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A Bidirectional DC-DC Converter Topology for Low
Power Application

Manu Jain, M. Daniele, and Praveen K. Ja&@nior Member, |IEEE

Abstract—This paper presents a bidirectional dc—dc converter Ss
for use in low power applications. The proposed topology is based
on a half-bridge on the primary and a current-fed push-pull on 1
the secondary side of a high frequency isolation transformer. Ns

Achieving bidirectional flow of power using the same power ]
components provides a simple, efficient and galvanically isolated - l I
topology that is specially attractive for use in battery charge/dis- c *

3 N, =
charge circuits in dc UPS. The dc mains (provided by the ac TD: - s | = Voart
mains), when presented, powers the down stream load converters C”[J L‘:‘}Sz °

na

and the bidirectional converter which essentially operates in the
buck mode to charge the battery to a nominal value of 48 V. On
failure of the dc mains (derived from the ac mains), the converter
operation is comparable to that of a boost and the battery Fig.1. Basic power topology for proposed bidirectional de-dc converter.
regulates the bus voltage and thereby provides power to the

downstream converters. Small signal and steady state analyzes are

presented for this specific application. The design of a laboratory namely half-bridge and current-fed push-pull. The proposed

prototype is included. Experimental results from the prototype, converter provides the desired bidirectional flow of power for
under different operating conditions, validate and evaluate the battery charging and discharging using only one transformer,

proposed topology. An efficiency of 86.6% is achieved in the d . . | sch il h
battery charging mode and 90% when the battery provides load &S OPPOsed to two in conventional schemes. It utilizes the

power. The converter exhibits good transient response under load bidirectional power transfer property of MOSFET'’s. Other
variations and switchover from one mode of operation to another. advantages of the proposed topology include (a) reduced part

Index Terms—Bidirectional power flow, currend fed push-pull, ~count due to use of the same components in both directions
dc UPS. of power flow, (b) low stresses on the switches, (c) galvanic
isolation, (d) low ripple in the battery charging current, (e) fast
switchover on failure and reappearance of dc mains, and (f)
minimal number of active switches.

I-DIRECTIONAL dc—dc converters allow transfer of The paper also provides detailed steady state and small signal

power between two dc sources, in either direction [1]-[4hnalyzes for both topological modes. A generalized design pro-
Due to their ability to reverse the direction of flow of currentcedure is given that facilitates design of the converter by making
and thereby power, while maintaining the voltage polarityse of design curves.
at either end unchanged, they are being increasingly used irhe paper is organized as follows: Section Il presents the
applications like dc uninterruptable power supplies, battegescription, operating modes and the control principle of the
charger circuits, telecom power supplies and computer powginverter. Steady state analysis for a normalized converter and
systems. important design guidelines are discussed in Section Ill. The

Possible implementation of bidirectional converters usingmall signal analysis is provided in Section IV. A design ex-
resonant [4], soft switching [5]-[7] and hard switching PWNample using the design curves and the design procedure out-
[8] has been reported in literature. But, these topologi¢ifed in Sections Il and IV is presented in Section V. Key ex-
may often lead to an increase in component ratings, circgiérimental results in Section VI provide verification of the pro-
complexity and conduction losses in resonant mode implemegibsed topology.
tations, high output current ripple and loss of soft switching
at light loads for soft switched circuits, and lack of galvanic || TopoLogy, MODES OFOPERATION AND CONTROL
isolation in integrated topologies. PRINCIPLE

This paper presents a bidirectional dc—dc converter topology
for application as battery charger/discharger. The proposed ¢
verter, Fig. 1, is a combination of two well-known topologies, The basic power circuit topology is shown in Fig. 1. The

transformer provides galvanic isolation between the dc mains
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battery over a specified input voltage range while powering
the down stream load converters. In this mode of operation
only the switchesS; and S, are gated and the body diodes of s
the switchesS3; and S, provide battery side rectification. On
failure of the dc mains, reversal of power flow occurs resulting v
from a switchover to the battery. Now, the battery supplies the
load power at the dc bus voltage. In thhackup/current-fed
mode the switchesSs andS, are gated and the body diodes of
the switchesS; andSs provide rectification at the load side.

