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Controlling a DC-DC Converter by Using the Power
MOSFET as a Voltage Controlled Resistor

Trevor A. Smith Member, IEEESima Dimitrijev, Member, IEEEand H. Barry Harrison

Abstract—Most converter designs assume that a closed power
switch has zero volts across it. In general, this is a valid assumption
that reduces the design complexity. However, the fact that a power
switch does have a finite resistance means that there will be a
nonzero voltage across it during itson time. This voltage can be
taken advantage of. This paper proposes a simple control tech-

nigue that utilizes the variable resistance of the power MOSFET

in a dc—dc converter. This is the first switched mode power supply

that uses the power switch in more than two states or operating

points. It is also the first switched mode power supply that uses (@) (b)

the power switch as a variable control device as well as a power

device. A 48-5-V 20-W forward converter is implemented to Fig_. 1. Reso_nant s_witch m_odels fot_’ converter design. (a) Typ_icall_y us_ed ideal
confirm the theory and demonstrate its practicality. The proposed swnch..(b) SW|tch with av_ana_ble reS|stance,_used for the first time in this paper
technique provides self oscillation, self overload protection, zero to provide simple self oscillation and regulation for a converter.

voltage switching (ZVS), input voltagefeedforward and a reduced

component count and cost. a converter by varying the MOSFET&: resistance Ron).

Index Terms—Current control, MOSFET circuits, oscillators,  Self oscillation is achieved by switching the MOSFET on and

resonant power conversion. off, based on the comparison of the switch voltagg to a
constant threshold voltage of an invertéf{). Regulation is
|. INTRODUCTION achieved by varying the total on time,{) of the MOSFET,

by only partially switching it on. A smaller gate-to-source

ERO voltage_ switching (ZVS) ar_1d zero current _SWitChin%ltage (as) means a largeRon, which further means that
(ZCS) techniques are used to improve the efficiency %1;35 reached/r; sooner, thereby decreasing,.
de—dc converters [1]-{3]. Resonant components can allow €i~pe main advantage of using the power MOSFET as a voltage
ther the switch voltage or switch current to be zero before thgqjled resistor is that the control of the converter is simpli-
control system changes the state of the switch. A switch with §84 s results in a reduction of the parts count, complexity

as_T_(r)]mated resonant c_omponefnts is called 6_‘ rer:]sonf;l]nt S\I’:"tChand cost of the converter. This is because no external oscillator,
ere are many variations of resonant switches that allow fﬁ’r‘ning circuitry, or control IC are required.

ZVS or ZCS [1]-[3]. Generally, a resonant switch is modeled as
an ideal switch with reactive components. A typical ZVS reso-
nant switch is presented in [1]-[3] and shown in Fig. 1(a). Par-
asitic inductances and capacitances can be utilized to increasefig. 2 shows a block diagram of the proposed converter. The
converter’s efficiency and reduce the component count [1]-[3host important difference between this circuit and conventional
What is not so common, however, is the use of parasitic resierward converters [4] is in the inverter. The inverter is common
tances. Whether it is important to include this resistance in th@the self oscillator and the regulator. The inverter’s output is
model is totally dependent on the application. either zero volts or the positive supply of the invertet ), de-
MOSFET's are commonly used in the resonant switgpending orvps being greater than or less théiy, respectively.
of a converter. A MOSFET displays the characteristics of Bhe inverter is designed to tolerate the resonant peak voltages
voltage controlled resistor for small drain to source voltagesd have sufficient drive capability for the chosen MOSFET.
(vps). Fig. 1(b) shows the proposed resonant switch model that
includes the variable resistance of the MOSFET. This pap&r Self Oscillation

presents a novel technique for self oscillation and regulation OfMany power supplies were self oscillating before the advent

of integrated circuits. A typical resonant converter has variable

Manuscript received July 20, 1998; revised May 12, 1999. This work wad and off times. A zero volts detecting circuit must be included
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Fig. 2. A forward converter that uses the variable resistance of the pov@g' 3. Two periods of the ideal steady-state waveformsfgyr andi ... (not

MOSFET (Rox) to provide self oscillation and regulation. The resonant switcfp Scale). There are three distinct time regidns:, (fo — t.), forr (t1 —t2),
of Fig. 1(b) consists of the MOSFET;r, andL,.. andt,, , (t2 — ts). The relative magnitude df; Is exaggerated for clarity.

