides
isolation between4the source and the load and, in addition,
provides the capability of operating as a voltage step-up or
step-down converter. The isolated energy-storage converter is

chosen because it can perform all of these functions.
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Design considerations. The source voltage Eg variation

of 21 to 31 volts commonly occurs in orbiting satellites whose

batteries are charged from solar cell panels. The load voltage
Vy on the load R; was chosen to be 28 volts because this is a

typical source voltage for aerospace electrical equipment.

Capacitors Cl and C2 are high-Q high-frequency capaci-
tors which have several uses. The low impedance of these high-
frequency capacitors shunts any spurious high-frequency signal
from the source and also provides a path for current spikes gen-
erated during the switching of Ql so that they do not return
through the source. Since Cl and C2 ére mounted inside the con-
verter on the converter end of the line from the source, they
enable the collector currént of Q1 to rise faster‘when turn-on
occurs by shuhting the inductance of the source linelduring the

switching time.

The actual isolated energy—storage converte:.consiSts

of transistor Q1l, mutual inductor R1l, and diode D1l and is»shown
in Fig. 12 as the main part of the power circuit. It should be
noted that there'ére differen£ grounds for the source side and
the output side of Tl to achieve isolation. Because the iso-
lated energy-storage converter has been described previoﬁsly in :
the open literature, the operation and deéign of the circuit_is
only summarized in this text. The design procedures given use

relations which were derived previously [22].
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Circuit functioning. The discussion of the sequence of

circuit operation begins by assuming that the circuit has
reached a steady-state condition and that Q1 has just reached

saturation. While'Ql is on, the source voltage E_ is applied to

S

winding N1 of mutual inductor Tl. The total series resistance

around the path through E N1, and Ql is negligible. Therefore,

s’
vif Eg is constant during the time Q1 is on, the flux rate of
Chaﬂgetd¢/dt is constant; and the current in N1l increases lin-
early. During this time, diode D1 is reverse—biased by the
voltage on N2; and the current supplying the load comes from en-
ergy stored in capacitors C3 and C4. When Q1 turns off, tﬁe
voltage polarities of N1 and N2 reverse; and the energy stored
in Tl during the on-time is discharged through D1 iﬁto.C3, c4, .

L 0]
the desired ripple voltage amplitude. They then provide an ef-

and R.. C3 and C4 are chosen so that V. does not vary more than

fective filter for the current pulses passing through D1 to

yield a constant dc voltage v, on the load resistance Ry -

Circuit design. In order to choose components for Ql and

D1 and design T1, the operating currents and voltages for these
elements must be known. To computé these, it is necessary to

start with the desired output voltage V output'power P

o’ o’
source voltage E , and the efficiency n. The largest currents
exiét when the circuit is delivering the maximum odtput power

of 20 watts and the source voltage Eg is a minimum of 21

volts. If n is assumed to be 80 percent, then the maximum input

PO(ﬁlax)

pgwgr Pin(max) cag be computed as
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Pin(max) ~ 100 Po(max)/” = 100 x 20/80 = 25 watts . (32)

Maximum average primary current I occurs when Pin is a

l(hax)

maximum and E_. is a minimum; therefore

S

Il(max) = Pin(max)/ES(min) = 25/21 = 1.19 amperes . (33)

Il(max) is the source current averaged over the entire

period in which time il(t) is zero during the off-time tOff and
finite during the on-time tOn as is shown in Fig. 13(a). The
current i, (t) in winding N2 is zero during tOn and finite during

o

and since the energy stored in T1

toff as shown in Fig. 13(b). Since V., is. regulated and constant, -
d¢/dt is constant during toff;
is being discharged, d¢/dt is negative. It follows that

diz(t)/dt is constant and negative.

Since the physicai parameters of Tl are constant, the cur-
rent waveforms for i, (t) and i, (t) are iinearlyireléted to the
field intensity H. Also it is known that under steady-state
conditions the increment A¢ in flux ¢ during ton must équal the

decrement in flux during tO These ideas are represented in

ff°
Fig} 13(c¢) which shows the idealized linear B-H characteristic

of the core used in T1l. The subscripts &, a, and h in Fig. 13
correspond to the lowest, average, and highest flux levels re-
- spectively in the core. The saturation flux level and field

intensity are ¢S and HS, respectively. Therefore, during ton'

the flux level goes from ¢2 to ¢,; and during tO the flux

££’
level goes fromr¢h-to ¢2.
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Fiqg.

13.

-_Curtent; waveforms and B-H characteristic for Tl.
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Design of mutual inductor T1l. The first step in the de-

sign of Tl is to determine the turns ratio N1/N2. The limiting

factor on the turns ratio is the breakdown voltage BVCEO of Q1
during t gg¢ When Eg is maximum. BV g0 is expressed as
BVepo” Vo *Ni/MN, * Eg(max)  * (34)
From (34) the maximum turns ratio is
N, /N, < [BVCEO_ES(max)]/VO= ﬂitg—l')":o‘ss (35)
where BV = 50 volts for Solitron ﬁransistor SDT6115 which is

CEO
chosen for Ql. A turns ratio of 0.5 is used in order to allow

for a margin of safety.

Before the core for Tl can be selected, poin£<a or the

bias point in Fig..l3(c) must be determined. First the expres-

sion for maximum ton/toff which is derived in Reference 23 is
given as
t . Vv N ’ .
B xlq_lzgﬁx%=§=o.s7 ) (36)
off S (min) 2

From this expression, the maximum duty cyclé‘D.C. can be found
as

on  ton’torr 273 2

D.C. = = = = £=0.40 .
T +C
n T torf (ton/tqff]+';

S Z/3Y+1° %
(37)

Using this duty cycle and T from (33), maximum'Ila which is

1 (max)

the maximum average current in N1 during ton can be obtained as



5

;o Di(max) | 1.19

la 5 540 = 2-98 amperes . . (38)

Since di,/dt is constant during tOn and t the approxi-

off’
mate formula for Ai, during ton as shown in Fig. 13(a) can be

obtained from Lenz's Law as

- dig A1l
ES = L1 =€ = L, i . (39)
Which when rearranged yields Ai, as
by, = ES(min)ton/Ll ) : (40)

From Ampere's Law, where N is the number of turns, I is the cur-

rent, and % is the mean-free-path length
| H = 0.47NI/2 . : (41)
AH shown in Fig. 13(c) can be egpressed as a function of Ai, as
AH = 0.47N Ai /% ’4 f (42)
élSo

H = 0.47N,I /% . (43)

In Fig. 13(c), it .is easy to determine that

_ 1
Hh = Ha-Fi AR S (44)

which after substituting (42) for AH and (43) for Ha becomes

1.,
Lt All]/z . (45)

2

H = 0.4an[I

Substituting (40) into (45) yields
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ES(min)ton
Hy = 0.47N |T _+ 7T /% . (46)

The inductance factor A, for a given linear core is usually

L
given as mH for 1000 turns which yields
N2 .
L, = ——— x A_ x 1077 = N? x A_ x 1077 henries (47)
- (1000)?

and substituting (47) into (46) yields

X E . t :
Hh - Okfﬂ.l N + S(min) “on . (48)
ra 1 2N A x 107°

L

The first criterion which must be met when designing T1 is

that H, does not reach saturation magnetic intensity Hg or

h
H_ < H . (49)

Before Hh in (48) can be used in (49) , the on-time tOn must be

computed using D.C. = 0.40 from (37) and £ = 1 MHz as

ton = D.C.xT = D.C./f = 0.40 x10~% seconds . (50)

Substituting Ila from (38), ton from (50), and ES(min) = 21 volts

into (48) yields

Hy = =3

3 .
0.4 2.9, + 22 210" (51)
NIAL .

Equations (49) and (51) are used in a trial and error pro-
cedure to determine the core and the number of turns for Nl1.

This is done by choosing a core, substituting for % and AL,in

(51), and solving (51) for Nl. Then N2 must be calculated .
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knowing N1/N2 = 0.5, the wire size for N1 and N2 must be chosen,
and N1 and N2 must be checked for fit in the“window area of the

core. This procedure follows.

It has already been determined that for purposes of reduc-
ing leakage flux and cohsequently leakage inductance an ungapped
pot core should be chosen. One such core is pot core #2616P-3D3
UG manufactured by Ferroxcube Corp. which has A = 2340 mH/1000
turns, 2 é 3.73 cm, and HS = 5 oersteds. Substituting Hh = HS'..
2, and Ap into (51) yieldé

N2 -3.31N_+0.407 =0 . (52)
1 1 o

fhe roots of (52) are N1 = 0.125 or 3.13 tﬁrns.' The maximum
turns for N1 is then 3 tu#ns and for N2 1546 turns using
N1/N2 = 0.5 chosen from (35). If N1 =3 turns, 2-= 3.73 cm, and
AL = 2340 mﬁ/lobohturns is substituted into (51), Hh_is féuna to

be 3.24 oersteds which is less than Hg = 5 oersteds.

From (33), the full-cycle average current in N1 is 1.19
amperes which requires #19 AWG wire based on 1000 circular mils

per ampere. The maximum average current in N2 is simply

Po(mak)/vb = 20/28 = 0.714 amperes which requires #21 AWG wire

based on 1000 circular mils per ampere. Now it is necessary to
check N1 and N2 for fit in the cross sectional area A.g of the
core through which the windings must pass. This area forAcore

2616P-3D3-UG is 0.406 in?. 1In order to allow for the space and

insulation between conductors, the total cross-sectional area
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AL, of the turns should not exceed 40 percent of ACB which is
0.163 in?. AWG #19 wire has a cross-sectional area Ay, of
0.00101 in? and AWG #21 wire has a cross-sectional area ANz‘of

0.000638 in?. Acu can now be calculated as

_ ' _ - 2
A, = 3A.N1+6AN2 = 3(0.00101) +6(0.000638) 0.006912 in .
(53)
. _ c 2 . = t a2
Since Acu = 0.006912 in“ is less than 0.4ACB 0.163 in“°,
Nl = 3 turns AWG #19 and N2 = 6 turns AWG #21 can be wound; and
the mutual inductor is designed. The 3 turns of N1 are bifilar
‘wound with the first 3 turns'of N2. The remaining 3 turns of

N2 are wound normally.

Before the design is complete maximum instantaneous cur-

rent I1h

Since field intensity H is linearly related to In

must be compared with the maximum ratings for Q1.

o 1. .
Ilh—Ila+2A11. . (54)

The inductance L1 is calculated from (47) as

L = Nf AL x107% = 32 x 2340 x107° = 21.06 pH . (55)

Substituting E 21 volts from Fig. 12, t_ = 0.40 x 10~°

S (min)
seconds from (50), and L1 = 21,06 uH from (55) into (40) yields

Ai /L, =21x0.40x107°/(21.06x107°) = 0.40 amperes .

- ES(min)ton
(56)

Substituting Ai1 = 0.40 amperes from (56) and Ila 2.98 amperes

from (38) yields -
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0.40

I = 2.98+ 5

_ 1h

= 3.18 amperes . (57)

Since Ilh is less than the rated 10 amperes maximum collector

current for Ql, the design is complete.

The output filter capécitors C3 and C4 are éhosen expéri—
méntally from non-electrolytic high-frequency capacitors. This
capacitance is,increaséd until the load ripplebﬁoltage amplitude
is within acceptable limits resulting in values of 4.7 uF each

for C3 and C4.

The Control Circuits

The control circuits consist of the differential voltage
comparator and the triaﬂgular waveform generator-as'showh in
Fig. 10. Tﬁe pﬁ:pose of the control circuits is to sense the
output voltage and provide a.duty—cycle signal which when used
to control Q1 resulté in a regulated output voltage VO.- Inte-

" grated circuits are used where possible in the design of the
control circuits because they are small, efficient, and switch
very fast. The coqtrol circuits can be built with discrete com-
ponents; however, shielding, grounding, pickup, and delay time
at this high frequency become greater problems than with inte-
grated circuits. One disadvantage of using»integratéd circuits .
is the need for multiple low-voltage power supplies. These sup-

plies should be readily available in most applications; but if

they are not, a system of Zener diodes or small high-frequency
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The schematic diagram of the control circuits is shown in
Fig. 14. They consist of a threshold circuit, thch is built
around the integrated circuit Il and is commonly called a dif-
fefential voltage comparator circuit, and a triangular waveform
generator which is built around integrated circuit I2. A brief
;description of the means by which these circuits generate a
duty cycle is given first, then the design of each circuit is

discussed.

Functioning of the control circuits. The voltage on D22

R for the voltage com-

parator I1 and is applied to the positive input at pin 2 of Il

in Fig. 14 acts as the reference voltage V

through R6. The direct output voltage V, is applied to the neg-
ative input at pin 3 of Il by means of a voltage divider made up
¢ 1s

obtained by integrating the output of I2 which is utilized as a

of R7 and R8. 1In addition, a 1 MHz triangular waveform v

1 MHz square wave oscillator. Integration is accomplished
through the RC combination of the output resistance of I2, R7,
R8, and Cl0. C9 has negligible effect because the time constant
resulfing from the product of the parallel combination of R7 and
R8 and C9 is approkimately thiee orders of magnitude longer than
the period of 1 MHz. The resulting v, on Cl0 is coupled through

capacitor C9 and is added to the fraction of V, on pin 3 of Il

0]

resulting in a voltage v, at pin 3 of Il given by

A



to Vo
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7

Fig. 1l4. Schematic diagram of the differential voltage comparator ~and the tri-
angular waveform generator.

18
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VvV, & ———— V_+vV . . (58)

The differential input to voltage comparator Il is VR-VA;
therefore whenever Va is less tﬁan VR the differential input is
positive so there is a positive output signal at the comparator
output terminal, pin 7 and vice versa. An examination of Figqg.
11 reveals that Q1 is turned on when Q2 is turned on, and Q2 is
turned on when the voltage at pin 7 is positive. This means
that Q1 turns on whenever Va is less than VR. For purposes of

simplifying this explanation, it is assumed that the voltage

comparator has no hysteresis. It is also assumed that the ac
ripple voltage component of VO is negligible compared to Vi and
the frequency f is constant at 1 MHz so the period T = ton+ toff

is constant.

Keeping these factors in mind, the manner in which a duty
cycle capable of maintaining a regulated output voltage is ob-

tained can be explained. Fig. 15 shows three examples of Va

each at different direct voltage levels. It has already been

established that when vchv the power transistor Ql is on; and

R

when VA:>Vh’ Ql is off. So in Fig. 15, the times during which

Va is above the dashed line at v = VR correspond to toff and the

times v, is below this line correspond to t_  as it is so

labelled. In Fig. 15, the voltage v, at pin 3 of Il is assumed

A

to consist of two components, the direct voltage

VA = VoRe/(R7+ Ra] and the alternating triangular voltage V-
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Fig. 15. Voltage waveforms of v, at different duty cycles,

A
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\

In Fig. 15(a), V, equals the direct reference voltage VR'

A

t = and the duty cycle D.C. = 0.50. If the load is de-

on toff'

creased or ES is increased, VA tends to increase to a condition

shown in Fig. 15(b) in which ton is shortened lowering the duty

cycle and tending to decrease V_ to its original value. If the

A

load is increased or ES is decreased, VA tends to decrease cre-
ating the condition shown in Fig. 15(c) in which ton is length-
ened increasing the duty cycle and tending to,increasé Va to its
original value. This system operating in a closed-loop condi-

tion tends to maintain a regulated output voltage. A much more
Vdetailed hon—linear analysis of this type of regqulating mechan-
ism is given later in Chapter IV which includes the effects of

hysteresis and the ripple voltage component of V Now that a

o
brief explanation has been given on the operation of the control

circuits the design procedures are discussed.

