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A Forward Converter Topology With Independently
and Precisely Regulated Multiple Outputs

Youhao Xi Member, IEEEand Praveen K. Jajrirellow, IEEE

Abstract—A forward converter topology with independently models [11]-[13] are complicated and make the loop design
and precisely regulated multiple outputs is presented in this paper. hard [14].
In this topology, each regulated output has its own feedback  thare gre some precisely regulated multiple-output for-
control circuit that controls the appropriate synchronous rectifiers . .
in the pertinent output stage. All output circuits are voltage-de- ward-type topologies using the pre-reg_ulator-post-reguIator
coupled from each other, and the cross-regulation between the approach. The post-regulator can be a linear regulator [1], a
outputs is eliminated. Steady state analysis as well as small signalbuck converter [15], or a synchronous switch post regulator

3100_'9"”9 '3 perfor;\ned :otundersta_r;d t_?ﬁttopolotgy ?n_dgngftrovi%e (SSPR) [16], [17]. The linear regulator option is cheap but
esign guidance. roto e CIrcuit wi WO OUtputs IS bullt, an : P

expegrirr?ental resultspare p};gsented for proof-of-c%ncept. ‘ lossy [1], and the output currgnt IS Ilmlte.d.below L5 A The
buck converter post-regulator is more efficient than the linear
Index Terms—Cross regulation, distributed power supply, one. However, it involves an additional stage of power conver-
I/%rl\;\:gg ;:\c,)v?t\éﬁzg.topology, multiple outputs, soft switching, zero sion, and this sacrifices the overall efficiency. The additional
second-stage converter spoils the natural simplicity of forward

topology, and increases the costs. The SSPR is basically a
I. INTRODUCTION simplified version of a buck converter in which the buck switch

ORWARD converter topology has been widely used i'ﬁplac.ed directly in series with the pre-regulator rectifier, and
Ftelecom and computer systems as the distributed pov&@is will reduce the cost_s.. But, the two-component_rectlfler
supply, because of its simple circuitry, low output ripplé’f SSPR reduces the efficiency as the load current increases.
voltage and high output current capability. However, one 4ybove all, aII_these post regulatqrs W|II_ lose output regulation
its major drawbacks is the poor regulation in multiple outpd¥Nen the main output runs into discontinuous mode.
applications. As advanced telecom systems now require moré® frequent practice in industry Is to use several con-
than one tightly regulated supply voltage for different criticafertér modules, the so-called point-of-use-power-supplies
electronic loads on a single circuit board, the standard forwa/@UPS)—each independently producing a well-regulated
topology is no longer suitable for such advanced application$UPPIY voltage. This approach is nevertheless bulky and costly

A conventional solution to obtain multiple output regulaPecause of the high costs of PUPSs and much of the precious
tion in forward topology is to employ a magnetic amplifiePn-Poard space taken by multi-modules.
(magamp) in each slave output [1]-[3]. It is cost effective when This paper presents an improved multiple-output foryvard
the output voltage is above 5 V. Unfortunately, it is not efficierfonverter topology that can overcome the aforementioned
for very low voltage (e.g., 2 V and lower) applications, becausgi@wbacks. The major features of the proposed topology
the magamp cannot be used along with synchronous rectifidR&lude:
In addition, the saturable core of the magamp brings nonlinear i) independent and precise regulation of each output
properties into design. The bandwidth of the magamp loop  voltage by an independent feedback control circuit for
must be kept lower than the main loop to avoid loop interaction each output;

[3], and this limits its speed of dynamic response. i) elimination of cross regulation by voltage decoupling be-
In recent years, other post regulation techniques of multiple ~ tween the outputs, and inherent immunity to short circuit
output forward topologies have been developed [4]-[10]. How- conditions;

ever, precise regulation in each slave output is hardly obtain-iii) instantaneous response in regulation of the output volt-
able owing to exacting matching and coupling of the magnetics.  ages against the input voltage variations by using feed-
Moreover, they are rather complicated in analysis and difficult forward control of the main switch;
to design due to complex cross regulation. Their small signal iv) single stage conversion to maintain the simplicity of for-
ward topology;
V) soft switching operation when employing the resonant
Manuscript received August 28, 2001; revised November 4, 2002. Recom- auxiliary circuit.
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Fig. 1. Proposed independently regulated multiple output forward converter topology.