The use of the half-bridge and current-fed topologies over T

X

IR EY
al
{Load?}

other possible configurations can be justified as follows.
Switches in the off state in half and full-bridge topologies are
subject to a voltage stress equal to the dc input voltage and Bgt>.  Forwardicharging mod&’¢ = 300—400 V, Viee = 48 V nominal).
twice that as in the push-pull and single ended forward con-
verters. In low power applications the two-switch half-bridge
is preferred over the four-switch full-bridge topology. A
two-switch double ended forward with voltage stress across
the switches equal to the dc input voltage, provides a half
wave output at its secondary, compared to a full wave in the
half-bridge converter. Thus, the square wave frequency in the
half-bridge secondary winding is twice that in the forward,
thereby allowing a smaller output LC filter. The primary
winding of the transformer in a half-bridge sustains half the
supply voltage compared to the full dc voltage for the forward
converter, implying half the number of turns on the primary.
This allows full copper utilization of the half-bridge trans-
former, .IOW nhumber of primary winding t”m.s’ and reductlorlli . 3. Current-fed/backup mod#&(..: = 48 V nominal,Vs = 350 V).
in its size and cost. For the secondary side converter, the

current-fed push-pull is the most suitable topology that utilizes

Power —»

the presence of the output filter inductor of the half-bridge (1-2df)Tsl2 Vs .

converter. Equal division of inductor current between switches vs, - AT J/

during their overlap period reduces the average and rms values

of the current flowing through them and also the rms currentin vs, o = 4
Thatt /

the trgqsformer sgcondary. A current-fed push-pull redu_ces thel.Lo /\/\y\)\j

possibility of flux imbalance. It allows a wider range of input Ny ~ T

voltages, which is well suited for this specific case. vL, e B :

B. Description of Operating Principle 1 ol —s ] e

Forward/Charging Modeln this mode, Fig. 2, the dc mains, s,
V., powering the load converters, provides the battery charging 5 2
current,iz,_. This charges the battery of the bidirectional con- *Ps4 — L \/'<’a ~
verter at the nominal voltage. The switclt§sandsS; on the pri- ip i,
mary side are gated at duty ratios less than 0.5, whjland S, 53 " — 22
are not switched at all. Operation of the bidirectional converter

during this mode is comparable to that of a buck converter. In- ¥5+ o

tervalst, to ¢4, in the idealized waveforms of Fig. 4, describe Vs .
the various stages of operation during one switching time pe- -

riod, T;,. The converter operation is repetitive in the switching to S ) t3 1

cycle. . _ _

Interval to—t,: Switch S, is OFF ands, is turned ON at F19-4. Waveforms during the forward/charging mode.
time ¢o. A voltageV,/2 appears across the primary winding.
The body diode of switclyy, Ds,, is forward biased and pro-  Interval t1—t2: Switch Sy is turned OFF at; while S, con-
vides rectification on the secondary side. It also carries the btibues to remain OFF. During this dead time interval there is
tery charging currenty,..c. The primary currents, , builds up zero voltage across the primary, and therefore secondary wind-
as it consists of the linearly increasing inductor currént, re-  ings, and no power is transferred to the secondary side. The en-
flected from the secondary, and the transformer primary magyrgy stored in_, results in the freewheeling of the current ,
netizing current. equally through the body dioddds, and Ds, to charge the
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battery. Only half the supply voltag&,, appears across each < Tis D;T’ (Dr1/2)Ts VJQ’
switch.S; and.S, during this interval. Vs, et prio = —
Interval to—t3: Switch S5 is turned ON at¢t, while S; vs (1-D)T
continues to be in the OFF state. The operation is similar to 2
that during intervalto—t;, but now the body diode of switch i, [T~y T T
53, Ds,, conducts and provides secondary side rectification. ,, m
Inductor current;r,_, rises linearly again as the voltage across —= ]
the inductor,vr_, increases. The switch body diod®&g,, . Vhan-Vs/N
carries the total battery charging current. ’ '3 )\l/ '\
Interval tz—t4: The converter operation during this interval ;5 P Iy [~ T —
is similar to that in the interval; —,. No primary side switch L 1]
is conducting and the battery charging current, is provided by iDSZ 1 fa— oA
the energy stored in the inductor. The body diodes of both the .Dl """"" Mk Al s s S s M iy
switches on the secondary sideg, and Ds,, conduct simul- ~ *Ps1 Tpus/2 | e
taneously and equally. iDy freeenins .- /2 S - R - S S
Fig. 2 shows a balancing winding/,, and two catching :EL | — 7‘ T
diodesD; and.D, on the primary side of the half bridge. They vs
maintain the centerpoint voltage at the junctiontgf and Cs lez

to one half of the input voltagédy,;, and prevent a ‘runaway’

condition of staircase saturation of the transformer core. Suct,

a condition may occur in current mode control _When differer;.gg. 5. Waveforms during the backup/current-fed mode.

amounts of charge are removed from the capacitér&ndCs,

due to mismatches between the MOSFEJ ;sand.S,. Should

the midpoint ofC; and C, begin to drift, a small current, in in its current,ir, . Voltage across bothV, and N, is zero, so

mA, flows through,,, andD; and D, to compensate for the load power is supplied by the discharge of the bulk capacitors.

drift. V,,, has the same number of turns as the windijgand Interval t3—t4: Converter operation during this interval re-

is phased in series with it through the ON timeSafand S.. sembles that during the interval-,. S, remains ON andb;
Backup/Current-fed ModeThe converter operates in this'S turned OFF at;. The stored energy ak, is transferred to

mode, Fig. 3, on failure of the dc mains. The battery dischargd§ Primary side of the converter through the switch conducting

to supply the load power. The switche% and S, of the ©ON the secon.dary sidé§y, and the primary d|qde§51 andDg..