Design of t@e comparator. The integratedvcircuit chosen
for Il in Figqg. l4vis the 710 se;ies of differential voltage com-
parators. This device is chosen because it dissipates typically
only 110 mw internally while supplying a +3.2 volt and 10 ma
positive output that switches on or off in 40 nsec. Il requires
two power supplies éf +12 volts and -6 volts. Capacitors C6,
C7, and C8 are placed between the power sources and ground in
order to bypass any nQise or voltage spikes that'may adversely
affect the operation of the cbmparator and to provide a low im-
pedance source during the transient time when the comparator

switches. These capacitors are chosen experimentally to provide
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optimum comparator performénce. In this example, C6, C7, and

C8 are 0.1 pF as given in Table III. Resistor R5 is used to bias
Zener diode DZ2, and DZ2 provides the reference voltage for
voltage comparator Il. The value of R5 is determined by finding
a bias point with éood regulation on the characteristic of DZ2.
It is desirable -that this bias point have a minimum current
level in order to minimize power dissipation; and it must have

a voltage value of less than 5 volts which is the'méximum input
voltage for Il. From these requirements, Zener diode IN751 is
chosen for DZ2. From an examination of the characteristic of
DZ2 on a transistor curve tracer, a bias point at 4.5 volts and
approximately 2.8 ma. is chosen. The current through R6 is neg-
ligible since the input impedance to the comparétor is high;

_therefore R5 is computed as

R, = (12 -Vp,,]/1,, = (12- 4.5)/(2.8x107%) - = 2.7 k@ (59)

as 1s given in Table III. R7 and R8 are determined by assuming
~that the comparator is regulating and in a balanced state. Un-

der these conditions, V, equals the dc component V, of Va given

R A
as
v, = VORB/[R7 + Re] = v, . (60)
Substituting VR = 4.5 volts and VO = 28 volts yields
_ 23.5
R7 = Z—.-s— R8 . (61)

Since the input to Il at pin 3 has a very high impedance and

draws negligible current, the current through R7 and R8 may be
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very small. It is still desirable to minimize power dissipation
so an arbitrary negligible power dissipation Pq of 10 mw 1is

chosen. This yields a total resistance of

v
R,+R, = 5~ = = 78.4 k0 . (62)
d 10~2

Substituting R7 from (61) into (62) yields R = 12.6 k2 and sub-
stituting R8 into (62) yields R, = 65.8 kQ. These resistors

should be temperature compensated to keep V. from drifting with

0]
changes in temperature. Values as close as pgssible to those
calculated were chosen from stock and adjusted experimentally to
obtain an output voltagelvo of 28 volts. The resulting final
values were R_ = 69.8 k and R = 14.3 kQ as given in Table III.
In order to obtain the best possiblevregulation, the accuracy of
the comparatér mﬁst be maximized. This is done by ﬁaking the
source resistance.of the reference voltage Ve equal to the dc

source resistance of the signal v With egual source resist-

A-
ances, the bias currents at the inputs create nearly equal volt-

age drops minimizing the offset voltage. The dc source resist-

ance for Va is the parallel combination of R7 and R8 so -

R_R
_ 778 _ 14.3x69.8 . ,
Re = R, %), - 14.3+69.8 107 = 11.9 k& . (63)

The nearest discrete resistor to this value in stock is 12.0 k§
which is used for R6 as given in Table III. This completes the

design of the differential voltage comparator.
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Design of the triangular waveform generator. The triangu-

lar waveform generétor is built around the dual operational am-
plifier I2 shown in Figs.-ll and 14. 1I2 is a type CA3000 IC
differential amplifier by RCA. This amplifier has a tYpical in-
ternal power dissiéation of 30 mw which is desirable from the
_viewpoint of maximizing efficiency. Also it is capable of oper-
ating at frequencieé to 30 MHz which is well beyond the switch-
ing ffequency'of the converter. I2 requires péwer supplies of
+6 volts at pin 9 and -6 volts at pin 3 with respect to pin 2.
These supplies are obtained in Fig. 14 by usipg the existing |
+12-volt supply on pin 9, grounding pin 3, and providing an addi-
tional +6 volt supply so that pin 9 is +6 vblts and pin 3 is -6

volfé‘with réspect,to the +6 volt supply at pin 2,

A square wave oscillator circuit is formed with I2 using
R9, R10, and Cll as given in the manufacturer's application man-
ual. This oscillator produces a sqﬁare wave at ﬁhe output at
pin 10. The'fréquénéy of oscillation'is adjusted to 1 MHz by
experimentally varying Cl1l until it is 33 pF. R9 and R10 are
chosen to be 1 k§ because these are typical values used by the

manufacturer. [24].

at pin 10 switches from

The open—circuit output v,

Vlo' = 11.2 volts to Vlo" = 5.0 volts and vice versa. When pin

10 is connected to Cl10, this voltage produces a dc voltage

\Y = 8.1 volts on Cl0. Since Vic does not normally equal the

dc

dc component of Var coupling capacitor C9 is required to keep
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\Y from upsetting the balance of I1. 1In order that v_ is

dc t

coupled to R8 without any significant distortion, C9 must be

chosen so that

1 778
2nf C9 << R74-R ° (64)

This relation is satisfied at f = 1 MHz when C9 = 0.1 uF. The

triangular waveform v_ is generated by the charging and dis-

t
charging of Cl0 during alternate half cycles of the square-wave
output on pin 10 of I2. The time constant of this circuit is
found by assuming that VO and C9 are shorted, that pin 10 re-
turns to the neutral through an internal resistance ro, and that
the input impedance at pin 3 of Ii is large enough to be as-
sumed an open circuit. These assumptions mean that R7, RS, ror
and Cl0 are effectively in parallel which yields a time constant
T of

R, ReTo

TS RRFr R FC R S0 - RCy - (65)
7 8 o 7 O 8 :

where R = R7R8ro/(R7R8-+roR7+-roR8) is the parallelvcomblnatlon

of R7, R8, and r,-

With these assumptions, the load on pin 10 of I2 can be
thought of as the parallel combination of R and Cl0. Across C10

there is an average dc bias of V If it is assumed that the

dec*

open circuit voltage v on pin 10 of I2 switches to V) = 11.2

0

volts at t

0, the equation for vt(t) during the half cycle,

t = 0 to t

1/2f, when Cl0 is charging is
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t

= ro. - T -
Vt(t) = [Vlo Vdc+vtm]{l e +Vdc Vtm . (66)

tm’
yields v, (°) = Vi,+ The peak value of vt(t)-occurs at t = 1/2f

Where at t = 0, (66) yields v _(0) =V -V, ; and at t = =, (66)

and is Vact Vem f v, (1/2£f). The peak value Vig ©f v (t) can be
computed by substituting t = 1/2f and T = RC,, into (66) and
evaluating |

1
ZERC, ,

— _ _ 1f¢
v = [vt(l/Zf)A Yt(O)] = E{V1o— Vdc+'vtm] l-e .

tm

N| =

(67)

Rearranging, taking the natural logarithm of both sides of

(67), and solving for C,, vields

c,, = -1 ' (68)
2 Vtm
"2fR Anll - -
' Vio ™ Vact Vem

.which is the value of Cl0 which yields Vim®

For I2, the typical value of r, is 8 kf2; and R7 and RS8
havé been determined as 69.8 kQ and 14.3 k respectively. ,Sub-

stituting into (65). yields

R = - 69.8x14.3x8.0 x10°

= = 4,78 ko .
(69.8x14.3+8.0 x69.8 +8.0x 14.3)10°
T (69)
Substituting £ = 10° Hz, R = 4.78 k9, V. = 0.1 volts, V =11.2
volts, and Vdc = 8.1 volts in (68) yields
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c. = -1 ' = 1620 pF

10 0 2
2 ><106><4.28><103><9,n(1 .

T11.2 -8.1+0.1 T (70)

A 1500 pF disc ceramic capacitor as given in Table III was

chosen from stock for C1l0.

This concludes the design of the control circuits. The
final section of.the converter to be discussed next is the

drive circuit.

The Drive Circuit

This mart of the converter boosts the power available
from the duty cycle output of differential comparator Il to a
power sufficient to control the power switching transistor Ql.
The schematic diagram is shown in Fig. 16. The output from
pin 7 of the differential comparator Il is used to drive the
base of Q2 throﬁgh R2., Bias resistor R4 and Zener diode DZ1
supplied by the -6 volts on pin 4 of Il provide a negétive
voltage at b which serves to reverse bias the emitter-base
junction of 02 thfough R3 during the off—fime. When Q2 is on,
the.+6 volt supply is applied to the primary winding N5 so that
the dotted ends of windings N5 and N4 are positive. The volt-
age coupled to the secondarf winding N4 during the time Q2 is
on is of such a polarity to drive Q1 through Rl so that Qhen
Q2 turns on, Ql turns on. The time that Ql is on is desig-

nated ton' and the time that Q2 is on is designated tén'
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to the base of Q

A S + 6 volts A
to pin 2
—* of 12
topin7 .
* of 11|
R3 | |
DZI to pin 4
b p——FR——= of I
. (- 6 volts)
R4

Fig. 16. Schematic diagram of the drive circuit.
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The time tén may not be the same as ton because the response
times of 02 and Q1 are normally different. The voltage applied
to N5 during the on-time of 02 causes energy to be stored in T2.
When Q2 turns off, the energy stored during the on-time of Q2 is
discharged through R1l, D2, D3, and N4; and the voltage-drop on
D2 and D3 provides a reverse bias on the emitter-base junction
of 01 to reduce the storage and fall times of Ql. It should be
noted that T2 serves three functions. One is to provide isola-
tion between the source and the load. The second function is to
provide base drive to Ql. The third function is to store energy
during the on—tiﬁe of Q2 which can be used to reverse-bias Ql

during the off-time of Q2 to speed turn-off of Ql.

Primary and secondary current relations for T2. The de-

sign of the drive circuit begins with an analysis of the current
waveforms of mutual inductor T2. T2 is a mutual inductor wound
on a toroidal ferfite_core with a linear B-H characteristic. 1In
the following analysis, it is assumed that 01 aﬁd Q2 switch in-
Stantaneously with the exception of the storage time of Ql and
that the primary.inductance L5 is large enough so that the vari-
ation of the primary current is linear. fig. 17 (a) shows the
waveform for the primary current is(t) and Fig. 17(b) shows the
waveform for the secondary current iu(t).' Since the resistance
in the primary circuit is negligible, the voltages vs(t)«on N5
and v, (t) on N4 are constant during tén; consequently, i, (t) is

constant and equal to —I“ given by
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Fig. 17. Current waveforms for T2.



94

i - -- L ' 0 < t<t!
}un(t) Iq - - on
(71)
where the subscript n designates i, (t) during t(;n,VCE2 is the
. . . .

COllector—emltter saturation voltage on Q2 during ton’ and VeE1
is the base-emitter saturation voltage on Q1 during tén' Sym-
and

bols such as VCE2 and V are used in lieu of V

BE1 CE(sat)2

VBE(sat)l to represent the saturation voltages of transistogs in
order to eliminate lengthy and cumbersome subscripts on these
variables. Also during tJ , the primary current isn(t) consists
of a constant component NSIR/N“ which is~Ih reflected to the pri-
mary and a component which represents the energy stored in T2 and
increases apprqximately linearly during tén by Aig, as shown in
Fig. 17(a). 2ssuming that isn(t) varies linearly during tén’

‘the voltage of self induction is

—_ s ! .
- ) - . = . ’
Since Vy must equal 6 Vegar Fhe slope dlsn/dt Als/ton of
. . , , _ ) .
lSn(t) during ton mist be (6 VCEZJ/L5 which yields
6 -V : :
. _ CE2 '
15n(t) = —f—— t+K 0 <t < tin (73)

5

where K is the value of isn(t) at t = 0 as shown in Fig. 17(a).

The subscript f designates variables during the time period téff.
. , . n. . . L

Durfng toff’ 15f(t) = 0; but l“f(t) is nonzero flowing into the

dotted end of N4 and passing through D2, D3, and Rl. The differ-

ential equation for i, .(t) around this loop is
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R my,

di .(t)
4f 1. - FD___ '

—a tE tee® T g =0 Fgp et (74)
where Vep is the forward voltage on diode D2 or D3 and the num~
ber of diodes m is as yet-undetermined. Solving (74) for ikf(t)
yields |

R
1 4
. g '-i:(t_ ton] Vep , _ :
i g(t) =Ae - top ST . (75)

Expressions for the primary and secondary currents during both

t! !
and to

. ,. - L] ] ’ [ . .
on have,been derived. During ton’ 1un(t) is given by

£f
(71) and i;, (£) by (73). During téff, ijg(t) = 0 and i,g(t) is

given by (75).

-Tﬁefe are two unknown constants, K in (73) and A in (75).
Their values are related to the steady-state energy‘levels.in
mutual inductorATZ. One set of conditions is found by equating '
the totél ampere'turns just prior to turn-on to.the total ampere

turns just after turn-on to obtain

.Nslsn(o)

N

(£) . (76)
- .

+ lun(o) = 1uf

Another set of conditions is obtained by equating the ampere
turns just prior to turn-off to the ampere turns just after

turn-off to obtain

5 s5n- . r} s )
N + lun[ton} - luf(ton] : (77)
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Substituting (71), (73), and (75) into (76) yields

S -1 =pe ° -_fb | (78)

Substituting (71), (73), and (75) into (77) yields

L R
N

N,J6-V mV
5
S| CE2 v L gl-1 =a-—E2 | (79)
5 on N 1

Solving (78) for K and substituting into (79) yields

E(G" Ver2 . ]

A = . (80)

1 ]
L, tofs

=

l-e

Substituting (80) into (78) and solving for K yields

FD
—Iq] . (81)

The constant K given in (8l1) can be substituted into (73) to

find isn(t) duriné tén' During téff isf(t) 0.0. The base
drive i (t) for Ql during tén is given by (71), and the constant
A in (80) can be substituted into (75) to find iuf(t) during
téff. Now that relations for the currents in T2 have been de-
termined, the design of the drive circuit can continue.
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Base drive for Ql. The next step in the design is to

determine the magnitude of the base current required by Ql as

i1b(max) - i1C(max)/h1fe (82)

where 1

1b (max) is the maximum instantaneous base current corres-

ponding to the ﬁaXimum instantaneous cpllector éufrent i1C(max)

in Ql. A current gain h ;o of 10 is assumed, as used in the
manufacturer's specification sheet for switching five amperes,

to inéure thatAQl‘is driven into saturation. The maximum instan-

0 is a

maximum - at 20 watts,ithe source voltage ES is a minimum at 21

taneous collector current occurs when the output power P

volts, and t = tén' It has been calculated in (57) as 3.18 am-
peres. U51ng (82), the maximum base current 11b(max) for Ql is
- _ 3.18 _
lb(max) = 10 = 0.318 amperes . (83)

The drive current I given in (71) must have a magnitude at

least as large as i in (83) so that

1b (max)

N, (6 - VCEZ]/NS ~ VeE1

I“ = 5 > 0.318 amperes . - (84)
1
From the specification sheets for Q1 and Q2, VCE2'= 0.8 volts
and vy = 1.7 volts. '

El
At this time, it is necessary to determine the turns ra-
tio for T2. It is desired that Rl be as small as possible to

minimize power dissipation; consequently, the voltage on N4 dur-

ing tén should be small. Also, the same principles of design are
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applied to T2 as were applied to Tl. Because the source imped-
ances of T2 are small, leakage inductance degrades the switching
performance of T2 more than winding capacitance so T2 should be
bifilar wound to reduce leakage inductance. In consideration of
these principles, a unity turns ratio is chosen for T2 so that

the voltage on N4 is 6-V volts during tén and N4 and N5 are

CE2

wound turn for turn to minimize leakage inductance.

