LOW COST HLGH Y MANUFACTURABLE DC- TO- DC POAER CONVERTER FI ELDAROR#94-7
| N\/El\ﬂ'l ON, Thl S i nveantll on relates to power converters. More speci fzp oy,
this invention rel&tes to a DC-to-DC power converter and a method an
apparatus for controlling a power ci rcuit topol ogy khown in the art as a
"f1Yyback power converter." DESCI RTI ON OF RELATED ART W thin conputing
‘devices and other electronic systens, it is comon for various discrete
conmponents to require power supply signals of various voltages. For .
exanple. within a smgle co ut er éﬁtemlt I s_comon for a central

process- ing unit (CP HLY MANUFAGEURABLE t s and ot..her

o operate a .0, 120 V"hfés'r@"ﬂ))éaébﬁéﬁﬁmﬁﬁrﬁﬁ's' common For Some

of these voltage |levels to be negative with respect to ground p03|t|ve with
respect to
FIE DO HE INVENTION

This invention relates to power converters. More specifically, thlS mventlon relates to
a DC-to-DC power converter and a method and apparatus for controllmg a power circuit

topology known in the art as a “flyback power converter.”

" DESCRIPTION OF RELATED

. .Within 'éomputing devices and othef electronic systems, it is comnidn for vari'ous.
discrete components to require power supply signals of various voltages_; 'For.exam§16, within
a.single computer system, 1t is common for a central processing unit (CPU) to operate at 3.3
volts, memory circuits and other logic to operate at 5.0 volts, and vaﬁous othetf sj.)e'ciali'ze;d '
components to operate at 9.0, 12.0, or 15.0 volts. In addition, it is common for soniebf these
voltage levels to be negatlve with respect to ground, positive with respect to ground or
isolated. | |

A typical problem faced by designers is that a power supply signal must bé obtained
from a specific connection or interface, but the specific connection or in’téffacé does not |
supply the proper voltage level and/or the proi)er current level. For examplé, ma.r':y_'CPUs .
now operate at3.3 volts, but must draw power from a CPU socket that only éupplies 5.0
volts. Similarly, it is common for an interface card to require a variety of v@ltéges, such as
5.0 or 9.0 volts, even though the required voltage is not supplied to the i_ﬁ'térface' card.

To address this problem, a designer must incorporate a DC-to-DC power converter
into the design.. Many DC-to-DC power converter solutlons are based upon discrete -
specxallzed integrated circuits (ICs) from companies such as Maxim, Linear Technologles
Natlonal Semiconductor, as well as many other companies. Such po_wer converter ICs are
available in a wide variety of designs, and generally require the addition .of an-ext'etnal cireuit

consisting of an inductor or a trari's_former, Schottky diodes, and in some cases, an exfcmal
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ground or isolated. A typical problemfaced by designers is that a power
supply signal .nmust be obtained froma specific connection or interface. but -
the specific connection or interface does not supply the proper voltage

| eével and/or the proper current |evel. For exanpl e. many CPUs now operate
at 3.3 volts. but nust draw power froma CPU socket that only supplies 5.0
volts. Simlarly it is coormon for an interface card to require a variety of
vol tages. such as 5.0 or 9.0 volts, even though the required voltage is not
supplied to the interface card. To address this problen1a deS| ner nust

i ncor por aMOSFETswischine devies andymeusrant penss resistofetocoamniste theRG-tod§ power
power .con E - sol utions are based upon discrete specialized integrated
circuits { ﬁ from conpani es such as Maxi m Linear Technol ogi es, Nati onal

Sem conduct or, Wisilenich pasenediiveRérn1s amamnem to Geeih ddustin, dephavé tired Cs
are available in a wde variety of de5|(? and generally require the
addi ti on Beingisalveatones. Kirst.dhes are 6asilvs (Gongrally, e price of even the simplest IC is

more than $l.00, even in significant volumes. In addition, when added to the cost of the
" other external components required to complete'the DC-to-DC power converter, the cost
* jumps to approximately $3.50 - $4.00. _ | |

Second, no industry standards have .emerged. As a result, the ICs availabie from one
supplier are not interchangeable with those from another supplier. The specific IC must
therefore be sourced from a single supplier, which makes the entire product line vulnerable to
the performance of that supplier. It also allows the supplier to charge an inﬂafed pfiée for the
IC, since it is difficult for a designer to change suppliers once the designer has committed to a
particular design. _ | |

Third, many of the power converter ICs employ control schemes that are less than
optimal from the standpoint of overall nerformance. It is common for power converter ICs to

- use eitner “pulse frequency modulation” (PFM) or “bang-bang” schemes. PFM control

schemes use a pulse stream of varymg frequency and relatively constant pulse w1dth to
alternatively energize and de-energize a capacitor, inductor, or transformer PFM control
schemes work well as long as the load current remains high, but if the load current is reduced
to a small fraction of the maximum current load, the pulse frequenéy drops significantly.
Since the growth of the output voltage ripple of a PFM-based converter is mverse]y
proportional to the pulse frequency, the ripple becomes objectionable at light load levels. To
address this problem, a designer is forced to add a very large output capacitor to reduce the
output voltage ripple to acceptable levels. |

A similar problem exists with bang-bang control schemes. | Bang-bang control
schemes turn on a converter to supply a charging current to an output capacitor until the
desired supply voltage is reached. Then the supply current is turned off. As the load drawé
chargé off the capacitor, the voltage of the capacitor is lowered until it reaches a threshold, at

which point the supply current is turned back on and the capacitor is recharged. Bang-bang-
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I nductor or a transforner, Schottky di odes. and in sone 2 Substitute
sheet- 2 Novenber 1998 cases, an external MOSFET switching device and a
current sense resistor. to corrpl ete the_ DC-to-DC power converter. Wile

such power converter | Cs are conveni ent3to use in a desi gn. they have three "

maf n di sadvantages. First. they are costly. Generally. the price of even
the sinplest 1Cis nmore than $1.00. even in significant volunes. In
addi ti on. when added to the cost of the other external conponents required
to conpleje the DC-to-

3. 50- 5. BEped GORVRIEFs RGYSRCH T R dat s o A g . o BRI 1Bk
| Cs avai | ghiet bé 9&1, ByRhd & o dcifoRt erchangeabl e with those from

P
anot her supp | er specific 1C nust therefore be sourced froma single
supplier. whic lFutmIvﬁdtttmedulatlon (PWM) control schemes are also-used in the power
~ ‘conversion industry, and avoid many of the problems discussed above. PWM control
schemes also use a pulse stream to alternatively energize and de-energize a capacitor,
inductor, or transformer. However, the pulse width varies with the load, not the pulse
" frequency. Since the pulse frequency remains relatively constant, output voltage ripple is
minimized. Unfortunately, PWM solutions do not exist among DC-to-DC power converter

ICs that convert low voltages, such as 3.3 volts, to higher voltages, such as 5 and 9 volts.

SUM F THE INVENTION

The present invention is a power converter circuit that uses an inexpensive and easy'to
manufacture control circuit. In one embodiment, the control circuit is implemented using a
’555 type timer circuit, a precision voltage reference, and a small number of resistors,
capacitors, and diodes. - o

The control circuit generatés a gate control signal that oscillates between “on” and
;‘off’ states, and drives a transistor that alfernately energizes and de-energizes a primary
winding of a transformer. o

~ The invention uses a first resistive network to charge a capacitor, and a second

resistive network to discharge the capacitor. A feedback control signal is formed based on a
comparison between the regulated voltage éupply of the power converter and a voltage
reference signal. The feedback control signal is used to form a control window that is
bounded by an upper control value and a lower control value. |

The control window moves in response to the load being driven by the power
converter circuit. By moving the control window, the relative charging and discharging times
of the capacitor are adjusted with respect to each other, while the sum of the charging and

~ discharging time remains relatively constant. The gate control signal is derived from the

charging and discharging times, with the “on” interval of the gate control signal eqﬁal to the

time required to charge the capacitor from the lower control value to the upper control value

Sheet Has Been Reﬂlaced

T l\\l Il




entire product line vulnerable to the performance of that supplier.' Third.
marty of the power converter |1Cs enploy control schenes that are |ess than
~optimal fromthe standpoint of overall performance. It is common for power
converter 1Cs to use either "pulse fregélency nodul ation" (PPM or "'bang-
barig" schenes. PFM control schenes use a pul se stream of varying frequency -
and relatively constant pulse width to alternatively energize and
de-energi ze a capacitor. inductor, or transformer. PFM control schenes work
wel as long as the load current remains high. But if the |load current is
reduced t threugithe ifirstresistporetwprk (plusraadCrrasnosss fime), andthe. “offi dntpriabequal to

frequencydrops_significantly...Since.th rom h of th tut .vqltage ri pIe_:.
of o Py BELERE rSh OB 14 F8iekat HERRRFOT ol ¥ dheb roreT vitle i médonpltanbiol )
the ri ppl Qalie &2bRsh Mejsecdndesafbevaie tplein ICOREpInSY ). SiacetherefSand s
problem a designer is forced to add a very large output capacitor to
reduce t htimesvaty bytdhe tajal ofithgfan”agd Sefd pmeb rematias welatively constant, t_he present .

invention implements pulse width modulation regulation.

* BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a block diagram of a power converter circuit known in the art as a “flyback

power converter.” | | | |
* Figure 2 is a diagram of the control circuit of the present invention, which regulates

the power converter circuit shown in Figure 1.

Figure 3 is a functional block.diagram from the Technical Data Sheet for the Motorola_' )
TL431 Programmable Precision Reference. _

Figure 4 is a functional block diagram from the Technical Data Sheet for the Texas
Instrument TLC555C timing circuit,

~ Figure 5 is a graph showing the performance of the control circuit of Figure 2.

Figure 6 is a graph showing the RC time constants of the control circuit of Figure 2.

DETAILED DESCRIPTION OF THE PREFERRED EMBQQIMENTS

~ Figure 1 is a block diagram of a power converter circuit 10 known in the art as a
“flyback power converter.” Although the present invention is described with reference to
circuit 10, it may be incorporated into other power circuit topologies, and thése skilled in the
art will recognize how to adapt the teachings set forth herein to incofporate the present
invention in other types of power circuits.

Power converter circuit 10 includes +3.3 Qolt power supply 12, flyback transformer
14, SchottRy diodes 24, 25, and 26, capacitors 28 and 30, MOSFET transistor 32, and c_ontrol
circuit 36. Flyback transformer 14 includes primary winding 16, secondéry windings 18 and
20, and core 22. - ' ' |

\

This Sheet

Wi



A simlar problemexists wth bang-bang control schenes. Bang-bang control
schemes turn on a converter to supply a charging current to an cutput
- capacitor until the desired supply volaége is reached. Then the supply
current is turned off. As the |oad draw® charge off the capacitor. the
voltage of the capacitor is lowered until it reaches a threshold, at which
poirnt the supply current is turned back on and the capactor is recharged.
Bang- bang- based converters produce -3 Substitute sheet - 2 Novenber 1998
aripple voltagg that i s Iar%e and undesirable, and the ripple voltage
cannot be cor r Eeimaty pnding 4§ hasna Brst graminak saunledsio, + 33 vele powves wppbydla and ®n

(PO Contigh RS AR A0 Sy GNP 220K Gl RO g2
pul se str 821 écupkdd terprbundednd aoges grrimaboftMOSRBETEI is@oupled to gate control line 34
from control circuit 36. Also coupled to the drain terminal of MOSFET 32 is an anode of
Schottky diode 25. A cathode of diode 25 is coupled to power line 35, which proi'ides power
supply signai Ve to control circuit 36. | |
A magnetic field created by primary coil 16 is coupled via cbre 22 to secondary
windings 18 and 20. Secondary winding 18 has a winding ratio with respect to pri_mary
winding 16 sufficient to produce a voltage of approximately 9.0 volts. A first terminal of
winding 18 is coupled to a negative terminal of capacitor 28. A positive terminal of capacitor
28 is coupled to a cathode of Schottky diode 24, and an anode of diode 24 is coupled to a
second terminal of winding 18. Schottky diode 24 ensures that capacitor 28 is charged, but
not discharged, by winding 18, and that an isolated 9.0 volt power supply signal is dcveloj)ed B
over the positive and negative terminals of capacitor 28. '
Secondary winding 20 has a witiding ratio with respect to primary coil 16 sufﬁéient to -
produce a voltage of approximately 5.0 volts. A first terminall of winding 20 iS coupled to a
negative téminal of capacitor 30 and to ground. A positive terminal of capacitor .30 is
coupled to a cathode of Schottky diode 26, and an anode of diode 26is coupled to a second
- terminal of wiﬁding 20. Schottky diode 26 ensures that capacitor 30 is charged, but not
‘discharged, by winding 20, and that a +5.0 volt power supply signal is developéd at the
positive terminal of capacitor 30. The +5.0 volt power supply signal is provided to control
circuit 36 via feedback line 38.
In Figure 1 capacitors 28 and 30 are provided to minimize low frequency output
voltage ripple in the power supply signals generated by power converter circuit 10.
| Accordingly, capacitors 28 and 30 have relatively large capacitances. In one embodiment of
the present invention it is also desirable to filter high frequency RF noise from the pdwer |
converter circuit. Therefore, in this embodiment, additional capacitors having relatively
small capacitances are placed in parallel with capacitors 28 and 30. For example, it has been

found that placinga 0.1 F capacitor and a 1000 pF in parallel with capacitor 28 greatly
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a capacitor. inductor, or transformer. However. the pulse width varies with
the-1oad. not the pul se frequency. Since the pul se frequency remain .

rel atively constant output voltage ripple is mnimzed. Unfortunately, PWV
solzuti ons do not exist anmong DC-to-DC pofer converter |Cs that convert |ow
voltages. such as 3.3 volts. to higher voltages. such as 5 and 9 volts.
SUMWARY OF THE | NVENTON The present invention is a power converter circuit’
t hat uses an inexpensive and easy to nmanufacture control circuit. In one

enmbodi nent . the QOI’I r ol rcuit i.s inple t ed usmga "555. type tine
circuit, aregpessihigh eww&% qoaeévélrfc'éola§§§ GVl hatPut SighRky Lﬁﬁewwt%ﬁ%en

capaci torsg, H%qgg?a%eﬁ?na d. W%lﬁ&%&% f‘}h‘ﬂ aqd0é gg‘?ﬁﬁi‘ﬁ“ﬁs‘”‘ﬂ‘ St ér@étl ! gnal

that oscillates st at rives a tran-
t hat al t er midetes gtefrgquensy Richoike-in tier 5.0 @slt auput signal. wi ndi ng of a
tr an.sf oner- The“‘ht \1& rtl:z)rlxt?o clijr?:glt 32 a]: cl:orn?rt)aré Slsglne'lsltbla\s/&l g‘net e +5k0 vocit gct]veerr supgly S1gnal '
is subtracted from a reference voltage, and the result is amplified to form an error signal. The
error signal is then fgd to a pulse width modulation (PWM) block that produces an output
" pulse stream, with the width of each pulse based on the error voltage. | o
The output pulse stream is fed to MOSFET 32 via gate control line 34. When the
+5.0 volt power supply signal strays above +5.0 volts, the pulse width is reduced, MOSFET
32 lowers the duty cycle of the current flowing through winding 16 and the power supply
signal returns to +5.0 volts. When the +5.0 volt power supply signal strays below +5.0 volts,
the pulse width is increased, MOSFET 32 increases the duty cycle of the current flowing
through winding 16 and the power supply signal returns to +5.0 volts. | |
For flyback-type converters that convert +12.0 volts to +5.0 volts, there are many
commercially available and inexpensive ICs that provide the function performed by control
: ciréuit 36, with most using pulse frequency modulation (PFM). However, there are few ICs
that perform such a function for a flyback-type converter that converts +3.3 volts to +5.0 volts
(none using PWM), and those that are available are quite expensiw}e, co'sting in excess of one
dollar each even when purchased in large quantities. |
The present invention provides the function performed by control circuit 36 usiﬁg
industry standard off-the-shelf components for a cost of about 70 cents (in large quantities).
The present invention uses a precision voltage reference to genérate a control current, which
. in turn is fed to a timer device that is similar to the industry standard ‘555 timer. The timer
device generates control signal 34, which is fed to MOSFET 32. R
Figure 2 is a diagram of control circuit 36 of the present invention. Control circuit 36
include‘s resistors R, R,, R;, R, Ry, Ry, and R,, capacitors C, and C,, precision voltage |
reference U,, and *555 timer U,. |
Resistor R, has a first terminal thaf is coupled to feedback line 38 in Figure 1, and’
resistor R, has a first terminal that is coupled to ground. ‘Resistors R and R, each have a
-
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capacitor. and a second resistive network to discharge the capacitor. A

f eedback control signal is fornmed based on a conpari son between the
regul at ed voltage supply of the power converter and a voltage reference:
signal . The feed- back control signal is/ used to forma control w ndow t hat
i s bounded by an upper control value and a | ower control value. The control
w ndow noves in response to the | oad being driven by the power converter
circuit By noving the control ~wi ndow, the relatlve char gi ng and di schargi ng
times of the capaC|tor are adjusted with respect tq h other, while.the
sum of t heecond fggmigal alam iR Pl ta.nﬁge b e cséermaipfvelﬁ%sedeﬁmw LIS The

gate cont 5@3&:&5‘9?@ ived fromthe charg- ing and di scharging tines,
with the erva "the gate 4 Substitute sheet- 2 Novenber 1998

Voltage reference U, also has an anode coupled to ground, and a cathode coupled to
node 42. Also coupled to node 42 are first termmals of resistors R, and R, and the CONT
input of timer U,. Resistor R, has a second terminal attached to ground and resistor R, has a
second terminal attached to supply voltage V..