(5.0 V 30 W and 2.0 V 24 W) operating under the inputan easily be extended to more outputs. For the generic steady
voltage range from 35 V to 75 V dc and running at a switchingtate analysis (for arbitrary,; output circuit), the following
frequency of 200 kHz. Experimental results are given fassumptions are made.

proof-of-concept. i) The input dc voltageV; and output voltageV,; are
constant.
ii) The load currentl,;, is constant.
Fig. 1 shows the proposed multiple-output forward converter '.”) The S\.N'tc.h'.ng. frequency I .
topology. It consists of the following blocks: iv) The circuit is in the continuous conduction mode.
i ) ‘ T ' v) The components have linear properties.
__') power trgns ormet.., vi) The leakage inductances ©f are negligible.
i) main switch S, .i,;

i et vii) L., andC,;, make an ideal output filter.
iii) multiple output sub-circuits; ) Lok ok p

iv) feed-forward control circuit controlling,ain- | q h o h hf q
All the output sub-circuits have identical structures and are ' steady state, each output circuit goes through five modes

parallel-connected td,. For the arbitraryk™ output (k — per cycle. Fig. 3 shows the active current paths in these five
1or2,...), it consists of the following: modes.
i) an output filter formed by, andC,; . ) .

ii) a pair of Synchronous Rectifiers (SR$)Ry; andSRy,; A Main Switch ON (Duty-Ratio D)

iif) a small voltage decoupling inductdr; As s00n asS,,.in is ON, the front SR that is driven by a

iv) a feedback circuit controlling the shunt SR, namelytansformer winding is also turned on. The circuit goes through

S Rya. the following three modes.

Basically, on the primary side, the feed-forward control cir- Mode 1 SRy is ON,SRk-» is OFF but its Body Diode Con-
cuit generates PWM signal for the main switch in such a walucts.): At the beginning of this mode$,,.., and SRy, are
that constant volt-second unidirectional pulses are producé@rned ON, and5 R, is OFF. Due to the series voltage decou-
Therefore, the converter can achieve instantaneous output f@iRg inductor L., the secondary current,. rises gradually
ulation against the input dc bus voltage variations. On the sétom zero. Fig. 3(a) shows the active current paths in this
ondary side, all output circuits are voltage-decoupled from eaictterval.
other by the decoupling inductors in order to eliminate cross- Since the current through the output inductor is nearly con-
regulation, and each pair of SRs acts as a chopper that chopssthat, the body diode &f Ry is forced to conduct until;, rises
said unidirectional voltage pulses. For each output circuit, the take over all the output inductor current. In this mode,
pertinent feedback circuit modulates the chopping interval, sees a constant voltage aiid is governed by
the simultaneous conduction interval of the pair SRs, to obtain
the output voltage regulation against its load variations.

Il. DESCRIPTION OF THEPROPOSEDTOPOLOGY

isk(t) = (t —t1). (2)

I1l. OPERATING PRINCIPLE AND STEADY STATE ANALYSIS

Fig. 2 shows key waveforms of the steady state operation ofThis mode terminates whep). reaches the value of the output
a two-output converter of the proposed topology in Fig. 1. ihductor current, or approximately thé&” output current,;, if
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Fig. 2. Key waveforms of a two-output converter of the proposed topology of
Fig. 1.
the inductor is very large. Therefore, the duration of this mode, Load
expressed in a fraction of a switching period, is determined by m
prsLsk
Apy = NV, L. (2)
Mode 2 G Ry, is ON, SRys is OFF.): At the beginning of
this mode,is; reachesl,;, and the body diode of R be-
comes reverse biased. The total output inductor current now
flows throughS R;.1, and the power is transferred from the input
to the load as in a conventional forward converter. Fig. 3(b)
shows the active current paths in this interval. L#ozd
This mode terminates whe$iRy is turned ON to regulate

the output voltage by the feedback circuit at some time ahead of
the end of the ON state &fR;;. The duration of this mode is
determined by D — Ay — dy.), wheredy, is the duration of the
next mode.

Mode 3 G Ry is ON, SRy, is ON.): At the beginning of
this mode,S Ry is turned ON ahead of the end &f by an
interval d;,. BecauseS Ry; is still ON, both SRs now conduct _ _ _ _
simultaneously, and this creates a short-circuit. Fig. 3(c) sho@%oi'tp lﬁ%ﬁ'&ii‘f’“{smg’;ﬁf (But:‘a?i;'r‘;fkftia?:’:ﬁ‘:f /Cr’]’i‘\?/rj‘)t"o(g)r&%%‘fzc’f the
the active current paths in this interval. (Duration: D— A,; — dy), (c) Mode 3 (Duration: g, (d) Mode 4 (Duration:

This short-circuit condition chops off the excessive portiof:), and () Mode 5 (Duratiort — D — Ay»).
from the voltage pulse seen on the secondary side, and in this
way the output voltage is regulated. Hence, the effective pulseThanks to the inductok ., this short circuit condition is de-
width, or effective duty-ratio, is governed by coupled from the power transforméy, and the voltages across

all windings do not collapse. Therefore, the cross-regulation be-
Dets =D —diy — Apa. (3) tween different outputs is eliminated.
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02 I I However, due td ., the secondary current can not stop in-
0.18 1: L4=0.275 pH stantaneously, and the body diode of the front $Ry,) is
o6 2: L«=0.183 uH forced to conduct the residual currentiig,. As the shunt SR
3: L+=0.096 pH (SRy2) is already ON L, starts to see the negative secondary
0.14 voltage. Hencei,,, starts to decrease.
0.12 —— This mode finishes when the residual current drops to zero,
Ay 01 l=——T—1 | —— and the duration of this mode can be found approximately to be
= 2,____/——/"" Ap1 = (Ape + dy)..
0.08 =, PR Mode 5 G Ry is OFF, SRy is ON.): This is the last mode
0.06 ——— a— of one switching cycle. In this mode, the shunt SR is in free-
0.04 -3 wheeling of the total output inductor current. Fig. 3(e) shows the
active current paths in this interval. The duration of this mode
0.2 is(L—D — A + di)

Fig. 4. Maximum simultaneous conduction intervalaf the pair SRs in the
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C. Steady State Characteristics

Each output circuit can be represented by a Thevenin equiv-
alent circuit, and the output voltage as the function of the load

2V 24 W output circuit versus the Thevenin equivalent source resistance Reurrent can be expressed as
and the decoupling inductor;j.
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Vor = Ve — Rapdok (6)

whereV, and R, are the Thevenin equivalent source voltage
and resistance of thig” output circuit, respectively, and
Vit = NEVa(D — di — Aga). @)
p

Seen from (6) and (7), the output voltage can be regulated
against load variations by modulatinfg, or the simultaneous
conduction interval of the pair of SRs.

Solving from (2), (6) and (7), itis found that the simultaneous
conduction interval shall be governed by the following equation
in order to regulate the output voltage

Ny Vor  Np(fsLsk + Rar)
e i L. 8
Nai Vg N Va

dy, represents the duration of the short-circuit condition. Be-

=D —

Fig. 5. Rms current through the pair SRs of 2 V output circuit under no loagshuse a |arge current may be produced in this condition, it is

condition.

important to minimize the maximurmd, in design. If the main
switch duty ratio is programmed to satisfy

L4, now sees the pertinent secondary voltage, the secondary
current will rise again as governed by

& Vok + (Rsk + stsk)Iok_max

D= )

N, V,
. Ny Va D —d, ok I
isk(t) = N, L.y - 2 + Lok (4) wherel,;_max IS the maximum load current, then (8) becomes
i : i i 0 awi Np(fsLsk + Ry,
This mode is terminated by turning off the main switch. The dy = p(fsLok + Rok) (Loje_max — Tok) (10)

duration of this mode id,,. At the end of this mode,,, reaches

a peak value given by

I)ea‘:Io AT 7
peak k+Np Lskfs

N, Vg dy

B. Main Switch OFF

N Va

and this setd,, at zero under the full load condition. Hence, the
conduction losses can are minimized.

Also seen from (10) is that;, increases with the equivalent
source resistandg.;. . Becauser,;. is mainly determined by the
Rds(ON) of the SR MOSFETS, to minimizg requires the use
of low Rds(ON) MOSFETSs for the SRs.

Mode 4 SRy is OFF but its Body Diode ConductS,Ry.» To illustrate these characteristics, the 2 V 24 W output cir-
is ON.): At the beginning of this modes,,..;» is turned OFF cuit of the example circuit given below is used. Fig. 4 shows
by the feed-forward control circuit, then the voltage polarity ahaximum simultaneous-conduction-interval of the pair SRs as
each windings of the power transformer reverses. Thus, the franfunction of the circuit parameters. Whét,;. selecting the
SR in each output circuit is also turned off. Fig. 3(d) shows tHewest Rds(ON) MOSFETs, the maximutp that occurs at no
active current paths in this interval. load can be kept lower than 5% of a switching cycle.
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Fig. 7. Control implementations. (a) The feed-forward control. (b) The
feedback control.