Solving for Rl in (84) and substituting for Vegar Vep1e

1,, and n yields

3

X - N, (6 - Vega) N, - ey _ (6-0.8) -1.7 _

. T 0318 10.1 @ . (85)

y

The value chosen from stock for Rl is 10.Q as given in Table III.

Reverse bias. The next step in the design is to consider

iuf(t) during té This current should be sufficient during the

ff£’

first part of t; to provide the current to sweep the charge

ff
stored during tén from the emitter-base junction of Ql so that

storage time and fall time are minimized. The current iqf(t)

should also be nonzero during all of téff since reverse-biased

transistors can block greater collector voltage spikes. The
current iqf(t) is obtained from the energy stored in T2 during

tén' This stored energy should not be too great since isn(t)

must increase in magnitude proportionately. When isn(t) in-

Creases, 2(t) must increase to maintain Q2 in saturation re-

b
sulting in more power dissipation and possibly a requirement for

another stage of amplification. This means that the energy
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stored in T2 shoﬁld_be minimized to maintain a high efficiency,.
but enough energy must be stored to reverse bias Ql and reduce

the storage time of Ql.

Determination of L4, L5, and m. Under the condition of

maximum source current, isn(O) must be at least equal to Iq/n if
Ql is to be driven into saturation. In order to determine L4,
L5, and the number of diodes m, t = 0 and K from (8l) are substi-

tuted into (73) to obtain

6 - Ve £
: L on N, (mV N T
. _ - 5 o FD _ 4y
i,a0) =K= R N.| R, Iu] S (86)
. Fotf |
e -1
where VCE2 = 0.8 volts, R1 = 10 ohms, VFD = 0.66 volts at ZOQ

ma, N, /N, =1, L, = L,, and I, = 0.318 amperes from (84). If

switching response times are neglected, then tin = ton = 0.4

sec f et = . .
usec from (50)Aand tOff toff 0}6 usec. Substltut;ng these

values into (86) yields

o -6
2‘.08L>< 10 o -1 -0.066 m+I 21
5

i5n(o) = &

(87)

which can be solved by trial and error for L, =L and m. The
number of diodes m must be less thaﬁ 6 since the maximum emit-

ter-base voltage mv for 01 is 4 volts.

FD
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Since K 1is constant, the expression. for Ai5n is derived

Ai = —————= t! . (88)

If it is assumed that Aisn = 2 ma to minimize the energy stored

in T2, then solving (88) for L, yields

L, = o2, =82 084 4x10-% = 1.04mn . (89)
sn © 2 x103
Letting L, = L, = 1 mH and substituting into (87) yields
-6 =1
6 x10
-6 -3
2.08 1077 1o 1077 3| > 0.066 m (90)
10-3 .
and solving for m yields
m < 5.25 diodes . ' (91)

If it is assumed that the current iuf[tén] at turn-off

is 0.2 amperes, then the number of diodes needed to obtain this
current can be computed by substituting t = tén into (75) to ob-
tain

mv

. b Y S _ VD
1uf[ton} = 0.2 A-— i (92)

Solving (92) for m yields
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—

: .
Vs “Vera |,
R1 Rl N, L5 on
m < G (A-0.2) = T R - 0.2 . (93)
FD - FD L e
L off
l1-e *
L : -
Substituting known values into (93) yields
[6-0.8 .4 x10-5)
-3
R - 0.2{ =2.24 . (94)
. - (0.6 x10™°) :
10-°
l-e

The lesser of the two values for m in (91) and (92), or
m = 2, is chosen. Two 10A26 diodes are used for D2 and D3. The
last step in the design of the drive «circuit is to désign T2

so that L“ and L5 are 1 mH.

Mutual inductor T2. As mentiohed earlier a toroidol core

configuration with N, = N, and bifilar winding is chosen to re-

duce the 1eakage'iﬁductance. In addition, Ferrqxcube Corp. type
3D3 ferrite material is chosen because it has the lowest loss
factor at a frequency of 1 MHz. The final procedure is to
choose a‘core sizé, compute the number of turns which is re-
quired to make l_mH, check the mmf to be certain that the core
is not saturated,:determine the wire size} and check to be cer-
tain that the tﬁrns for N4 and N5 fit in the window area. This
prbcedure is repeated by trial and error until the smallest core
that meets the requirements is found. For this converter, Fer-
roxcube Corp. toroidal core 768T188/3D3 is chosen. This core’

has an inductance factor AL of 4.5 mH/1000 turns, a mean free
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path length 2, of 3.03 cm, and a window area A, of 0.40 in?,

The number of turns for N4 and N5 is calculated as

1
, /2 1 -
N, =N, = [L5(1000)9415] = 103/(415)/2 = 49.1 turns (95)

N4 and N5 are therefore chosen to be 49 turns. The mmf corres-

ponding to iuf(tén] is calculated as

FD
N [a-—=—=
N 1 t! b R
H=0.4m — vt (on) 0.4r -
) )
e e
45 [0. 348 - 200,56)
= 0.47 03 ' = 4.39 Oersteds . (96)

Since the saturation mmf for'3D3 material is 5 Oersteds, the

core is not driven to saturation. In order to determine the re-
guired wire size, the maximum'full-cycle average value of the ab-
solute value of i, (t) and is(t) must be determined; . The maximum

values of iu(t) and i_(t) occur when tén = 0.4 usec and

tlo. = 0.6 usec. FromlFig. 17 knowing that Ai = 2 ma, I, (E)
is
t/ Ai : .
; _ on “sn| _ 0.4 0.002] _
15 (t) = T [K"’ ) ] = i—.'o—[o.532+ 3 = 0,213 Amperes
{(97)

Again using Fig. 17
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o mv,, NK )
. - — [} l - FD _5__ I3
1u(t) = [Iuton+'2" A ——Rl ‘+ N, Iu}toff:l/ T
\ ) '
= %0.318(0.4)+-%[b.348-—319iggl+ 0.532- 0.318]0.6}/1.0
DA
= 0.1272 +2(0.430)0.6 = 0.256 Amperes . (98)

Based on 1000 circular mils per ampere N4 and N5 can be wound
using AWG 26 wire. This wire with heavy formvar insulation can
be wound with 2932 turns per in?. Assuming a winding factor of
0.4, the number 6f turns N of AWG 25 that can be wound on core

768T188/3D3 is

N = 0.4[ACJ2932 = 0.4(0.4)2932 = 469 turns. . (99)

Since N4 + N5 = 98 is much less than 469, the design of T2 and
the converter has been completed. The next section gives the

experimental results and some conclusions.

Experimental Results

This sectiqn discusses experimental data obtained from
the 1 MHz dc to dc converter shown in Fig. 11. Regulation and
efficiency characteristics for the conQerter are given. Photo-
graphs of selected waveforms in the circuit are used to show
?rOperties such as voltage and current amplitudes and switching
times. Throughoutlfhe section, design techniques which could

improve the performance of the converter are discussed.
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Fig. 18 shows the output voltage V_ regulation charac-

0}
teristics for load conditions from light to heavy. The conver-
ter should not be operated with no load because the voltage on

C3 and C4 could exceed safe operation limits causing the destruc-
tion of one or more components. A 50 to 100 KQ resistor could be
added in parallél with RL to prevent no-load conditions. The

addition of this resistor would cause additional power loss of

only 8 to 16 mw. Fig. 18 shows a family of three curves; one

S
volts, and the maximum.ES,of 31 volts. Over the full -range of

each for the minimum source voltage E, of 21 volts, an ES of 26

data, Vb varied from 27.48 to 28.30 volts for a mean value of .

27.89 volts. The output voltage reqgulation can be expressed as

+1.47 percent about the mean of 27.89 volts. When PO increases,

the average source current must increase. Consequently, output

voltage V. decreases as the output power P, increases and as the

L 0]

source voltage E, decreases because losses in the main power

S
path caused by greater currents are not fully compensated by the
converter. Regulation can be improved by decreasing the ampli-

tude of the triangular waveform v However, when this is done,

£
it may also be necessary to reduce the coﬁparator hysteresis for
example by using a feedback'resistbr from the output.to fhe pos-
~itive input of the comparator. Additionally, it may be neces-

sary to reduce the magnitude of the output ripple voltage at the

input to the comparator if it is on the order of the new magni-

tude of Ve
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The converter efficiency characteristics shown in Figq.
19 were obtained by measuring the current and voltage of each
source ES’ +12 volts, +6 volts, and -6 volts and computing the
input power to the converter as the sum of the power from these

four sources. The output powef P. was computed as the square

0]
of the output voltage V., divided by the load R; . The efficiency

shown is the ratio of these power computations. Three curves

are shown; one each for E, = 21, 26, and 31 volts. Each curve

S

has the same general shape. Efficiency is lower for higher

‘source voltages and is a minimum at light locad. Efficiency in-

e

creases as load increases passing a maximum at P 10 watts and

o

decreasing slightly as Po increases.

Power losses occur in several major areas of the conver-
ter. These are semiconductor static and switching losses, core
losses, and power transistor Ql drive circuit losses._ Other
areas where power losses are not as significant are the power
supplied to the comparator and triangular waveform generator,
the copper loss in the circuit wiring, and the filter capacitor

series and shunt resistances.

Transistor Ql static power loss includes the product of
collector current I, during the on time, saturation voltage

VCE(sat)' and the duty cycle. This loss increases when the col-

lector current or duty cycle increases, that is when PO in-

‘Creases or Eg decreases. Static loss also includes the pfoduct

of the blocking voltage and leakage currenf during the off time
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multiplied by 1l-duty cyclé aﬁd this loss increases when ES in-
creases or the duty cycle decreases.  Dynamic losses occur dur-
ing the switching times and are the integrals of the products
of v p(t) and i (t) during turn-on and turn-off multiplied by
the respective time periods of the integrations and divided by -
and P, increase. Static

S o)

and dynamic losses in diode D1 behave the same as the losses in

T. Dynamic losses also increase as E

0l except that D1 is off when Ql is on. This means that static
power loss when D1 is on decreases with duty cycle and vice

Versa,

Core losses are highly dependent on frequency which is
constant in this converter; however, hysteresis losses increase
as the flux excursidﬁ increases and copper losses increase as
the current levels increase. This means that core loss in-

Creases as PO increases.

Power required to supply the base.drive to Q1 is the
third major area of power dissipation. The drive circuits dis-
sipate more power when Q1 and Q2 are on so the power dissipated
in these circuits increases as the duty: cycle increases, or as

PO increases and Es'decreases.

Figs. 19 and 20 show the collector-emitter voltage VCEl

and the collector current i waveforms of power switching tran-
sistor Ql. The waveforms in Fig. 19 are for the conditions
ES = 21 volts and RL = 100 ohms. 1In both figures, (a) shows a

full period of the waveform, (b) shows the turn-on portion
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expanded, and (c) shows the turn-off portion expanded. By ex-
amining Figs. 19(a) and 20(a), it is determined that the time T
for a full period is 0.8 usec resulting in a switching frequency
of 1.25 MHz. The frequency was increased slightly above 1 MHz
so that the entire period would occupy slightly less than the

full width of one oscilloscope photograph.

In the beginning of this chapter, the fact that the
-switching speed of semiconductors is the limiting factor for de-
signing switching converters at a frequency as high as 1 MHz was
discussed. This limitation shows up in the experimental effi-
ciency curves in Fig. 21. It can be seen that efficiency is

lower at higher values of E This phenomena occurs because

S
switching loss in Dl and especially Ql are the major power

losses in the converter and these losses increase as ES increas-

es. The waveform in Fig. 20(c) for Eg = 31 volts shows a sig-

nificant increase in the switching time as well as the magnitude
of voltage switéhed in comparison to the waveform in Fig. 19(c)
for Eg = 21 volts. The increase in semiconductor switching
losses and semiconductor static losses during the off time ex-
ceeds the decrease in saturated semiconductor losses, drive cir-
cuit losses, and core loss when ES increases. The fact that the
majority of the converter powéer loss is in Q1 is supported by
the fact that this component operates at a higher temperature
than any other in the converter even though it is mounted on a

heavy copper heat sink. Fig. 19(b) indicates that v switches

CEl
from 90 to 10 percent of the blocking voltage in 25 nsec. The
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collector current i switches from 10 to 90 percent of the lin-

Cl
early extrapolated initial current in 10 nsec. The collector

current appears to switch much faster than v 1 and reaches a

CE
peak much highér'than the initial current. This peak is coupled
through Tl and is inverted in the waveform for i,. 1In addition,
the peak increases if external capacitance is added in parallel
with D1; theréfqre, it is assumedvthat the current peak is the
current fequired to charge the junction capacitancé of D1 when
01 turns on. This suggests that switching losses in Q1 during

turn-on may be reduced if the junction capacitancé of D1 can be _ .

reduced.

In general, the performance characteristics of this 1
MHz dc to dc converter are good. Regulaﬁion is less than 1.5
percent and efficiency approaches 80vpercent at power outputs.
.from 5 to-20 watts. Switching in the main power path is ac-
complished in less than 10 percent of the full period at a
switching frequency of 1 MHz. Some conclusions about the 1 MHz

converter are given in the next section.

Conclusion

Most dc to dc-convérters are designed with typical oper-
ating frequencies from 2 to 20 kHz and maximum operating fre-
quencies in the vincinty of 100 kHz. The design of a 1 MHz con-
Verter was begun because of requirements for satellites to meas-

ure electromagnetic radiation in outer space within the
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frequency range of 0.2 to 100 kHz. 1In order fhat the power' con-
.ditioning equipment on the satellites does not interfere with
the measu;eménts} the switching frequencies must be well above
the 0.2 té 100 kHz range, for example 1 MHz. Tﬁe.converter de-

sign discussed in this chapter demonstrates the feasibility of

designing converters.at megahertz switching frequencies.

 Tﬁe chapter begins with a discussion of design princi--
pPles which must be considered when designing circuits to switch
at frequencies near 1 MHz. 1In general, stray inductance, capac-
itance, and coupling mﬁst be kept small by shielding and keeping
circuit lead length té a minimum. Also, the circuit components
must meet special high-frequency requirements. Mégnetic mater-
ials with4low loss facférs.at 1 MHz and high-frequency capaci-
tors must be used. Leakage inductance in the mutuai inductors
has to be'ﬁinimized to prevent large voltage spikes on the
switching elements. 1In addition, high—frequency bypass capaci- -
tors are‘required.at various points in the .circuit to reduce
switching Spikes.v Integrated circuits are needed in the control
circuits fof the diffefential voltage comparator'and the trian—-
gular waveform generaﬁbr in order to reduce the effecté of sfréy
parameters and to obtain faster switching speeds. The power
switching diodes aﬁd{transistors used in the design need to
switch the required voltage and current at least as fast as 50
‘nsec. The switchiné_Speed of the power transistor is considered
- to be the most sighificant factor limiting an additional in-

Crease in switching frequency and only a few diodes and
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transistors are available which switch the required voltage and

current as fast as 50 nsec.