Coupled to node 44 are first terminals of resistors R, and R,,'a first terminal of
capacitor C,, and the TRIG and THRES inputs of timer U,. Capacitor C, has a second
terminal coupled to ground and resistor R, has a second terminal to coupled to sﬁppl_y-voltage '
Vee-

Coupled to node 46 is a second terminal of resistor R,, a first terminal of resistor R,
and the DISCH input of timer U,. A second terminal of resistor R, is coupled to supply |
voltage V. Also coupled to supply voltage V(_;C are the RESET and V. inputs of timer U,,
and a first terminal of capacitor C,. A second terminal of capacitor C, is couple to ground as
is the GND input of timer U,. Finally, the OUT output of tlmer U, is coupled to gate control

 line 34, which in turn is coupled to the gate terminal of MOSFET 32in Flgure 2.

Before discussing circuit 36 in detail, it is helpful to first discuss precision voltage
reference U, and *555 timer U,. Figure 3 is a functional block diaéram from the Technical
Data Sheet for the Motorola TL431 Programmable Precision Reference. The Technical Data
Sheet is from Revision 5 of the Motorola publication entitled “Linear/Interface ICs Dev1ce
Data Book,” which was published in the fourth quarter of 1995 and is mcorporated by
reference as if included herein. _
| The TLA31 has a reference input that is compared with 2.5 volt internal reference
signal 48. If the reference input is significantly above 2.5 volts, the output of op amp 50 goes
high. The high output of op amp 50 is provided to the base of transistor 52 and satufat_cs
transistor 52, causing the current IKA that is drawn though transistor 52 to be maximized.
When the reference input is significantly below 2.5 volts, the .outpu't of op amp 50 goes low.
This causes transistor 52 to minimize the current IKA. When the reference input is within a

narrow zone ceﬁtered about 2.5 volts, the slope of the curve defined by the current IKA
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control signal equal to the tine required to charge the capacitor fromthe
| ower control value to the upper control value through the first resistor
network (plus an IC response tine), and the "off" interval equal to the
“ting required to discharge the capaC|tor8fromthe upper control value to -
the ‘| ower control value through the second resistor value (plus an |IC _
response tinme). Since the "on" and "off" tinmes vary. but the total of the
"on" and "or" tines remains relatively constant. the present invention
i npl ements pul se width nodul ati on regul ation.: BRI EF DESCRI PTI ON OF THE
DRAW NGS Fpiatted wiith respectiokhelreficrenoe voltage iscfmielry stnep,vlmlvmgranodpen Uodp gaimnfiabout

the art as "fl.ybac conver 21is I agram of the .control
oot ofsSaB. 1Y St S eartes Rone/BrLIrelatan Sreus. P GYikeror combBRrign oF
circuit sh @Mcésgﬁﬁn? sjrhilardtacRribfios by BELbRA@edD! OCK diagram from the

Techni cal ta the Mdtorola TLA3 1 Progranmabl e Preci sion
Figure 4 is a functional block diagram from the Technical Data Sheet for the Texas

Instrument TLCSSSC timing circuit. The Techmcal Data Sheet is from Volume 3 of the 1992
Texas Instrument publication entitled “Linear Circuits - Voltage Regulators / Supervxsor

‘ Special Functions, and Building Blocks,” and is mcorporated by reference as if included
herein. This timer is a CMOS version of the popular *555 timer. Because the timer is based
on CMOS technology, it will operate at voltages as lbw as 2.0 volts. As described below, this
is important because the timer must operate at approximately 2.8 volts when power converter
circuit 10 is starting up, and TTL versions of the *°555 timer will not work at .such Qoitage

- levels. The characteristics of *555 type -timers are well known in the art, and need not be
recited herein. Any device or combination of devices having similar charactéristics_may be
substituted. | o

In Figufe 2, the +5.0 volt output.signal is applied to the resistor network formed by R,

and R,. In an the embodiment of the present invention shown in Figures 1 and 2, R, and R,
have approximately equal resistances, and therefore the voltage at node 40 is approximately
one-half of the +5.0 volt output signal. As described above, preciéi_on reference U, produces
a current KA that is based on the difference between 2.5 volts and the voltage at node 40.
The current IKA, in combination with resistors R, and R,, determine the feedback control
voltage V at node 42, which in turn is provided to the CONT input of timer U,. Note that
the CONT input determines the comparison voltage that is used for compariédns with the

THRES input and the TRIG input. The feedback control voltége V¢ is given by the equation:

V =y R, Ry R,
€ FRR, R R,
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Reference. FIG 4 is a functional block diagramfromthe Technical Data
Sheet for the Texas Instrument TLCS55C timing cir- cult. FIG 5 is a graph
showi ng the perfornmance of the control circuit of FIG 2. FIG 6 is a graph
showi ng the RC tine constants of the confbl circuit of FIG 2. DETAILED
DESCRI PTI ON OF THE PREFERED EMBODI MENTS FIG 1 is a block diagramof a -
power converter circuit 10 known in the art as a "flyback power converter."
Al t hough the present invention is descibed with reference to circuit 10. it
may be incorporated into_ other power circuit topol ogies, and those skilled
in" the artNgjethatthe egment dntadhe @gwa@pvt ofitimerd &cip insignificant eospparedh o the othes
I ncor por at I | | ypes of power circuits. Power
converter fép&%ﬁ}@%ﬁ%ﬁ?%ﬁ,&éﬁ?ﬁéﬁ%ﬂ? %8?‘%%%%?{%‘? ' _
When the OUT terminal (gate control line 34) of timer U, is high, the DISCH terminal

is allowed to float. Accordingly, the voltage on capacitor C, ramps up toward Vc at a rate
governed by the capacitance of C, and resistance R, in parallel with the series combination of
resistances R; and R;. The voltage on capacitor C, is provided to the THRES and TRIG

" inputs of timer U,, though when the OUT terminal is high, only the THRES input is of -

primary interest. | o

At the same time that the vdltage being pfovided to the THRES input is rising, the.
feedback control voltage being supplied to the CONT input is being determined by tﬁe loéd
being driven by power converter circuit 10. The load determines the volt'agé at the CONT
input because the voltage that is fed back on feedback line 38 causes precision voltage |
reference U, to produce a current IKA, which in turn pulls down the voltage V. at node 42.

. When the voltages at the CONT input and the THRES input are at the same level, the OUT

terminal of timer U, goes low. - _

" Note that the rate at which the voltage at the THRES input iﬁcreases is independent of
the load on power converter circuit 10, and is determined by the values of resistors R, Ry,
and R,, and capacitor C,. On the other hand, the voltage level at tl;e CONT input is
dependent upon the load. A smaller load causes a slightly higher supply voltage on feedback
line 38, which causes a larger current IKA and a lower feedback control voltagé Vcatthe
CONT input. Similarly, a larger load causes a slightly lower supply voltage on féedback line
38, which causes a smaller current IKA and a higher feedback control voltag.e' V. at the
CONT input.

When the OUT terminal (gate control line 34) of timer U, is high, MOSFET 32 is
“on.” When MOSFET 32 is first turned on, the voltage over primafy winding 16 has a
magnitude of approximately 3.3 volts. 'As MOSFET 32 remains on, the magnitude of the
current flowing through primary winding 16 increases and the voltage across .wi_nding 16
remains constant. When the OUT-terminal of timer U2 goes low, MOSFE‘T 32 turns off,

- which éfeates a current discontinuity in winding 16. The energy in transformer 14 is sfored as-

—_—
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supply 12. flyback transformer 14. Schottky di odes 24. 25, 5 Substitute
she®et - 2 Novenber 1998 and 26. capacitors 28 and 30. MOSFET transistor 32,
and control circuit 36. Plyback transforner 14 includes prinmary w ndi ng 16.
secondary wi ndings 18 and 20. and core 20. Primary winding 16 has a first
term nal coupled to +3.3 volt power supply 12 and a second term nal
attached to a drain term nal of MOSFET 32. A source termnal of MOS- FET 32
is coupled to ground and a gate termnal of MOS- FET 32 is coupled to gate
control line 34 fron1contro| circuit 36. Al so coupled tg the drain termna
of MOSFETMREngHc Hux Hhepre 24+ BEHERS?'W of ﬂerd@a@@twﬂ%ae ROFE 224 PAHICS QHITOmS to;

coupl ed tZloRPéP@cfu '»{}iﬁdfhﬁ ﬁ’“ts"t‘ln QﬁﬁaaPﬁi@%mS&iﬂﬁé %ﬁéu@%ﬁhlt%ﬁ%%hg Nt 1 of

circuit 3 cfe y prinmary coi cou
respective number of turns of each wmdmg remains continuous. Therefore, when current is

interrupted in winding 16, the sum of the current that was flowing in winding 16 mulnplled
by the number of turﬁs of winding 16 is transferred to the sum of the current-turns product of
‘windings 18 and 20, thereby maintaining continuity. Accordingly, the currents through
" windings 18 and 20 increase and charge capacitors 28 and 30 to their respective supply |
voltages. A small residual amount of current in winding 16 that does not trahsfer to windings
18 and 20 is used to provide power to control circuit 36 via power line 35, which will be
described in greater detail below. '
As described above, when thé voltage at the THRES input reaches the voltagé at the
CONT input, the OUT terminal of timer U, goes low. At the same time that the OUT
terminal of timer U, goes low, the DISCH terminal is coupled to ground. Accordingly, the |

voltage at node 44 begins to ramp down toward an asymptotic limit defined by:

, R
cc R5+ R7 *

Node 44 is coupled th the TRIG input of timer U,, and within timer U,, a voltage
divider splits the voltage at the CONT input in half and provides this voltage to a comparator
along with the TRIG input. When the voltage level of the TRIG input drops to one-half the
voltage level of the CONT input, the OUT terminal goes high, and current again begins to
flow through winding 16. Note that the rate at which the voltage at node 44 drops is not
dependent upon the load on power converter circuit 10.

Accordingly, fhe feedback control signal V¢ in combination with the voltage splitter in
timer U, form a control window, with the control window having an upper value equal to the -

" feedback control signal V, and a lower value equal to 0.5 V.. As will be described with in

greater detail below with reference to Figure 6, this feedback-adjusted control window, in
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core 22 to secondary windings 18 and 20. Secondary wi nd- ing 18 has a
winding ratio with respect to primary winding 16 suffcient to produce a

voltage of

approximatey 9.0 volts. A first termnal of winding 18 is -

coupled to a negative terminal of capacitbr 28, A positive terninal of

capaci t or
di ode 24 i

28 is coupled to a cathode of Schottky di ode 24. and an anode o
s coupled to a second term nal of w nding 18 Schottky di ode 24

ensures that capacitor 28 is charged. but not discharged. by w nding 18.
and that an isolated 9.0 volt power supplgl_ signal is devel oped over the
{

posi tive a¢embisgtion with the expangniiabehagggeng

gnhampe tingiscof sapacitonCndrovideothehas a

wi ndi ng ra}gljggen\g,iiﬁ&ﬁ{ig tglgﬁ%;l,\g%g%%@ry coil 16 suficient to produce a

vol t age of

pproxi.  nma s. Afirst terminal of winding 20 is

coupl ed to a negehirdleciicaitB6EFigire 2 pEstfucésOgatSEontidl sighal B4 bt OBTREOSMihAIMT
term nal of ca&am tor 30 is coupled to a cathode of Schottky di ode 26. and

an anode ofimgr

dbavieg pe “emitine 4 and an “ofC Hme 4-cFhe trars AN rhes defined as.

Schot t ky dfo?l%l%,s,% ensures that

-(R.+R)R V
f = e ) 3CIn(1-—S—)+t,, ,

=
(Rs+Rs+R,) Ve Ve
and
ty=— ke C,In(1- ¢ )+t ,
e e i)
C C 5+R7

where t,, and ¢, are the IC response times and are typicaliy about 2.3 pusec.
Based on the times ¢, and t,, the duty cycle and frequency of the gate control signal

provided at the OUT terminal of timer U, are defined as follows:

t
Duty Cycle (%) = —— ,
ht L
and
Frequency (Hz) = L
Lt G

T



capacitor 30 is charged. but not discharged. by winding 20. and that a +5.0
volt power supply signal is devel oped at the positive termnal of capacitor
30. The +5.0 volt power supply signal is provided to control circuit 36 via
feedback line 38. In FIG 1 capacitors 28 and 30 are provided to nininize

| ow frequency outut voltage ripple in the power supply signals generated by -
power converter circuit 10. Accordingly. capacitors 28 and 30 have
rel-atively | arge 6 Substitute sheet - 2 Novenber 1998 capacitances. In
one ‘enbodi nent of tie present invention it is also desirable to filter high
frequency  RF nditeeqhationsithas dgfnge, andrly anetgiite somplext Thybiaresi cand 1 aretbabed on -

CTo00 Ty bk G Yol Bk bt BB AERATH NGRS ©
based upon a the voltage at the output of power converter circuit 10. Though the equations
are difficult to solve, it is quite easy to model control circuit 36 using a computer simulation.
The results of such a computer simulation will be discussed with respect to Figure 5 below.

| Control circuit 36 receives power from i)ower line 35, which is coupled to diode 25 in
‘ Figure 1, which in turn is coupled to the second terminal of primary winding 16. Capacitor
C, (shown in Figure 2) has a relatively large capacitance and acts as a low frequency-ﬁlfér to
remove voltage ripple. In one embodiment, a capacitor having a relatively small 'capécitanée
(such as 0.01 pF) is placed in parallel with capacitor C, to filter RF noise.

When power converter circuit 10 ié operating normally, the voltage produced at power
line 35 varies between 7.0 and 12.0 volts, depending on the load driven by power converter
circuit 10. Although this is a significant range, it is well within the tolerance of the
components shown in Figure 2. Also, the performance of control circuit 36 is not depéndent'
on the value of supply voltage V.. Rafher, the performance of control circuit 36 is |
dependent on the ratios of the resistances shown in Figure 2, as well as the resistances within
timer circuit U,. | |

While the value of supply voltage V. is between 7.0 and i2.0 volts when converter
circuit 10 has been operating for a sufficient period of time, a different situation occurs when
power converter circuit 10 is first powered up. When power converter circuit 10 is first
power up, the only voltage that exists in the circuit is +3.3 volt supply signal 12. Since
MOSFET 32 is initially off, this supply signal flows through coil 16 and diode 25. The
voltage drop over diode 25 is about 0.5 volts, therefore, capacitor C, will begin to ramp up
from 0.0 volts to +2.8 volts. .