IV. SMALL SIGNAL ANALYSIS

Fig. 6 shows the four equivalent circuits representing the five
> Rok modes. Based on the equivalent circuits, and noting the duty-
ratio of SRy is Do = 1— D +dy, one can obtain the averaged
state space model of thé" output circuit as
@ Lot = —voi+ (1= Dig — 2l ) o
Fig. 6. Four e_quivalent circuits of the five modes in thé loutput circuit_ dv . . (11)
(k = 1 or 2 in the two-output example). (a) Modes 1 and 3 (Duration: Cor gt = &% —iLk
Ayg1 + di). (b) Mode 2 (Duration: D— Ay; — dk. (¢) Mode 4 (Duration:
Axz). (d) Mode 5 (Duration — D — Au). wheren,, is the transformer turns ratio, i.ev;, = N,/Ny.

From (11), the small signal transfer function from the control

However, a minimized!, alone does not guarantee a minof SRy to the output is found to be as
imized conduction losses. The decoupling indudtgg is an- v
other critical factor determining the peak current or conduction  Zox(s) e (12)
losses. A decrement ib,; will redupe_dk as seen in (10), on (jk(s) - 2L, Cr + 8% N (1 N fR#) .
the other hand, a decrementin, will increase the peak cur- ok ok
rent and also the conduction losses as seen in (5). A better way
to show the influence of.,; on the conduction losses is to ob- R

serve the rms current resulted from the simultaneous conductio

imilarly, when the ESR of the output capacidy;,, namely
KESR: is considered, the transfer function becomes

losses. To highlight this influence, the rms current through the _(14sR ey
s) kESR%ok ”k
SRsunder no load conditionis investigated. Fig. 55howstherm7$(_— 2 o (+ kESR)+ [ ok i n C (+stsk)]+(1+stsk)'
ok Cok ok kESR%ok Rk Ry
current in the SRs as a function bf; and R,;, under no load (13)

condition. It is seen thak,;, shall not be too small, otherwise
excessive rms current would be resulted from the simultaneous
conduction interval.

In summary, when the circuit is designed properly, the short
circuit interval can be limited, and excessive rms current or con-A design procedure can be generated based on above
duction losses can be prevented. analyses.

V. DESIGN PROCEDURE ANDCONTROL IMPLEMENTATION
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TABLE |
PRINCIPAL PARAMETERS OF THEPROTOTYPECONVERTER
Components Selection Components Selections
7, core PQ2625-3FC1 Simain IRF640
1, core Gapped SP41408 Saux IRF643
Np/Ns1 (2V) 15:2 /Ca 1 uH/66 nF
N,/Ni2 (5V) 155 Com 10 nF
SRs (2V) MTP75N05 (9mQ) Da/Da HFAO08TB
SRs (5V) IRFZ44 (28mQ) Lot/Cor 12 pH/400 pF
La/Ly 0.3 uH/0.9uH Lo/Cor 32 uH/100 uF

A. Main Switch Duty-Ratid

The main switch duty-ratio determines the magnetizing of tte Decoupling InductorL,
power transformer. In steady state, the magnetizing and demagh a practical circuit,L,; can just be thel,. leakage in-
netizing intervals of the transformer must maintain volt-secortictance. The stray inductance seen by the pair SRs can also
balance. Thus, the maximui should be limited below 0.5, contribute tol,; total effective value, although it is normally
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Bode plots of the open loop transfer functions of both output circuits. a-2 V output circuit, b- 5 V output circuit.

otherwise the main switch would suffer from excessive voltage
stress owing to the resultant high voltage from a short demag-
netizing interval.

On the other hand) shall not be too small, or larger output
filter may be required to meet the output voltage ripple specifi-
cations. It is a good practice to set the maximDnabout 0.45.

B. Siain, SRr1 and SRyo

They should be low Rds(ON) MOSFEFs and meet the power
rating requirements.

C. Transformer Turns RatidV, /Ny

The selection of a proper turns ratio shall let the secondary
winding produce enough voltage. From (6) and (7), one can find
that the turns ratio shall satisfy the following inequality:

& < Dmade min
o Vvok + (Rsk + fSLsk)Iok .

Nsk
Selection of the power transformer core and magnetizing in-
ductance can follow the conventional design procedure.

(14)
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Fig. 11. Main switch duty ratio response tq \éteps from 35 V up to 55 V. J
fs = 200 kHz. Traces: 1-input voltage (20 V/div.); 2-feed-forward gating ®)

command (5 V/div.). Timing-2:s/div.