The design of the converter is approached by dividing
the converter into five basic circuits excluding the DC Sourée
and the Load. These circuits are shown in Fig. 10 as the Power
Circuit, Outéut Filtér, Drive Circuit, Differential Voitage Com-
parator, and Triangular Waveform Generator. The Triangular
Waveform Generator oscillates at a constant frequency of 1 MHz
which determines the operating frequehcy of the converter and,
in dahjﬁhctioﬁVWifh the'Comparétbr,'detefhines thé*du£y7¢ycle'm
required to maintain requlation. The Drive Circuit amplifies
the duty cycle signal from the Comparator to a sufficient power
level to drive the'power transistor in the Power Ciréuit. The
Power Circuit converts ﬁhe dc power from the Source to ac power
and back to dc powerVWith a regulaﬁed average direcﬁ voltage
level which can be at either a higher or lower voltage level
than the source. The Output Filter averages the swiﬁched direct
voltage from the Power Circuit to a constant value on the Load

with sufficiéntly small ripple voltage.

The particular circuit configuratiop utilized for this
converter wasrchosgn because it provides eleCtrical‘isblétion be-
tween the source and the load and a regulated dutput voltage
which may be either greafer than or less than the source voltage.
The choice of a megahertz switching frequency reduces the values

of required capacitors, especially the filter capacitors, and
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‘permits the use of ceramic capacitors instead of electrolytic
capacitors. This is an advantage since electrolytic capecitors
are cohsiderably less reliable thantceramic capacitors as was
discussed in the prev1ous chapter. The high shitching frequency
reduces the size and welght of the c1rcu1try espec1ally in the
areas of magnetlc components and capacitors in the output filter

and power circuit.

The powerioutput of the converter was designed to be 20
watts; however, the power switching_transistof 0l is capable of
processino more'power. The converter power output can be in-
creased by redesigning mutual inductor T1 to prooess the addi;
tional power and byiincfeasing the‘output capability of the
Drive Circuit so that more base drive is provided to‘Qlf The
output Qoltage fegulation is *1.47 percent and might be able to
be improved by reducing the hysteresis of the Compérator and the.

magnitude of the triangular waveform v, The maximum efficiency

T

of 79 percent occurs at P. = 10 watts and decreases to 72 per-

o)
cent at the full power output of 20 watts. The efficiency is
not as high as efficiencies of the lower-switching-frequency
converters which are in the range of 90 percent butiehOuld be
considered good fof a switching frequency of 1 MHz. The major-
ity of the powerblosses.are‘the staticvand switching losses of
transistor Q1. Therefoie, the efficiency of this converter will
be improved with the availability of power transistors with

faster switching speeds, lower saturation voltages, and higher

current gains.
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This converter is not inherently self-starting. By the
nature of the régulation means, Ql remains on as long as VA is
below its level at regulation. This means that Q1 will remain
on continuously as long as VA is less than Vtm plus its value
when the converter is regulating. To make the converter self-
starting, a circuit which switches 0l at a fixed duty cycle ade-
quate to achieve at least Vg = 28 volts under the conditions of

minimum RL and Eg must be included in the design. The starting

circuit must also be designed to turn off when Vo reaches 28
volts. Starting is an important subject-but this dissertation
does not address it. The emphasis is on designing a converter

to operate at a switching frequeﬁcy of 1 MHz with reasonable

efficiency.

The next chapter of this dissertation is purély analyti-
cal. The method of closed loop regulation with a triangular .
“waveform and a voltage éomparator>as used in the converter dis-
cussed in this chapter is analyzed using the technique of non-
linear analysis which employs the.phase plane and sequence func-

tions..



Chapter IV
PHASE~PLANE ANALYSIS OF A SWITCHING REGULATOR
' SYSTEM DRIVEN BY A SMALL-AMPLITUDE

TRIANGULAR WAVEFORM

.Beéause of the mathematical difficulties encountered
the nonlineaf analysis of switching systems is usually restricted
out of necessity to those systems which yieid autonomous equa-
tions. The eqﬁations of these systems depeﬁd 6n time only
‘thfough the derivative with respect to time and on the circuit
parameters which must be independent of time. then, howevér,
one encounters systems which have one or more properties that are

dependent on a driving function.

The~1ast chapter presented the design of a circuit which
uses a'triéngular driving function-iﬁ a dc to dc converter to
determine a duty cycle which, in the closed—loop.éystem, main-
tained a-regulated output voltage. This system serves as a model
of the type of circuit which is the subject of the nonlinear
analysis presentéd in this chapter. The system is a switching

system which is linear during each state of the switch.

The nonlinear analysis of switching systems may be per-
formed by the method of point transformations in piece-wise

(117)
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linear systems [25]. 1In this method, each mode of the switching
system is considered a linear system. A set of initial condi-
tions are assumed and are transforméd using the linear system
equations into the final conditions of the first mode. These
_final conditions are assumed as the initial conditions of the
second mode and the second mode final conditions are derived.
This process continues until the final conditions of the final
mode are determined. These conditions may then be equated to
the assumed ‘first set of initial conditions to determine the
system equations- for the steady-state system. A total phase
plane can then be drawn which consists of segments which are
defined by the linear systems' equations for each mode of the
switching system. The anaiysis performed in thié chapter shows
that a periodic triangular driving function in a regulator sys-
tem can be analyzed using the method ofbpoint.transformatioﬁs in
piece-wise linear systems. ‘The application of this method to a
regulator system.utilizing a triangular driving function is
shown to be dependent on the amplitude voltage of the triangular
function being small compared to the reference voltége and on
thé fact that the time derivative of a triangular function is

constant during fixed periods of time.

The first section of this chapter develops the model for
the analysis and gives the assumptions which are made. In addi-
tion, the means by which regulation is maintained is briefly
discussed to expand the explanation given in Chapter III tb in-

clude hysteresis. The next section is devoted to developing the
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system equations for each linear state of the system. These
equations are uééd'to sketch the limit cycle in the phase-plane
for the system, and the method of point transformations is ap-
plied to obtain ﬁhe sequence functions defining tﬁe steady-state
conditions. The'final section is devoted té conclusions which
can be made aSout theAanalysis. An experimental limit cycle

for a converter operating at a switching frequency of 2 kHz is
compared to the theoretical limit cycle and the accuracy of the
- sequence functions are experimentally verified in Appendix C.
Parameters and circuit conditions for this converter are shown

in Table C.2.

Development of the System Model

The circuit for which the analysis of this chapter is
performed is a régulated dc to dc converter using inductive-
energy storage and having electrical isolatiqn bétween the
source and load. ‘The 1 MHz converter discussed in detail in the
previous chaptef is an example of a converter of this type.
However, the high operatiné frequency prohibits a direct appli-
cation of the analysis to this specific converter since a fre-
quency of 1 MHz would require the inclusion of effects such as
stray capacitance,-leakage inductance, and finite switching
times which would overly complicate the analysis but which can
be neglected at lower operating frequencies. It is for this

reason that the experimental verification in Appendix C is made



120
using a 2 kHz converter.

In order to perform the analysis, a model must be estab-
lished and assumptions must be made. Fig. 22 shows a diagram.of
the model which is to be used. Thié diagram is used in the next
section of this chaptef to develop the system equations. 1In or-
der to develop the model depicted in Fig. 22, it is assumed that
the mutual inductor is unity coupled so that it has no leakage
inductance and that it has no distributed capacitance. Also,
transistor Q and diode D are assumed to switch instantaneously.
Any internal series resistance in the source E and primary in-
ductance Lp is combined with the effective saturation resistancé
of power transistor O to form Rp. Similarly, the internal ser-
'ies resistance of the secondary inductance Lg is combined with
the forwérd résistance of diode D to fbrm RS. It is also neces-
sary to include in the analysis the internal series resistance
R, of filter capacitor C. The load resistance is R. Thelpri-

C

mary current is i the secondary current is i the load cur-

p’ s’

rent is i and the output current of the hysteresis block which

LI
drives Q is iy. The collector-emitter voltage on Q is v.p, the

anoae—cathode voltage on D is v and the output, or load, volt-

DI
age is v.

The system operation is described in detail in Chapter
III and is described only briefly here. Energy from the source
E is stored in Lp as i, increases during the time tOn when Q is

P

in saturation. It should be observed that the relative
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Fig. 22. The system model.
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polarities of the voltages across Lp and L, are such that diode

D is reverse-biased during ton and iS must be zero; however, C

is discharging into R so that the output voltage v is maintained.

During toff when QO is blocking and D is conducting, iP is zero

and the energy stored in the mutual inductor is discharging

through LS into C and R by means of i In this manner, capac-

g
itance C and Ls act as a filter which smooths the secondary cur-

rent pulses i_ producing a dc voltage with small amplitude rip-

S
ple on R.

The summer shown in Fig. 22 is used to add a triangular

waveform v, to the output voltage v and to compare this sum with

the reference voltage V The difference of Ve and v+v,_ is the

R® t

error voltage € which is given by

€(t) = Vh-—v(t) —vt(t) . ‘ (100)

In typical applications, the summer is part of a differential
voltage comparator. This circuit switches between two modes
whénever € exceeds a certain voltage'level or falls below another
voltage level. The two modes are forward current i, and reverse

H

current —iH. Diode D' provides a path for the reverse current
during toff' This type of switching has a hysteresis character-
istic as shown in Fig. 22 where 61 and -8 are the switching

levels for €.

The means of regulation can best be understood by exam-

ining Fig. 23. This figure shows the time variation of v-+vt(t)
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, Fig. '23. Utilization of the triangular waveform to
determine duty cycle. :
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where v is assumed to have a constant value V which is equiva-
lent to assuming negligible ripple voltage on the load R and
steady-state conditions. This assumption is made only to sim-
plify the explanation of regulation and is not required in the
analysis. The error voltage € at the input terminals of the
hysteresis block is portrayed as the difference between the
dotted reference line Ve and any arbitrary point on the V4—vt(t)
waveform. € is positive when VR is greater than V+ vt(t) and is

negative when V-+vt(t) is greater than V The period of Vt(t)

R
is shown to be T. The instant when turn-off occurs is marked
by a cross where V+ v, (t) is greater than Vg by 6; and must al-
ways occur on the positive slope of vt(t). If the waveform
V'+Vt always lies below v
€ = VR-V-V

R+-62, i.e., if V4eV£m< VRj-éz or

£ -62, then Q will never turn off. The instant of

turn-on is marked by a circle and occurs when V4-vt(t) is less
than VR by 8§, and must always occur on the negative slope of

vt(t). If the waveform V-+vt always lies above VR —61, i.e.,

if v-v or € < 6;; then Q will never turn on. Upon

tm >VR-61
studying Fig. 23 further, it can be seen that as V increases tOn
‘decreases and tofs increases. This is the same phenomenum ex-
plained in Chapter III using Fig. 15 where the'hysteresis-was
neglected. The approximate dc or stgady—state relationship be-
tween the source voltate E and thé output voltage V can be de-

rived by equating the expressions for the flux excursions during

t and t
o)

on as [22]

ff
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v = (Ns/Np][ton/toff]E ; (101)

The derivation of this equation assumes that there is negligible

resistance in the dc current paths for ij and i that V remains

P s’

constant, that v during ton and v during to

D are negligible

e Ve £f
compared respectively to E and V, and that switching occurs in-

stantly.

Formulation of the System Equations

The objective of this section is to devel@p differenﬁial
equations which can be used to describe trajectories on the
. phase plane for whiﬁh the method of point transformations can be
~applied. The development begins with the differential equations

for the output voltage v for the two states, tOn and t of

off’

the system derived for the circuit in Fig. 22 assuming instan-
taneous switching and a linear B-H characteristic for the mutual

inductor. During t__, diode D is reverse-biased and ig = 0;

S

therefore, v is described by a simple first-order differential

equation for the current loop for iL where v = RiL as

Tyt v =0 . (102)
: [R+R]c
C
During toff’ D is forward-biased and ig 1s nonzero. Since i, 1is

now dependent on two energy-storage components, L., and C, the

S

derived equation for v during t, is a second-order differential

ff

equation given by
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2 R.+R
4a v_F( 1 (o s (103)

at? RC Ly

where it has been assumed that Vb_is constant and R, and R, are

C
negligible compared to R. Egquations (102) and (103) are derived

in detail in Appendix A.

If a phase plane for dv/dt versus v is considered, the

switching points must be described by solving (100) for v(t) as

v(t) = Vg - v, (t) -e(t) . (104)

The switching points for v(t) are found by substituting
e(t) = ¢, and —65. When this is done, it is obvious that the
switching lines drawn in the dv/dt versus v phase plane do not

have fixed positions since v is still a function of the time-

varying triangular waveform v In order to obtain fixed switch-

£
ing lines in the phase plane, a change of dependent variable from
v to € is made using (104). Substituting v(t) from (104) into

(102) yields

de 1 R t t
gt €= = (105)
dt TC TC - dt
where T, = [R-+RC]C ¥ RC; and substituting v(t) into (103)
yields |
ﬁ.{. ‘_l___*_F_C:_IE_ _q_€_+w2 = w2lv_+V_-v _~_l_+RC+RS dvt
qtz  |RC L |d "% € ol'pT 'RTVEJTIRCT T I [aE

(106)
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-1 .
. where w? = (LSCJ . Since switching occurs whenever € = 8 or
-8, which are constants, switching points are located on fixed

lines in the phase plane.