Fig. 3 shows two periods of the ideal steady-state waveformsThis converter has inherent overload protection. At the de-
for vps and the current through the effective resonant trangigned full power limit,t.,, is zero. This is becauseps is
former primary inductance (). Self oscillation is achieved by @ minimum when it equal¥ry and therefore;, = 0. If the
switching the MOSFET off whenps increases td/rr. The ef- load is increased beyond its designed limits, then too much cur-
fective resonant transformer primary inductanég)(and the rent will be drawn and, will cross zero beforeips reaches
effective resonant capacitandg, resonate andps decreases Vr and oscillations will cease. This mechanism shuts the con-

back toVir;, where the MOSFET is switched back on ahd Vverter down into a stable state wheigs = V; and no currentis
andC,. are then energized for the next cycle. drawn. A simple start-up circuit can be included if the converter

Attg, ir, = vps = 0and the input of the inverter is low. TheliS to automatically restart after an overload condition.

inverter output will bel’,. and the MOSFET will be onL,., C,. _
and Roy are designed to be heavily overdamped and the ingat Regulation

voltage ¢7) is much larger tharvpr. Thereforejir, andwvps Regulation is needed to keep the output voltdge) constant

will increase linearly untibng reached/rr at¢;. The time from  for variables such as load and input voltadge)( In switching

to t0t1 (on,) is when the MOSFET is on and conducting.  converters this is generally achieved by adjusting the duty cycle
At t1, the inverter changes state and the MOSFET is turn@g))_ In voltage mode control [4], a variabl® is generated

off. At this pOint, the apprOXimate initial conditions féf. and by Comparing the control Vo|tagé/&) to an ex‘[erna”y gener-

L, are, respectively ated sawtooth wave. Only one control loop is present. In current
mode control [4]V¢ is compared to an internally generated cur-
ver(t) = Vi 1) rent, usually the current in an inductor or the switch. This tech-
nigue introduces two control loops and the presence of the inner
i, (t) = Vo ) 2) control loop provides feedforward for faster response.
Ron The new technique presented in this paper is best described

by current mode control or, more accurately, peak current mode
control. It has an inner control loop wheig_ is compared to
Vrr and Ve is used to adjusD and the peak current. During

These initial conditions have to be large enough so#Batcan
resonate back t&; at ¢, and still supply the required energy

to the load. Wheriy,, = 0 (positive gradient), thempg is a . . .
minimum. Therefore, in order to have sustained oscillatigns ‘ona* Vo = V4 = vas, ir,, andups are approximately linear
must resonate back 6 beforei;, passes through zero. TheWith gradients ofV; /L, and RoxVi /L, respectively. If, for
time from¢; to ¢2 (¢os) iS the resonant stage and the MOSFE‘?XampIe’VO Is too high thenD and, hencéf,,, needs to be. de-
is off. creased. Therefor&~ needs to be reduced to lowts, which

At t,, the inverter changes state once again and the MOSFIBTlUMM increasesiioy and the gradient ofips. This causes
is turned on. The body diode of the MOSFET clamps;, at DS to reachVyy sooner and thereby reducks andVo. The

approximately zero volts and the circuit is operating in voItagMOSFET is being used as a voltage controlled resistor.

half wave mode. The body diode supplies the lingamuntil this Tthth no regulatl?ml/ﬁ Wﬁu.ld decrea%e Whegif decre?_se:. i
current passes through zeraat The time fromés to ¢3 (fon,, ) € proposed control technique provides a degree ot Inneren

is when the MOSFET is on but the body diode is conductinggrl#%“ton for Chacnfneze'vz;(gzts'ssééng:t voltage feedforward.
ong s UDS

The cycle then repeats.