The TI TLC555C timer will operate at any voltage betwéen 2.0 and 15.0 vc_i_lts, so
when the voltage across capacitor C, reaches about 2.0 volts, timer U, will begin to operate.
Note that at this point in time, precision voltage reference .Ul is still_ inactive; When inactive,
voltage reference U, has no effect on timer U,, so timer U, will still begin to 0Scil:late. _

—_—
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exanple. it has been found that placing a 0.1 [err]F capacitor and a 1000
pF in parallel with capacitor 28 greatly reduces high frequency RF noise in
the isolated 9.0 volt output signal. likew se. it has been found.that ..
placing a 0.1 [err]F capactor and a 10083pF in parallel with capacitor 30
greatly reduces high frequency RF noise in the +5.0 volt output signal.
Wthin control circuit 36, a conpare signal based on the +5.0 volt power
supply signal is subtracted froma reference voltage and the result is
anplified to forman error signal. The error signal is %hen ed to a pul se

wi dt h nodul at | owhep\meryzdv@gmﬁFfaepqsaed@e&%wr@m%mﬂ ganER. Atk woltsthen t he

fed 1o vootipeldpraRaRRsdl . 1Ep0: e ! TiErerof bRt ihe Ratih G ) 5

sigal str awdtagbpmxdda&lgz@éé@tmﬂ lige P4 wisichisidupled t6 &dtgawaMOSFFHBlz &
| owers the duty cycle_ of the current flow n% t hrough wi nding 16 and t he
power suppibp ugggﬁ@ﬂtsrgtlgpmgoq@t that MOSFET 32 be fully turned on at this low gate voltage

during the initial startup cycle. The MOSFET specified in the parts list below meets this

criteria and operates with a gate voltage as low as 2.0 volts.

Once MOSFET 32 turns on, the current through winding 16 begms to increase.

During this period, timer U, and the associated RC network are powered by the charge stored
in capacitor C,. At some point thereafter, capacitor C, will provide enough charge to - |
capacitor C, to cause the voltage at the CONT input to equal the THRES input, which will
reset the flip-flop of timer U, and therefore drive OUT terminal of timer U, low. MOSFET
32 will turn off, which will cause current to flow through secondary windings 18 and 20. A
small current will also flow into capacitor C,, thereby raising the voltage across capacitor C,
hlgher than it was during the first cycle. This cycle will continue, with the voltages rlsmg in
power converter circuit 10 until the +5. .0 volt output reaches the regulated voltage.

Below is a parts list for an embodiment of the present invention that conforms with
Figures 1 and 2. Information pertaining to timer U, precision voltage reference U,, and the |
RF filtering capacitors is giVen above. Transformer 14isa custorr'l transformet constructed to
operate with the present invention, and those skilied io the art understand the attributes, such
as core permeability and turns ratio, required to produce the supply voltages des.ire_d. All

transistors have a 1% tolerance.

Parts List
Schottky Diodes 24,25,and26 ~~ Motorola Part No. MBRS 340TS
MOSFET Transistor 32 Motorola Part No.
| MMDF4NOIHD
Capacitor 28 . . 100 pF - 25 Volt
Capacitor 30 220 uF-10 Volt |
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volts. Wien the +5.0 volt power supply signal strays below +5.0 volts, the |
pulse width is increased, MOSFET 32 increases the duty cycle of the current
fl ow ng through wi nding 16 and the power supply signal returns to +5.0
vol'ts. For flyback-type converters that1®onvert +12.0 volts to +5.0 volts,"
there are many commercially avail able and i nexpensive | Cs that provide the
function perfornmed by control circuit 36. with nost using pul se frequency .
modu- lation (PFM. However. there are few ICs that performsuch-a function
for a flyback-type converter that converts +3.3 volts to +5.0 volts (none
using PW . an aMaskY Ghat are available are qui tezﬂlﬂ‘tensi ve, costing in
excess of one ch even when purchased in | uantities. The
present invent %Ar#agi?%{?’des the function peforned bgd'gglrfl‘?rol circuit 36

using industry Reisias®, @hd R,he-shel f com ponents 2nfKOwst of about 70
.cents (in large quantities). The present inventi on1 uses a precision voltage

reference to - ResistorR, .00K Ohms
Resistor R, ' 3.83K Ohms
Resistor R, 56.2K Ohms
Resistor R, 10.0K Ohms

Resistor R, - 12.1K Ohms

Note that Motorola Part No. MMDF4NO1HD contains two MOSFETs in a single
package. In the embodiment that uses the parts recited above, the two MOSFETSs are
connected in paralle! to lower the “on” resistance of MOSFET 32 of Figure 1.
With the components recited above, power converter circuit 10 provides a 5.0 volt
supply that does not vary more than plus or minus 3% over a wide range of supply lo_adé'. As
the load varies, the feedback control voitage V¢ provided to the CONT input of timer U,
varies between approximately 5 volts and 8 volts.
Figure 5 is a graph showing the performance of control circuit 36.: The feedback
control voltage V., that is provided to the CONT input of timer Uz. is shown along the
horizontal axis. Duty cycle (in percent) and frequency (in KHz) are plotted along the vertical
- axis, with duty cycle represented by the solid squares along curve 54 and frequency
represented by shaded diaxﬁonds élong curve 56. |
Note that duty cycle curve 54 is almost completely (if not exactly) liﬁear, whichisa
design goal for PWM converters. While the frequency is not absolutely constant, (constant
frequency is a design goal PWM coxiverters), it remains relatively flat. From Figure 5, ii is
| apparent that the resulting control scheme is much more similar to PWM than PFM. -
Accordingly, output vbltage ripple_ is miri_imized across a broad range of power supply.IOads._ o
Figure 6 is a graph showing the RC time constants of control circuit 36. The purpose
of Figure 6 is to illustrate how control circuit 36 achieves pulse width modulation using a
simple ‘555 timer circuit. In Figﬁre 6, Véc is assumed to be 10.0 volts. _ | _
. This Sheet :
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7 Substitute sheet - 2 Novenber 1998 generate a control current, which |n
turh is fed to a tiner device that is simlar to the industry st andard ' 555
timer. The tinmer device genertes control signal 34. which is fed to MOSFET
37., FIG 2 is a diagramof control cird®it 36 of the present invention.
Control circit 36 includes resistors Rerr] Rerr]Rerr]. Rerr]

Rerr]R err] and R[err]. capactors C[err] and C[err]. precision voltage
reference Uerr] and '555 timer Uerr]. Resistor Rlerr] has a first
termnal that is coupled to feedback line 38 in FIG 1. and resistor R[err]
has a first terlmﬁmreﬁheurve §8 shaw ealtage versuutime aReedestdond igjre 2rpvhishds R err]

Corm nal - ovegd adne THRI neu Gisn 07 Whsf eopalistnr ol Parert FEnE66 Y6 toagee
reference \H[CE(II 01 WIEPudinBthe RestROR WA ih Pasilelidh the series combmatlon of R
and R,. This is the same resistor network that charges capacitor C, when the OUT terminal of
timer U, is high. Of course when control circuit 36 is operating, only a small portion of curve
58 is actually realized.
Curve 60 shows voltage versus time at node 44 in Figure 2 (which is supplied to the |

TRIG input of timer U,) when capacitor C, is discharged from V. (10.0 volts) down toward

14 R,
cc R5+ R7

using the resistor network formed by R, and R, that is present when the OUT terminal of
timer U, is low. When the OUT terminal is low, the DISCH terminal of timer U, is cohpled '
to ground. As with curve 58, only a small portion of curve 60 is realized when circuit 36 is -
operating. The load being dnven by power converter circuit 10 does not affect curves 58 and
60, but it does affect the portion of each curve that is used to regulate the output voltages, as
will be described below. .. -

Figure 6 illustrates how shifting the feedback control voltage V, which is controlled
by feedback from the +5.0 volt supply voltage, causes a more steep portion of one curve to be
traversed and a less steei) portion of the other curve to be traversed. ' .

For example, assume that the load being driven by power converter circuit 10 is
heavy, and V. is at approximately 7 volts (V¢ (Heavy) in Figure 6). Becéusé of the voltage
splitter within timer U,, capacitor C, will begin to charge starting from a voltage of 0.5 V. |
(Heavy). This is represented in Figure 6 'at point 62, which is the inter_sectibn_ of 'cufv_e 58 and '
approximately 3.5 volts. Capacitor C, will charge until it reaches point 64, which is the
intersection of curve 58 and approximately 7 volts. Accordingly, the “charge” time is
represented at line 66 and is aﬁpreximately 2.8 psec. As noted above in the equations that

define “on” time ¢, and “off” time ¢,, each equation includes an IC response time ¢,, and ¢,
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and a cathode coupled to node 42. Also coupled to node 42 are first
termnals of resistos R err] and Rlerr] and the CONT input of timer Uerr]-
Resistor Rl err] has a second term nal attached to ground and resistor
Rlerr] has a second terminal attached tb6supply voltage Vcc. Coupled to
node 44 are first terninals of resistors Rlerr] and Rlerr]. a first
termnal of capacitor CJerr]. and the TRIG and THRES i nputs of tiner
Uerr]. Capacitor (ferr] has a second term nal coupled to ground and
resistor R err], has a second termnal to coupled to supply vol tage Vcc.
“Coupl ed t aesprativel$, with aachaesprais¢ 8meiapploxohately2.3 tisac. Rceordingly the tosal “on”

torm nal ot SEMIDSHEFREH the sBRas i ciaeiun ph oo b B TG kPR e il o
to supply *%ﬂ?clvﬁ%' AfiSect he RESET and Vcc inputs of timer Uerr], and a
first tern’1yn capacitor CJerr]. A second eninal of capacitor C[err] is -

couple to gr ounAﬂempasntdrr@, réidbes H@ (Hemfy) itibegins lﬂﬁ énscl]argd—‘almg turve 6be OUT
output of }\cl:cr(r)ercrimg;y,e(r:z{ amtor Hf rﬁscharg rgn% pgﬁ)rt] t6§ lucf\ is the mtersectlog of curve 60
and 7 volts, to point 70, which is the intersection of curve 60 and approximately 3.5 volts.

" The “discharge” time is represent'ed at line 72 and is approximately 2.6 psec. Therefore, the
total “off” time of MOSFET 32 is the sum of the discharge time (2.6 psec) and the IC |
response time (2.3 psec), which is 4.9 pisec.

The oscillation frequency is the reciprocal of the sum of the “on” and “off” times,
which is 100.0 KHz. The duty cycle is the “on” time divided by the sum of the “on” and
“off” times, which is 51%. At a control voltage of V. (Heavy), the “on” time is slightly
longer than the “off” time because the poﬁion of curve 60 that is traversed is slightly more
steep than the portion of curve 58 that is traversed. '

Next, assume the load is light, aﬁd V drops to about 5.5 volts (V. (Light) in Figure
6). Capacitor C, will begin charging from point 74, which is the intersection of curve 58 and
approx1mately 2.75 volts, up to pomt 76, which is the mtersectlon of curve 58 and
approximately 5.5 volts. The “charge” time required to charge capacitor C between points
74 and 76 is represented at line 78 and is approximately 1.7 psec. Therefore, the total “on”

- time of MOSFET 32 is the sum of the charge time (1.7 psec) and the IC response time (2.3
usec), which is 4.0 psec. |

After capacitor C, reaches V. (nght) at point 76, it begins to dlscharge along curve 60
from point 80, which is the intersection of curve 60 and approximately 5.5 volts, and point
82, which is the intersection of curve 60 and approximately 2.75 volts. The “discharge” time_
required to discharge capacitor C, between points 80 and 82 is represented étlline 84 and is
approximately 3.0 psec. Therefore, the total “off” time of MOSFET 32 is the sum of the
discharge time (3.0 psec) and the IC response time (2.3 psec), which is 5.3 psec. At a control-
voltage of V (Light), the “on” time is shorter than the “off” time Because the portion of curve

60 that is traversed is less steep than the portion of curve 58 that is traversed. Accofdingly, at
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in mis coupled to the gate termnal of MOSFET 32 in FIG 2. Before

di scussing circuit 36 in detail. it is helpful to first discuss precision

voltage reference U, and '555 time Uerr]. FIG 3 is a functional block

di agram from t he Technical Data Sheet fol7the Mtorola TL431 Programuabl e

Preci sion 8 Substitute sheet - 2 Novenber 1998 Reference. The Techni cal
Data Sheer is from Revision 5 of the Mdtorola publication entitled _

"Linear/Interface | Cs Device Data Book," which was published in the fourth

quarter of 1995. and.is ingorporated by referenc s [f _included herein.
The TLA31 Hbg!lighterload élmc{ihaa? frequaney & %ﬁ%ﬁ%ﬁfxﬁﬂ# KHz apd)the é’w EYslat

\r/gr f; ? “f ﬁe%kg{lﬁchr?ﬁtg*y %%A.;Fn%t%tgxﬁgtgg gﬁl%eé GAed ifon® PR ¢ FR B Jurf BRYES nd®
oscillation frequencies at V. equal to 7.0 volts and at V. equal to 5.5 volts matches the data
shown in Figure 5. | |

As can be seen from Figure 6, there is little variation in oscillation frequency when the
load being driven by power converter circuit 10 is varied between a light load and a.he_avy

" load. However, the duty cycle varies significantly, thereby providing a PWM-fype control
circuit. The present invention achieves PWM control by adjusting a control Windc_)'w that
exists between the control voltage Vg and 0.5 V.. Since curves 58 and 60 éharge a‘nd '
discharge, respectively, exponentially, adjusting the control window selects a relatively
steeper portion of one curve and a relative less steep portion of the other curve, Which_ varies
the duty cycle. However, the time lost by selecting a steeper portion of one curve is
approximately compensated for by the time gained by selecting a less steep portion of the
other curve, so the sum of the “on” and “off” times remains relatively constant, and __the’refofe
the oscillation frequenéy remains relatively constant. The large gain of precision voltage
reference U, compensates for any deviations in component values that may exist from
component to component, and ensures precise regulation of the 5.0 volt supply signal occurs
for a variety of output loads. '

The present invention provides a PWM-like control scheme, and achieves the benefits y
of PWM control. The output voltage performance provided by the present invention is
sixperior to the performance available using various power converter ICs from majoi' |

~ suppliers. The output ripple is minimal over a broad range of loads, ﬁhereforé a large output
'capacitor is not required, as is required by a PFM-based power converter coupled to a light |
load. In addition, the output voltage ripple is conétrained to a level smaller than that which
would result when using a “bang-bang” power converter scheme.