Equations (105) and (106) can be put in a more compact
form which is more easily analyzed by normalizing the variables.’
In this case, time is normalized with respect to the périod of -

the natural freqguency w, as
T=wt . (107)

Also, the error voltage € is normalized to the reference voltage
VR as
x = €/Vp . (108)

Wwhen the changes in variables defined in (107) and (108) are

- made in (105) and (106), they become

T dx 1 R t t
—+-— x = - (109)
dr »TC whrc dt
2 V.+V_ -v dv
"X yop Xy D R t_ oy ¢t (110)
at2 art v dart
T R .

where Tc is the normalized time constant of the iL current loop

during t , and is. defined by

T, = w, [R+RJC = w T, (111)

vt = vt/VR is the normalized triangular waveform, dvt/dt is the

normalized derivative of the triangular waveform defined by
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dvt ) 1 dvt (112)
dt wOVR dt

and h is the normalized damping factor during toff defined by

1 1 RC-’rRs

= e |REYTI; | (113)

It can be seen that (109) and (110) are the generalized
first and second order linear differential equations in terms of
the normalized error voltage x with.time—dependent ariVing func—_i
tibns 6n the right;haﬁd sidesvéf the equations. These driving
functions result from the addition of the time-dependent peri-
odic triangular voltage vt(t) to the output voltage v at the
summer shown in Fig. 22. Equations (109) and (110) are nonauto-
nomous equations which are difficult to analyze, especially us-
ing phase-plane techniques. In the dx/dt versus x phase plane,
(109) is represented as a straight line with a slope of -1/74
and the ordinate intercept equal to the value of the right-hand
side; therefore this line moves parallel to itself with the or-

dinate and abscissa intercepts varying as v, and dvt/dt vary.

t
If 0 <h <1 in (110), the solution of this equation in the phase
plane is a stable focus whose eqﬁilibrium point is located on
the abscissa at the value of x equal to the right-hand side of
(110) ; therefore the equilibrium point of this focus moves along

the x-axis as Ve and dvt/dt vary with time.
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Equations (109) and (110) can be simplified if the nature

of vt(t) is examined:. The peak value V__ of Vt(t) can always be

tm

- A. << . - .
much smallerAthap VR so that Vtm VR‘ Because of this, v, in

the numerators of the first terms on the right-hand sides of
(109) and (1i0) cén be neglected. Additionally, by the nature

of a triéngula;-waveform, dvtkdt and dvt/dT éfe conétant and

have equal magnitudes bﬁt épposite signs during half of the total

time period T of v, so that for 0 < t < T/2 using theftime ref- -

t

erence given in Fig., 23

e o Mem (114)
dt - T
and for T/2 < t < T
dvt';4—4vtm : (115)
dt T : | A

Substituting (114) and (115) respectively into (112) yields the

normalized derivatives for 0 < t < T/2 as |

e _ Nen (116)
dt QOVRT
and for T/2 < t < T as
i;f =';4Zt$ X (117)
o'R ' ~

‘By neglecting v, and substituting (116) and (117) into (109) and"
(110) the following equations are obtained

DURING t__:
on
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ax 1 1 AVtm 0 <t <mT/2
Tt T oVt - (118)
C c o 'R 0 < T < w,T/2
4v T/2 <t < T
%2(— + L— X = -L + —%'f (119)
T Tc Tc “o'R T/2 £ T < w,T
DURING t_ ..

2 v 8hv 0 <t < T/2
dx+2hg—T’i+x=1+v—Q- s (120)
dt? R “o'R 0 <1< wT/2

2 \Y/ 8hVv T/2 <t < T
a’x , on gﬁ X = 14 oo+ Vt$ , g (121)
drt? T R YR w,T/2 < T < w,T

It can be seen that t has been eliminated from the right-hand
sides of these equations so that they are constants. The elimin-
ation of t has made the equations autonomous so that they can be

plotted on the phase plane as is done in the next section.

Plotting in the Phase Plane dx/dt Versus x

The first step in determining the phase'plane'érajectory
is to determine the nature of (118) through (121) in the phase
plane. Equations (118) and (119) are linear functions of dx/drt
and x. This means that the phase plane trajectory during tOn is

made up of straight lines with slopes equal to —l/rC and dx/dt

intercepts equal to the right-hand sides of (118) and (119).

Equations (120) and (121) are second order differential

€quations in x whose solutions are damped sinusoidal waveforms
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"which are represented in the phase plane by spirals with focuses
located on the x-axis at values of x equal to the right-hand

sides of (120) and (121).

It is concluded that there are four segments of the
phase-plane trajectory. During ton’ there are two linear seg-

ments which are portions of the lines defined by (118) and (119).
Durlng'toff,

and (121). The positions of the two linear segments defined by

there are two segments of spirals defined by (120)

(118) and (119) are always fixed being defined by tﬁeir slopes

l/TC and their dx/ar interéepts which do not chanée{  The posi-
tions of the two spiral‘segments defined by (1201 and (121) are
‘not fixed and depend on the phenomena which occur at switchihg.

By reason of the hysteresis, it is known that turn-on occurs

when € = Gi and'tﬁrn—off occurs when € = -62. These values of €
normalized with respect to Vk are at turn-on
X = A, _ ‘ ' (122)
and at turn-off
X = -}, (123)
where
AL = §1/VR (124)
Az = 62/VR . (125)

Since 61, §. , and VR'are constants, (122) and (123) are vertical

2

lines in the phase plane perpendicular to the x-axis and, be-

cause of the nature of hysteresis, are confined to the first
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and third quadrants of the phase plane. These lines are called
switching lines; and whenever the phase plane trajectory crosses
one, switching must occur. For x = Al'turn—on occurs; and for

X = —Az, turn-off occurs.

A representation of the phase-plane trajectory is shown
in Fig. 24, and Fig. 25 contains sketches of the normalized wave-

forms for vt(r), V(T),’X(T), and dx(1)/dTt where Ton = woton and

T =
off = Yotore:

eters have much larger numerical values than the extremities of

‘The dx/dt intercepts for practical circuit param-

the x-axis excursions. The magnitude of the output ripple volt-
age component of v(t) is normally much smaller than the peak

vdltage \Y of the triangular waveform; therefore, the positive

tm
and negative x-axis extremities of the phase-plane trajectory
should be approximately egual to the normalized peak-to-peak
magnitude 2Vtm/VR of vt(t). The values of § and §, are usually

much smaller than V therefore Al and A, for practical circuits

tm’
are extremely ciose to the dx/dt axis. These characteristics re-
sult in a phase-plane trajectory drawn to scale that is very tall
and narrow. For example, the ratio of height to width for the
case of the 2 kHz converter described in Appendix C is approxi-
mately 30 to one. For this reason, the dx/dt axis in Fig. 24 is
§ompressed and the values of A and ), are shown to be larger

than typical so that the behavior of the trajectory is clearly

depicted.
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The solid-line portions of the trajectory are determined
by (118) through (121). The dotted-line portions are used to
indicate jumps in the coordinates at times when switching oc-
curs [26]. TheAmagnitqqes of these jumps are deriveq in Fhé
next secéion: - These 3uﬁps représent éhangés in cbﬁditions which
occur during real.switching and must be included in the phase-
plane trajeqtory wﬁen instantaheous switching is assumed. The
alternative to assuﬁing instantaneous switéhing is to assume a
linear, exponehtial, or another appropriate function for the
variable duringgéwitching. However, these assumptions increase
the complexity of the expressions which must be manipulated in
this example to such an extent that instantaneoué'switching is

the preferable assumption.

A brief explanation of the trajectory is given now by
taking one segment'at a time, beginﬁihg at point P0 which is at
the time immediately before turn-on. At the intersection P, of
the XA, line, turn-on occurs and a jump in the diredﬁion indi-
to P, oceurs. The direction and magnitude of this jump are de-
pendent on the circuit conditions just prior to turn-on and the
since C is

1g L

is zero and C is discharging by 1i

value of R. Durljg Toff’ is greater than i
charging. During Ton’ ig L°

This means that at turn-on the change in current A{is-—iL] in RC

is negative so that a negative jump appears in the output voltage

v. The magnitude of the jump is dependent on the value of Re and

the jump A[is-iL].',From (100) and (108), the corresponding jump

in x at turn-on is positive as shown in Fig. 24 from'P0 to P,.
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The dependence of the jump in dx/dt on circuit conditions, such
as load and source voltage, is such that it cannot be easily de-
scribed in a general qualitative manner. The segment of the
trajectory from P to P2 is defined by (119) and occurs during
the first portion of ton called a. Points P2 and P3 occur at
the time wonT where n = 0,1,2,3,... at which the slope of Vt(T)
changes instantaneously from a negative to a posifive value.
This instantaneous change in slope accounts for the negative
jump in the dx/dt direction while x remains constant. The seg-
ment from P to P, is defined by (118) and occurs during the
second part of Ton called W, Y- When the trajectory reaches the
—xz line at Pu, turn-off occurs. At turn-off, a jump to P5 oc-
curs in the direction indicated. At turn-off, tﬁe‘status of C
changes from discharging to charging which is opposite to the
change at turn-on. As a result, there is an instantaneous in-
Ccrease in [is-iL] through RC which causes én‘instantaneous in-
crease in v. Therefore from (100) and (108), the jump in x at
turn-off is negative as shown in Fig. 24 from P, to P,. As in
the case of the jump at turn-on, the jump in dx/dr at turn-off
is dependent on circuit conaitions and cénnot easily be de-
sCribea in a general qualitative manner. The tfajectory seg-
ment from P to P_ occurs during Toff for the normalized time
interval of u, (T/2-y) and is defined by (120). Points Pg-and
P_ occur at wo(Zn-kl)T/vahen the slope of Vt(T) chgnges again
this time from positive to negative so that there is a positive.

jump in dx/dt while x remains constant. The trajectory segment
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from P, to P, occurs during Tofg fOr the time interval of

w, (T/2-a) and is aefined by (121). This completes the motion
about the phase-plane trajectory for one complete limit cycle.
The next section-of this cﬁaptér applies the mathematical expres-

sions for the segments to a point transformation, or sequence.

function, analysis of the limit cycle.

The -Sequence Function Analysis of the
Phase Plane Trajectory

This section describes the point transformation, or se-
quence fUncfion, analysis of the limit cycle-trajecfory in the
phase plane given in Fig. 24. The analysis begins by giving the
solutions to the differential equations for the various segments
- of the phase plane and by determining analytical expressions for
the jumps at the sWitchihg points. ;These expressions are then
ﬁsed to derive tﬁe sequence function using a modified version of

the method of point transformation in the phase plane.

A normal point fransformation.analysis begins with an
assumed initial point such as P;[xo,yo] and transforﬁs the coor-
dinates of this péint in sequence to each succeediné point around
the limit cycle uﬁtil the final point is reached. The expres-
sions for the coordiﬂates of the final point are then equated to
xa and y . which must be the same point if a limit cyéle exisfs,

to determine the unknown parameters which in this case are the

time intervals W, o and w Y. The syétem being analyzed in this
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chapter has certain properties which can be used to simplify the
analysis. The nature of the switching which occurs between
points P, and P3 and points P6 and P7 requires that the x-coor-
dinates of thesé points are equal, respectively, so that x2= x3
and X, =X . In addition, the x and dx/dy coordinateé of points
on the segments between points P] and P2 and between points P3
and P, are linearly related by1(119) and (118) respectively;
.and X, =i, at P, and x, =-x, at P . The jumps from P to P and
from P“ to P5 are derived in Appendix B from linear differential
circuit eguations. For these reasons, expressions for X, and X,
in terms of w, Y are determined by point transformations from L
'énd expressions for x, and x, in terms of w a are determined by
point transformations from P - The expressions for X and X
are equated and the expressions for X and x, are equated to ob- -
tain the sequence functions determining the limit cycle. This
proceaﬁre simplifies the mathematical manipulations required to

obtain the sequence functions. The simplification is important

in the analysis of this system since the expressions are complex.

The solutions of the differential equations. . The general

solution for (118) is

-T/1

x(1) = (x3+ rcn]e - Tan (126)
. X -1/1
y(t) = —n—T—?—e ¢ (127)

and for (119) is
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-1/7T
‘x(1) = [_xl-‘rcg)e C+1Cg (128)
' . X -T/1
y(t) = '[E-T—l—]e < o (129)
C .

where y(t) is used to represent dx/dr, x, is the x-coordinate of

P X  is the x-coordinate of P

o’ 3 3’
Ay
1 tm
-n = —- (130)
TC wOVRT .
and
4v
1l tm :
£ = — + P (131)
To W VgT , _

It can be seen that -n and £ are the dx/dT axis intercepts of

(118) and (119) respectively in the phasé plane.

The general solution for (120) is

' _ Ay +h|x_-9§
xX(t) = e hT[ > E{S ] sin kT + (xs—,d]cos kr]+~6 (132)
_ -hy_ -x_+§6
y(t) = e hT[ > % > sin kt+y_ cos kT] (133)
where
\Y 8hv
D tm
6 = 1+g5~- (134)
VR onRT
and
1
k = (1-h2)"2 | (135)

The general solution for (121) is
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X(T).= e-hT[%?*-h(X7—-p] sin kT+—[x7- p}cos kT]+ p  (136)

k.
_ -hy_ - x_+p
y(1) = e hT[ ? K 4 sin kr4—y7 cos kr] (137)
where
\Y 8hv :
D tm
VR onRT

Equations (120) and (121) are represented as spirals in the phase
plane with focusés on the x axis at values equal to the‘right—
hand sides of (120) and (121). It should be observed that the
parameters § and p are the x values of the focuses and that these

focuses are located symmetrically on either side of 1+ VD/VR.

Determination of expressions for the jumps. The jumps

which occur from Pz‘to P3 and P6 to P7 are a result of the instan-
taneous change in the slope of vt(t) at t=nT and t= (2n+ 1)T/2.

The slope of vt(t) is

dvt(t) 4Vtm

3E =% . (139)

which is positive when nT <t < (2n + 1)T/2 and negative when

(2n +1)T/2< t <nT. The normalized slope is

dvt(r) 4Vtm

=% (140)
dt wOVRT

which is positive when w,nT <1< w°(2n-+l)T/2 and negative when

wo(2n +1)T/2 < t< w,nT.



141

Solving (104) for € and substituting into (108) yields

Vy -v, (t) -v(t)
x = éi - R tV . (141)
R "R
Differentiating with respect to t yields
dv, (1)
dx _ 't dv (1)
dt ~ ar - T Tar (142)

_which is the orainate coordinate in the phase plane and is a
function'of the normalized derivatives of the triangular wave-
'form yt(t) and-thg output voltage v(t). Whenever the derivative
Of‘Vt(T) switches‘instantaneously; the converter is between
turn-on and~turn;off, or vice versa. At these times, v(T) is
-continuous and dQ(T)/dT}cannot change instantaneouély. Since
dvt(r)/dT changes from positive to hegative or vice versa at the
instant of the jump, the magnitude of the jump in thé phaseé plane
is twice the magn;tude of.dvt(f)/dr which is 8Vtm/wovR as shown
in Fig. 24.- Sincé (142) has a negative sign on the right-hand
$ide, the jump ié negative from P, to P3 at T = thT and positive
from P to P_ at 't = w, (2n +1)T/2 when vt(T) is as shown in Fig.
25(a). The jumps from P2 to P3 and P to P, have beeﬁ déter-
mined. Now the juﬁpsAfrom P, to P, at turn-on and from P, to P,

at turn-off will be determined.

Fig. 26(a) shows v, _(t) and the location of typical turn-
on and turn-off points. Fig. 26(b) shows the approximate output

voltage waveform v(t) for the same time periods and at a scale
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five to six times greater than vt(t) in Figq. 26(a).v Equation
(103) yields a simple exponentially decaying voltage for v(t)
during ton' ,This_voltage is shown .in Figqg. 26(c):and the segment
marked heavy is the_portion of the whole that is'typically v(t)
during ton in Fig. 26(b). Equation (103) results in an exponen-
tially damped sinusoidal general solution for v(t) as shown in
Fig. 26(d). The portion marked heavy is that part'ﬁhat is typ-
ically v(t) during toff’ These segments of v(t) during ton and
toff are depicted by solid lines in Fig. 26(b). ‘The jumps in
v(t) at switching, depicted by dotted lines, result as the cur-

rent through R, changes directions. The following analysis con-

C
cerns the current iS —iL through Re and C shown in Fig. 22. Dur-
ing ton’ ig =iy = -1, < 0; and during tofer ig - 1L> 0. The;e—
fore at turn-on, A(iS - ]<‘0; and the jump Av is negative.