. Vi
B. Inherent Overload Protection vps & i, Ron = I Ron ©))
Most converter applications require some form of overload
protection. This is usually implemented with a discrete circuit
or builtinto the control IC. These practices can contribute to the ) vps Ly
overall size and cost of the converter. SER Rox Vi )
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I1l. EXPERIMENTAL RESULTS

A multiresonant forward converter that uses a transformer
coupling of 0.9 [5], [6] was chosen to demonstrate the new con- (b)
trol technique. This type of converter was previously controlled
by PWM of the switch and provided ZVS for all loads.

A 20-W 48-5-V forward converter was designed and con-
structed to confirm the theory that a MOSFET’s variable resis-
tance can provide self oscillation and regulate the output voltage
for a varying load and input voltage. The MOSFET used was an
IRF620 which has a specified maximulipy of 0.8 2 at25°C ©
and with avgg of 10 V [7]. The transformer primary wa pH,
the secondary wa&85 1:H, the coupling was 0.9, and 1300 pF . \
was added in parallel with the IRF620. > v v 5

The new control technique was implemented on a converter 00 05 10 15 20 25
[5], [6] where D was designed to be 50% at the maximum output
power (FPp) and the switching frequency §) was at 1 MHz.
Fig. 4(a) showsps, Fig. 4(b) showss, while Fig. 4(c) shows Fig. 4. Some relevant waveforms for the maximum output power of 20 W.

17, and a zoomed in view afps for the maximumP, of 20 W. (&) vps shows the maximum voltage stress on the MOSFET and the resonant
" ; : s requency. (bpcs shows the switching frequency, duty cycle and the magnitude
Fig. 4(C) shows that 20 W is the maximum power limit becau% vas determinedioy. (€)71,. Shows the peak current stress on the MOSFET

vps and the positive gradient of . cross zero at approximately and a close up ofps is used withi ;. to determine an approximate value of
the same time andl,,,, is zero. Fig. 4(c) also shows th¥fi;y  Rox. In this case it is approximatell €2.
is approximately 2.3 V. Sinceég,, is also the MOSFET drain

current during.y , , then an approximate value f&x can be Fig. 7 shows the efficiencyy], fs, andves for P ranging
found from 50 mW to 20 W. As expected, the efficiency falls offAs
Rox — Ups during.,. . ©) decrease_sf.s andvgs are apprqximately linear functions &%,
. o, wherefs increases by approximately 25% from full load to no
load andvugs decreases by approximately 25%.

From Fig. 4(c),Rox is approximately equal td €. Fig. 4(b) The ability of the controller to regulate for changifg was
shows that ags of approximately 5.8 V is required fdon to  then investigated. The original converter [5], [6] was designed
equall Q. to have a maximun¥; of 48 V and a maximun®, of 20 W.

Fig. 5 showsvps, vas, andiy, for an intermediate”; of ThereforeV; could only be reduced ankl, was held constant
4 W. Fig. 5(c) shows that,,,, now exists and@oy is approx- at 20 W. The minimun¥; was 38 V wheré/; and P were
imately 2.8 €2. Fig. 5(b) shows that a%, decreases,,, de- at5V and 20 W, respectively. Fig. 8 showss, vgs, andiy,,
creases, s increases, and ags of approximately 5 V is re- with V; reduced to 38 V. From Fig. 8(c) it can be seen tRaly
quired for Ron to equal2.8 §2. is approximately0.8 Q. Fig. 8(b) shows that.,, has approxi-