While the present invention provides superior pérformance, its main advéntage is fow -
cost. The parts from which the iriver_;tion is constructed are popular and readily available
from multiple sources, and are relatively i_néxpensive. "The cost of the parts necessary to
construct the present invention are less than $1.00. In contrast, a power conveﬁcr IC capable. =~

T



high. The high output of op anp 50 is provided to the base of transistor 52
and saturates transistor 52, causing the current I KA that is dramthough
tansistor 52 to be nmaxi- mzed. When the reference input i-s signilicantly
below 2.5 volts, the output of op anp 508goes |ow. This causes transistor
52 to mninize the current KA. VWen the refer- ence input is within a
narrow zone centered about 2.5 volts, the slope. of the curve defined by
the current I KA plotted with respect to the reference voltage is fairly
steep. having an open |oop gain of about 55 dB. It is within this narrow

zone t hat of peffiprming thecaamrfgnctmwnééhq wlatest pastsrrpquired;to gorstrugica condes! htiwlhg
| h t t FIG. 4 funct

di agr am 1 PomERE B eRee Pt SARE $40F Fome Mot il ¥ o ifhiay it

timng cikhe frdddnt mﬂaﬁnJ@whnbsaéed@ahqsr&n@ﬁﬂaat will S0P oV 100108 vafts b Rontf o’

Texas Instrunent publication entitled "Linear G rcuits- Voltage
Regul at or sncupproduetothe pEprest inverisncvilloaye n@mthsm B 900.90@Ryens. * and is

| ncor por at ed b)i:ma‘ilf eglggg ﬁle%%rtls Lre available from many sources, products that i incorporate the '

present invention are not vulnerable to the performance of a single supplier. Supphe_rs are .
" also denied the opportunity to charge an inflated price for their products, because there is
competition from other suppliers. ' | | |
~ Although the present invention has been déscribed with reference to preferred
embodiments, workers skilled in the art will recognize that changes may be made in form and

detail without departing from the spirit and scope of the mventmn
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imer is a CIVDS versi on of the popul ar "555'tirrer;

'| nc

se the tinmer is based on CMOS technology. it will operate at voltages
as I}f" yﬂ" ﬂmﬂ" described below. this is inmportant because the
time approximatly 2.8 ¥lts when power converter circuit

10 is startlng up dnd TTL versions of the '555 timer will not work at such
vol tage | evels. The charactristics of '555 type tiners are well known in
the art, and need not be recited herein. Any device or conbination of

devi ces havi ng simlar characteristics may be substituted. 9 Substitute-
sheet - 2 IG 2. the +5.0 volt output signal is applied
(o the reSht o AEh Kub AF e £l oRIASELRE ol R
appr oxi nt ebxsedGwatich TeSdl@iraiel e Energﬁﬁlgtdiﬂrcl%fdhéﬁgxilhga primary winding of a transformer,
wherein the transistor-based switch has a gate input for receiving a gate control signal, and
the power converter produces a regulated voltage output signal, the control circuit |
comprising: |
a feedback circuit coupled to the regulated voltage output signal, the feedback circuit
producing a feedback control sign_al based on a comparison betweén a compare
signal derived from the regulated voltage output signal and a reference signal;
a control window circuit coupled to the feedback control signal, wherein the control
window circuit produces an ﬁpper control signal and a lower control signal
from the feedback control signal; | o
a first resistive network coupled to a first energy storage device, wherein a charge time
of the first energy storage device is equal to a time interval required to change
an electrical state of the first energy storage device from that of the lower
control signal to that of the upper control signal; |
a second resistive network coupled to a second energy storage device, whereina -
discharge time of the second energy storage de\)icelis equal to a time interval
required to discharge an electrical state of the second storage device from that
of the upper control signal to that of the lower control signal; and
a switching circuit coupled to the upper and lower control signals and the first and
second resistive networks, for alternately charging the first eﬁergy sforage_ :
device through the first resistive network and discharging the second enefgy
storage device through the second resistive network, and forming the gate
control signal, wherein the gate control signal assﬁmés a ﬁrét state based on

the charge time and a second state based on the discharge time.
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[ . approxi mately one-half of the +5.0 volt output
signal . As described above. precision reference Uerr] produces a current
Imtuullumﬂmﬂmm"he di fference between 2.5 volts and the voltage at
node 4Yes ! KA. in conbinatio®@ith resistors Rerr] and
R[err].de? erm e fhe*feedback control vol tage Vcc at node 42. which in turn
is provided to the CONT input of tinmer Uerr]. Note that the CONT input
determ nes the conparison voltage that is used for conparisons with the

THRES i nput and the TRI G.input. The feedback control voltage Vc is given by
the equati @: [ drhejcopsokcirquaiofciémdywhernin the fesdback caionit compasesof ti ner -

U S i nsiani fi : . i .
therefore can ber oS ivabRBA HrisRedne Tehalfl xpRaTulghe bt F iRk 5o oere
timer Uerr] is high.sigdag DISCH terminal is allowed to float Accordingly,

the vol tage on capactor Cferr] ranps up toward Vc at a rate_governed by the
capaci tance of @[altape mierepess¢oypledde thy) comparg signal, the voltage reference producing a

control current signal based on a comparison between the compare signal and

vol.t

the reference signal; and |
a third resistive network coupled to the control current signal, for converting the

control current signal into the feedback control signal.

3. The control circuit of claim 1 wherein the control window circuit comprises a voltage
divider, wherein the upper control signal is the feedback signal and the lower control signal is

derived from the voltage divider.

4. The control circuit of claim 3 wherein the control window circuit is within a >555
timer. '

s. The control circuit of claim 1 wherein the first energy storage device is a capacitor.
6. The control circuit of claim 5 wherein the second energy storage device is the same

capacitor as that used for the first energy storage device.

7. The control circuit of claim 1 wherein the rates at which the first and second energy

storage devices charge and discharge, respectively, are exponéntial.
8. The control circuit of claim 1 wherein the switching circuit is within a *555 timer.

9. The control circuit of claim 1 wherein the gate control signal assumes the first state

for a first length of time équal to the charge time and a first IC response time, and the gate
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paral lel with the series conbination of resistances R err] and R[err].- The

vol t aci tor C[err] is provided to the THRES and TRI G inputs of
timer err] t houg n the QUT termnal is high. only the THRES input is
of pr lmu"” t the same time th&l the voltage being provided to
the m, I ng. the feedback control voltage being supplied to

|n ut"lssberng determ ned by the |oad being driven by power
converter circuit 10. The load deter- mnes the voltage at the CONT input
because the voltage that is fed back gn feedback | i ne 38 causes precision

vol t age r efcontpbuzngl asumes the socopd state fora secend lepgth of jimegquatioths dischasee dme
t he .vol tageanx%s%lt?rﬂfﬂfreééo ‘y\p% the voltages at the CONT input and the

THRES i nput are a eveI the QUT term nal of tlmer Uerr] goes
| ow.

10. A control circuit foruseina poWer converter, the power converter _having. a transistor- i

based switch for alternately energizing and de-energizing'a primary winding of a transformer,

wherein the transistor-based switch has a gate input for receiving a gate control signal, and
 the power converter produces a regulated voltage output signal, the control circuit

comprising:

a timer circuit having a control input, a threshold input, a trigger input, and a timer
output, wherein the control input establishes a control window bounded by an
upper control value and a lower control value, the timer output assumes a first
state based on a signal applied to the trigger input falling below the lower
control value, the timer output assumes a second state based oh a signal
applied to the threshold input exceeding the upper control value, and the gate
control signal is derived from the timer output;

a feedback circuit coupled to the regulated voltage output signal, whére_in the feedback
circuit produces a feedback control signal that is coupled to the control input
of the timer circuit, and the feedback control signal varies based on a
comparison between a voltage of the regulated voltage signal and a reference
voltage; | _

a capacitor coupled to the threshold and trigger inputs of the timer circuit, to provide a
signal based on a voltage across the capacitor to the threshold and trigger
inputs; |

a first resistive network coupled to the capacitor, for charging the capacitor when the
timer output assumes the first state; -

a second resistive network coupled to the capacitor, for discharging the capacitor
when the timer output assumes the second state; and _

a switching network coupled to the first and second resistive networks and the timer

output signal, for charging the capacitor when the timer output assumes the

—_—
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. Novenber 1998 Note that the rate at whi ch t he

THRES | nput increases is independent of the | oad on power
conv ﬁm lﬂlliﬂ!‘l and is determined by the values of resistors Rerr].
Rl err] capacitor Clerr]. Zh the other hand. the voltage :

| evel at the i nput is dependent upon the load. A snaller |oad causes a
slightly higher supply voltage on feedback |ine 38. which causes a | arger
current | KA and a | ower feedback control. voltage Vc at the CONT input.
Simlarly. a larger |oad causes a slightly |ower supply voltage on L
f eedbackc |ine 38 whfirshstatesndglischanging the capaciterwhénkthe simtr autpugassnmes thtback
control voltage V. at t Sz CONT i nput. Wen the OUT term nal (gate control
line 34) of timer U PRAP&E,; g MOSFET 32 is "on." Wien MOSFET 32 is
first turned on. the voltage over primary w nding 16 has a magni tude of
appximately 3.3 volts. As MOSFET 32 remai ns on. the nagnitude of.the
current flbWw ngThécanimph circuit of claim 10 wherein the second resistive network is formed by

selectively coupling a ground signal to the first resistive network.

'12.  The control circuit of claim 10 wherein the ground signal is provided by a discharge

terminal of the timer circuit.
13.  The control circuit of claim 12 wherein the timer circuit is a °555 timer.

14. A method of controlling a power converter having a transistor-based switch for
alternately energizing and de-energizing a pﬁmafy winding of a transformer wherein the "
transistor-based switch has a gate input for receiving a gate control signal, and the power
converter produces a regulated voltage output s1gnal the method comprising:
forming a feedback signal by comparing a compare signal based on the regulated
voltage output signal to a reference signal; ' _ |
forming an upper control signal and a lower control signal 'from the feedback signal;
charging a first energy storage device from a state equal to the lower control éignal to
| a state equal to the upper control signal, wherein a charge interval is equal. toa
length of time required to charge the first energy storage device from the state
equal to the lower control signal to the state equal to the uppef control signal;
discharging a first energy storage device from the state equal to the uppe_r control
signal to the state equél to the lower control signal, wherein a discharge
interval is equal to a length of time required to discharge the first energy
storage device from the state equal to the upper control signal to the state equal
to the lower control signal; and | |
forming the gate control stgnal based upon the charge interval and the'discharge

interval.

This Sheet Has Been Replaced




priJ ses and the voltage across wind- ing 16 remains
constant When t'E mﬂterm’ nal of tinmer Uerr] goes [ow. MOSFET 32 turns

of f. vvmlm |!Em rrent discontinuity in winding 16. The energy in
transf

d-as magnetic fl @3 in core 22. The presence of the
manetic flUx In core 22 requires currents to flow through w ndings 16. 18.
and 20, such that the sumof the currents nultplied by the respective
nunber of turns of each wind- ing remains continuous. Therefore. when
current is inter- rupted in winding 16. the sumof the current that was
flowing in winding 16 nutiplied by the nunber of turns of winding 16 is

transferr to f.he sum. o urrent tuLrn roduyct of w ndings 18 and 20.-
t here by c%nt ai ﬁ? @"8ﬂ t(’% ﬁ{? WE%? &T‘#@’Isée‘%f g;les'f%rager é‘ﬂ’t’%ﬁr}famﬁ%ﬁ@ A %’i\ﬁ%n di ngs
18 and 20 gy gﬁﬁéﬁﬁﬁc&’o&i aé 1 Qs he'secod eRBiYy 3ordgd deVRE "tra{r&%’se&ie'cbfﬁd
supply vol tages resi dual anmount of current 1Tn w nding 16 that does
not transfexposential adwagsntiﬁdnad@r@ﬂ, amxd the ankthadl furtbed chanprisesr t o cont r ol
circuit 36 via va ?'yv\ﬁrg the féedback signal in response to a light load to cause a more steep segment

of the first exponential curve to be traversed and a less steep segment of the

second exponential segment to be traversed; and - ' |

varying the feedback signal in response to a heavy load to cause a less steep segment
of the first exponential curve to be traversed and a more steep segment of the

second curve to be traversed.

16. A power converter comprising:
a transformer comprising:
a primary winding; |
a secondary winding; and
a core; | _

a transistor-based switch for alternately energizing and de-energizing the primary
winding, wherein the transistor-based switch has a éate input for receiving a
gate control signal |

an output rectifier and filter circuit coupled to the secondary winding and providinga
regulated voltage output signal; ' | o

a ’555 timer circuit having a control inpﬁt, a threshold input, a trigger input,a
discharge terminal, and a timer output, wherein the control input establishes a
control window bounded by an upper control value and a lower control value,
tl.ie timer output assumes a first state based on a signél applied to the trigger
input falling below the lower control value, the timer output assumes a second
state based on a signal applied to the threshold input exceeding the upper.

control value, the discharge terminal is coupled to ground when the timer

This Sheet Has Been
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V\:hl £h .greater detail below As described above, when
the voltage at th |nput reaches the voltage at the CONT input. the
ClJTterm”“‘“m @ﬁﬁl] goes low. At the sane time that the OUT o
-t er:m nal goes low. the BASCH terninal is coupled to . ‘11
Substltute sheet - 2 Novenber 1998 ground. Accordingly. the voltage at node

44 begins to ranp down toward an asynptotic limt defined by: [err] Node 44
is coupled to the TRIG input of tine U[err] and within tlmer U[err] a

vol tage divider splits the volta eat ‘I nput. (N ({iprowdes
this voltage to PWRphFATumesthE seg %gaw %‘Hi ﬁsatwer?lrfma died fremybe t age
| evel of the TRI Gy, fdrops to one-half the voltage |evel of the CONT

‘input, the OUT term nal  gbes high. and current again begins
a feedback circuit coupled to the regulated voltage output signal, wherein the feedback

circuit produces a feedback control signal that is coupled to the control input
of the *555 timer circuit, and the feedback control signal varies based on a
comparison between a voltage of the regulated voltage sighal and a reference
voltage; | |

a capacitor coupled to the threshold and trigger inputs of the ‘555 timer circuit, to
provide a signal based on a voltage across the capacitof to ihe threshold and
trigger inputs; and

a resistive network coupled to the capacitor and the discharge termmal for chargmg
the capacitor when the timer output assumes the first state and dlschargmg the

capacitor when the timer output assumes the second state. -
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toflow through winding 16. Note that the rate at which the voltage at node
44 . drops i s not dependent upon the |oad on power converter circuit 10.
Ascordingly. the feedback control signal_ Vc in conbina- tion with the
véittage splitter in timer U2 forma cont4®| window. with the control wi ndow
havi ng an upper val ue equal to the feedback control signal Vc and a | ower
val ue equal to 0.5 Vc, As will be described with in greater detail bel ow
with reference to FIG 6. this feedback-adjusted control w ndow. in

conbi nation with the exponential charge and di scharge tines of capacitor

C,, provide the present invention with PAW control Control circuit 36 of

FIG 2 prod ‘gate cg | s t er i nal £ U

LG 2 Broduces vate cqihtd R nctEy MANYEAGTBAZR R T, ol

ot def i ned fol | qus; , the IC
hoponse &1 mee and are {yp WEFTO-DE BOWER EONVERTER "1 27e the

A highly manufacturable low cost DC-to-DC power converter uses a control circuit
constructed from a 555 type timer IC and a precision voltage reference. The output of the
*555 timer is used to drive a MOSFET transistor that alternately energizes and de-energizes a
primary winding of a transformer, thereby energizing secondary windings of the transformer.
The voltage at the secondary windings is rectified and filtered to form the regulated output
supply voltages. A feedback control signal is generated based on a difference between a
reference voltage and the a regulated output supply voltage. Based on the feedback control
signal, a control window is established within the ‘555 timer that determines the charging and
discharging times of a capacitor. Since the charging and discharging times of the capacitor
are exponential, changing the feedback control signal changes the control window, which in
turn changes the charging time with respect to the discharging time. While the times change
with respect to each other, the sum of the charging time and the discharging time remains
relatively constant, so the oscillation frequency remains relatively constant. Accordingly, the
present invention achieves pulse width modulation (PWM) type control at a cost much lower

than the cost of commercially available controller ICs.