Fig. 12. Front SR current waveform in the 2 V output circuit under different

negligible. When these parasites are not large enough, an lagd conditions. M = 55 V, f, = 200 kHz. Traces:1-front SR current
(10 Av/div.); 2-gating of the shunt SR (10 V/div); 3-gating of the front SR

ditional inductor shall be added. , (10 V/div). Timing-Lus/div. (a) At full load (12 A). (b) No load (0 A).
Seen from (2) and (3),sx reduces the effective duty-ratio by

Ay;. Thus, L, shall not be too big in order to avoid excessiv%. Others

duty-ratio reduction, otherwise a larger output inductor must be ) ] ] )
employed to meet the output ripples specifications. On the othefP€Sign of the outputfilter can follow the conventional design
hand, as seen from (5) and Fig./5,, should not be too small, procedure. The auxiliary circuits used in [19], [20] can be used

or excessive rms current and hence excessive conduction lodd48€ proposed topology to achieve soft switching of the main
would be resulted. Therefore, a reasonable tradeoff is tA et switch and self-reset of the power transformer, hence improving

between 0.05 and 0.1. This determines the inductor to be asthe converter's overall efficiency at high switching frequency,
and simplifying the power transformer.

N Va F. Implementation of the Voltage Feed-Forward Control
A (15)

Nypfslok As mentioned previously, the feed-forward control circuit
AssumingLy is T, leakage inductance seen by the pair SRs Isnhgll be_programmeq o gen_erate gating pulse for the main
thekt" output, then the required additional inductor is given b?/wItCh with a duty-ratio satisfying (9).

' Fig. 7(a) shows an implementation of the feed-forward con-

trol circuit. In the prototype converter, an Analog Device multi-

Ny Vy plier/divider AD734 is used to perform the inverse function of

Lsk_additional = mAkl — Li. (16)  the input voltage. The output of AD734 is set according to (9)
by defining a reference voltagé..;, and it is compared with

It is important to point out thal.,;, must be prevented from a 200 kHz, 5 V pk-pk saw-tooth signal to generate the PWM
saturation, otherwise it would lose the voltage decoupling funsignal for the main switch, and a IR2110 driver is used to drive

tion and failure of whole circuit could happen. the switch.

Lsk
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trace, and 2 V/div. for the 5 V output voltage trace: (a) input voltage step up, (b) input voltage step down, (c) load step up, and (d) load step down.

G. Implementation of Controls of the SRs found from (12) that both output circuits have double (conju-
SRy, can be directly driven by the secondary winding agated) poles. The double poles of the 2 V circuit are located at

shown in Fig. 1, or be driven by a separate winding if the seg:05 KHz, and those of the 5 V circuit are at 2.16 kHz. Fig. 8
ondary winding does not produce proper voltage level. shows the Bode Plot of the transfer functions of the two-output

S Ry, the shunt SR, is controlled by the feedback circuit Th%ircuits from their error amplifier outputs to their power circuit

feedback circuit must modulate the gating of the shunt SR tputs.

order to obtained output regulation. In addition, it shall also be $elect|ng the crossover frequengy at one sixth of the

synchronized by sensing the transformer secondary voItageSB’ﬂtChing frequency, namely 30 kHz. For the loop stability, the

by sensing the main switch’s gating through a pulse transform@l.al open loop gain can be tailored having a -20 dB/dec. slope

Fig.7 (b) shows an implementation of the voltage-mode feeatoundf‘-" a.n.d an optimal phase margin 9f046”th a Type-lll
back control circuit. It senses the secondary voltage for synch ror amplifier for _t_he loop compensation. .F'g'. 9 ShOVYS a
nization, and uses an integrator to generate a triangle or ram &he lll error amplifier. For the 2 V output circuit, selecting
signal for the PWM block. 1 = 1K Ry = 34k, Ry = 402 @, €, = 820 pF,

Cy = 27 pF, andC3 = 27 nF, and this will tailor the total
. . open loop to have a phase margin of &hd gain margin of
H. Implementation of Closed Loop Compensation about 20 dB. For the 5 V output circuit, selectiRg = 1 k€2,

It is seen from (12) and (13) that, each output circuit of thB, = 14 k2, Ry = 25.5 Q, C; = 1.5 nF,Cy = 47 pF, and
proposed topology has dynamic properties similar to an ordis = 33 nF, and this will tailor the total open loop to have a
nary single output dc to dc converter. Thus, the loop compengdrase margin of 57and gain margin of about 18 dB. The Bode
tion for stabilization becomes straightforward [18]. Plots of the compensation and total open loop are also shown