Fig. 6 showsupg, vas, andér, for the minimum power of mately doubled, compared withig of 48 V, and thereforg's
50 mW. Fig. 6(c) shows thdt,,,, is much larger than,,,, and decreased to approximately two thirds. For all changes in load
Roy is approximatelyd €. Fig. 6(b) shows that ags of ap- and input voltage the converter had a near constaraf 0.5 4.
proximately 4.4 V is required foRRoy to equald €. From Fig. 8(b) also shows thata;s of approximately 11.2 V is re-
Figs. 4-6 it can be seen that to maint&im at 5 V from 20 W quired for Ron to equal0.8 €.
to 50 mW requirediox to be varied froml to 4 €2 by varying Fig. 9 showsy, fs, andugs for V7 ranging from 38 to 48 V
vgs from 5.8 to 4.4V, respectively. with a constantP’, of 20 W. The efficiency falls off approxi-

With V; at 48 V andV, at 5V, the output power rangedmately linearly as/; decreases. This is to be expected due to
from 50 mW to 20 W. As the load was reduced,s and, con- the increase in,,, D and, hence, average power dissipated by
sequentlyt,,,, had to be reduced to keep the voltage constant@b . fs andugs are also approximately linear functionsigf
5 V. There was, however, a minimuty, below which oscilla- where fs decreases by approximately 40% from maximum to
tions will cease since a minimum amount of energy had to lb@inimum V; andwvggs increases by approximately 90%.
stored inL, andC,. to ensurespg resonated back tdr;. In this Fig. 10 shows theps, vas, andir_ waveforms when the
case,P, was at 50 mW when,, was a minimum. maximum power rating of the converter is exceeded. These
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Fig. 5. Some relevant waveforms for an intermediate output power of 4 \Wig. 6. Some relevant waveforms for the minimum output power of 50 mw.
For a decreasing load. (aps shows that the voltage stress on the MOSFEThis is the lowest power for which the converter could be regulated at 3, Y.
reduces. (byas shows the switching frequency increases while the duty cycle much less than,,, , and Rox is approximatelyt 2.

and the magnitude ofis decrease. (¢).,. shows the peak current stress on

Case 15 appIOXATON.S €2 1.r - Sxsts when he Ut power s iess than Vin = 48V, Vout = 5V
maximum. 100
waveforms are the same as those in Fig. 4 until the circuit is 2 oo’
overloaded at time= 0. As previously explained;ps does not @ § Vg
return past/t; and oscillations cease. This provides automatic % 25 1.2
shut down of the converter for an overload condition. = )

The experimental results from the simple circuit of Fig. 2, N 1,2
clearly demonstrate that the new control technique is practical § X
and can provide regulation for a respectable range of output § 12k
power and input voltage. It is important to note that ZVS is S “ees,
maintained throughout the entire output power range. This is (b ® Y o ee .
important for reduced stress on the MOSFET and increased ef- § o ‘ s,
ficiency. In addition, the experiment verified another advantage o§3 s 1o S
of the new concept, namely the inherent overload protection. 6.0

g ss ]
IV. DISCUSSION S oot

The new control technique can simplify a converter to the ex- © ‘S §° >0 AL -
tent that a control IC is not required. This can give advantages § § 453
such as improved robustness and reliability, and decreased man- 40
ufacturing and maintenance cost. Perhaps the most important 0 4 8§ 12 16 20
advantage is that the self-oscillation loop delay can be mini- Output Power (W)

mized to permit an increase in the switching frequency.

Self oscillation requires the sensing®fs. Ringing ofvps  Fig. 7. (@), (b) £s, and (C)ves as the output power ranges from 50 mW to
when the MOSFET is turned on can create a stability or reguf:W. ZVS occurs at all loads.
tion problem if the ringing crosses the inverter threshold voltage.
Therefore, attention to circuit layout and parasitics is requir@thosen to be greater than the ringing. It should also be men-
to minimize the ringing. The threshold voltage should then bi®mned that ringing is one of the reasons why a control based
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Fig. 8. Some relevant waveforms for the minimum input voltage of 38 V. (a)
vps Shows that the voltage stress on the MOSFET increasesc{3hows the
switching frequency decreases while the duty cycle and the magnitudeg;of
increase. (c).,. shows the peak current stress on the MOSFET increases and
Ro~ decreases to approximatehys €.