(Figure 2)
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aboyt 23 usec. Based on the tines t[err] and t[err]. the duty cycle and
frequecy 12 Substitute sheet- 2 Novenber 1998 of the gate control signal
provided at the OUT terninal of timer Uerr] are defied as follows: Duty
Cycte (9% =[err] Fzequsn(Hz)=[err] The equations that define t[err] and
t[err] are quite conplex. The tines t[ern% and t[err] are based on the

f eedback control voltage Vc. which in tWh is based on the current |KA
which in turn is based upon a the voltage at the output of power converter
circuit 10. Though the equations are difficult to solve,-it is quite eagY.
to imodel control circuit 36 using a conputer sinulation. The results of

such a conputer sinulation will bdg discussed with respect to|FIG 5 bel %\SV.
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Control circuit 36 receives power frompower line 35 which is coupled to
diode 25 in FIG 1. which in turn is coupled to the second term nal of
pritrary wi nding 16. Capacitor Clerr] (shown in FIG 2) has a relatively

| arge capacitace and acts as a |low frequency filter to renove voltage
ripple. In one enbodinent. a capacitor having a relatively small

capaci tance (such as 0.01 [err]F) is pl a¥& in parallel w th capactor
Cerr] to filter RF noise. Wen power converter circuit 10 is operating
normal ly. the voltage produced at power |ine 35 varies between 7.0 and 12.0
volts. depending on the |load driven by power convetesr circuit 10. Although
this is a significant range, it is well within the®ol erance of the
cononents shown in FIG 2. ONAlso, the perfornmance off—control circuit 36 is
not -depen- dent on the vaFe of supply vol tage cc.u_“"Rat her. the performance

of control circuit 36 is dﬁgendﬂt on the ratiqg YUk he resistances shown
he nesis

in FIG 2. as well as f nces vm'thintimer%rcuit -U[er(ur%].
_ : £
O
= o
oN_J
O |-5 >
T—>0 O
| =)
|- 2—>
.
I} L L) f—
™ [0 %2 I & O
0O - = O
3]
> ©
O o~
o NE x
MWy MWy -
O| |
q
o
+— W it

Figure 2

™
e
~
~y
[&]
> -
S
-
> =
<t
sl 1 >
..... \ |
- . |
— ~— ' ~
(::)a @ E‘ o
o
=D AN W\ >
m8 Q o T}
2 ™ 3 b



Wi ke the value of supply voltage Vc. is between 7.0 and 12.0 volts when
converter circuit 10 has been operating for a sufficient period of time a
dlfﬁerent situation occurs when power converter circuit 10 is first powered
up. ¥*When power 13 Substitute sheet - 2 Novenber 1998 converter circuit
10 is first power up. the only voltage3}€at exists in the circuit is +3.3
volt supply signal 12. Since MOSFET 32 initially off, this supply signa
flows through coil 16 and di ode 25. The voltage drop over diode 25 is about
0.5 volts. therefore, capacitor Clewf] Wil begin to ranp up fromO0.0 volts
to +2.8 volts. The TI TLCS55C tinmer M|l operate at any vol tage between 2.0
and 15.0 volts. so when the vol tagéjacross capacitor CJerr] reaches about
2.0 volts. timer Uerr] wll beglﬂJ 0 operate. Note that at this point in
tinme, preC|S|on vol t age N '
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ref%rence Uerr] is still inactive. Wen inactive. voltage refer- ence
Uerr] has no effect on tinmer Uerr]. so timer Uerr] will still begin to
oscillate. When tiner Uerr] begins to operate. the QUT terminal will go
high. At 2.8 volts. the voltage drop through timer Uerr] is about 0.4
volts. Therefore. during startup the nﬁgknun1voltage provi ded on gate
control line 34. which is coupled to t gate of MOSFET 32. is about 2.4
volts. It is inmportant that MOSFET 32 be fully mned on at this |ow gate
voltage during the initial startup cycle. The MOSFET specfied in the parts
list below neets this criteria and operates with a gate voltage as | ow as
2.0 volts. Once MOSFET 32 turns on. the current though winding 16 begins to
increase. During this period, Uerr] and the associated RC network are
powered by the charge stored in capacitor CJerr]. At some point thereafter,
capacitor Cferr] wll provide enough charge to capacitor Cerr] to cause
the voltage at the CONT input to equal the THRES i nput. which wll
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reset the flip-flop of time Uerr] and therefore drive OUT term nal of
tipger Uerr] low MSFET 32 will turn off, which will cause current to flow
through secondary w ndings 18 and 20. A smal | current will also flow into
capacitor CJerr] thereby raising the voltage acr oss capacitor C[err] higher
than it was during the first cycle. This ¢ cIe will continue. with the
voltages rising in power converter ci rcui?¥’®10 until the +5.0 volt out put
reaches the regulated voltage. Belowis a parts list for an enbodi nent of

the present invention that confor d 2. Inf ormati on
pertaining to tinmer Uerr]. precpgqml-‘ﬁ?)]-@é%Eé?é err] and the RF
filtering capacitors is given ERE@UEN@NSfMBEDU'ﬂY €YCLE4 Substitute

sheet - 2 Novenber 1998 a customtransfornmer constucted to operate with the
present invention, and those skilled in the art understand the

120

100 -

80

40

{ L I 1 1 L 1 I | i 1

5 5.293 5.879 6.465 7.051 7.637
5.586 6.172 6.758 7.344 7.93

FEEDBACK CONTROL VOLTAGE (V)

o DUTY CYCLE (PERCENT)
¢ FREQUENCY (KHz)

Figure 5



attributes, such as core perneability and ranms ratio. required to produce
thé" supply voltages desired. Al transistors have a 1%tol erance. Parts
Li st Schottky Di odes 24. 25, and 26 Mtorola Part No. MBRS 340TS MOSFET

Transi stor 32 Motorola Part No. MVDF4NOLHD Capacitor 28
100 [err]F - 25 Volt Capacitor 30 - 220 [err]F - 10 Volt
Capacitor Cerr] 220 [err]F Casp{écitor Cerr] 10.0
[err]F Resistor Rlerr] and R err] 21-5K Ohns RMsistor Rlerr]
1. 00K OhOs Resistor Rerr] N 3. 83K ChmégResi stor R err]
56. 2K Chns Resistor R err] § 1Q,0K On Resistog® Rl err]
12. 1K Ohns Note that Mot orol a PartCNo. NOLHD gont ai nsCy
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~ REPLACEMENT SHEETS
t wo MOSHE ¥ Descriptisnnghe> *ﬁblttag)aged-\ﬁt be enmbodi nent that uses toﬂnoaérq &3
recited piEChinkie tpaz Gk BT paged®k of - nected in parallel to | owfORhe

i SDiewing(s) Vipebddl.-3% ghgéd G }. Wth the corrponents [ eci ted above
pover c HWWI r GipapedlFome Pagstpss.a 5. O vohubs pheett 2Ne 9

nore th pl us or m nus 3%over a W d¢ range of supply Ioads As the Ioad
c provided to the CONT input of tinmer

\l/J?relr(ra]S' : vt \? Ea ggf]qﬁx mﬁl i:a£¢s ‘a graph |
showi ng the perf - 1IGHL: ol voltage
Vc that is provided tD(ILél@NDOIBOWERﬁE@WERTERm al ong the

horizontal axis. Duty cycle (in percent) and frequency (in KHz) are plotted
al ong the vertical axis t Y the solid squares
al ong curve 54 and freque}ggl me@ﬂmnds al ong curve
56. Note that. duty cycle cyrve 54 I s al npst co;rlpl et el | f not
is invention rclates to power converters. More
spccxﬁcally this invention relates to a DC-to-DC power
converter and a method and apparatus for coatrolling a
power circuit topology known in the art as a “ﬂyback power
convcrtcr. _

DESCRIPTION OF RELATED ART

Within computing devices and other electronic systems, it
is common for various discrete components to require power
supply signals of various voltages. For example. within a
single computer system. it is common for a central process-
ing unit (CPU) to operate at 3.3 volts. memory circuits and
other logic to operate at 5.0 volits, and various other spe-
cialized components ¢o operate at 9.0. 12.0, or 15.0 volts. In
addition. it is common for some of these voltage levels to be
negative with respect to ground. positive with respect to
ground, or isolated.

A typical problem faced by dcsxgncrs is that a power
-supply signal must be obtained from a specific connection or
interface. but the specific connection or interface does not
supply the proper voltage level and/or the proper current
level. For example. many CPUs now operate at 3.3 volts. but
must draw power from a CPU socket that only supplies 5.0
volts. Similarly. it is common for an interface card to require
a variety of voltages. such as 5.0 or 9.0 volts. even though
the required voltage is not supplied to the interface card.

To address this problem. a designer must incorparate a
DC-to-DC power converter into the design. Many DC-to-
DC power converter solutions are based upon discrete
specialized integrated circuits (ICs) from companies such as
Maxim. Linear Technologies, National Semiconductor, as
well as many other companies. Such power converter ICs

- are available in a wide variety of designs. and generxally
require the addition of an external circuit consisting of an
inductor or a transforiuer, Schottky diodes. and in some
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exattly) line. which is a design goal for PWM converters. Wile the
frequency is not absolutely constant, (constant 15 Substitute sheet - 2
Novenber 1998 frequency is a design goal P or%.ve ters hiag L | 51998
relatively flat FromFIG 5 it is apparent2t Y

schéene is nmuch nore sinmlar to PWMthan PFM Accordingly. out put vol t age
ripple is mnimzed across a broad range of povver supply loads. FIG 6 is a

graph show ngg ;gs %tewmsm cdevide aihiaapaumsntof

FIG 6 .is to gsi.é% %%ﬁ#%%' ?ﬁﬁtt& @%c IS assurred to

nmodul ation u
be 10.0 vol ts. WhilleGsugh m&mmm eamecgmvcnmntttmuac m in
FIG 2 (which 48sigRPlchedy lﬁw}é%}HEEmsﬂitdﬁadvaﬁ&agb@ First. they are
costly. Generally. the price of even the simplest IC is more
than $1.00. even in significant volumes. In addition. when
added to the cost of the cther external components rcqmrcd
to cornplete the DC-to-DC power coaverter, the cost Jumps
to approximately $3.50-$4.00.

Second. no industry standards have emerged. As a resuit,
the ICs available from one supplier are not interchangeable
- with those from another supplier. The specific IC must
therafore be sourced from a single supplier. which makes the
- entire product line vulnerable to the performance of that
supplier.’
~ Third. many of the power converter ICs employ control
schemes that are less than optimal from the standpoint of
overall performance. It is common for power coaverter ICs
to use cither “pulse frequency modulation™ (PFM) or “bang-
bang™ schemes. PFM control schemes use a pulse stream of
varying frequency and relatively constant pulse width to
alternatively energize and de-energize a capacitar. inductor,
or transformer. PFM control schemes work well as long as
the load current remains high. but if the load current is
reduced to a small fraction of the maximum curreat load. the
pulse frequency drops significantly. Since the growth of the
output voltage ripple of a PFM-based coaverter is inversely
' proportional to the pulse frequency, the ripple becomes
objectionable at light load levels. To address this problem. a
 designer is forced to add a very large output capacitor to
. reduce the output valtage ripple to acceptable levels.

A similar problem exists with bang-bang control schemes.
Bang-bang control schemes turn on a converter to supply a
charging current to an ocutput capacitor until the desired
supply voltage is reached. Then the supply curzent is turned
off. As the load draws charge off the capacitor, the voltage
of the capacitor is lowered until it reaches a threshold. at
which point the supply current is twrned back on and the
capacitor is recharged. Bang-bang-based converters produce

This is the replacement sheet
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when capacitor Cferr] is charged fromO0.0 vols toward V= (10.0 volts)  using
the resistor network of Rlerr] in parallel with the series combination of

Rlérr] and Rlerr]. This is the sane resisto t CRBVERberATBZ t Or
clerr] when the OUT terninal of timer U eBrgd i élg.hb % en
control circuit 36 is operating. only a small portion of curve 58 is
actual 'y realized. Curve 60 shows vol tage versus tine at node 44 in FIG 2

|(\émld|02clhzlr °4 = béb ahdfﬁin@b%it&bwmmdmﬁppltegrer r]
net wor k fo? yﬁ'ﬂ%eﬁ‘ MW%*E M nal

of timer Uerrpul Iwmmvmnduhﬁdh (B’WMb comml schemexarealsoal of
of ”EL&’E%B‘%@@&“%&J@% $oRy ﬁ%ﬁ En o ?""?‘ Eﬁ%%‘.'ﬁ‘)b?r.
by power cofber psoblemasi c°
use a pulse stream to altcrnanvely energize and dc-cnergzze
a capacitor, inductor, or transformer. However. the pulse
width varies with the load, not the pulse frequency. Since the
pulse frequency remains relatively constant. output voltage
ripple is minimized. Unfortinately, PWM solutions do not
exist among DC-to-DC power converter ICs that coavert
low voltages. such as 3.3 volts. to higher voltages. such as
S and 9 volts.

SUMMARY OF THE INVENTION

The present invention is a power converter circuit that

' uses an inexpensive and easy to manufacture control circuit.

In one embodiment. the control circuit is implemented using

a 'S5S type timer circuit, a precision voltage reference, and
a small number of resistors, capacitors. and diodes.

The control circuit gcncrates a gate contral signal that
oscillates between “on™ and “off” states. and drives a tran-
sistor that alternately ecnergizes and dc-energzzes a primary
winding of a transformer.

The invention uses a first resistive network to charge a
capacitor. and a second resistive network to discharge the
capacitor. A feedback control signal is formed based on a
comparison between the rsgulated voiltage supply of the
power converter and a voltage reference signal. The feed-
back control signal is used to form a control window that is

. bounded by an upper coantrol value and a lower coatrol
value.

The control window moves in response to the load being
driven by the power converter circuit. By movmg the control
window, the relative charging and discharging times of the
capacitor are adjusted with respect to each other, while the
sum of the charging and dlscha.rgmg time remains relatively
constant. The gate coatrol signal is derived from the charg-
ing and discharging times, with the “on™ interval of the gate

This is the replacement sheet
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curves 58 and 60. but it does affect the portion of each curve that is used
to:regul ate the output voltages. as will be described below. FIG 6

illustrates how shifting the feedback contrql volt.- Vi ' 1 S1998

controlled by feedback fromthe +5.0 volt 4 J‘ t. 2 NWe?xlibérsw

st €ep portion of one curve to be traversed and a | ess steep portion of the
ot her curve to be traversed. 16 Supstitute sheet, - ﬁ Novepgber 19 For

exanpl e, assoRtiobisignal fqusal; g the Jme I vE@t CAXTBEUWCI0 i s
heavy. and \sapacitorifronxithe bwér contrdl/valumte) the & contraluse

of the volt lod thta t ] 2K {Slus! e dpEaZen to
e e e sk maOgL fo 4 o AT 13

discharge the capacitor from the upper control value to the
~ lower control value through the second resistor value (plus
an IC response time). Since the “on” and *“off” times vary,
but the total of the “on™ and ‘“‘off” times remains relatively
constant, the present invention implements pulse width
modulation regulation. | ' |

BRIEF DESCRIPTION OF THE DRAWINGS

" FIG. 1 is a block diagram of a power converter circuit
known in the art as a “fiyback power converter.”

FIG. 2 is a diagram of the control circuit of the presént
invention. which regulates the power converter circuit
shown in FIG. 1.

FIG. 3 is a functional block diagram from the Technical

Data Sheet for the Motarola TLA431 Programmable Precision
Reference.

FIG. 4 is a functional block diagram from the Technical
Data Sheet for the Texas Insttument TLCS55C timing cir-

FIG. 5 is a graph showing the performance of the control
circuit of FIG. 2. :

FIG. 6 is a graph showing the RC time constants of the
control circuit of FIG. 2.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

FIG. 1 is a block diagram of a power converter circuit 10
known in the art as 2 “flyback power converter.” Although
the present invention is described with reference to circuit
10, it may be incorporated into other power circuit
topologies, and those skilled in the art will recognize how to
adapt the teachings set forth herein to incorporate the present

invention in other types of power circuits.

Power converter circuit 10 includes +3.3 volt power
supply 12. fiyback transformer 14, Schottky diodes 24, 25,
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approximately 3.5 volts. Capacitor Clerr] will charge until it reaches
point 64. which is the intersection of curve 58 and apprOX|nater 7 vol ts.
Acdordlngly the "charge" tine is represented, at I[n-__

approxi mately 2.8 usec. As noted above |n5t“fb;-

tifre t[err] and "of f" tinme t[err]. each equation |ncI udes an IC response

time t[err] and t[err]. respectively. with_each response tine
appr oxi mat el anzi 26scapacitors 28 andn3@o MOSEIE itransistosI3. ands

the sum of ! borirelocitouit 36. wwmmbm@mwm%)m
di scharge al ohg @b‘?éfei% EQE%%%%% erﬁ?# 1'SC e from

poi nt 68. whi ciPrimiary ding X6 hascarfiest oupled toi

Lo AT Sl

e e reein S OSEEE 5. A splet (i gf?’?&gsgzc

time (2.6 uFET 32 ishedupledporground and a gate terminal of MOS-
FET 32 is coupled to gate control line 34 from control circuit
36. Also coupled to the drain terminal of MOSFET 32 is an
anode of Schottky diode 25. A cathode of diode 28 is
coupled to power line 35. which provxdcs power supply
signal V. to control circuit 36.