Specifically, for the 2 V 24 W output circuit of the proto-in Fig. 8.
type converterV,; = 2.0V, R,1 = 0.1 Q, L,y = 12 pH, When ESR ot’,;. is not negligible, the compensation must be
Co1 = 400 pF, Ly = 0.3 uH, N,/Ns = 15/2. For the 5V adjusted accordingly. In any case, the proper loop compensation
30 W output circuitV,, = 5.0V, R,2 = 0.83%2, L,» = 32 uH, can be readily found in the references like [18], which will not
Co2 = 100 pF, Lys = 0.9 uH and N, /Ns;; = 15/5. Itis  be repeated in this paper.
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7

l The SVf Output Volfage voltagg is sir_n_ply imm_une tothe disturbance_ inthe ir_1put voltz_ige,
.- MRS and this verifies the instantaneous regulation against the input
with the feed-forward control.

In Fig. 13(c) and 13(d), itis seen that the load step changes in
one output circuit does not affect the other output voltage, ex-
The 2V| Output Voltage perimentally proving the independent regulation of each output

M —— and the elimination of cross-regulation.

Fig. 14 shows the output voltage regulation against the load

currents. It is seen that the voltage regulation of one output is

>N
[
|
|

Output voltage (V)
N w
T

._.
|

0 totally independent of the load condition of the other output,
0 5 10 15 20 25 indicating the elimination of cross regulation in the proposed
Load Current of the 2V Output (A) topology.
(@ The loss of regulation of the relevant output at very large load
6 A .
The 5V Output Vol{age current (as shown in Fig. 14) can be explained as follows. Refer
x= N N 7V to (6) and (7), and note that D is only feed-forward controlled

and does not react to the load changes. When the load current

%ﬁ 41— increases, the output regulation is achieved by decredgiag-

S8 3 L cordingly to compensate the internal voltage drops. However,
E The 2V| Output Voltage when the load current keeps increasidg, will decreases to

éﬁ 2 —-— - -— - zero and cannot further compensate the internal voltage drops at
S

these excessive load currents. Thus, the output voltage will lose
regulation and starts to decrease as the load current increases.

—

0 The advantage of the loss of regulation in this condition is the
0 2 4 6 8 10 inherent overload protection. On the other hand, this does not
Load Current of the 5V Output (A) affect the regulation of the other output because of the elimina-

(b) tion of cross regulation.

Also obtainable from Fig. 14 is the output resistor of each

Fig. 14. Experimental results showing the elimination of cross-regulati tput circuit. which gives 23.4 fnfor the 2 V output and
between the two outputs. (a) Output voltages versus the 2 V output current % ’ L
5V output current is at 6 A constant). (b) Output voltages versus the 5V out .6 n2forthe 5V output, and it ref!eCtS the losses on all part$
current (the 2 V output current is at 12 A constant). along the secondary current paths, including the SRs, output fil-
ters, decoupling inductors, transformer windings, and output in-
ductor, and the circuit tracks. These output resistors are much
higher than the SRs Rds(ON) (see Table I). The reasons for this

To prove the concept of the proposed topology, prototype cagre the poor layout of the breadboard circuit, lack-of copper on
verter is built on the breadboard designed according to abdire power tracks, and non-optimal magnetics. This also explains
design criteria. The prototype has two outputs, 2 V 24 W anble reasons for the tested efficiency given below.
5V 30 W, and it is operated at 200 kHz under a input dc voltage Fig. 15 shows the soft switching being achieved in the main
ranging between 35 and 75 V. Table | lists all the principle pand auxiliary switches. In Fig. 15(a), it is seen that the current

VI. EXPERIMENTAL RESULTS

rameters and components of this prototype circuit. of the auxiliary circuit discharges the main switch snubber ca-
Experiment is carried out based on the breadboard prototygecitor before the main switch is turned on, and the gating of
converter. the main switch comes after the drain voltage drops to zero, in-

Fig. 10 shows the prototype converter that employs tlicating a ZVS turn-on. At turn-off, due to the snubber capac-
resonant auxiliary circuit reported in [19], [20] to achievétor, the drain voltage rise after the gating has already tripped
soft switching and self-reset of the power transformer. Tabled low level, indicating a ZVS turn-off. The main switch drain
shows key components/devices of the power converter. Fig. durrent is not recorded, because a long wire loop must be added
shows the main switch gating signal under input voltage admit the current probe and this long wire loop will inter-
step change. It is seen that the feed-forward control circtiére with the nominal operation. Seen in Fig. 15(b), a zero cur-
reacts instantaneously. This verifies the implementation of thent switching (ZCS) is achieved on the auxiliary switch at turn
feed-forward circuit. on. At turn-off, due the reversed resonant current in the auxil-