current-fed push-pull topology are driven at duty ratios great&P€ conduction oDs, and D again results in equal charging

than 0.5. The converter operation during this mode is describ@igC1 andCs, respectively.

with reference to the waveforms presented in Fig. 5. As in the

charging modeinductor current is assumed to be continuou$:. Control Principle

The time intervals between, to ¢, describe the converter  cyrrent mode control is used for both modes of converter
operation, which is repetitive over a switching cyde, operation. This allows

Interval to—t,: Switch 53 is turned ON at time, while .5, 1) a pulse by pulse monitoring and limiting of current, thus
remains in the ON state from the previous interval. The trans- avoiding flux imbalance in the transformer;

former secondaryNs, is subject to an effective short circuit, 2) fast regulation to input voltage variation;
which causes the inductak,,, to store energy as the total bat-  3) enhanced load regulation due to greater error amplifier
tery voltage appears across it. The inductor currgnt, ramps bandwidth:
up linearly and is shared equally by bathandS,;. During this 4) minimal external parts.
interval, the bulk capacitorg;; andC, provide the output load
power load.

Interval t;—t2: S4 is turned OFF at instant; while S3

continues to remain ON. The energy stored in the inductor, The steady state operation of the converter in both modes is
L,, during the previous interval is now transferred to the loaghalyzed to enable selection of the components. This analysis
through the body diod®s, and the diodeD;. Voltage across s based on the idealized waveforms shown in Figs. 4 and 5 and
the auxiliary windingV,, and the primary windingV, is  provides the basic design equations. The design equations cor-
identical due to their series phasing and equal number of turpgspond to the worst case operating conditions to ensure suit-
This allows simultaneous and equal charging of b6thand  aple operation of the converter over the desired operating range.
C, throughD; andDs,, respectively. The variables used in the analysis are defined in the idealized
Interval to—t3: This interval is similar to intervaky—;. waveforms. The circuit parameters are normalized so that the
Switch S3 remains ON ands, is also turned ON at timé.. results are valid over a wide range of operating conditions. De-
The duty ratio forSs is therefore greater than 0.5. With bothsign curves that allow selection of components are presented
S3 and S, turned ON, the transformer secondary is effectivelyn Figs. 6—15. Some practical considerations that must be ac-
shorted and the inductor stores energy, resulting in a linear rismunted for while selecting components for the prototype setup

o n t2 13 t4

IIl. STEADY STATE ANALYSIS AND DESIGN GUIDELINES
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Fig. 9. RMS currents through; andsS.,.
Fig. 7. Minimum inductancel.; ., at minimum load.

] ) S 1 p.u. power,Pase = Pous Watts (output power to the dc
are also presented. For the final selection, one must bearinmind s in thebackup mode
the dual set of constraints arising from use of the same power 1  y. frequencyfi... = f. Hz (converter operating fre-
circuit for both the operating modes and therefore choose the gyency in thebackup modg
components accordingly. _ _ The other base quantities like those forimpedance and current
The following assumptions are made to aid the analysis: gre derived from the ones defined above.

1) the circuit is operating in steady state, implying that all 1 p u_ current/j,use = Pyous/Vs amps (base value for cur-

voltages and currents are periodic; rent)
2) the switches and diodes are ideal; _ 1 p.u. inductancelpase = Phus/27 f, henries (base value
3) the transformer is ideal with unity turns ratio; for inductance)

4) all parameters are normalized and referred to the primary 4 p.U. CApaCitanC€,ase = 1/27 f, Py farads (base value
side and the reflected secondary side parameters are de- fq, capacitance).
noted with a prime /;” ~ The duty ratios of all four switches must be determined in
5) suitable approximations are made for the converter effirger to calculate other circuit parameters. The constraints to be
ciency in both operating modes for the preliminary analsorne in mind are that the output (battery) voltage irftresard
ysis. modecan at most be equal to half the input dc bus voltage and
The output power of the converter during battery charging moglethe backup modehe output voltage (at the dc bus) must be
is usually between one-third to one-half the power delivered ileast equal to the input (battery) voltage. Also, the maximum

the backup mode - _ _ _ theoretical duty ratio of5; and .S, in the forward modemust
The base quantities to obtain the normalized expressions pefless than 0.5 while the minimum theoretical duty ratiGf
defined as follows: andS, in thebackup modenust be greater than 0.5. The duty

1 p.u. voltageW,.s« = Vs volts (output voltage at the dc ratios are dependant on the voltages at the input and the output
bus in thebackup mode in both operating modes.
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The maximum and minimum duty ratios f6f and.S; in the
forward modeare defined by

V! V!
battmax battmax
dmax = ——=x  and dmin =~ - (1)
Smin Smax

And the duty ratios forS3 and S, in the backup modere
defined by

Vs — V};attnlin and D.. — 1 - 2VSnnn )

D max —
Vs Vs

599
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Fig. 12. Normalized value of input capacitor.
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Fig. 13. Normalized value of output capacitor.

variation ofL/ _as afunction of the p.u. variation in the dc bus
forthe typlcal values of battery charging power. The actual value
of L/ used in the circuit depends on the battery current ripple
specifications and is larger thdr . . A suitable tradeoff must
be made between the allowable output current riplé, and
the inductor size.