A magnetic ficld created by primary co:l 16 is coupled via
core 22 to secondary windings 18 and 20. Secondary wind-
ing 18 has a winding ratic with respect to primary winding
16 sufficient to produce a voltage of approximately 9.0 volts.
A first terminal of winding 18 is coupled to a negative
termninal of capacitor 28. A positive terminal of capacitor 28
is coupled to a cathode of Schottky diode 24, and an anode
of diode 24 is coupled to a second terminal of winding 18.

Schottky diocde 24 ensurcs that capacitor 28 is charged. but
not discharged, by wmdxng 18. and that an isolated 9.0 volt
power supply signal is developed over the posmve and
regative terminals of capacitor 28.
Secondary winding 20 has a winding ratio with respect to
~ primary coil 16 sufficient to produce a voltage of approxi-
mately 5.0 volts. A first tetminal of winding 20 is coupled to
a negative terminal of capacztcr 30 and to ground. A positive
terminal &f capaciter 3@ is coupled to a cathode of Schottky
diode 26. and an anode of diode 26 is coupled to a second
terminal of wmdmg 20. Schottky diode 26 ensures that
capacitor 3¢ is charged. but not discharged. by winding 20.
and that a +5.0 volt power supply signal is developed at the
positive terminal of capacitor 30. The +5.0 volt power

supply signal is promdcd to coatrol circuit 36 via feedback
line 38.

In FIG. 1 capacxtors 28 and 3¢ are provxdcd to minimize

low frequency output voltage ripple in the power supply
signals generated by power converter circuit 10.
Accordingly. capacitors 28 and 30 have relatively large
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psec),. which is 4.9 usec. The oscillation frequency is the reciprocal of

the sumof the "on" and "off" tinmes, which is 100.0 EHz. The duty cycle is
the "on" tinme divided by the sumof the "ona . | ovanbeh 1998 1%
At ‘a cont_rol vol tage of Vc (Heavy). the "® u ﬂté)gﬁett ger an
the "of f" time because the portion of curve 64 that is traversed is o

slightly nore steep than the portlon of curve 58 that is taversed. Next.

assune the | bﬁjg feat'ioviedBbn if

::IntGerS)ect [ o%ﬁé %% %é &@@%I ch

i s the int e REWEHNCOMYEEFIE p AT SRS . t%’.‘g

tinme requir dmamlg, pmtmhmngnda@eehposmaw

represent eda_atcl céd afd iparalledxiwitht éa\p&c&a*seczsﬂmafm F@r

total “on 1873 Has been found that placing a 0.1 uF capacitor
and a 1000 pF in parallel with capacitor 28 greatly reduces
high frequency RF noise in the isolated 9.0 volt cutput
signal. Likewise. it has been found that placing a 0.1 pF
capacitor and a 1000 pF in parallel with capacitor 3@ greatly
reduces high frequency RF noise in the +5 0 volt output
signal.

Within control circuit 36, a comparc signal based on the
+5.0 voit power supply signal is subtracted from a reference
voltage. and the result is amplified to form an error signal.

- The exror signal is then fed to a pulse width modulation
(PWM) block that produces an output pulse stream, with the
width of each pulse based on the error voitage.,

The output pulse stream is fed to MOSFET 32 via gate
control line 34. When the +5.0 volt power supply signal
strays above +5.0 volts, the pulse width is reduced. MOS-
FET 32 lowess the duty cycle of the current flowing through
winding 16 and the power supply signal returns to +5.0
volts. When the +5.0 volt power supply signal strays below
+5.0 volts, the pulse width is increased, MOSFET 32
increases the duty cycle of the current flowing through
winding 16 and the power supply signal returns to +5.0
volts. .

For ﬂyback-type convaters that convert +12.0 volts to
+5.0 volts, there are many commercially available and
inexpensive ICs that provide the function performed by

- control circuit 36, with most using pulse frequency modu-
lation (PFM). However, there are few ICs that perform such
a function for a flyback-type converter that converts +3.3
volts to +5.0 volts (none using PWM). and those that are
available are quite expensive, costing in excess of one dollar
each even when purchased in large quantities.

The present invention provides the function performed by
control circuit 36 using industry standard off-the-shelf com-
ponents for a cost of about 70 cents (in large quantities). The
- present mvcnnon uses a precision voltage reference to
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17 :Substitute sheet - 2 Novenber 1998 32 is the sumof the charge tine (1 7
usec) and the IC response tinme (23 usec), whichis 4.0 usec. After -
capacitor Cerr] reaches Vc (Light) at poin n it Ay o8

al ong curve 60 from. point 80, which is thé éﬂmm—tmr& t02 Nov
approximately 5.5 volts, and point 82 which is the intersection of curve 60
and approxi- mately 2.75 volts. The "discharge" tine required to dis-

charge capacitor g[yerr] bet Ween poi nts 80 a,n 82 i s repre(fnt ed-at |ine 84
and i s appr @@BREFRIS3A0CHATO Tm&te detea Misrer 32
i's the sum clevieedtrohis etmilse toPtie incll dh?dbsrsgﬁam&me 3

??ﬁé).s“’é‘hﬁﬁ*#bg s%}a?zhan the?ﬁ% Sonfaol “Hghal, 34, SR, 1t Tdth,

traversed i M portion of curve 58 that is traversed.

Accordi ngly. AFIKGe 2 1€ difgthi P Gontro] Crtue BECL! hePresert ©! ¥
107.5 K% argy B {0hY GEh&CT circnit 36 includes resistors R,. R.. R,,

inventon.
R.. Rs. R, and R,. capacitors C, and C,. precision voltage
reference U,. and *555 timer U.,.

Resistor R, has a first terminal that is coupled to feedback
line 38 in FIG. 1. and resistor R, has a first terminal that is
coupled to ground. Resistors R; and R, cach have a second
terminal that is coupled to node 40. A reference tcnnmal of
voltage reference U, is also coupled to node 40.

Voltage reference U, also has an anode coupled to ground.
and a cathode coupled to node 42, Also coupled to gode 42
are first terminals of resistors R, and R and the CONT input
of timer U,. Resistor R, has a second terminal attached to
ground and resistor R, has a second terminal attached to

. supply voltage V..

Coupled to node 44 are first terminals of resistors R, and
R,. a first terminal of capacitor C,. and the TRIG and
THRES inputs of timer U,. Capacitor C, has a second
terminal coupled to ground and resistor R4 has a second
terminal to coupled to supply voltage V.. |

Coupled to node 46 is a second terminal of resxstct R,.a
first terminal of resistor Rg. and the DISCH input of timer
U,. A second terminal of resistor Ry is coupled to supply
voltage V.~ Also coupled to supply voltage V.. are the
RESET and V. inputs of timer U,, and a first tecminal of
capacitor C,. A second terminal of capacitar C, is couple to
ground. as is the GND input of timer U,. Finally, the OUT
output of timer U, is coupled to gate control line 34, which

in mm is coupled to the gate terminal of MOSFET 32 in FIG.
2.

Before discussing circuit 36 in detail, it is helpful to first
-discuss precision voltage referenace U, and "S55 timer U,.

FIG. 3 is a functional block diagram from the Technical Data
Sheet for the Motorola TL431 Programmmable Precision
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approxi matel y 4_3% Note that the values derived fromFIG 6 for the duty
cycles and oscillation frequencies at V= equal to 7.0 volts and at Vcc

equal to 5.5 volts matches the data shown i I S. léi c GO
FIG 6. there is little variation in osci8 Ivgw” 3%@?&%';&?“%83 tte Tuau

bei'ng driven by power converter circuit 10 is varied between a-light |oad
and a heavy | oad. However, the duty cycle varies significantly, thereby .

providing @ UV UIGE R TAARIEN Bhck' §§@§‘s‘£§§§§?§%‘fﬂ&§!{e BfM
vol tage V. dixe oMotoradancpublication sntitled
respect i vel YDERUTA | BodkltSWiiLE Mrsgn hm&@p%emet fotrth

relatively stee POLt | f one c.urv.e anda ve | egs_steep pord
of the otherd® Hfﬁ%r ?'E ri 884 (15 @om f rr#

sel ecting a incladedpheretn. of one curve S apprOX| matel y conpensated for
by the tinme gained by selecting a | ess steep portion of the other curve,
_ Thc'l‘f/A 31 has a reference input that is compared with 2.5

~ volt internal reference signal 48. If the reference input is
significantly above 2.5 volts, the output of op amp 59 goes
high. The high output of cp amp 50 is provided to the base
of wansistor 52 and saturates transistor 52, causing the
current IKA that is dram though transistor S2 to be maxi-
mized. When the reference input is significantly below 2.5
volts, the ocutput of op amp 50 goes low. This causes
transistor 52 to minimize the curreat IKA. When the refer-
ence input is within a narrow zone ceatered about 2.5 volts,
the slope of the curve defined by the current IKA piotted
with respect to the reference voltage is fairly steep, having
an open loop gain of about 55 dB. It is within this narrow
zone that regulation occurs. Any device or combination of
devices having similar characteristics may be substituted.

FIG. 4 is a functional block diagram from the Technical
. Data Sheet for the Texas Insttument TLCSS5C timing cir-
cuit. The Technical Data Sheet is from Volume 3 of the 1992
Texas Instument publication entitled *“Linear Circuits—
Voltage Regulators/Supervisor. Special Functions, and
Building Blocks.,” and is incorporated by reference as if
included herein. This timer is a CMOS version of the
popular *SS5 timer. Because the timer is based on CMOS
technology. it will operate at voltages as low as 2.0 volts. As
described below, this is important because the timer must
opecrate at approximately 2.8 volts when power converter
circuit 10 is starting up. and TTL versioas of the *S55 timer
will not work at such voltage levels. The characteristics of
*S55 type timers are well known in the art, and need not be
recited herein. Any device or combination of devices having

" similar characteristics may be substituted.
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so.the sumof the "on" and "off" times remains relatively constant. and
.therefore the oscillation frequency remains relatively constant The |arge

gal n of precision voltage reference Uerr] é ngﬂstat %3 Sorz ﬂwemsa{g@gs
in conponent values that may exist from c® es
preci se regul ation of the 5.0 volt supply signal occurs for a variety of
out put | oads. 18 Substltute sheet - 2 Novenber 1998 The present

PV control . THE S04t 2vd *“‘Sr@f ‘%EC@Q% ""E%m B Applind Wi
tionis superesiﬂm nﬁ@#&ﬂﬁ &ﬂ-l'&lﬁ%&h‘?‘gbm ter
of loads, ther oLy ELEsERL ‘eﬁ"’ﬁ%?ﬂts“"?"h?‘”m@ R A T e
of 1 0ads, tNEhSle" appronatiiy eddar kekidtadils.” ' therbFdrt 8
voltage at node 40 is approximately one-half of the +5.0 volt
output signal. As described above. precision reference U,
produces a current IKA that is based on the difference
between 2.5 volts and the voltage at node 40. The current
IKA. in combination with resistors R, and R,. determine the
feedback control voltage V. at node 42, which in murn is
provided to the CONT input of timer U,. Note that the
CONT input determines the comparison voltage that is used
for comparisons with the THRES mput and the TRIG input.
The feedback control vollagc Veis glven by the cquanon

: R; Ry

Note that the current intc the CONT input of timer U, is
insignificant compared to the other terms in this equation.
and therefore can be ignored.

When the OUT terminal (gate coatrol line 34) of timer U,
is high. the DISCH terminal is allowed to float. Accord.mgl'y,
the voltage on capacitor C; ramps up toward V. at a rate
governed by the capacitance of C; and resistance R, in
parallel with the series combination of resistances Ry and
R,,. The voltage on capacitor C, is provided to the THRES
and TRIG inputs of timer U,. though when the OUT

terminal is high, only the THRES input is of primary
interest. |

- At the same time that the voltage being provided to the
THRES input is rising. the feedback control voltage being
supplied to the CONT input is being determined by the load
being driven by power converter circuit 10. The load deter-
mines the voltage at the CONT input because the voltage
that is fed back on feedback line 38 causes precision voltage
reference U, to produce a current IKA. which in mm pulls
down the voltage V. at node 42. When the voltages at the
CONT input and the THRES input are at the same level. the
OUT terminal of timer U, goes low.
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based power converter coupled to a light load. In addition the output
voltage ripple is constralned to a level smaller than that which would

result when using a "bang-bang" power conveét L hepe. WN‘SV Kbt Esst
i nvention provides superi or per f omance. i10s JM&E&E&W—%

parts fromwhich the invention is constructed are popul ar and readily
avail able fromnmultiple sources. and are relatively inepen- sive. The cost
of the parts necessar‘g to construct the present |nvent|on are |ess than

S1.00. In.cont rh&btc m\ﬂ:e rate attwhich thesoltag:

func%ce)pealnﬁ W?o cé@ctafqy,‘%nféﬁacb égw &ﬁwost

cont enpl at ed men?ﬂﬂﬁ pifed h%&m”?@?h §€f§&a§#&§“w 1

shi p over 10(RQOGndR$ amim;:al:tt@@u-a

will save noieydPatSIHECONT: ingat S mptndhmceuphmpﬂms load. A

availabl e 1o IARYS{aHf “causes a slightly higher supply voltage on
feedback line 38. which causes a larger current IKA and a
lower feedback control voltage V. at the CONT input
Similarly. a larger load causes a slightly lower supply
voltage on feedback line 38, which causes a smaller current
IKA and a higher feedback control voitage V- at the CONT
input.

When the OUT tmmmal. (gate conu'ol line 34) of tirper U,
is high. MOSFET 32 is “on.” When MOSFET 32 is first
turned on. the voltage over primary winding 16 has a
magnitude of approximately 3.3 volts. As MOSFET 32
remains on. the magnitude of the current flowing through
primary winding 16 increases and the voltage across wind-
ing 16 remains constant. When the OUT terminal of timer
U2 goes low. MOSFET 32 muns off. which creates a current
discontinuity in winding 16. The energy in transformer 14 is
stored as magnetic flux in core 22. The presence of the

etic flux in core 22 requires currents to flow through

‘windings 16. 18. and 20, such that the sum of the currents
muitiplied by the respective number of turns of cach wind-
ing remains continuous. Therefore, when current is inter-

 rupted in winding 16. the sum of the current that was flowing
in winding 16 multiplied by the number of turns of winding
16 is ransferred to the sum of the current-turns product of
windings 18 and 20. thereby maintaining continuity.
Accordingly. the currents through windings 18 and 20
increase and charge capacitors 28 and 30 to their respective
supply voltages. A small residual amount of current in
winding 16 that does not transfer to wind.ings 18 and 20 is
used to provide power to control circuit 36 via power }.mc 3S.
which will be described in greater detail below.

As described above, when the voltage at the THRES input
reaches the voltage at the CONT input. the OUT terminal of
timer U, goes low. At the same time that the OUT terminal
of timer U, goes low, the DISCH terminal is coupled to
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products that incorporate the present i nvention are not vul nerable to the
performance of a single supplier. Suppliers are also denied the opportunity

to-charge an inflated price for their produgts because there i's corrpetltlon
from other suppliers. A though the presdidt PUl$ shegt - doNavae

reference to preferred enbodi ments. workers skllled I n the art wll:
recogni ze that changes fmay be nmade in formand detail w thout departing
fromthe spirit and scope of the invention. 19 Substitute sheet - 2
Novenber 19ggound. Accardingly, the voltageokt dodeid4ibegins torrampwer
converter. Hepuitpwowasd an A m@ wm&ﬁhﬁtgxnat ely energizing

and de- energ|2|ng a primary w ndi ng of a transforner erein

Ry

VCCW-P — -

Node 44 is coupled to the TRIG input of timer U,. and
within timer U,. a voltage divider splits the voltage a.t the
CONT input in hal.f and provides this voltage to a compara-
tor along with the TRIG input. When the voltage level of the
TRIG input drops to one-half the voitage level of the CONT
input, the QUT terminal goes high. and current again begins
to flow through winding 16. Note that the rate at which the
voltage at node 44 drops is not dependent upon the load on
power converter circuit 10.