Fig. 12 shows the gating and drain current of the SRs in tery circuit, the drain of the auxiliary switch is clamped at zero,

2 V output circuit under different load conditions. It is seen thatchieving ZVS turn-off. In summary, the prototype converter
the simultaneous conduction interval of the pair SRs increasesahieves soft switching.

the load decreases, confirming with (8). However, despite thisFig. 16 shows the overall efficiency versus total output power.
simultaneous conduction interval, the peak drain current doBlse prototype converter only yields a maximum efficiency of
not go excessive even at no load thanks to the current limitiaout 83% at full load. Seen from Fig. 16, the efficiency stays
by the decoupling inductor. almost constant over the range from 100% to 70% of the full

Fig. 13 shows output voltage under dynamic line and logmbwer, and it drops as the output power decreases further. This
conditions. It is seen in Fig. 13(a) and 13(b) that the outpa&n be explained as follows. Because the prototype achieves
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a. ZVS turn-on and turn-off of the main
switch.
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b. ZCS turn-on and ZVS turn-off of the

auxiliary switch.

Traces: 1-gating of the aux. sw. (10V/div.); Traces: 1-gating of the aux. sw. (5V/div.);

2- gating of the main sw.(10V/div.);

3- drain voltage of main sw.(20V/div.);
4- auxiliary circuit current (5A/div.)
Timing: 1ps/div.

Fig. 15. Soft switching of the main and auxiliary switches.
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Fig. 16. Overall efficiency of the prototype converter. Each output has 50% of [2
the total output power.

3
soft-switching, the major losses are the conduction losses. Whe%
the loads decrease from the full power, the conduction losse n
also decrease, therefore the overall efficiency can be kept almost
constant. However, as the power decreases further, the simul-
taneous conduction interval. of the pair SRs in each output [
circuit becomes greater, as shown in (10). Then, the conductiorg
losses arising from the increasdg become more dominant,
and hence the overall efficiency drops more and more rapidlyl’]
as the output power become lower and lower. If the internal re-
sistanceR,;. is minimized by employing optimal magnetics and [8]
low Rds(ON) MOSFETSs and building a neat PCB converter, the[g]
intervald;, can be minimized, and thus a better efficiency can be
achieved.

(10]
VIl. CONCLUSION

In the proposed topology, the feed-forward control of the[ll]

main switch allows instantaneous response in regulation against

2- drain voltage of aux. sw.(20V/div.),
3- auxiliary circuit current (SA/div.).
Timing: 0.2us/div.

input voltage variations. The decoupling inductors between the
—| power transformer and each output circuit eliminate cross regu-
lation between the outputs. Each output circuit has an indepen-
/ — dent feedback control circuit that regulates the output voltage

by controlling the synchronous rectifiers, thus independent and
precise output voltage regulation can be obtained in each output.
Verified with experimental results, the proposed topology pro-
vides a promising solution of on-board power supplies for ad-
vance telecom and computer systems.

REFERENCES

A. |. PressmanSwitching Power Supply Design New York: McGraw-

Hill, 1991, pp. 381-412.

C. Jamerson and D. Chen, “Magamp post regulators for symmetrical
topologies with emphasis on half bridge configuration,Piroc. IEEE
APEC’91 Conf, 1991.

] M. M. Javnovic and L. Huber, “Small signal modeling of nonideal

magamp PWM switch,"EEE Trans. Power Electron.vol. 14, pp.
882-889, Sept. 1999.

T. G. Wilson Jr., “Cross regulation in an energy-storage dc-to-dc con-
verter with two regulated outputs,” IProc. IEEE PESC’77 Confl977,

pp. 190-199.

H. Matsuo, “Comparison of multiple output dc/dc converter using cross
regulation,” inProc. IEEE PESC’79 Conf1979, pp. 169-185.

] J. Palczynski, “Current diverter a novel circuit to regulate multiple out-

puts,” inProc. IEEE APEC’93 Conf1993, pp. 456-462.

R. Erickson and D. Maksimovic, “Cross regulation mechanisms in mul-
tiple output forward and flyback converters,” Rroc. IEEE APEC’99
Conf, 1990.

Y. Lin and K. Liu, “A new synchronous switch post regulator for multi-
output forward,” inProc. IEEE APEC’'90 Conf.1990, pp. 693-696.