The selection of both the primary and secondary switches,
depends primarily on the voltage stresses across and the current
through them. The maximum reverse voltage across the primary

Fig. 6 shows the variation in the switch duty ratios as a funside switches,S; and S», is equal to the maximum p.u. line

tion of the input dc bus voltage.

A. Forward/Charging Mode
The minimum value of the outputinductdy, ., to maintain

continuous inductor current under m|n|mum Ioad conditions is

given by

!

v
Li) ) & . (1 - 2d1nin) pu (3)
min 4. fs . battmm

where, [i,.,, 1S the minimum p.u. battery charging current = \/ 125
andV{,,, the maximum p.u. battery voltage. Fig. 7 shows the C2V3 battmax

voltage, is expressed as

Veimax = VSomax = Vomax  P-U 4)

The maximum rms current through the switchgs, . and
Is,. .., under maximum p.u. battery charging curreﬂgg,ttmx

and minimum p.u. line input voltage is shown in Fig. 9 and is
given by,

Is e = L5

+ Ai/Q) . dma.x p.u. (5)
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104 I ‘

{IINE] ‘ of the capacitance for different power at the battery end in the
: charging mode.

- ; ' . The input bulk capacitorg;; andCs,, are equal in value. The

50 TN i i allowable input voltage rippléey is a constraint for their

=,

ripple?

=3 T 3 nsatdr selection, Fig. 12. The capacitors must also be large enough
LR b LU Tt = L to provide sufficient hold up time at the dc bus voltage under

0 W\ Tl ™ A dc mains failure, before the converter begins operation in the
: s HEHE [T backup mode

I
|4
Je
f

f
+
i
i

Gain, (dB)

<

sof T 2 I
1 T Cr=Cr= 7t pu ©)

!
ripple

where,ty;s is the capacitor discharge period afg; is the pri-
10 100 1000 11 1160 110 mary current at maximum duty ratio at an expected converter
Frequency, for(Hz) efficiency,n, of 80% given by

Pbatt . dmax . @
Viatt 1

As mentioned in Section Il, the balancing winding, must

¢ have the same number of turns as the primary windipgo en-

sure equal voltage across it to prevent staircase saturation of the
core. As switch mismatches are very small, the average current
.. in the winding is a few milliamps so a smaller diameter wire
BT i can be used faiV,,, . The diodesD; and.D- carry only minimal

I W current and can be suitably rated.

-100
1

Fig. 14. Open loop gain response—forward/charging mode. Ipr' _
;=

(10)

50

compensator

‘Gain, (dB)

B. Backup/Current-Fed Mode

The minimum value of.),, L/, , is computed to maintain
continuous inductor current under minimum load by

/

1 10 100 1000 110" 1100 L10° 1.25 . Vg
Frequency, fp (Hz) omin Is * Ibus

(2D, —-1)-D'F pu.  (11)

Fig. 15. Open loop gain response—backup/current-fed mode. where, the duty ratid, is defined for the boundary of contin-
uous inductor current at a minimum load of 0.1 p.u at the bus.

Maximum voltage stress across the body diodes of the s&d9: 7 showsl; . asafunction of the specified p.u. variation in
ondary side switchess; and Sy, is given by V,. The minimum inductor current under boundary conditions,
' referred to the primary is expressed as
Somax = VSimax

=Vs p.u (6) /
max V D
_ , I, = S—L/ -(2Dp - 1) pu.  (12)
The maximum average current through the body diodes of the undany 2 fs - LY,
secondary switche andDg,, expressed b
y QSS Sa p y and,DlL - 1—- DL-
, , I it The actual value of the inductor is chosen to be as large as
IDS = IDS = —= p.U. (7) h H H H 1 ifi
Bave davg 2 physically possible while using a specific core. Also, a larger
. - . : id'lductor results in lower ripple component in the inductor cur-
is calculated for minimum input voltage and maximum loa . N
o P rent, which in turn implies a lower rms value of the current.
conditions and shown in Fig. 10.