L

i
Similarly at turn-off, A(l ]> 0; and the jump Av at turn-

s ~ L

off is positive. Since

X = e = —— - (143)

the jumps in v appear in x with opposite signs and_reduced am-
plitude. These jumps can be seen in Fig. .24 where ‘at turn-on
 from P, to P, ﬁhe.juﬁp in x is positive and ét tu:n-off from P,
to P, the jump in x'is negative. The directions of the jumps in
dx/dt can be explained qualitatively by examining Fig. 26 (b).

At turn-on, dv/dt changes very little as shown in Fig. 26 (b) ;

therefore, at turn-on in Fig. 24, the jump from P, to P, is
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represented as being approximately zero in dx/dt. The slope
dv/dt is more negative at the end of tOn in Fig. 26(b) than it

is at the beginning of to This results in a positive jump in

f£°
dv/dt and a negative jump in dx/dt as shown in Figs. 24 and
25(d). There is no reason, however, that under the right cir-
cuit conditions, the jump in dx/drt at turn-off cannot be posi-
tive. The guantitative expressions for the jumps in x and dx/drt

at turn-on and turn-off are derived in Appendix B. At turn-on,

from (B.55) and (B.35)

o+ Y
-Av v R+R,|C : \Y,
px, = — =[1_.ﬂ(ﬂ-l]”]e[ c) -[1-_t.“1[4_°‘-1]_x]
-V T 2 \Y T 1
R R R
| (144)
and from (B.59) and (B.52)
_ dx| __ 1 ,dv
Ay, = & B wOVRAdtl
RR - Rb 1
-1 C ( ] 1l _7s 1
= - Vo+ v +l=—="—=-———|Av
Ve )T (R+R D" o~ [RCC L, [R+R]C] 0
S c] - : : C
(145)
where v _ is given in (B.BO). The guantitative expressions for
the jumps at turn-off are from (B.56) and (B.51)
-R t -
p_on R ton
. Av L RR N_ E-V L
o _ .0 s cC p CE(., _ s
bre = ~Ave/Vp =g~ e PRFR.N. TR |1 °
. R C s Rp
(146)

where Av0 is given in (B.35), and from (B.60) and (B.53)
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o_,dx| _ -1 ,dv
byg =4 3 - wOVRAdt|f
- -1 “RRe R? RRARg ,
T w V »VD+-Vf+ + 2 1s0-
'R | [R+ r.L R+ R.|2C (R+«R]L
CJ) s . C : Cj) s
_-R_t
on
N_ E-V L N_ E-v
_ P__CEl, P , p _ CE
N R |€ Y R (147)
s p s p

where A(dv/dt)lf is given in (B.53), v_., is given in (B.15), and

f+
iso— is given in (B.38). The four jumps in the normalized phase-
plane shown in Fig. 24 have now been defined. The final deriva-
tion of the sequence function expressions is given in the next

section.

The sequence functions. This section utilizes the solu-

tions of the differential equations and the expressions for the
jumps given iﬁ the previous two sections to derive the seguence
functions for the normalized phase plane in Fig. 24, From .all
the circuit parameters, there are two that are undetermined; o
and Y. Two unknown circuit parameters require two iﬂdependent
relations to adequately define the behavior of the circui;.

These independent relations are called the sequencé'fﬁnctions be-
cause they are normally derived by transforming in sequence the
coordinates of the points of the phase-plane trajectofy such as
'shown in Fig. 24. The transformations begin at an assumed ini-
tial point and continue to the final point of one cyéle of opera-

tion for the circuit. If it is assumed that the circuit has
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reached steady-state conditions, the final point should be the
same as the initial point; therefore the expressions for the co-
ordinates of these two points can be equated to obtain two se-

quence functions defining the nature of the circuit.

The nature of the phase plane in Fig. 24 allows for the
sequence functions to be determined in a simpler manner. The x-
coordinates of points P, and P, are always fixedlat Al and A,,
respectivély. In addition, the x-coordinates of Pz'and P, and
the x-coordinates of P, and P, must be equal due to the éssumed
instantaneous switching as éxplained previousiy. Fofathese rea-
sons, P, and P_ can be expressed in terms of wja and the coor-
dinates of P,; and P;vand P, can bevexpressed in terms of w,Yy and
the coordinates of P . The sequence functions can then be found
by equating x, and X, and by equating xe and X . This pfocedure

is performed in the remainder of this section.

The first‘stép in finding the first sequence function is

to find X, starting with

X = A, . (148)

The transformation from P to P1 yields
X =% +Ax = A+ Ax - (149)
0 0 1 0 .

where Ax, is the jump in x at turn-on given by (144). During the
normalized time period w o, X is governed by (119) whose solution
is (128). Substituting T = w a and x, from (149) into (128)

yields
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X, = [A1-+Axo-rcg}e 4+ TCE . - (150)

The next step is to find an expression for x,. .The ex-
pression for.x during the normalized time period w Y from P3 to
P is given in (126) . ‘Substituting T = w, vy and x, = -\, into

(126) and solving for X, yields

€

oY

Te
X, = (Tcn— Az]e - Tcn . (151)

Since the x-coordinate does not change from P, to P3
the first sequence function can be obtained by equating x, and
X, from'(lso) and (151), respectively, yielding

-woa

T

Wo¥
Tc o

(ten - A;Je_ = (A, + ox, - e + T (Ew ) . (152)

The first step in finding the second sequence function
is to find X, . To do this the coordinates of Pq must be trans-

formed to P . The coordinates of P, in Fig. 24 are

X =-2A ' (153)

y, = =% - (154)
C

where (154) is derived by substituting x, from (153) and -n
from (130) into (118) and solving for dx“/dT =y,. The jump

from P, to P, -at turn-off is defined by (B.56) and (B.60) in
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the x and y-coordinate directions, respectively. Therefore, the

coordinates of P, are

X = xk4-Ax = -AZ-FAX (155)
Yo = yu+Ayf = = - n+—Ayf . (156)

During the time period from P, to P, the x and y-coordinates of
the phase plane are governed by differential equation (120). The
solution to (120) is given in (132) and (133). Substituting x,

from (155), y, from (156), and 1 = w, (T/2 -y) = B into (132)

yields
12 . :
X, = e T sin kB
+ (- A+ b, —6]cos kg |l+6 . (157)

Now an expression for x, must be found. The differen-
tial equation defining the phase-plane trajectory from P7 to Po
during w,(T/2 - o) is (121). The solution to (121) is given in

(136) and (137). Substituting T = w (T/2 =~ @) = 6 yields

e—he y7+-h{x7— p]

X, = T sin ke+—(x7— p]cos ko] + p (158)

_ -hy - x_+0p
y = e ho ? T ? sin ke+y7 cos ke] . (159)

Substituting
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=y -A =g————xl+éx°-A (160)
Yo = Y, Y, o Y,

~into (159) and solving for y,. Then substituting y, and

x, = Ai into (158) and'solving for x, yields
A+ Ax :
1 0 k
[E_ T -4y, -{ b~ tan ke](xl —p]
_ C ho

X, = " e " +p .
: ' . cos“k6
k(s1n ke'*EIH_FE]

(161)

Equating x_ in (157) and x, in (161) yields the second sequence

function. as

)y .
2 .
%‘- n+ Ayf+h(—)\2+ Axf-é]
' - K - sin kB +

(—A2+ Ax_f-d]cos kgle B + s =

' )\1+'Axo X :
RO M S
e + p . (162)
. cos’k8 -
-k isin ke+§i_ﬁ—k_e_
Conclusion

The requlated switching converter analyzed in this chap-

ter is of the type discussed in Chapter III. The converter uses
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a triangular driving function to obtain regulation at a constant
switehing frequency. The first section of this chapter contains
the development of the system model for the converter as shown
in Fig. 22 and explains the means by which regulation is ob-
tained. 1In the next section, the total period is divided into
segments during which the system is linear; and normalized lin-
ear differential equations are derived to describe the circuit
operation auring each segment. In the derivation, it is neces-

sary to assume that the amplitude V o of the triangular waveform

t
A,is negiigible compared to the reference voltage Vp and that the
derivative of vy(t) is constant for half cycle periods. These
equatiohs are then used to plot the phase plane shown in Fig. 24
and to sketch the waveforms in Fig. 25 where switching is assumed
to occur instanténeously'creating_jumps whenever power transistor
0 switches or the derivative of vt(t) changes sign. 1In the final
section, solutions are obtained for the'phase plane equations and
exXpressions for the jumps which are used to derive the sequence
functions given in (152) and (162) which completely describe the
steady-state conditions of the converter by defining the unknown

time periods o and y. Therefore, by assuming that V << VR and

tm
that dvt(t)/dt = constant, equations describing the steady-state
operation. of a nonlinear system with a triangular driving func-

tion have been derived.

Since o and y are defined, numerical values can be as-
signed to the circuit parameters; and they can be substituted

into (152) and (162) to find o and Y. Since t = a+y and T
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is fixed and known, the duty cycle ton/T can then be computed
from the values of o and y determined from the sequence func-

tions.

Appendix- C contains an experimental verification of the
theoretical limit cycle computed using the equatidns of a con-
verter operating at a frequency of 2 kHz. Phofographs of exper-
imental waveforms and an experimental limit cycle are given.

The exéerimental limit cycle is normalized and plofted on the
Same set 6f axes with the theoretical limit cycle.‘ These two
limit cycles are shown to compare closely. Also, experimental
circuit conditions are substituted into (152) and (162) and the

accuracy of the sequence function is verified.

The.sequence functions‘given in (152) and (162) are
highly complex transcendental equations. Before this analysis
can be practicaliy expanded to be quantitative, the values of
the circuit paramefers must be known and approxiﬁations must be
sought which simplify the complexity of the sequence functions
so that they can be solved for a and y. It is also possible,
knowing values of the circuit parameters, to use'a'digital coﬁ-
puter to calculate and plot characteristic curveé involving a
and Y. These analyses are suggested as extensions of the work
presented in this chapter whose scope is td show that regulated
dc to dc energy stofage converters using triangular driving
functions can be analyzed using piecewise linear analysis in the

phase plane.



Chapter V

CONCLUSION

This dissertation presents techniques for improving
spacecraft power conditioning systems and for meefing new re-
quirements for these systems. BAll spacecraft equipment gener-
ally needs to have'minimﬁm.size and weight, maximum effiéiéncy;
and maximum reliability. Research and development for space-
craft equipment must Continually'strive to improve these charac-
teristics. In addition, space technology is advancing continu-
ously. Each new spacecraft has more sophisticated equipment de-
signed to perform more sophisticated experiments. This sophis-
tication and advanced technélogy is transferred down to the most
basic electronic system on the spacecraft. The one without
~which none of the other systems can function is the power condi-
tioning system. Chapter I begins the dissertation by providing

the background and scope of the research to be presented.

In order to achieve low output ripple voltage for dc to
dc converters operating ét typical switching frequencies of 2 to
50 kHz, the designer is required to use the large-microfarad
electrolytic capacitors. Unfortunately these capacitors have

large size and weight and are the least reliable component when

(152)
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compared to the other components used on spacecraft. Chapter I1
discusses -an active ripple filter designed to replace the pi-
network, L-section, and pure capacitance output filters for dc
to dc cphverters-and to reduce the amount of capacitance re-
quired so that more reliable capacitors can be used. The filter
Sschematic diagram and the circuit design are gi?en first. The
filter_consisﬁs basically of a mutual inductor and an operational
amplifief. The-mﬁtual inductor secondary winding.is in series
with the main power.path and permits dc current to flow through
the filter with little or no dissipation. The operatiohal am-
plifier is used to émplify the ripple voltage sensed at the input
to the filter. This signal is conditioned by thé‘amplifier and
impressed on the primary so that the secondary voltage is identi-
cal in magnitude and phése to the ripple voltage at the inpﬁt,
thus éancelling the ripple. The transfer function for this fil-
ter is derived next’and is shown to be equivalent overvthé fre-
quency range of iﬁteresf to the transfer function for an L-sec-
tion filter. Thé result of this research is an active ripple
filtef with a nondissipative dc path which filters fipple volt-
.ages from 2 to 50 kHz. The ripple filter requires a total of
only 4.87 uF which can be obtained using the more reliable cer-
amic and mica capacitors. The equivalent%Lfsectioh filter using
the same inductance as the secondary inductance of the active
filter requires 408.5 uF to achieve the same attenuation charac-
teristic. Thus the active filter essentially eliminatés the

need for the less reliable electrolytic filter capacitors by
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requiring approximately 84 times less capacitance than an equiv-

alent L-section filter.

Chapter III discusses the design of a 1 MHz dc to dc
switching converter which-Was designed to provide 20 watts of
output power at a regulated output voltage of 28 volts operating
from a dc source voltage varying from 21 to 31 volts. Operation
at 1 MHz is desirable for several reasons. The high frequency
will result in a reduction in the size and weight of the trans-
formers, inductors, and capacitors. The amount of capacitance
féquired in the 6utput'fil£er is greatiy reduced theréby ?ermit—
ting the use of the more reliable mica and ceramic capacitors as
was done with the ripple filter in Chapter II. A more specific
reason is that experiments ére planned for measuring electfomag-
netic radiation in outer space in the frequency'range from 0.2
to 100 kHz which_require the design of the system to use switch-
ing frequencies of at least 1 MHz in ordér to avoid interference
between the switching in the power conditioning system and the
experiments. The first part of Chapter III gives the background
and reasons for choqsing the energy-storage type of circuit with
electrical isolation. 1In addition, the choice of ferrite mag-
netic material aﬁd high-speed transistors, diodes, and inte-
grated circuits is discussed. Cbnsiderations to be used in de-
signing power switching circuits at high frequencies are then
-given before the actual converter circuit design is discussed.
Experimental results in the form of the regqgulation and efficiency

. . \ 0 . +
characteristics and oscillograms of the switching waveforms are
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given. The converter operates over the full range of source and
load conditions with the regulation better than 1.5 percent of
the mean output‘voltage and a maximum efficiency_of 79 percent.
The majority of.the power dissipation was fouﬁd to be in the
power switching fransistor and diode. The féasibiliﬁy of such
circuits to operate in the 1 MHz frequency range‘has been demon-
strated by the circuit.discussed in Chapter III. Before such a
circuit éan be cdnsidered for practical application, additional
Consideration neéds to be given to providing a reliable means
for self-starting and to providing a means to return the circuit
to nbrmal'regulating operation if a disturbance large enough to
cause the circuit to leave the normal operating range is en-

countered.

Regulated inverters aﬁd converters constitute a highly
complex group of closed-loop nonlinear feedback control systems.
For this reason, there has been only a small amount of analyti-
cal work on these circuits. The analysis perfofméd in Chapter
IV illustrates the complexity that the expressions can attain
when analysis is attempted. Chapter IV contains an analysis of
the type of circuit presented in Chapter III. Because operation
at frequencies of 1 MHz require analytical work to consider
stray parameters not considered in this analysis, the results of
Chapter IV may not be directly applicable to the 1 MHz converter
of Chapter III. For this reason, an experimental verification
of the analysis is made using a converter designed to operate at

a switching frequency of 2 kHz. Both circuits use a constant
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frequency triangular waveform as a driving function to generate
the duty cycle needed for regulation. The analysis uses the
method of point transformations in the phase plane. The system
differential equations contain time dependent functions resulting
from the triangular waveform driving function which make these
equations nonautonomous. However, approximations can be made
which make the differential equations autonomous. These approx-
imations are that the magnitude of the triangular waveform is
much smaller than the value of the reference voltage and that

the slope, or time derivative, of the triangular waveform is con-

stant.

