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Abstract - In this paper a topology for multi-phase
interleaved LLC resonant converter is presented. The
proposed solution, based on three LLC modules with
transformer primary windings star connection allows to
drastically reduce the output current ripple and
consequently to minimize the output filter capacitor size.
Differently from other multi-phase solutions, that are
greatly susceptible to resonant component mismatch and
consequently can be affected by a considerable current
imbalance among modules, the proposed topology
exhibits an inherent balancing capability. Small-signal
analysisis presented and the possibility to turn-off one or
two modules (phase shedding) at reduced output current
levels is discussed, highlighting the trade-off between
converter efficiency and output capacitor current ripple
reduction. M easurements on a prototype will be included
in the paper asvalidation of assertionsand proposals.

Keywords -L L C resonant converter, multi-phase
interleaved converters.

I. INTRODUCTION

Resonant converters have been confined in thethasy
years to niche applications such as very high-gelta
applications or high fidelity audio systems whileich effort
was spent in research by industries and univessiiecause
of its attractive features: smooth waveforms, hédficiency
and high power density. In recent times the LLConasit
converter [1,2], in particular in its half-bridge
implementation, has been widely and successfulplieg to
flat panel TV, 80+ ATX and small form factor PC, evh the

In this paper a three-phase topology of LLC resbnan
converter will be presented to avoid this greatu@ck by
means of three modules properly connected. Thec basi
scheme of one LLC module and the main specificatifmn
the proposed multiphase resonant converter arsriiied in
Sectionll. In Sectionlll the three-phase LLC converter will
be introduced, highlighting the benefit in terms aftput
filter current ripple reduction. The effect of resmt
component mismatch will also be explored and abietstar
connection solution will be investigated to overeoourrent
derating limits by means of intrinsic balancing.ctmn IV
will investigate the feasibility of phase-sheddfog the three
phase LLC resonant converter with star connectigoioging
the benefits in terms of converter efficiency, effe on
current ripple reduction and switching frequencysige.
Measurements on a prototype will be included inghper as
validation of assertions and proposals.

[I. LLC RESONANT CONVERTER PROTOTYPE

In this section the prototype of LLC resonant cater
with half-bridge topology, will be briefly introded. The
design of the power section of such converter tstin® aim
of the paper and more details can be found irglitee [2,6-
8]. The basic scheme of the prototype is depiatefigure 1
and specifications listed ifiable 1 As can be seen from the
specifications, the LLC converter is intended t@rmype in
conjunction with a boost PFC stage that regulates t
resonant converter input voltage at 400V nominahe T
isolation transformer uses the magnetic integradipproach,
incorporating the resonant seriesgXLand shunt (l4)
inductances. Thus, no additional external coilsreeded for

requirements on efficiency, power density and EMGhe resonance inductance. The transformer configura

compliance of their switching mode power supplisMPS)
are getting more and more stringent. However fugiPS
requirements will have to face one of the few rerimaj
drawbacks of LLC resonant converter topology tkatlated
to the output filter capacitors volume that reprgsethe
major limit for such applications. The injection wctified
sine wave currents into the output filter capacitan be
adequately mitigated by the parallel use of mudtiplodules
such as in interleaved buck solutions for voltaggutator
modules. This topology has been presented in f8jwo
modules operating with 90 degrees phase shift. @nhe
drawbacks of this solution is represented by theerient
current unbalance caused by resonant componentatgbm
that may cause one of the two modules to reduceuitgut
power down to zero, thus requiring mandatory waskads
to overcome the problem [5].

chosen for the secondary windings is center-tap te
output rectifiers are Schottky type diodes, in orte limit
power losses. The output capacitor size is chosée targe
to conveniently reduce the output voltage rippleneT
rectified “sine wave” output current presents imdleelarge
peak to peak ripple. Three identical modules were
manufactured to fulfill the research purposes o faper.

[ll. INTERLEAVED THREE PHASE LLC RESONANT

CONVERTER

LLC resonant converters exhibit a large voltagelgpon
output filter capacitor because of the rectifiedesivave
current injected through the transformer secondanglings.
In order to reduce the capacitor size and/or thadst-state
output voltage ripple, the interleaved approach dmn



profitably applied. InFigure 2a multi-phase LLC resonant V‘N__;lE: J

converter is depicted: three identical modules dsijpations gfhe b NN o Your
listed in Table } are parallel connected and switched at the O_|JM ' Coun
same frequency but with 120 degrees phase-shitheif 1 ™ . Ly L
driving signals. i D,

Figure 3 shows the benefit of an increasing number of
parallel modules on the total rectified currentpli that is
the peak-to-peak AC current injected into the outfiter
capacitor. The results inFigure 3 are obtained from

Fig. 1. Scheme of a single module LLC resonanvedar.