. T . Current and voltage stresses across the switéheand S,
During forward modeoperation, if the battery is suddenly re- : . . .
. . o ) determine their ratings. The maximum voltage stress across the

moved the energy stored in the inducidy is discharged into secondary side switcheS. ands.  is
the output filter capacito®”,. This constraint and the maximum y 8 4
aIIO\_NabIe valug of output voltage ripple c}@att_ based on the Vi =V =Vs.. pu. (13)
equivalent series resistances() of the capacitor, define the
choice of the filter capacito€”. The first, and the dominant, Fig. 11 shows the minimum rms current rating desired of
constraint gives the minimum value of capacitor to be used athese switches, which is given by

’ Li; ) Il/02attmax I:qg = 1/54
Co — V/2 = V/2 p.u. (8) rms rms
batt peak batt \/3 3. ]g )
) ) = — <T“S + A/'LQ> (3= 2Dpax) Pp-U.
where,ngttmk is the maximum allowable battery voltage 6 Diax

when the load is removed. Fig. 13 shows the normalized values (14)
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where,A’q is the ripple in the inductor current reflected to the TABLE |
primary andD,,... is the maximum duty ratio anﬂ):nax _ COMPONENTSUSED IN THE EXPERIMENTAL SETUP
1~ Duax. . .. . Parameters Value/ Rating | Parameters Value/ Rating
The maximum voltage and current stresses, for the rectifying
body diodesDs, andDs,, of the primary switches are found Dy, D, MUR 460 Ly, L, 2mH
to be G, G 150 pF L, L, 360 WH
S, S IRF 840 N, 19
Voimax = VSomax = Vimax  P-U. (15) S, Sy IRFP 250 N, 8
I,
Ips,,, =Ips,, == PU. (16) Co 470 uE G 0.435
e e 2 D 0.725 rim 0.326
The balancing windingV,,, , and the diode$); and D, en- D 0.642

able simultaneous and equal charging of the capaditprand

Cs during intervalst, ¢, andtz—t,. AS IV, and [V, carry equal g other practical considerations. The final values of the power

currents the wire diameter for both windings must be equal. TRgmponents used in the prototype, chosen after considering con-
diodesD, and D, are selected according to the maximum reserter operation in both modes, are summarized in Table .

verse voltage across them and the current flowing through themrpe specifications for converter operation are as follows.
while chargingC, andC;. Their ratings are identical to those  Fonward/Charging Mode

for the body diodes of the switchés and.S;, due to presence Input voltage range= 300 V (V.

Smin

of identical windingsV, and N, . Output Power= 100 W (Ppast).
The capacitors®; andC, are selected according to the de- Operating frequencyt 100 kHz ().

sired output ripple at the dc bus. They must also be large enoug@ackup/Current-fed Mode

ooV (V).

to hold the voltage at the dc bus when the switchHgsnd S, Output power (on dc mains bus) 300 W (P, ).
overlap, during intervalg,—t; andt,—t3, under the worst pos- Output voltage (on dc mains bus) 350 V (V).
sible case of minimum battery supply voltage and full load. Operating frequencyt 100 kHz (£,).
Using the base quantities defined in Section Ill, the change in
IV. SMALL SIGNAL ANALYSIS the dc bus voltage is 0.143 p.u, giving the quantities, and

Small signal analysis for both modes of converter operatidfs..... the operating frequency in both modes is 1 p.u., and the
under current mode control is performed to generate the fawer at the battery end in the charging mode is 0.33 p.u. For
quired transfer functions to design and evaluate the control logimplicity in calculations the variation in the dc bus is taken as
The information from these transfer functions, particularly thié14 p.u.
control-to-output transfer function, has been used to determinel he nominal battery voltage during converter operation in the
the error amplifier that allows the converter to meet load regiackup modes 0.368 p.u., corresponding to the real value of

lation and transient response specifications. 128.9 V and is defined, for a lead acid battery [12], by
For both operating modes, transfer functions are derived for v
the gain and audio susceptibility, using the procedure outlined Viate = % p.u. a7

in [11]. These transfer functions and the parameters used
therein are defined in the Appendix. The frequency respond@ere,Vy .. isthe maximum p.u. battery volatge expressed
of the control-to-output transfer function provides informatioAS

on the poles and zeros and the gain of the uncompensated , Vs .

converter. The transfer function for the compensator (error Viattmas = 2. N p-u- (18)
amplifier) gain is derived using the information provided by
output-to-control transfer function. This is used to design t
compensation network parameters for the compensator whi
are needed to achieve desired overall system stability a@l?r
response to transients and load variations.