Accordingly. the feedback control signal V. in combina-
don with the voltage splitter in timer U, form a control
window. with the control window having an upper value
equal to the feedback control signal V. and a lower value
equal to 0.5 V. As will be described with in greater detail
below with reference to FIG. 6. this feedback-adjusted
control window. in combination with the exponential charge
and discharge times of capacitor C,, provide the present
invention with PWM control.

Control circuit 36 of FIG. 2 produces gate control sxgnal
34 at the OUT terminal of timer U, having an “on” time t,
and an “off” time t,. The times t, and t, are defined as

follows:
_ (Rs+RpRs n Ve
TR Ry G\ 1T —ve )t
and
—RsR7 . Ve '
n= (153 + k'ls - R +fa.

’_("C“’“(-E;TTR,—.))

where t,, and t, are the IC response times and are typxcauy
about 2.3 usec.

Based on the times t, and t,. the duty cyclc and frequency
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the switch has a gate input for receiving a gate control signal. and the
power converter produces a regulated voltage output signal. the control

cifcuit conprising: a feedback circuit coup! ed 1o th@ rgg:g g iﬂglt
output signal. the feedback circuit prodii g WD@ r 1958

based on a conparison between a conpare signal derived fromthe regul ated
vol tage out put_ signal and a reference signal; a control w ndow ciycuit

coupl ed to tof thedgate control sigpal provided afthe QUL sermuinal ofyi ¢
produces an tiyper {gntag& defirddaas follows:control signal fromthe

f eedback control sigfial; a first resistive network coupled to a first
energy storage device. mhereln a charge tine of the first energy storage -

device is equal to a tine |nterﬁ@§w€%§ o_chlange an el ectrical state
of the first energy storage de t oﬁfbe I'ower control signal to
that of the upper control signal such that the charge tinme varies with the

1

Frequency (I_-!’z] ey

The equations that define t; and t, are quite complex. The
tmes t, and t, are based on the feedback control voitage V
which in turn is based on the current IKA, which in turn is
based upon a the voltage at the output of power converter
circuit 10. Though the equations are difficult to solve, it is
quite easy to model control circuit 36 using a computer
simulation. The results of such a computer simulation will
be discussed with respect to FIG. S below.

Countrol circuit 36 reccives power from power line 35,
which is coupled to diode 25 in FIG. 1. which in turn is
coupled to the second terminal of primary winding 16.
Capacitor C, (shown in FIG. 2) has a relatively large
capacitance and acts as a low frequency filter to remove
voltage ripple. In one embadiment. a capacitor having a
relatively small capacitance (such as 0.01 uF) is placed in
parallel with capacitor C, to filter RF noise.

When power convester circuit 10 is operating normally.

. the voltage produced at power line 35 varies between 7.0
and 12.0 volts, depending on the load driven by power
coanverter circuit 10. Although this is a significant range, it
is well within the tolerance of the components shown in FIG.
2. Also, the performance of control circuit 36 is not depen-
dent on the value of supply voltage Ve Rather, the
performance of coatrol circuit 36 is dependent on the ratios
of the resistances shown in FIG. 2, as wcll as the resistances
within timer circuit U,.

‘While the value of supply voltage V. is between 7.0 and
12.0 volts when converter circuit 1¢ has been operating for
a sufficient period of time. a different situation occurs when
power converter circuit 19 is first powered up. When power
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f eedback signal; a second resistive network coupled to a second enery
storage device mhereln a discharge tine of the second energy storage device
is equal to a time interval required to discharge an elect |caI state_9

the second storage device fromthat of th3d Byubstitute shest - 2

the | ower control signal such that the di schge tinme varies W|ththe
f eedback signal; and a switching circuit coupl ed to t he upper and | ower

cont:ol mgn@@ w .Ih# ﬁsfﬂfgﬁ ﬁmf %EF
?Lts?stn?f/gl %e%ﬁbﬁsa %? g#stﬁnﬁne g %i%n%'l t i «,S’t#ﬁugh

the second r MIQOSFEE 33ti N@Emﬁh@ suppjart sxgnal ws thsough
wherein the g 19'tdnd diodd 255The vdltagie drdp dvead diodde28hdsge

time and a sgesde .3 oIS Sthkedie (a5 AR e C-I%ill begin to ramp up
| from 0.0 volts to +2.8 volts.

The TI TLCSS5C timer will operate at any voltage
between 2.0 and 15.0 volts. so when the voltage across
capacitor C, reaches about 2.0 volts. timer U, will begin to
operate. Note that at this point in time, precision voltage
reference U, is still inactive. When inactive. voltage refer-

ence U, has no effect on timer U,. sonmcrUzwinsunbcgm
to oscillate.

thnumaUzbegms to operate, the OUT terminal will
go high. At 2.8 volts, the voltage drop through timer U2
about 0.4 volts. Therefore, during startup the maximum
voltage provided on gate control line 34, which is coupled
to the gate of MOSFET 32. is about 2.4 volts. It is important
that MOSFET 32 be fully mined on at this low gate voltage
during the initial startup cycle. The MOSFET specified in
the parts list below meets this criteria and operates with a
gate voliage as low as 2.0 volts.

Once MOSFET 32 wurns on. the current ﬂu-ough winding
16 begins to increase. During this period, timer U, and the
associated RC network are powered by the charge stored in
capacitor C,. At some point thereafter, capacitor C, will
provide enough charge to capacitor C, to cause the voltage
at the CONT input to equal the THRES input, which will
reset the flip-flop of timer U, and therefore drive OUT
terminal of timer U, low. MOSFET 32 will turn off, which

- will cause current to flow through secondary windings 18
and 28. A small current will also flow into capacitor C,.
thereby raising the voltage across capacitor C, higher than
it was during the first cycle. This cycle will continue. with
the voltages rising in power converter circuit 10 until the
+5.0 volt output reaches the regulated voltage.

Below is a parts list for an embodiment of the present
invention that conforms with FIGS. 1 and 2. Information

- pertaining to timer U,. precision voltage reference U,. and
the RF filtering capacitors is given above. Transformer 14 is
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20 Substitute sheet - 2 Novenber 1998 2. The control circuit of claim1l
wherein the feedback circuit conprises: a voltage divider that divides the-
regulated voltage output signal to formthe conpare signal; a voltage
reference coupled to the conpare signal. thé @Q&Eﬂuiiﬂﬁgﬂed&qummhenhg_d
control current signal based on a conparison between the conpare signal and
the reference signal; and a_third resistive network coupled to the control

current signa® cummﬁmeconmcmdrm exlvithithe eggqﬂ;back
control signdnvéntida, caid olth@g&cgg V\/r‘%é '3 t§ Jic
oignal 15 ¢ nARERIRLES- SubH as cile mb%e :
signal is the P&% and M&md&qm& om
the vol t age i@ Produce the supply voltages desired. All transistors have
a 1% tolerance.
e Y
Parts List -
Schottky Diodes 24, 25, and 26  Motorola Part No. 340TS
MOSFET Traunsistor 32 hﬁﬂnnﬂa!hngz;'hﬂsns
. MMDF4NO1HD
Czpafwr 28 100 uF - 25 Volt
- Capacitor 30 . 220 4F - 10 Volt
- Capaciter C, ' 220 pF
Capacitor C; 10.0 uF
Resistors R, and R, _ 21.5X Ohums
Resistor R, _ 1.00K Ohms
Resistor R, : 3.83K Ohms
Resistor Rs 56.2X Ohms
Resistor Rg _ 10.0K Ohms
Resistor R4 12.1X Obhms -

Note that Motorola Part No. MMDF4NO1HD contains
two MOSFETs in a single package. In the embodiment that
uses the parts recited above. the two MOSFETs are con-
nected in parallel to lower the “on™ resistance of MOSFET
32 of FIG. 1.

With the components rccxtcd above, power converter
circuit 10 provides a 5.0 volt supply that does not vary more
than plas or minus 3% over a wide range of supply loads. As
the load varies, the feedback control voltage V . provided to
the CONT inpat of timer U, varies between approxxmately
S volts and 8 volts.

- FIG. S is a graph showmg the pearformance of control
circuit 36. The feedback control voltage V- that is provided
to the CONT input of timer U, is shown along the horizontal
axis. Duty cycle (in percent) and frequency (in KHz) are
plotted along the vertical axis. with duty cycle represented -
by the solid squares along curve 54 and frequency repre-
sented by shaded diamonds along curve S6. |

Note that duty cycle curve 54 is almost completely (if not

~ exactly) lincar, which is a design goal for PWM converters.
While the frequency is not absolutely coastant, (constant
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4. 'The control circuit of claiml wherein the first energy storage device
is a capacitor. 5. The control circuit of claim4 wherein the second energy
storage device is the same capacitor as that used for the first energ
storage device. 6. The control circuit ofi5clSubstituiésheet- 2nNoy 998

whi-ch the first and second energy storage devi ces charge and di schage.
respectively. are exponentlal . The control circuit of cla|n11 mhereln

the gate con igsau

equal to theElt qg, aanf: wgres&onse il rre LF%at control
si gnal assun®S %‘%&L 5000y g% Eﬁ S'ﬂG"E- ge
di scharge ti mmlasehcmi: is muphmnotersxmﬂarthB

claim1 wher e rbqﬁb,ﬁa.}@ ri?lﬂfnﬂﬁ c?@g
foIIowsach& urv non-ze t|c Imt as the

energy stora ‘H aﬁﬂ |caI state of the second
G 61sagrap sowmg the RC time constants of

control circuit 36. The purpose of FIG. 6 is to illustrate how
control circuit 36 achieves pulse width modulation using a

- simple °SSS timer cn'ant. In FIG. 6. Vcc is assumed to be
10.0 volts.

- In FIG. 6. curve 58 shows voltage versus time at node 44
in FIG. 2 (which is supphed to the THRES input of timer U,)
when &pacxtcr C, is charged from 0.0 volts toward V.
(10.0 volts) using the resistor network of Ry in paraliel with
the series combination of R4 and R.,. This is the same resistor
network that charges capacitor C, when the QUT terminal of
timer U, is high. Of course when control circuit 36 is
operating, only a small portion of curve 58 is actually
realized.

Curve 60 shows voltage versus time at node 44 in FIG. 2
(which is supplied to the TRIG input of timer U,) when

capaciter C; is discharged from V.- (10.0 volits) down
toward

Ry
Vec ks - E-;. .

using the resistor network formed by R; and R, that is
present when the OUT terminal of timer U, is low. When the
OUT terminal is low, the DISCH terminal of timer U, is
coupled to ground. As with curve 58, only a small portion of
curve 690 is realized when circuit 36 is operating. The load
being driven by power converter circuit 10 does not affect
curves 58 and 60. but it does affect the portion of each curve
that is used to regulate the output voltages. as will bc
described below.

FIG. 6 illustrates how shifting the feedback control volt-
age V.. which is controlled by feedback from the +5.0 volt
supply voltage. causes a more steep portion of one curve to
be traversed and a less steep partion of the otha' curve to be
traversed.
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energy storage device follows a discharge curve having a non-zero
asynptotic limt as the second energy storage device is discharging. 9. A
control circuit for use in a power converter, the pomer convertcr having.a
switch for alternately energizing and de-kheSybstit petired Namembery 1 898,

transforner. wherein 21 Substitute sheet - 2 Novenber 1998 the switch
has a gate input for receiving a gate control si gnal and t he power

compr i sing. 5 HOECRARIIE, AIE tg&a;gﬁieg‘f 15& Eﬁﬂiﬁ@g%‘ t
tri ggelr i npucomvierter gircuit lﬂtxs Qf\tngatl T tane, I
control w n ue,
the timer o Mw@% 5‘“’.’ m%@r‘%_ﬂlmxﬁu&% cﬁ%&gé% ing
from a vcitage of 0.5 Vo (Heavy). This is represented in
FIG. 6 at point 62, which is the intersection of curve 58 and
approxxmatcly 3.5 volts. Capacitor C, will charge until it
reaches point 64, which is the intersection of curve 58 and
approximately 7 volts. Accordingly, the “charge™ time is
represented at line 66 and is approx:.matcly 2.8 psec. As
‘noted above in the equations that define “on™ time t, and
“off” time t,. each equation inciudes an IC response time t,
and t .. mpecnvely. with each response time approxxmately
2.3 psec. Accordingly, the total “on” time of MOSFET 32 is
- the sum of the charge time (2.8 usec) and the IC response
time (2.3 pusec), which is S.1 psec.

After capacitor C, reaches V. (Heavy) it begins to
discharge along curve 640. Accordmgly. capacitor C, will

- discharge from point 68. which is the intersection of curve
60 and 7 volts. to point 70, which is the intersection of curve
68 and approximately 3.5 volts. The “discharge™ time is
represented at line 72 and is approximately 2.6 psec.
Therefore, the total “off” time of MOSFET 32 is the sum of
the discharge time (2.6 psec) and the IC response time (23
psec), which is 4.9 usec.

The oscillation ﬁ’cquency is the reaprocal of the sum of
the “on™ and “off” times. which is 100.0 KHz. The duty
cycle is the “on” time divided by the sum of the “on™ and
“off* times, which is §1%. At a control voltage of V.
(Heavy). the “on” time is slightly longer than the “off” time
because the portion of curve 60 that is traversed is slightly
more steep than the portion of curve S8 that is traversed.

Next. assume the load is light, and V- drops to about 5.5
volts (V< (Lighty in FIG. 6). Capaciter C, will begin
charging from point 74, which is the intersection of curve 58
and approximately 2.75 volts, up to point 76. which is the
intersection of curve S8 and approximately 5.5 volts. The
“charge™ time required to charge capacitor C,; between
points 74 and 76 is represented at line 78 and is approxi-
mately 1.7 usec. Therefore. the total “on”™ time of MOSFET
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the trigger input failing below the | ower control value, the tinmer_ output
assunes a second state based on a signal applied to the threshold |nput

exceedlng t he upper control val ue. and the gate control signal is derived
fromthe tiner outut; a feedback circuit 1Fdougubstitutetsheet e Navechbeyl 1398
output si gnal . mherein the feedback circuit. produces a feed- back control
signal that is coupled to the control input of the tiner CIrCUIt and t he

f eedback control signal varles based on a conparl betme ol

the regul at ed%lmaghcsusym afiithe aéla tés“iﬁﬁd
to the thresh Mrﬁsr&tg@r to provide a

si gnal based on Eg

i nputs; a flrst r ?g §g

og;to<%£E§§ﬁIQQP rl_ﬁ_lgda:,t‘slgﬂer
the capacitor begins ﬁ@ dmehasg oagsqmct ’-g
resistive netphekimtersectida of curve:60 and spproximately 5.5 volts and
point 82, which is the intersection of curve 60 and approxi-
mately 2.75 volts. The “discharge” time required to dis-
charge capacitor C, between points 80 and 82 is represented
at line 84 and is approximately 3.0 pusec. Therefore, the total
“off” time of MOSFET 32 is the sum of the discharge time
(3.0 usec) and the IC response time (2.3 usec). which is 5.3
psec. At a control voltagc of V. (Light), the “on™ time is
shorter than the “off” time because the portion of curve 60
that is traversed is less steep than the portioa of curve §8 that
is traversed. Accordingly. at the lighter load the oscillation
frequency is approximately 107.5 KHz and the duty cycle is
approximately 43%. Note that the values derived from FIG.
6 for the duty cycles and oscillation frequencies at Voo
equal to 7.0 volts and at V. equal to 5.5 volts matches the
data shown in FIG. S. -
As can be seen from FIG. 6, there is little variation in
oscillation frequency when the load being drivén:by power
converter circuit 10 is varied between a light load and a
heavy load. However, the duty cycle varies significantly,
 thereby providing a PWM-type coatrol circuit. The preseat
invention achieves PWM control by adjusting a control
window that exists between the control voltage V.- and 0.5
V. Since curves S8 and 60 charge and discharge.
respectively. exponentiaily. adjusting the coatrol window
selects a relatively steeper portion of cae curve and a relative
less steep portion of the other curve, which varies the duty
cycle. However, the time lost by selecting a steeper portion
of one curve is approximately compensated for by the time
gained by sclecting a less steep portion of the other curve,
so the sum of the “on™ and “off” times remains rciatively
constant, and therefore the oscillation frequency remains
relatively coanstant. The large gain of precision voltage
reference U; compensates for any deviations in component
values that may exist from component to compoaent, and
ensures precise regulation of the 5.0 volt supply signal
occurs for a variety of output loads.