MATLAB Simulink simulations with 400 V input voltag TABLE1
24 V output voltage and different output currefftee huge Specifications and component sizing for theLLC
reduction of total current ripple in the three miegusolution resonant converter.
can be appreciated as compared to one and two ewodul Vin 320-420 V
counterparts, suggesting the possibility to drafiicreduce Vin-NomivAL 400 VvV
the output filter capacitor size. Vour 24 Vv
The use of parallel connected LLC resonant conkeie lour 06 A
supply the same load and share the same outper filt
capacitor presents limitations and drawbacks causgd Cr 22 _nk
resonant devices mismatch. The modules are opeahti Lr 110 pH
same switching frequency controlled by the voltage L 585 uH
regulation loop, while resonant component mismaihses Cour (4400+470) uF
the three phases to exhibit different voltage cosioe Ny 36 Turns
ratios. As a consequence, the load current is myelo N; 4__Tums
equally supplied by the modules and one of the ghasay
totally reduce its output power to zero. Tablel@strates the
results of some measurements on the prototypeifiiereht v L] O_‘ M L
operating conditions in presence of resonant device "< vt oRL - NeNaN, . Vour
mismatch. In order to emphasize the mismatch tliel th ' 1
module resonant capacitor has been increased By b2 MDNl JCoun
adding a 2.7 nF capacitor in parallel to the nomore (22
nF). It can be noticed from the data in the lefif-lud the —
table, that the third module delivers zero outpurtrent, in O_‘ M L
presence of resonant component mismatch. This tonds P2 A NalNa .
confirmed by the inspection of the primary-side reats ' L
shown in Figure 4(a) (400 V input voltage, 8 A auitp MDNZ LCour
current condition): the primary-side current of tkidrd
module is indeed interested only by the magnetizungent.
In order to overcome such limitation, that is uridadle in O_‘
mass production, a three-phase topology is propoasd HM““ Les N2.N,
depicted in Figure 5, where the transformers prymar ' L
windings are star connected. This modification vafip by MDN3 Lcour
means of the voltage modulation of star connegpioimt, to
greatly reduce the mean current unbalance caused by
component mismatch. From data shown in the rightdfa Fig. 2. LLC converter with three modules paratiehnected.
Table 2, the intrinsic balancing capability of tihigology is
pointed out compared to the simple parallel coriaect
Moreover, the waveforms depicted in Figure 4(b)fron
the great balancing ability of the star connectiopology
compared to a simple parallel interleaved connactio
TABLE 2
Average currents supplied by each module at different operating conditions (Cgs= Cr+ 2.7 nF).
SIMPLE PARALLEL CONNECTION STAR CONNECTION
(Figure 2) (Figure 3)
Vn=320V Vn=320V V=400V V, =400V Vn=320V V=320V Vy =400V V=400V
lour=6A  lour=8A  lour=6A lour=8A lour=6 A lour=8A lour=6A lour=8A
lour [A] 4.2 5.2 4.1 5.2 21 2.8 2.1 2.8
lour2 [A] 1.8 2.8 1.7 2.6 2.0 2.7 2.0 2.6

louts [A] 0 0 0.2 0.2 1.9 25 1.9 2.6
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Fig. 3. Simulated peak to peak current injectedwatput filter
capacitor as a function of output current: one niedwo modules
with 90° phase-shift and three modules with 1208sghshift.
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Fig. 4. Resonant currents flowing in the three niesl of LLC
converter (400 mA/div, pis/div) with simple parallel connection
(a) and with star connection of transformer primaimdings (b) @

Vin = 400 V, byr= 8 A (Grg= Cr + 2.7 NF)

i

L
V'Nl °—|C_|MUP1 Nl\ﬁ,l\ N3:N2, N, Vour
J ' B
. Mbn1 Luy TcCour
C‘Rl
r{
faMup, Lz NiNoN,
,J T
1 Moy »
Cro
il
°—|C_|Mur3 Lrs  NuNoN; |
’J T
41 Molis L
Crg M
—

Fig. 5. Interleaved three phases LLC resonantemdewusing
transformers primary windings star connection