A suitable nominal value of the battery voltage is chosen at
V and the corresponding value of transformer turns ratio,
= 2.687, is calculated from (17) and (18). As the design
ves are normalized with the assumption of a unity turns ratio
transformer, this implies that the values obtained from the de-
sign curves must be converted to their real values and then trans-
formed accordingly using the new transformer turns ratio of
This section presents a design example for the proposed bRIg87.
rectional converter. The design curves in Figs. 6—15 provideThe corresponding maximum and minimum duty ra-
suitable normalized ratings of components in the power circuitps for the switchesS; to S, obtained from Fig. 6 are:
under worst case conditions to ensure proper operation of thg, = 0.377, dnax = 0.5, Dy = 0.57 and Dy, = 0.678.
converter. These curves are plotted as a function of the p.u. variA) Inductor,L,: The minimum value of the inductok,,
ation in the dc bu¥/;; a parameter that is defined. The analysit maintain continuous inductor current is obtained from Fig. 7.
presented in Section IV is used to select the components for e theforward modewith ... = 0.33p.u.,L, = 2.14p.u.
feedback loop. The ratings of the components from the designthe minimum battery load of 0.033 p.u. In thackup modge
curves provide a good approximation for the final values usdg, .= 0.291 p.u. withaminimum load at the dc bus of 0.1 p.u.
in an actual implementation which maybe a little different du€he p.u. values in the forwardaméckup modesorrespond to

V. DESIGN EXAMPLE
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192.67;:H and 31.43:H after the suitable conversion into realh maximum voltage stress of 1 p.u. Thus, the maximum voltage
values. Therefore, the worst case value of 192:6/from the stress across them is 400 V and the average current is 0.429 A.
forward modses selected for the inductandsg, . The values generated by the design curves provide a theoret-
B) Switches§; andS2: Equations (4) and (15) indicate thatical basis for the component ratings and values. In the actual
the maximum voltage stress across the switches is 1.14 p.uiniplementation in the prototype the values are somewhat dif-
the forward modeand 1 p.u. across their body diodes in théerent. The maximum duty ratio &f; and.S» is 0.435 and not
backup modeThe rms current through the switches in tbe-  the theoretically ideal value of 0.5, to provide a dead time be-
ward modes 0.549 p.u. and the average current through theiween them in théorward mode The transformer turns ratio is
body diodes is 0.5 p.u., obtained from Figs. 9 and 10, respettosen as 2.373 and the design equations are used once again to
tively. The maximui voltage stress corresponds to 400 V in tlgenerate the ratings for the laboratory prototype with the given
forward and 350 V in thé@ackup modeand the worst case rmsoperating specifications. These values are detailed in Table I.
(forward modég and averageb@ackup modecurrent ratings are  The design of the compensator depends on the actual values

0.47 A and 0.429 A. of the power components used in the prototype.
C) Switches§s andS4: The body diodes of3; and S, are
subject to a maximum voltage stress of 1.14 p.u. irftheard Compensator Design:

modeand the switches are subject to a voltage stress of 1 p.u. , ) i

in thebackup modeThe average current throughs, andDs, Once, the final s_electlon of t.he power componen'Fs is com-
is 0.388 p.u., Fig. 10, and the rms current through the switch@l§t€d, the small signal analysis, presented in Section IV and
in thebackup modés 1.99 p.u, Fig. 11. Therefore, a maximunih€ Appendix, determines the d_e5|gn of the_control CII’C_UIt pa-
of 400 V is seen across the switches in fomvard mode The a@meters for both modes to achieve the desired bandwidth and

average current through their body diodes is 0.853 A and tget stability requirements of the converter. Current mode con-

rms current througl$; and.S, in the backup modés 4.58 A. trol is implemented by UC 3846 and UCC 3804, for the forward
D) Output Filter capacitoC,: The output filter capacitor is @ndbackup mods, respectively. _ _

determined by the energy that it will have to absorb from the For theforward rmode the output operating pomR,r was

inductor if the battery is suddenly removed. The design curve #10Sen forV, = 350 V, Pia = 100 W and Viaye = 54.65

Fig. 13 for P..: = 0.33 p.u. gives the value of, as6.2- 103 V- Output capacitoesr, » = 5 mf, R, = 1 and no slope
p.u. This corresponds to a real value of 4 compensation was used so, the slope of the compensating ramp,

E) Capacitor€; and Ca: € andC» provide filtering ac- M. = 0. The remaining parameters are calculated from the

tion for the input voltage ripple in thierward modeand hold-up existing information of the power circuit components. Fig. 14
time during the switchover to theackup modeFig. 12 gives the shows the gain transfer function of the uncompensated con-
capacitance for each capacitorsg - 10* p.u. atPpa.. = 0.33 verter, the compensator, and the overall response of the system,

p.u. which is 147:F when converted to the real value using th&r the calculated parameters. A high gain bandwidth of 59 dB
appropriate conversion. and crossover frequency of about 4 kHz, is obtained by choosing