1stmemmmMWMSMM
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di schargi ng the capacitor when the tinmer output assunes the second state;
and a switching network coupled to the first and second resistive networks
and.the tiner output signal. for charging the capacior for a charge tine
interval when the timer output assunes tHEB fiSubstisute sheatd 2iNavemiend®
capacitor for a discharge tinme interval when the timer output assunes the
second state. wherein the charge tine interval and the discharge tine
interval each vary based on the feedback control signal 10. The control

circuit of clai THewpresenathénvemtion epravides cavdPWiM-likeecogtrol

Sabst i ¢ Z?Lys%’?&*ﬂ% %@M%&@%«é&g gfﬁﬁg}.‘??ﬁﬂ‘?k e
wherei n the (P8 ﬂt vo V1 b uven-
| tion is superior to the perfcnnancc avaﬂable using various
power converter ICs from major suppliers. The output ripple
is minimal over a broad range of loads, therefore a large
output capacitor is not required, as is required by a PFM-
based power converter coupled to a light load. In addition.
the output voltage ripple is constrained to a level smaller
than that which would resuit when usmg a “bang- "
power converter scheme.

While the present invention provides superior
performance. its main advantage is low cost. The parts from

- which the invention is constructed are popular and readity
available from multiple sources. and are relatively inexpen-
sive. The cost of the parts necessary to construct the present

invention arc less than $1.00. In contrast, 2 power converter
IC capable of performing the same function and the related
parts required to construct a control circuit cost somewhere
in the range of $3.50 to $4.00 from a major supplier. It is
contemplated that the present invention will be used in a
product that will ship over 100.000 units 2 month. In such a
product. the present invention will save more than $3.000.
000 a year.

Finally. since the parts are available from many sources,

products that incorporate the present invention are not
vulnerable to the performance of a single supplier. Suppliers
are also denied the opportunity to charge an inflated price for-
their products, because there is competition from other
suppliers.
- Although the present invention has been described with
reference to prefared embodiments. warkers skilled in the
art will recognize that changes may be made in form and
detail without departing from the spirit and scope of the
inveation.
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sign I scharge termnal of the timcircuit. 12. The
control circuit m 9 wherein the voltage over the capacitor follows a
voltagfml “ &"Eﬁjﬁw ng a first non-zero asyrrptotlc limt as the

capaci nd the vol t age ove9 t Subst sheet + @ NOWemp e

di scharge curve havi ng a second non-zero asynpt OtIC limt as the capacitor
i s discharging. 13. A nethod of controlling a power converter having a

switch for alt atel nergizi g and de-energizing a pri- nmary w nding of
a transforner. %‘e‘%‘ﬁﬁiﬂgﬁﬁtbﬁ has a gate input for receivi ng a gate
control signall. md:onn‘qiomnmmrﬁmusem wmvmeu pewcnut put

signal the ﬁ@érfﬁi’mhh IH; o g mﬁﬁ
co?rpar e Si gﬁ based. o a e gﬁ&aﬁuk &F% ence
stonals Or the sw:tch has a gate 1nput gor receiving a gate conlr
and the power converter ptoduccs a regulated voltage output
signal. the control circuit comprising:

a feedback circuit coupled to the regulated voltage output

- signal, the feedback circuit producing a feedback con-
trol signal based on a comparison between a compare
signal derived from the regulated voltage output signal
and a reference signal;

a control window circuit coupled to the feedback control
signal, wherein the control window circuit produces an
upper control signal and a lower control signal from the
feedback control signal;

a first resistive network coupled to a first energy storage
device. wherein 2 charge time of the first energy storage
device is equal to a time interval required to change an
electrical state of the first enexgy storage device from
that of the lower control signal to that of the upper
control signal such that the charge time varies with the
feedback signal;

a second resistive network coupled to a sccond cncrgy
storage device, wherein a discharge time of the second
energy storage device is equal to a time interval -
required to discharge an electrical state of the second
storage device from that of the upper control signal to
that of the lower control signal such that the discharge
time varies with the feedback signal; and

a switching circuit coupled to the upper and lower control
signals and the first and second resistive networks, for

- alternately charging the first cnexgy storage device
through the first resistive network and discharging the
second energy storage device through the second resis-
tive network, and forming the gate control signal,
wherein the gate control signal assumes a first state

based on the charge tilne and a second state based on
the discharge tdme.
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from t he Teedback Si gna'rf charging a first energ storage device froma

state control signal to a state equal to the upper
controTl" r"[" H Em[a charge interval is equal to a Ie gth of ti -. .
required te charyg first energy stor2fe Bubstiate Shae Noyember, 1

t he | ower control S|gnal to the state equal to the upper control S|gnal and
vari es based on the feedback signal; discharging a first energy storage

device [rom g, SBe° ol bt P AN, 3L iiatinl B Belbdel

| engt h of tM@M&C&hscharge t he energy storage device fromthe

state Fqual tI a I dfm
S T
interval . 14. Zhvoltagedreferencs coup tot thef compare gsignal. the
| voltage reference producing a control current signal
based on a comparison between the compare signal and
the reference signal; and |
a third resistive network coupled to the control current

signal. for converting the control current agnal into the
feedback control signal.

3. The control circuit of claim 1 wherein the control
window circuit comprises a voltage divider. wherein the
upper control signal is the feedback signal and the lower
control signal is derived from the voltage divider.

4. The control circuit of claim 1 wherein thc first energy
storage device is a capacitor.

- 8. The coatrol circuit of claim 4 wherein the second
energy storage device is the same capacitor as that used for
the first enexgy storage device. .

6. The control circuit of claim 1 wherein the rates at which
the first and second energy storage devices charge and

~ discharge. respecuvely. are exponential.

7. The coatrol circuit of claim 1 wherein the gate control
signal assumes the first state for a first leagth of time equal
to the charge time and a first IC response time. and the gate
control signal assumes the second state for a second length
of time equal to the discharge time and a second IC response

8. The control circuit of claim 1 wherein the clectrical
state of the first energy storage device follows a charge curve
having a non-zero asymptotic limit as the first energy storage
device is charging and the clectrical state of the second

energy storage device follows a discharge curve having a
non-zerc asymptotic limit as thc sccond energy storage
device is discharging. :

9. A contfrol circuit for use in a power converter. the power
converter having a switch for alternately energizing and
de-energizing a primary winding of a transformer. wherein
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storageMﬂ rst exponential curve having a first non-zero
asynpt Otlﬂ m charged, and the 23 Substitute sheet - 2

Novenber lm”!!l m storage device traverses a second exponential -
curve having®a secbna nen-zero asynpt ot i c2li nBuybstitute sheetii 2cNavember 4298

the met hod further conprises: varying the feedback signal in response to a’
light load to cause a nore steep segnent of the first exponentlal curve to

Do t 1 aver sedtAEENd h@%%ﬁ&aﬁeiﬁ%&@f@:&%ﬁ%&%@‘ g&u%ad
to -cause a Iamish ecpOW STECOnvVEIter P OGSptrt&g\llﬂws,aV
traversed an ‘iﬂihﬁ‘iil”&il‘c@t Eotnpaqsiggeurve to be traversed 15.

A power convg er corrpr|5|

a timer cu'cmt having a coantral input. a threshold input, a
trigger input, and a timer output, wherein the control
input establishes a control window bounded by an
upper control value and a lower control value, the timer
output assumes a first state based on a signal appliedto
the trigger input failing below the lower control value,
the timer output assumes a seccond statc based on a
signal applied to the threshold input exceeding the

control value, and the gate control s1gnal is
derived from the timer cutput;

a feedback circuit coupled to the rcgu.lated. voltage output
signal, wherein the feedback circuit. produces a feed-
back control signal that is coupled to the control input
of the timer circuit, and the feedback conmtrol signal
varies based on a cornparison between a voltage of the
regulated voltage signal and a reference voltage;.

a capacitor coupled to the threshold and trigger inputs of
the timer circuit. to provide a signal based on a voltage
across the capacitor to the threshold and trigger inputs;

a first resistive network coupied to the capacitor, for

charging the capacitor when the timer output assumes
the first state;

a second resistive network couplcd to the capacitor. for
discharging the capacitor when the timer output
assumes the second state; and

"a switching network coupled to the first and second
resistive networks and the timer output signal, for
chargmg the capacitor for a charge time interval when
the timer output assumes the first state and discharging
the capacitor for a discharge time interval when the
timer output assumes the second state, wherein the
charge time interval and the discharge time interval
each vary based on the feedback control signal.

10. The control circuit of claim 9 wherein the second
resistive actwork is formed by selectively coupling a ground
signal to the first resistive network.
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a transf , a primary winding; and a secbndary wi ndi ng; a
swi.tch f l Hmrﬁ E ergi zing and de-energizing the primary w nding,
wher-ei n gate input for receivng a gate control signal an

output rectifier and filter circuit coupl 32 tSulpstifutesheend2r Novemitend 2881

providing a regul ated voltage output signal; a tinmer circuit having a
control input. a threshold input, a trigger input. a discharge term nal.
and a tinmer output wherein the control input establishes a control w ndow

bounded by an QfpeThencontroll circuit of MO& rwhcmmettm

egnoun
out put assu gcﬁa qs?ﬁ#fg @ & ey NpuUt
failing bel mi \M.Eﬁtszon ro 5t\s/gl cr out put assumes a second

stat e based @m& gnal applied to the t hreshol d input exceeding the upper-

control val ue. 121€Thisscomtyelicireuit of claim 9 wherein the voltage over

the capacitor follows a voltage charge curve having a first
non-zero asymptotic limit as the capacitor is charging and
the voltage over the capacitor follows a voltage discharge
curve having a second nomn-zerc asymptotic limit as the
capacitor is discharging.

13. A method of conlrol.lmg a power converter having a

‘switch for alternately energizing and de-energizing a pri-

mary winding of a transformer. wherein the switch has a gate
input for receiving a gate coantrol signal. and the power
converter produces a regulated voitage output signal, the
method comprising? _
forming a feedback sxgnal by comparing a compare signal
- based on the regulated voltage cutput signal to a
reference signal;

forming an upper control signal and a lower control szgnal
from the feedback signal;
charging a first energy storage device from a state equal
to the lower control signal to a state equal to the upper
control signal, wherein a charge interval is equal to a
length of time required to charge the first energy
storage device from the state equal to the lower coatrol
signal to the state equal to the upper control signal and
varies based on the feedback signal;
discharging a first energy storage device from the statc
equal to the upper control signal to the state equal to the
lower control signal. wherecin a discharge interval is
cqual to a length of time required to discharge the first
caecrgy stusage device from the state equal to the upper
control signal to the state equal to the lower control
signal and varies based on the feedback signal; and
forming the gate control signal based upon the charge
interval and the discharge interval. -
14. The method of claim 13 wherein the ﬁrst cncrgy
storage device traverses a first exponential curve having a
first non-zero asymptotic limit as it is charged, and the
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m nal | nd when the tinmer output assunes the second state.
an,d Th ’mml, m'jﬂiﬁnal Is derived fromthe tinmer output; a feedback
ci rcui t coupl & egul at ed vol tage output signal. wherein the

f eedback circuit produces a feed- back c@st rgub%ﬁ@ﬁaﬁheﬁhtziﬂommeéd&%

thé control input of the timer circuit. and the feedback control signal
vari es based on a conpari son between a voltage of. the regul ated vol tage
signal and a reference voI tage 24 Substitute sheet - 2 Novenber 1998 a
capaci tor cgepiaiid evice traversesaisecgndrexponentialcui t,

to provi de t @F C2p 3
thr6shol d & %@W@f%ﬁﬁﬁ?{éﬁﬁ Feas, i, St is
capaci t or adﬁ the meth €T COmpriscs.
varying the feedback signal in response to a light load to
cause a more stecp segment of the first exponential
curve to be traversed and a less steep segment of the
sccond exponential segment to be traversed; and

varying the feedback signal in respoase to a heavy load to
~ cause a less steep segment of the first exponential curve

to be traversed and a more steep segment of the second
curve to be traversed. |

15. A power converter comprising:

a transformer comprising:
a primary winding; and
a secondary winding;

a switch for alternately energizing and de-energizing the
pnmary wmdmg, wherein the switch has a gate input
for receiving a gate control signal

an output rectifier and filter circuit coupled to the sec-
ondary winding and providing a regulated voltage
output signal;

a timer circuit having a control input, a threshold mput a
trigger input, adxscharge terminal, and a timer output,
wherein the control input establishes a control window
bounded by an upper control value and a lower control
value, the timer output assumes a first state based on a
signal applied to the trigger input failing below the
lower control value, the timer output assumes a second
state based on a signal applied to the threshold input
exceeding the upper coatrol value. the discharge ter-
minal is coupled to ground when the timer output
assumes the second state. and the gate control signal is
derived from the timer output;

a feedback circuit coupled to the regulated voltage output
signal. wherein the feedback circuit produces a feed-
back control signal that is coupled to the control input
of the timer circuit. and the feedback control signal
varies based on a comparison between a voltage of the
regulated voltage signal and a reference voltage;
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di schargM| ng the capacitor when the tiner out put assumnes
the fi rst hargi ng the capacitor when the tiner output assunes
t he'. secon mzm gﬂ charge time during WhICh the capaci tor char
and a di schar ge g which the cadfhciSubshiute; sneet o4 NOVEL :
with the feedback control 5| gnal 16. The power converter of claim 15
wherein the voltage over the capacitor follow a voltage charge curve
having a first non-zero asynptotic linmt as the capacitor is charging and

the vol tage ovea capacitor coupled tothe thieshold and teigger inputsofig a

second non-zero agyEntiphes cirtuit afotﬁﬁaﬁiﬂécatﬁgdﬂ Based o WVoltagc
across the capacitar to the threshold and trigger mputS‘
and

a resistive network coupled to the capacitor and the
discharge terminal. for charging the capacitor when the
timer output assumes the first state and discharging the
capacitor when the timer output assumes the second
state, wherein a charge time during which the capacitor
charges and a discharge time during which the capaci-
tor discharges each vary with the feedback control
signal.

16. The power converter of claim 15 wherein the voltage
over the capacitor follows a voltage charge curve having a
first non-zero asymptotic limit as the capacitor is charging
and the voltage over the capacitor follows a voltage dis-
charge curve having a second non-zero asymptotic limit as
the capacitor is discharging. .
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ABSTRACT

LOW COST HIGHLY MANUFACTURABLE
DC-TO-DC POWER CONVERTER

A highly manufacturable low cost DC-to-DC power con-
verter uses a control circuit constructed from a 555 type
timer IC and a precision voltage reference. The output of the
*§55 timer is used to drive a MOSFET transistor that
alternately energizes and de-energizes a primary winding of
a transformer, thereby energizing secondary windings of the
transformer. The voltage at the secondary windings is rec-
tified and filtexed to form the regulated output supply
voltages. A feedback control signal is generated based on a
- difference between a refersnce voltage and the a regulated
output supply voitage. Based on the feedback control signal.
 a control window is established within the *555 timer that
determines the charging and discharging times of a capaci-
tor. Since the charging and discharging times of the capacitor
are exponecntial, changing the feedback costrol signal
changes the comtrol window, which in turn changes the
charging time with respect to the discharging time. While the
times change with respect to each other. the sum of the
charging time and the discharging time remains relatively
constant, so the oscillation frequency remains relatively
constant. Accordingly, the present invention achieves pulse
width modulation (PWM) type control at a cost much lower
than the cost of commercially available controller ICs.

(Figure 2)
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