A. Voltage |oop control design

The regulation of output voltage in a three-phadeC L
resonant converter with star connection is perfarras for
other resonant converters by means of switchinguigacy
modulation. To correctly design such voltage logmtool,
the small signal transfer function for the intevied tree-
phase converter should be determined and quantified
Generally speaking, the generalized state-spaceaging
method [9], that can be used to determine the fieans
function of a single LLC converter, cannot be easil
extended to the three-phase interleaved solutiangbthe
number of variables too wide for an analytical sajv

To overcome such limitation a simulation method te&n
adopted. The Bode diagram of the LLC small-sigragfer
function @EVout/6Tsw) from converter switching period
(Tsw) to output voltage (¥ur) can be evaluated through a
series of simulations with different noise frequenalues.
The LLC model is operated open-loop, or with a vsigw
voltage control loop, at the desired operating poihile a
small amplitude sinusoidal noise is superimposedtht®
switching period. That sinusoidal noise amplitudpresents
the 8Tsw term and it is kept constant for all performed
simulations, while its frequency/period is changegr the
desired range for Bode diagram.

Generally, Bode diagrams from the converter switghi
period to output voltage 8¥out/6Tsw) can be easily
transformed to the transfer function from convestsitching
frequency §V out/6Fsw) taking into account expressiofh)(

d:SN DOTSN I:FSZN—HOm (1)
where 8Tsyw represents the converter switching period
perturbation caused by the sinusoidal noisg,.&, is the
mean  switching frequency without superimposed
perturbations andFsy is the equivalent converter switching
frequency perturbation. In the cases studied irfdhewing,



the transfer functions exhibit a 197 dB constanh ghift of
magnitude diagrams related tg,Fom= 88.7 kHz.

The obtained simulation results, can be comparethé¢o
analytical Bode Diagram derived using the genegdligtate-
space averaging method. Figure 6 depicts this cosgra
for a 400 V input voltage, 6 A output current cdiudi,
suggesting the excellent agreement between sirontatnd
mathematical calculation and therefore the possitiib use
them without distinction. Bode diagrams depictedrigure 6
represents the transfer function between the cosver
switching frequency and the output voltage.

Using the same simulation approach, the three-phh€e
converter with star connection transfer functiorswhtained
for different operating points. It is interesting motice that
such transfer functions look pretty similar to tivees for a
single module LLC converter, taking into accourg t97dB
gain shift between them. Figure 7 illustrates Bddegrams
for the transfer functions from the converter shiitg period
to the converter output voltage, obtained in theninal
operating point conditions (400 V input voltage, A®utput
current), compared to the one from a single mod@leéA
output current).

Thus, we can conclude that the analytical approaeldl for
a single LLC resonant converter module can be ee@n
also to the three-phase interleaved solution. Térelized
state-space averaging method for a single modobigeid,
adequately predicts also the small-signal tranffiection of
the three-phase LLC converter with star connection.

A closed loop voltage control has been implemeftethe
three-phase LLC converter with transformer
windings star connection, based on a digital PiDtadler
implemented through a DSP by Texas Instrumentsurgig
depicts the small-signal transfer function Bodegdhans of
the interleaved converter including also the preeitoning
circuitry. The PID controller analog function isaldepicted
together with the loop gain transfer function —F(s¥he
design for the PID controller was performed at 4d8put
voltage and maximum output current in order to bt
loop bandwidth of approximately 5 kHz and a phas&gim
higher than 50 degrees. The digital implementatibrthe
PID controller initially used Tustin bilinear trefosmation to

maintain the system stability. Some tests have been 59 ‘ T

performed at simulation level to initially checketh.LC
converter performances and finally some load-saations
have been measured on the prototype. Figure 9 tdefhie
measurements results of a load step variation 0dnA to
18 A on prototype of three-phase LLC converter wsthr
connection. The system appears well-dumped, witlovan-
shoot of 620 mV and a fast recovery time of apprately
1.2 ms.

Figure 10 depicts, on the contrary, a load stepsoreanent
from 18 A to 0.2 A. The system exhibits a small resieoot
and a reasonable step response time. The recawesyi$
however really long being the system after loag-stevery
low current absorption.
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Fig. 6. Bode diagram for the small-signal tranbection
(8Vout/dFsw) of one module obtained through generalized state-
space averaging method and through Simulink sinaust
(VIN =400 V, bUT =6 A)
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Fig. 7. Bode diagram for the small-signal tranbeiction
(8Vout/dTs) of one module compared to three modules with star
connection. (W =400V, byt = 6 A for 1 module ancy|;r = 18 A
for 3 modules)
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Fig. 9. Measurement on three modules with staneoction for a
load step from 0.2 A to 18 A. Chl: converter outynltage
(200 mV/div); Ch4: output current (10 A/div); tinseale:

200 ps/div.
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Fig. 10. Measurement on three modules with stanection for a
load step from 18 A to 0.2 A. Ch1l: converter outpnitage (50
mV/div); Ch4: output current (10 A/div); time sca00 ps/div.