F) Transformer secondary windif§s: The number of £ = 270K, Ry, =10k andCy = 330pF.
turns, and therefore the magnetizing inductance, of the sec’ "€ parameters for theackup modemode, defined in the
ondary windings is made as large as possible. Taking inftPPendix, are calculated for the output operating paint
account the previously determined transformer turns ratjo determined foViag = 48 V, P = 300 W and Vi = 350
the number of secondary turns is selected according to theTn€ combined effectivesr, ., of the output capacitors,
chosen suitably sized core, to minimize both copper and cdre and C», is estimated to be 50 ¢ R, = 0.263, and
losses in the transformer. The magnetizing inductance for th& = 0 as the ratio of compensating slope to the inductor

chosen core was determined to be 360 using 8 turns on the current slope is zero. The other parameters are again deter-
secondary winding. mined by the component values selected the design of the

G) Transformer primary windind¥,: Using the selected power components. The frequency responses’ of the uncom-
value of the transformer turns ratidy, and the secondary pensated system, overall system and the compensator, which

winding inductanceNs, the magnetizing inductance of thelS designed to give the desired overall system response, are
primary winding is calculated to be 1.4 mH. all shown in Fig. 15. The compensator, similar to that for

H) Balancing winding N, : The forward modeoperation the forv_vard mode has the following values to provide a gain
dictates that the number of turns 8k, be equal taV,,, thereby bandwidth of 47.5 dB and a crossover frequency of 2.1 kHz:
resulting in equal inductance, to prevent the saturation of the = 790 k&2, €y = 100 pF and Ry, = 330 ke2.
core. In thebackup modgt was determined that the wire diam-
eter for both the windings should be equal as they carry equal
current. Thus, the windingv,,, is identical to/V, and has 1.4
mH inductance. A prototype was built in the laboratory to evaluate the per-

I) Catching diodesD; and D2: D; and D, have voltage formance of the proposed topology. The static performance was
and current stresses equal to those of the body diodg€safd studied and overall efficiency obtained experimentally, for both
S5 in thebackup modas they permit simultaneous charging ofhe forward and backup modesThe dynamic response of the
C1 andCs. In theforward modehey carry minimal currentonly converter under transient conditions of step changes in load and
when balancing the mid-point @f; andC> and are subject to switchover fromchargingto backup modés illustrated.

VI. EXPERIMENTAL VERIFICATION AND RESULTS
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@ Fig. 17. Efficiency curves from experimental setup. (a) Forward mode. (b)
Backup mode.
2 ps/div through them in both operating modes when providing load rec-
V30 Vidiv tification.
Y N RN O TN et |, JH Certain applications may require the converter to start oper-
v ML Tw—y . . H
v ating in thebackup modevhen the hold up capacitors; and
b)]] 'f/div Cs are not charged. Under such conditions, as the duty cycle
JI' ™ of S3 and Sy is increased to build up the load (dc bus) voltage,
0 : v current in the inductor continues to rise with the switches oper-
o2 ps/div ‘ ating at maximum duty cycle. This continuous increase in the
2 A/div T I 1 current results in a switch current that exceeds the rated value
and can permanently damage the switch. This adverse situation
{ can be avoided by adding a parallel combination of a relay and
—L resistor, in series with the battery when starting up irbiekup
(i) mode with no output voltage. The series resistor limits the pre-
0 viously increasing inductor current. Once the output capacitors

®) are charged the resistor is bypassed by the relay.

Fig. 16.  Steady state operation (i). Forward mode. (a) Battery charging curreBt, Efficiency Evaluation
ivats- (D) Battery voltage}i.is. (C) Transformer primary current. (ii) Backup .
mode. (a) Load voltagé/s. (b) Inductor Current;;, . (c) Transformer primary  Fig. 17 shows the efficiency as a function of the percentage of

current. battery charging (load) current for the forward motle £ 350
V) obtained from the experimental setup. The battery charge
A. Key Experimental Results in Steady State Operation  yoltage,Vj.., is 54.1 V. The efficiency reaches a peak of 86.6%

Fig. 16(a) shows the experimental waveforms for the and is seen to decrease as the battery draws less charging cur-
ward/charging modgat 75% load, with the converter operatingent. The converter efficiency during tickup modes also
at 100 kHz ¥, = 360 V, battery powerP,,; = 85 W). shown as a function of percentage load, with.. = 50 V. The
The dc mains supplies load power and charges the battenjaad voltage is maintained at 325 V. An efficiency of 90.5% is
Viate = 54.5 V, [Fig. 16(b)]. The battery charging current,0btained for this mode. These results confirm a high efficiency
irate = 1.55 A, [Fig. 16(a)], is constant with relatively smallfor the converter topology in both operating modes.
ripple as desired.