on variable threshold voltage and fixed resistance, which is an
alternative control technique that is possible in self-oscillating
dc—dc converters, is not considered in this paper. Such a con-
troller would face the danger of decreasing the threshold voltage
lower than the ringing voltage. This would be preventable, but
the switching frequency would then become extremely limited.
A multiresonant forward converter was chosen to experimen-
tally verify the new concept. The proposed control technique is
portable and should be equally well applied to other types of
resonant converters. With a minimum of redesign effort and de-
pending on the application, it should be possible to substitute an
existing resonant switch and IC with the newly proposed reso-
nant switch and inverter. It should be noted that the new tech-
nigue is intended to only replace the switching times of existing
resonant controllers and therefore should generally have no ef-
fect on the specifications and waveforms of the original con-
verter. For example, the line and load regulation of a converter
will not necessarily be improved or worsened. It is essential,
however, that the MOSFET and inverter threshold voltage are
chosen to give the appropriate range of switching times and duty
cycle as required by the original converter.
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(a)n, (b) fs, and (c)vas as the input voltage ranges from 38 to 48 V.
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Fig. 10. Some relevant waveforms for when the load is increased beyond the

ZVS improves the efficiency of a converter by minimizingyesign limit of 20 W. Befor® s the waveforms are the same as Fig. 4, ot
the power dissipated in the switching device. Since any resistiie load is increased greater than 20 W, and after two periggsiever crosses

component will dissipate power itis desirable to use a MOSFEVIU (2.3 V) and oscillations cease. This provides inherent overload protection.

with the lowest possibldioy. There is a limit, however, be-

cause the smaller thRox the larger the input capacitance andjuencies. When the output power is at its maximum, the power
the more difficult it becomes to switch the MOSFET at high fredissipated in the MOSFET is at its highest and is the same for
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both the proposed converter and a conventional converter. Thigs] K. H. Liu and F. C. Lee, “Zero-voltage switching technique in dc/dc

is because botRoN’'s are near their minimum. In the proposed y
control technique, regulation for lighter loads is accomplished[ ]

converters,” iNnEEE 1986 PESC RecJune 1986, pp. 58—70.
Mohan, Underland, and RobbinBpwer Electronics—Converters, Ap-
plications, and Design2nd ed.

New York, NY: Wiley, 1995.

by increasingRon . This characteristic does increase the instan-[5] T. A. Smith and S. Dimitrijev, “A multi-resonant forward converter

taneous power dissipated in the MOSFET, however the conduc-
tion time also becomes reduced. Therefore, increaRing for
lighter loads has a negligible effect on the converter’s total effi-
ciency.

The proposed technique required the MOSFET to have its
minimum Roy for maximum output power and minimum input
voltage. HoweverRoyn varies with temperature and a typical
Ron increases by 0.7%C [7]. For exampleRox will increase
by approximately 50% fron25to 100°C. Therefore, the con-
verter design should take into account the maximum expect
operating temperature of the MOSFET.

V. CONCLUSION

This paper presented a simple control technique for dc—
converters by using an improved resonant switch model. T
model recognizes that a converter’s power switch has a finite
resistance in its on state. If a MOSFET is used then this resis-
tance can be variable. A switch that has a finite resistance has a
voltage across it when current passes through it. This voltage
can be compared to a threshold voltage of an inverter whi
determines when the switch changes state. This method f
vides self oscillation and inherent overload protection for a co
verter. The variable resistance of a MOSFET can be utilized
change the time taken for the switch voltagsg; to reach the in-
verter threshold voltage. This changes the on time and provi
a regulation mechanism for variable output power and in
voltage. This is the first switched mode power supply that us

based on non-ideal coupling of the transformer,” Bmoc. IEEE

PEDES’98 Nov. 1998, pp. 431-435.

[6] T. A. Smith and S. Dimitrijev, “Analysis of a multi-resonant forward
converter based on non-ideal coupling of the transformEEE Trans.
Power Electron.vol. 15, pp. 111-120, Jan. 2000.

[7] HEXFET Power MOSFET Designer's Manusobl. 11, 1993.
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