Q. Chen, F. C. Lee, and M. Jovanovic, “Analysis and design of weighted
voltage-mode control for a multiple-output forward converter,Pioc.
IEEE APEC’93 Conf.1993, pp. 449-455.

J. A. Carasco, J. B. Ejea, A. Ferreres, and E. J. Dede, “A multiple output
regulator using the variable transformer turns ratio regulator technique,”
in Proc. IEEE PESC’95 Conf1995, pp. 1098-1103.

Q. Chen, F. C. Lee, and M. Jovanovic, “Small signal modeling and anal-
ysis of current mode control for multiple output forward converters,” in
Proc. IEEE APEC’94 Conf.1994, pp. 1026—-1033.



658 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 18, NO. 2, MARCH 2003

[12] D. Maksimovic, R. Erickson, and C. Griesbach, “Modeling of cross - - | Praveen K. Jain (S'86-M'88-SM'91-F'02)
regulation in converters containing coupled inductors,Pioc. |IEEE received the B.E. (with honors) degree from the
APEC’98 Conf, 1998, pp. 350-356. University of Allahabad, India, in 1980, and the

[13] K. Harada, T. Nabeshinma, and K. Hisanaga, “State space analysis M.Sc. and Ph.D. degrees from the University of
cross regulation,” ifProc. IEEE PESC’79 Conf1979, pp. 186-192. Toronto, Toronto, ON, Canada, in 1984 and 1987,

[14] K. Harada, T. Ninomiya, and T. Nabeshima, “On the precise regulatic respectively, all in electrical engineering.
of multiple outputs in a dc-dc converter with an energy storage reacto=—- Presently, he is a Professor and a Canada Research
in Proc. IEEE PESC'79 Conf1979. Chair in Power Electronics at Queen’s University,

[15] H.Matsuo and F. Kurokawa, “Precise regulation of multiple output volt Kingston, ON, Canada, where he is engaged
ages in a dc-dc converter,” iRroc. IEEE. PESC’'80 Conf1980, pp. in teaching and research in the field of power
275-283. electronics. Before joining Queen’s University in

[16] Y. T. Chen, “The overall small-signal model of the synchronous switchanuary 2001, he was a Professor at Concordia University, Montreal, QC,
postregulator,JEEE Trans. Power Electronvol. 13, pp. 852-860, Sept. Canada, from 1994 to 2000. Prior to this (1989 to 1994) he was a Technical
1998. Advisor with the Power Group, Norlel, Ottawa, ON, Canada, where he was

[17] W. Tang, “A new control method for synchronous-switch post reguproviding guidance for research and development of advanced power tech-
lator,” in Proc. IEEE PESC’00 Conf2000, pp. 408—411. nologies for telecommunications. From 1987 to 1989, he was with Canadian

[18] L. Dixon, “Control loop cookbook,” inUnitrode Seminar SEM-1100 Astronautics, Ltd., Ottawa, where he played a key role in the design and devel-
1994. opment of high frequency power conversion equipments for the Space Station

[19] Y. Xi, P. Jain, Y. Liu, and R. Orr, “A self core reset and zero voltagd-reedom. He was a Design Engineer and Production Engineer at Brown Boveri
switching forward converter topology|EEE Trans. Power Electron. Company and Crompton Greaves, Ltd., India, respectively, from 1980 to 1981.

vol. 15, pp. 1192-1203, Nov. 2000. He has published over 150 technical papers and holds 15 patents (additional 10

[20] ——, “A zero voltage switching and self reset forward converteare pending) in the area of power electronics. His Current research interests

topology,” inProc. IEEE APEC’99 Conf1999, pp. 827-833. are power electronics applications to space, telecommunications, and computer
systems.

Dr. Jain is a member of Professional Engineers of Ontario and an Associate

. ) Editor of the IEEE RANSACTIONS ONPOWER ELECTRONICS
Youhao Xi (S'98—-M'0l) received the B.E. and M.E.

degrees from Xi'an Jiaotong University, China, in
1985 and 1988, respectively, and the M.A.Sc. degree
from Concordia University, Montreal, QC, Canada,
in 1997, where he is currently pursuing the Ph.D.
degree, all in electrical engineering.

Since 1999, he has been a Design Engineer at
EMS Technologies Canada, Ltd., Montreal, where
he is engaged in designing the state-of-the-art power
converter modules for advanced space applications.
From 1988 to 1995, he was a faculty member at
Xi'an University of Architecture and Technologies, China. He holds one U.S.
patent and a few pending in power electronics. His research interests are soft
switching converter topologies and their applications to advanced telecom and
computer systems.




	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