Having made these approximations, system equations are
developed and normalized. These normalized differential equa-
tions are used to sketch the phase plane trajectory in the nor-
malizedbbhase plane. To miniﬁize the complexity of the analysis,
instantaneous switching is assumed for the power tranéistor at
turn-on and turn-off. Additionally, it is assumed that the slope
of the triangular waveform changes instantaneously. 4Siﬁce in-
stantaneous switching is assumed for all of these céses{ there
are four jumps in the phase plane represented by dotted lines.
Expressions for these jumps are derived and solutions for the
differential equations describing the linear segments of the
phase plane trajectory are obtained. The validity of these equa-
tions is verified experimentally by comparing experimental and

theoretical limit cycles.
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These equations are also used to make point transforma-
tions around an assumed limit cycle to obtain two equations
called the sequence functions. The sequence functions define
the relqtionship between the known circuit parameters and the
two unknown time parameters of the total period of the full cy-
cle which have to be known to define the limit cycle. The ac-
curacy of the eguations defining the sequence functions is veri-
fied e#perimentally using the circuit conditions of the 2 kHz
Converter. The sequence functions can be used to fully define
the nature of the oscillations for a set of circuit parameters.
Therefofe, the original objective, to accomplish a nonlinear
analysis of a regﬁlated dc to dc closed-loop switching converter
with isolation which utilizes a triangular wave form driving func-

tion, has been accomplished.
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Appendix A

DERIVATION OF EQUATIONS (102) AND (103)

Equation‘(iOZ) for the time period tgn. Since iS =0
during ton’ the voltages summed around the iL current loop in
Fig. 22 yield

'l/i dt+ (R+ R Jip =0 . (a.1)
C L CJ7L ,

When differentiated with respect to t, (A.l) becomes

(A.2)

(A.2) is multiplied by R and Ri, = v is substituted to obtain

L
%% + 1 v=20 (A.3)
(R +Rc]c

which is the differential equation describing the variation of

v during ton and is identical to (102).

Equation (103) for the time period tggf. During toff'

iP = 0 and Ig and IL are nonzero. This means that there are

two current loops with a common branch yielding two linear first

order differential equations which can be combined to obtain one

second order differential equation in iL or v = RiL;

(159)
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The sum of the voltages around the i, current loop in

S
Fig. 22 during toff can be written as
diq
L, 30 * Rg i+ Vp+ v=20 . (A.4)

Dividing (A.4) by L_ yields the first differential equation

di
—~ +

S -v-=-V
dt

i, = b (A.5)

S

tw 2y
0

0

The sum of the voltages around the iL current loop in Fig. 22 is

1 : : . : _—
Ep/r{lL.'lS]dt + Rc(lL »15] + RlL =0 . (A.6)

Differentiating (A.6) and letting Ri, = v yields'the second dif-

ferential equation

d;ts * RlC s T RI:RRC g? * RRlC Voo (A.7)
C C C
Equation (A.7) is solved for iS to obtain
R+ R !C di :
. ( C dv 1 _ S
ls=—® —@&*r¥V RECawm - (2.8)
Equation (A.5) is solved for diS/dt to obtain
di
S __ 1 .
qE C I [RslS *Vp * V] . (2.9)

Equation (A.9) is substituted in (A.8) which is then solved for

iS to obtain



. . R+ R R R
. 1 cdv, |1 . “c C
ig = RCRS[ R &‘*[ﬁ*g}”r"o] - (a.10)

L
S

1_
C
Equation (A.10) is differentiated to obtain

s _ 1 [R+RC d’v , -i+5g dv (A.11)
at . l__RCRS R at? RC LS dt

Cc LS

Equations (A.10). and (A.ll) are now substituted into (A.S)-to

obtain

2 .
dv+ : 1 + C +Ls gz+ s __|v
2
at [R+Rc]c [R+ RC]LS s [R+ RC]L c
= A
_ A.12
[R+RC]'L c P (A.12)

Equation (A.12) ‘can be simplified by assuming that R, << R and

RS << R to obtain

vV = — (A.13)

which is the linear second order différential equation describ-

ing v during tof " and is identical to (103).

f



Appendix B

DERIVATION OF THE EXPRESSIONS FOR THE JUMPS

AT TURN-ON AND TURN-OFF IN FIG. 24

Using unnormalized variables the error voltage is

e(t)ré VR-vt(t)-v(t)~ .

(B.1)

Since switching at turn-on and turn-off occurs instantaneously’

vt(t) is constant during switching and
AE == Av .

Differentiating (B.1l) yields

det) _ et gy
dt dt dt :

Since dvt(t)/dt is constant during switching

de _ 'gz
Az =~ bFE -

(B.2)

(B.3)

(B.4)

For these reasons, this appendix derives the end points of the

jumps in terms of v(t) and dv(tf/dt.

Turn-off. During tn =t Y, diode D is reverse-biased

and the secondary circuit of Fig. 22 is equivalent to Fib. B.1l(a).

(162)
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| [ i M R v
vC|(f) +C ,
- - L. T '
(@)

- —

v

Lp |" Lo )RS v

=X

(b)

Fig. B.l. The secondary circuits of Fig. 22 during
(a) ton-and (b) tofse
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The output voltage v is defined by

v(t) = Ve = v lt) - e(e) . (B.5)

At a time immediately prior to turn-off, at P,

€E(y) =-6 (B.6)

2
v.(y) = v, |4 _q ' (B.7)
£y tm| T . .

Using the éubscript f- to denote the conditions at P, in Figq.
24, v(t) at P is derived from (B.5) substituting (B.6) and

(B.7) as.

fl-—Y—-—l]+ 8 . (B.8)

The differential equation for v(t) in Fig. B.1l(a) during ton is

derived as

dv(t) 1 L :
e+ ( vit) = 0 . (B.9)

Substituting v._ from (B.8) for v(t) in (B.9) yields

v, _.__ 1 - 3y _
HT‘f_' ]c [VR Vtm['l‘ 1)+52] . (B.10)

During tO =T~ o - Y, diode D is forward-biased and

f£-
the secondary circuit of Fig. 22 is equivalent to Fig. B.1l(b).

The instantaneous addition of iS' which normally is

greater than i at turn-off causes a positive jump as a result

L’
of the instantaneous change AiS in the current through Re- Using
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the subscript f+ ;o.denote conditions at Py i, at P_is
ey = Ve, /R . (B.ll)
Also, v(t) during t s is
v(t) = Ro[ig(®) -1y (0] v  (8.12)
Therefore Ve just after turn-off can be expressed as
Vs T Rc[iSf+"iLf+}*'VCf E (B.13)

Where v is the capacitor voltage during turn-off. Since

Cf

switching is instantaneous v._. is constant from P, to P, and is

Cf
expressed by

Substituting (B.11) and (B.14) into (B.13) yields

-~ RR
_ R . _ C
VEr T (Rc lsf++VCf] ~ R+R
[R+ RC] -

i + v (B.15)

C sf+ f-

Taking the derivative of (B.12) evaluated just after turn-off

yields
%%l = R, i;? 'ri;? 4—2%?1 . (B.16)
f+ f+ £+ . £+
During toff' Vé(t) is expressed by

, 0 :
vo(t) = éJ/'[is(t) —iL(t)] at + = (B.17)
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where Q. is the charge on C at the beginning of toff' Substi-
tuting iL(t) = v(t)/R in (B.17) and taking the derivative of

(B.17) evaluated just after turn-off yields

dv ,
o 1{. 1 ]
— = =|i -= v . (B.18)
at £ Ci Sf+ R ff
Substituting Ve, in (B.15) for Ve, in (B.18) yields
dv v
d’f' - %R-FR igfe” 1fz : (B.19)
f+ C
Taking the derivative of iL(t) = v(t) /R evaluated just after
turn-off yields
di
LI - 1ldv
at T R At : (B.20)

f+ f+

Substituting (B.i9) and (B.20) into (B.16) and rearranging yields

dv ) RRC dls
dt £+ R+RC dt

R? i Ve
+ - . (B.21)
£+ [R+ RC]ZC (R+Rr.)Jc

The jump in v(t) at turn-off is

RRC
Ae = Ver T Ve- T RT R, Usf+ (B.22)
where Ve and Ve_ are defined by (B.lS)'ahd (B.8), respectively.

The jump in dv(t)/dt at turn-off is

av RR di

dat

- dv
dt

dv

A - &t

PR R
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" The jumps in (B.22) and (B.23) are expressed in terms of

the circuit parameters and iges and [dls/dt]‘f+.

Turn-on. The secondary circuit acts as a simple RC cir-

cuit discharging C during ton'- So that the voltage v on C at

Cft

on C at turn-on by

turneoffiéan be relatedAto the voltage Voo

__oa+y
iR+ RCiC.
Vog = Vg, © . v(B.24)
Solving for Voo and substituting Vog from (B.l14) into (B.24)
yields '
o+ y : a+y
; — Y eiR+ RCiC _ R+ RC v v iY_..]_ +5- eiR+RCIC-
Co Cf _ . R R tm| T 2 :

(B.25)
The voltage on C.is constant during turn-off and turn-on and is

defined by (B.14) and (B.25) respectively.

Just after turn-on, before C begins to discharge, the

output voltage v can be obtained from voltage division as

o+
a+y
v ==R_ v =lv,-v, [_1|+s etR+chc (B.26)
o+ = R+ R, 'Co R tm|T 2 . :
where Voo in (B.25).has been substituted into (B.26). Solving

(B.9), the diffefential equation for v(t) during ton' for

dv(t)/dt and evaluating dv(t)/dt just after turn-on yields
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a+y
av| ___ v o __ 1 [,y (4_v_1]+5]e(R*Rc)C
dat o+ (R-#RC]C o+ .(R+ Rc]c R tm T{ 2

(B.27)

The conditions of v(t) just after turn-on have been determined
in (B.26) and (B.27). The conditions of v(t) just prior to

turn-on will now be derived.

The output voltage just prior to turn-on can be found

by substituting v, _(t) and g(t) at the end of t gg into (B.5).
At the end of t .., t = T -a so that |
‘ off
v, (T-a) = da _q (B.28)
t “tm| T :
and from Fig. 23
€(T- a) = 61 . (B.29)
Substituting (B.28) and (B.29) into (B.5) yields
v =v. -v, |42 - (B.30)
o-— 'R tm| T 1 C :

To compute dv(t)/dt evaluated just prior to turn-on,'the deriva-
tive of (B.12) evaluated just prior to turn-on at P, is com-

puted as

v = R dlS
at|,_ c| dt

. (B.31)

0 -

The derivative of vc(t) given by (B.17) during toff evaluated

just prior to turn-on is
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dv \'4

<=l =i, -2

dt ‘o- B E[lSo— R : (B.32)
Taking the derivative of iL(t) = v(t) /R evaluated just prior to
turn-—on yields

S di :

L _ 1 dv
—d-t— = R _dt . (B.33)

Substituting (B.32) and (B.33) into (B.31l) yields

-

_ 0~ c 0 - -(R+RC]C
The jump in v(t) at turn-on is
o+ 7y
Av = v -—V = Vv -V 4—Y-i+6 eR+RCC-
0 o+ - R tm{ T

4q 7 .
{YR - Vtm(ir-jl]— 61 . (B.35)

The jump in dv(t) /dt at turn-on is

adv) - dvi _dv
ae|, ~ ae|,, &,

- Vot _ RR, dls _Rlso_-vo_

T R+ R, dt" ‘
[Rf R.)C c 0 [Rf-Rc]c

_ - RR. dis Rlso_-!-Avo (B.36

- R+R. at| ) -38)
. C 0- [R-+RC]C

The jump froﬁ P, to P, at turn-off has been derived and

is defined by (B.22) and (B.23) and the jump from P, to P, is
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defined by (B.35) and (B.36). Four unknown parameters remain to
be defined. These are the conditions of is(t)‘just after turn-

off, and just prior to turn-on, i and

s+ So-

[dis/dt]‘o_. Expressions for these conditions are derived in

and (dis/dt]

£+’

the next section.

Conditions of is(t). Since transistor Q in the primary

circuit is blocking for both sets of conditions of iS(t), the

primary cur;ent iP(t) is zero. Since iP(t) = 0, the flux ¢ in
the mutual inductor_and the secondary current are linearly re-.
lated. Also, since switching is instantaneous, ¢ must be con-
‘stant during switching and is equal to the value of ¢ just prior

to switching and just after switching.

Solving (B.12) for iS(t) and evaluating iS(t) just prior

to turn-on yields

. _ o- Co , . A
ig,- = ———E————-FLLO_ . (B.37)
C
Substituting iLo— =‘v0_/R into (B.37), yields
R+ R v
. C Co
i, _ = v, o_ - (B.38)
So RRC 0 RC

where v _ is defined in (B.30) and v, is defined in (B.25).

Co

The solution of the differential equation for the pri-

mary current i during ton 2 shown in Fig. 22 is

P
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R t
E-V L E-V
) . _ CE b CE
_1P(t} {1P0+ Rp e + Rp . {(B.39)

The elapsed time from'turn-on to turn-off is_-ton = a + y which

- when substituted into (B.39) for t yields

R t
__p on
E-V L E-V
_ _ CE P CE
tpe- T {1P0+ R, e + R . (B.40)

Since the flux level ¢ does not change during instantaneous

switching,
' N
. - _s . )
“po+ = W_ lso- ‘ (B.41)
p :
- and
“p
igey = N, ipe. - (B.42)

Roton
N_E-V L N_ E-V
i =i, -R__CE P . P __CE
lse+ [lSo— N 0 * 8§ TR (B.43)
. s P S P
where i, _ is given in (B.38).

The differential equation around the secondary current
loop for is(t) is
dls(t)

LS _E-'E—+ Rsls (t) + VD+V =0 . (B.44)

Solving (B.44) for'dis/dt and evaluating just prior to turn-on

Yields
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di

S -1 .
Je,_ L;(Vo- Vbt R ig,-) - (B.45)
Substituting iSo— in (B.38) into (B.45) yields
di ‘ R (R+R} R
S - -1 S c _ _S
3t = i——l 1+t —xg— Vo= & Ve, * vy (B.46)
0- s C C

where v _ is given in (B.30) and v . is given in (B.25).

C

Solving (B.44) for dis(t)/dt and evaluating just after

turn-off yields

di

2 Sy V. + v (B.47)
dat L ( s Sf+ — D £+ '
f+ S
where i ., is defingd by (B.43) and.vf+ by (B.15).

The jumps. The jump in v(t) at turn-on is given explic-

itly by (B.35) as

a + v '
iR+~R jC
= - 4y _ c’m - do 4 -
Av. . [VR Vtm(T 1J+<Sz]e VR " Vin! 7 1 S,

(B.35)

The jump in v(t) at turn-off is obtained by substituting

(B.43) into (B.22) to yield

L N
P jo CE
e + g i . (B.48)

RR N E-V
- C . __p CE
Ave = {lSo— N

f R+RC Rp

Substituting (B.38) into (B.48) yields
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R t
__p on
ro = RR, _R+RCv Ve, N E-vCEe L +IjBE-VCE
£ R+R.|| RRy o= 'R, N/ "Ry N_ R,
(B.49)
Rearranging (B.49) gives
Ryton oton
- - Ry, L RR, I:IP_E-VCE <
Ave = Vo "RFRLS TRFR. N R |t~¢ y
. C C s P
(B.50)

where Vo is giVen.by (B.30) and v . is given by (B.25). If

Cc

substitution is made for v,. and V. in (B.50), Av

can be ex-
Co

f
pressed as

R t R t
-_p on __pon
Ls RRc N ‘E—VCE LS
AVf ____Avoe + TR P R 1l -e .(B.51)
: ‘ C s P

where Av, is given in (B.35).