Fig. 16(b) shows the relevant waveforms during steady stéte
operation of the converter in theackup/current-fed modat Transient performance of the converter is evaluated under the
75% rated load. The battery voltagé,..: = 50 V and load following conditions: a) step change in load while operating in
power, B, = 190 W. The battery discharges to boost thé¢hebackup modgb) switchover fronforwardto backup modat
voltage level of the dc bus tg, = 323V, Fig. 16(ii)a), thereby 75% load, when the battery is charged, and c) switchover from
powering the load. forwardto backup mod&hen the battery is drawing a charging

Current spikes are observed in the transformer primary caurrent of 1 A.
rent, in theforward modeandbackup moded-ig. 16. These are 1) Load Step ChangeThe load transient condition is exam-
due to the reverse recovery of the diodes. Use of diodes witted for a step change in load from 25% to 75% while operating
a softer reverse recovery, like Hexfreds, will reduce the curreintthebackup mode-ig. 18(b) shows the change in load current
spikes. The higher voltage drop across them will not greatly dfom 0.2 A to 0.59 A with the inductor current;,_, Fig. 18(c),
fect the converter efficiency because of the low currents flowirrgaching a steady state value of 4.05 A at 75% load. There is an

Transient Performance
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Fig. 18. Load transient (25 to 75%)—Backup mode. (a) Load voltege(b)

Load currentji,. (c) Inductor currenti , . Fig. 20. Switchover—forward to backup mode with battery drawing charging

current of 1 A (75% load). (a) Load voltag€s. (b) Inductor currentir,, .

3) Switchover from Forward to Backup Mode When the Bat-
tery Draws Charging Current:Fig. 20 shows the switchover to

NAA ANV,

N D backup modat 75% load, with the battery drawing 1 A charging
L 5 PYEvaT current at 50 V. The inductor current [Fig. 20(b)] demonstrates
- '}Mmm 50 V/div a quick change in direction from a negative to a positive value.

30V /div

L The load voltage [Fig. 20(a)] regulates at 324 V.
When the ac line comes back, the bus voltage rises and on
- e crossing the 325 V threshold, begins to supply the load. The
i M converter now operatesiarward modeThebackup moderror

by~ amplifier reduces the inductor current resulting in a smooth tran-

— sition from one mode to the other. A delay is allowed before the

Zomed battery starts charging again to ensure the presence of the stable
ac line and prevent sudden switchovers from one mode to the
other.

CAL ok e oo iy
OV—I ool A

VIl. CONCLUSION

Fig. 19. Switchover—forward to backup mode (75% load) with battery A pidirectional converter topology has been presented and
charged. (a) Load voltagess. (b) Inductor currentiy.,. evaluated. Steady state analysis provides the normalized expres-
sions and the design curves to select the power components.
imperceptible change in the dc bus voltage [Fig. 18(a)] for thimall signal models are presented to determine the compensa-
step change in load, as seen in the zoom during that particuian network parameters. A design example has been included,
time interval. This indicates the excellent response of the camsing the design procedure outlined for the power components
verter to load transients. and the compensation network. The experimental setup for the
2) Switchover from Forward to Backup Mode When the Baproposed converter, based on the design example, validates the
tery Is Charged: Fig. 19 shows the switchover at 75% loadanalysis and shows good steady state and transient (load tran-
with the battery charged at 53 V and therefore drawing misient and switchover from one mode to another) performance.
imal current. The bus voltage [Fig. 19(a)] is 360 V in flee- The converter demonstrates high efficiency (86.6% inftne
ward modeand is regulated at 325 V in thackup modewvhich  ward modeand 90.5% in théackup modg low part count due
is within the load converter's working input voltage range dfo its bidirectional feature and galvanic isolation.
300-400 V. On ac mains failure, the voltage at the dc bus starts
to drop. As soon as the bus voltage is detected below 325V, the APPENDIX
converter begins operationfimckup modand regulates the bus PARAMETERS USED IN SMALL SIGNAL TRANSFERFUNCTIONS
\éoltage at325V. Othgr values of the .regulated bu; voItage in tRe Forward/Charging Mode
ackup modare possible by appropriate changes in the line and
bulk detection circuitry. The zoom in Fig. 19 shows that inductor Open Loop Audio Susceptibility
current,ir,_, changes direction and reaches a steady state value ) 11
in a very short duration. The converter thus provides seamless Ubatt _ or t o
Tl et

52

transition fromforward to backup mode Us

wLwC/Cl
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where
where R;andR;, feedback and input resistors;
r esrof the output filter capacito€’,; R output operating point;
RyandR,, feedback and input resistors; R, ratio of voltage to comparator to switch cur-
L, output filter inductor; rent;
R output operating point; _ Do, overlap interval in each half switching period;
R ratio of voltage to comparator to switch cur- 7 transformer secondary to primary turns ratio;
rent; Te esr of equivalent capacitanc€, (combina-
d s ON ti_me.duty ratio of switctb; (or S2) in half tion of C; andCs);
a switching cycle; Cy feedback path capacitor;
dep =, 1 —dfw; T, switching frequency;
Cy fee_dba_lck path capacitor; D =, 1— Dy
T switching period; M, slope of compensating ramp;
M.: slope of stabilizing ramp; M, slope during overlap period.
M, inductor current slope during switch ON time;
N transformer primary to secondary turns ratio. REFERENCES
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