The jump in dv(t)/dt at turn-on is obtained by substi-

tuting (B. 38) and‘(B.46) into (B.36) and rearranging to obtain

RR R
dv, C [ ] 1 s 1.
A - lvi+v [+ AV, .
at|, Lé'(Ri—RC] D o RC Ly (R+RC]C_ °
_ (B.52)

where again v __ is-given in (B.30) and v,

. is given in (B.25)

The jump in'dv(t)/dt at turn-off is obtained by substi-

tuting (B.43) and (B.47) into (B.23) to obtain
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dv ~RRo R? RRCRS ‘
AT Vo Ve | v ts0- T
] -
£ [r+ R.)L [R + RC] ¢ [(R+Ry)Lg
\ R, Eon
N_ E-V__.| L N_ E-V
P CE P P CE
N R |€ R R (B.53)
S p S b
where Ve is given in (B.15) and iso— is given in (B.38).
The jumps are in the output voltage v(t) and are ex-
pressed in terms of unnormalized parameters. In order to utilize

these expressions in the sequence function analysis, they must be

. transformed to jumps in the normalized error voltage.

The error voltage is

e(t)

VR —vt(t)-—v(t) . (B.54)

The reference voltage V_ is constant; and since switching is as-

R
sumed to occur instantaneously vt(t) is constant during switch-
ing. Therefore, the jump in €(t) is the hegative of the jump in

v(t) which when normalized results in

Il

AX

) —AVO/VR , (B.55)

Axf

—Avf/V (B.56)

R -
Since VR is a constant the derivative of the error volt-
age is

dge () _ _e® aviy
3t at It

(B.57)



Since dvt(t)/dt'is constant,

which when normalized results in

and

v 1
= 1// /2
where w, l/kLsC}, .

A.

de(t) _

dt

=

- Gvit)

dt
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{(B.58)

(B.59)

(B.60)



Appendix C
EXPERIMENTAL CONFIRMATION OF THE

ANALYSIS OF CHAPTER IV

Many effects such as switching speeds and stray capaci-
tance exist at a frequency of 1 MHz which make the 1 MHz con-
verter in Chapter III unsuitable to use in making én experiment;
al verification of the analysis in Chapter IV. For this reason,
a converter, to be used experimentally to verify the analysis
in Chapter IV, is designed to operate at a much lower switching
frequency of 2 kHz. The compleﬁe schematic diagram of this con-
verter circuit is given in Fig. C.l and the complete components

list is-given in Table C.1.

Simplified operational concept. The basic regulation

concept for the 2 kHz converter is the same as that for the 1

MHz converter; howevér, the circuitry used to implement this con-
cept is different. A simplified operational diagram of the cir-
cuit in Fig. C.1 is shown in Fig. C.2. 1In this diagram the dc
output voltage v(t) is reduced by OP AMP I3 to a level compat-
ible to the reference voltage Vo and is summed with the triangu-
lar voltage -v _(t) at the input to OP AMP I2. 1I2 is a unity

gain inverting amplifier which returns v(t) to the normal

(176)
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R2,R5,

Table C.l. Components 1lis

Cl

c2
C3,C5
Cc4,C6
D1
D2-D5
DZ1
DZ2,DZ3

11,14
12,13
N1
N2
N4

N5

N6

01

02

03

Rc
Rl

R19,R22

‘R3

R7,R8,

R4
R6,R21
R20

R9

R10,R16

R11,R15
R12,R17
R13,R14
R18

Tl

T2

1875 uF 6~ 300 uF
0.00022 yF 1 kv disc
0.00025 pyF 1 kv disc
0.005 pF 1 kV disc
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t for Fig. C.1.

30 V tantalum electrolytic
ceramic
ceramic

ceramic

10R2 (Isofilm International)

UTR-12 (Unitrode Corp
IN750A
IN751A
Source Voltage, 21-31
SN72 710L Differentia

.u709 Operational Ampl

100 turns #19 AWG
150 turns #21 AWG
23 turns #25 AWG

" 113 turns #25 AWG

10 turns #25 AWG
DTS-410 (Delco)
2N3501 (Motorola)
2N3499 (Motorola)
0.145 @

8.2 Q

22 Q

220 KQ

580 KQ

470 Q

1.8 K@

12 KQ '

10 K trimpot

5110 Q 1%

1.5 KQ

10 K&

71.5 KO 1%

55436 (Magnetics, Inc
52176-1A (Magnetics,

<)

volts
1 Comparator (TI)

ifier (Fairchild)

.)

Inc.)



Fig. C.2 Simplified operational diagram of the 2 kHz converter.
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polarity>and acts as a summing junction for —vt(t) and -Kv(t).
Since vt(t) is a symmetrical signal, its inversion does not mod-
ify circuit functioning. Voltage vt(t) has a negative sign at
its input to the converter to maintain correct mathematical rep-

resentation. The output VA(t) of I2 is thus vt(t) + Kv(t).

Signal VA(t) is the input to the comparator Il which com-
pares VA(t) with the reference voltage Veo The inset shows the
hysteresis and output voltage levels which control Q2 which, in
turn, controls the power transistor Ql. Regulation is accom-
‘plished by the same mannef as explained in Chaptér ITI. When v

A

is greater than Vﬁ-—SnNy comparator Il output is ~0.5V and Q1 is

OFF. When VA is less than V_ -5 mV, comparator Il output is

R
+1.5V and Q1 is ON.

T2‘is a saturable reactor and has to be reset when Q2 is
OFF. Reset is accomplished by 03 and comparator I4. The input
to I4 is the output of Il such that when Il has a +1.5V output
I4 has a -0.5V output and vice versa. This means that Q3 is ON
when Q2 if OFF resetting the magnetic flux excursion which oc-

curs in T2 when 02 is ON.

Experimental waveforms. Pictures of experimental wave-
forms for the ac compoﬁents of v(t) and vA(t) are shown in Fig.
C.3. These waveforms were taken under the circuit conditioﬂs of
ES = 21.0V and Ry = 40.155 ohms. Complete measured circuit con-

ditions and parameters for the same operating conditions as ex-

isted for Fig. C.l. are shown in Table C.2. The general shape



| v(t)
(100 mv/div)

(t)

v

,(50':v/div)

Fig. C.3.

0 o

:  time (0.1jms§c/div)  

Experimental waveforms of the ac
'cbmponents-of-v(t)vandAvA(t).
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Table C.2.

Numerical values for the experimental
2 kHz converter used to evaluate the
theoretical expressions.

E 21.0

v 28.26
O

Vin 0.10
Ve 4.926
Vg 0.725
cE 0.40
8, 0.005
5, 0.005

R 40.155
R 0.145
R 0.432

S
R 0.175

P

Cc 1875
L 7.65

S

L 3.05

P
N 100

P
N 150 -

S

T 0.500

a 0.091

Y .0.155

t 0.246
on '

off

0.254

volts
volts
volts
volts
volts
volts

volts

7volts

ohms
ohms
ohms
ohms
nF
julél
mH
turns
turns
ﬁsec
msec

msec

-msecC

msec
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of v(t) in Fig. C.3 agrees with the shape depicted in Fig. 26 (b)
except immediately-éfter turn~on and turn-off where Fig. C.3 ex-
hibits more curvature which is likely to be caused by parasific

capacitance or inductance.

fig. C.4 ié a photograph of the experimental limit-cycle
in the phase plaﬁe thch is the time derivative of v, (t) versus
VA(t) shown in Fig. C.3. This experimental limit cycle is nor-
malized and sho&n ih Fig. C.5 along with the normalized theoret-

ical 1limit cycle.

Computation of the theoretical limit cycle.- The theoret-

_ical.limit'cyclevis determined by assuming an initial point P,
just priorvto tﬁrnfon to be the same as the correspondiné experi-
mental point. P_ is determined by evaluating the magnitude of
the jump from P, to P, by substituting the appropriate values
from Table C.2 into (B.35) and (B.52). The jumps AV, and
Adv/dtlo are normélized and added to the x and y coordinates of

P, -to obtain P,

The trajegtory from P to P, is determined by solving

(119) for x(1) as

—Ti/TC 4v

X(Tl,)'-:Ae +l+w—v——

T
tm g .. (C.1)
0 R :

Time t, is the real time variable and T, is the normalized time
variable during movement on the trajectory from P, to P,. This

notation is used throughout the following discussion. .. The
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-dvA(t)/dt
(0.05 v/div)

RO
(0.05 v/div)

Fig., C.4. Experimental limit cycle ~dv, (t)/dt

versus -vA(t). |
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numerical subscript on t or T is the same as the subscript of
the point at which the time variable is zero. The final value
of the variable is reached when the next higher integer sub-
scripted point is reached. The unknown constant A is evaluated
by letting x(0) = X, where X, is the x-coordinate of P at

t, = 0.0, or T, = 0.0. Tﬁe y-coordinaﬁe is simply the deriva-

tive of (C.l) which is

: -T./1 :
Y(Tl) = ‘%%“e e (C.2)

Equations (C.1l) and (C.2) are evaluated at increﬁents of T, from
T, = 0.0 to T, = 0.024 when P2 is reached. The final value of

T, is calculated by T, = wot1 = w0 where w, is calculated using
values from Table C.2 and & is measured'in Fig. C;3'and given in

Table C.2.

-The jump from P, to P, occurs‘at the instant when the
slope of vA(t) changes from negativebto positive by an amount
equal to twice the slope of vt(t). At this jump, the x-coordi-
nate and t do not change; and the y—céordinate changes by
—8Vtm/w0VRT as shown in Fig. 24. The jump in the y-coordinate
is negative because y (1) = (¥l/onR)dvA/dt. P is thus defined

by X, =X, and Y, = yz-SVtm/wOVRT.

The trajectory for P3 to P“ is determined by solving

(118) for X(Ts) as
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JE/TC 4VtmrC

X(Ts) = Be +1+ (C.3)

where T, is the normalized time variable during movement from

3

P, to P,. The unknown constant B is evaluated by letting

x(0)1=_x3 where X, is the x-coordinate of P3 at t3 = 0,0, or
T, = 0.0. The y-coordinate is simply the derivative of (C.3)
which is
-T1./7T
v(t,) =-%L e ¥ C (C.4)
C

Equations (C.3) and (C.4) are evaluated at increments of 1, from
T, = 0.0 to't, = 0.041 when P is reached. The final value T,

is determined by 1, = w y where w has been previoﬁsly computed
' o 0 ,

and y is given in Table C.2.

The jump from P, to P_ occurs at turn-off and is deter-
mined by evaluating (B.51) and (B.53) for Ave and Advf/dt|f,
respectively. The jumps are then normalized to yield Axf and
Ayf which are added to x, and Yy respectively, to yield the x

and y-coordinates of P,.

The segment of the limit cycle from P_ to P_ is defined

by (120). The solution to (120) which defines the x-coordinate

is
\' 8hv
_ ~ht _ _D _ tm
X(TS) =Ge 5 cos{w T, 6] +t1l+5- T (C.5)
R o' R
. . . 2y /2 . .
where h is given in (113) and w = (1-h®)“®, The derivative of

(C.5) is
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Y(Ts] = -G e—hTs[m sin(wTS-;d] +h cos(st-—é]] (C.6)

and (C.6) defineé the v-coordinate. G and 6§ are unknown con-
stants which are evaluated by substituting x(0) = x, and

yv(0) = Y, into (C.5) and (C.6). Equations (C.5)and (C.6) are
evaluated for incremental values of T, from 0.0 to 0.025 to ob-

tain the trajectory from P, to P,. The final value of 7, = 0.025

at P_ is obtained from 1, = wo[(T/Z) -v]-

The jumé from P, to P, occurs at the instant when the
slope of vA(t)'changes‘ffom positive to negative. There is no
.change in x and the change,in_y is of equal magnitude but Oppo-A
site sign as the jump from P, toP,. P, is thus defined as

X, = X, and y, = y6+-8vtm/w0VRT.

- The segment of the limit cycle from P, to P, is defined

by (121). The solution to (121) is
V. 8hv
-hTt v tm
x(t,) = n ey cos(m7_ e] +1l+oo -—o=n (C.7)
R 0°R
which defines the x-coordinate. The derivative of (C.7) is
b _ “hT7 .
y(T7) =-He w 51n[w17 -6} +h cos[wT7 —6} (C.8)

and (C.8) defines the y-coordinate. H and 6 are unknown con-

stants which are evaluated by substituting x(0) = x_ and
y(0) = Y, into (C.7) and (C.8). Equations (C.7) and (C.8) are
evaluated for incremental values of T, from T; = 0.0 to 0.042 to

obtain the trajectory from P, toP,. The final value of
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T, = 0.042 at P, is obtained from 7, = w [(T/2) -a]. P, is the
final point in the limit cycle and for steady-state conditions

should have the same coordinates as Po'

Comparisbn of the experimental and theoretical limit.

cycles. The experimental and theoretical limit cycles in Figqg.
C.5 compare very closely. The experimental jumps from P, to P,
at tﬁrn—on and from'P“ to P_ at turn-off are slightly greater
than the theoretical jumps. This difference could be caused by
inaccuracies in the measurements of the numerical vaiues given
in Table C.2 or by parasitic circuit elements that were present
but not considered in the analysis. This difference may also be
caused by tﬁe finife switching time which exists experimentally
and for wﬁich the theoretical analysis assumes instantaneous
switching. The effect of the parasitic circuit elements should
be the greatest effect because the differences in the slopes of
the trajectories from P, to P, and the general difference in the
nature of the trajectories from P, to P is the result of the
unpredicted curvature in v(t) immediately after turn-on and
turn-off as shown in Fig. C.3 and is attributed to parasitic cir-

cuit elements.

It is interesting to note that the theoretical trajectory
basses directly through the initial point P in attaining point
P.,. This phenomenum is probably coincidental; however, if P,

and the entire lift side of the limit cycle were dispiaced in

the negative x direction until the theoretical x, equals the
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experimental xs, P8 would be closer to Po' This leads to the
conclusion that the difference in the jump at turn-off may at
least be partially responsible for P, not being the same point

as Po‘

Experimental verification of the sequence functions..

There are two equations (152) and (162) in Chapter IV which are
derived using sequence function analysis. These equations com-
pletely define the steady-state conditions of the converter an-
alyzed in Chapter IV. Equation (152) is obtained by equating x,

~and x, from (150) and (151).

and X, are evaluated using (150),

To verify (152), x,

(151) , and the conditions given in Table C.2 yielding
X = 0.02209607 and X, = 0.02212789. The difference,

X, -%x = 3.182 x10 , is practically negligible.

Equation (162) is verified by substituting the circuit
conditions from Table C.2 into (157) and (161) to obtain
X, = -0.023485052 and.x7 = -0.026003728. The difference X, —x%
is 2.518676 x10 . The differences x,-x, and X, -x, are small

‘enough to conclude that the sequence function equations are ex-

perimentally verified.
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