IV. PHASE-SHEDDING

The use of a three-phase LLC resonant convertér stir
connection allows to drastically reduce the outputrent
ripple and consequently to minimize the filter caipa. It is
moreover

parallel connected allows to improve the efficierfioy high
output currents and, as for interleaved VRMs, satgéhe
possibility to opportunely shut down some phasesrder to
reduce power losses for low current absorption. 0$es of a
star connection, instead of a simple parallel cotiop
between modules, allows to introduce an
compensation of resonant component mismatch, wthie
traditional phase shedding is precluded. It is norem
possible to simply turn off one or even two modulesause
of the floating star connection. For this reasas itecessary
to adequately change the topology and modulatiothef3

phase LLC converter while performing phase-shedding
order to ensure a correct connection to grountdefésonant
current.

mandatory to ensure the highest converter
efficiency. The use of an increasing number of nieslu

inherent

Figure 11 depicts a possible “two-phase” solutibramed
from the three-phase LLC with star connection bping off
module three (both M3z and Mys are turned off) and
changing the driving signal phase-shift of modwl® from
120 degrees to 180 degrees (respect to module nl). |
particular, module one and module two invertersuam®ed as
in full-bridge converters, sharing the series oboreant
components for modules one and two.

Figure 12 depicts a possible “one-phase” solution f
phase-shedding of the three-phase LLC converteh wit
transformer primary windings star connection. Imesr to
provide a return path for the resonant current iihgwin
module one, the lower MOSFET of the second hatidwi
inverter (Mhyy) is kept on while Mp,, Myps and Myys are
turned off. The resonant components of the first second
phases are therefore put in series and operated aalf-
bridge solution by the module one inverter. Thee'‘qhase”
solution is not really based on the use of a simgtzlule,
since while the half-bridge inverters for modulegtand
three are not switching, the resonant componentaazfule
two and its secondary-side rectifier are involved the
current conduction.
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Fig. 11. Simplified scheme of the “two-phase” folidge topology
for phase-shedding.
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Fig. 12. Simplified scheme for the “one-phase’diogy.



A. Converter Efficiency

Using the phase-shedding solution discussed alaoset, of
efficiency measurements was performed on the 3gpha€
prototype with star connection. The results of sanhlyses

B. Effect on current ripple

The first drawback of phase-shedding is relatedth®
output current ripple applied to the capacitiveefil While
the interleaved solution allows to greatly redulee butput

are depicted inFigure 13 The measurements are initially current ripple, both the full-bridge “two-phase” damalf-

performed on the three-phase LLC with all moduletva.
The output current is varied from 18 A (full loai) 1.8 A

bridge “one-phase” solutions exhibit a large outputrent
ripple because a rectified sine wave current idiegpo the

(10 % of the maximum power). A second series of theapacitive filter. While for low output current ghiis not

measurements is then performed in the full-bridgso*

phase” solution varying the output current from A2that

represents the maximum output power for two moduies
1.2 A. It can be noticed that at 45 % of the maximpower

(respect to the three-phase LLC converter) the phase
solution equals the efficiency of the three-phaseotogy,

suggesting the better condition to activate phaselding.

Finally, the third efficiency measurements are @aned on
the “one-phase” solution for output current frorA 6o 0.6A.

Also in this case an optimal condition can be fotmdwitch

from “two-phase” to “one-phase” (25 % of the maximu
power).

The implementation of phase-shedding allows to over
the converter efficiency over a wide output curresmge.
However, the necessary topology and modulationtegya
modifications, compared to the initial three-phagerleaved
solution, have two major drawbacks, that are amalyz
hereafter.
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Fig. 14. Simulated peak to peak current injectedwtput filter
capacitor as a function of output current (@ ¥400V ):
interleaved three-phase; “two-phase” full bridge &one-phase”.

really a problem because also the peak to peaKeripp
decrease, for medium currents a trade-off betwéeiescy

improvement and output current ripple is mandaté&igure

14 shows the comparison of the total peak to peakent
ripple injected into the output filter capacitor the three
phase-shedding conditions. It is evident that tbeeffits of
the interleaved topology are lost when shutting-dawe or
two phases, with a large increase of total rippiethe case
of a phase-shedding implementation that maximize th
converter efficiency, the output filter capacitoush be sized
in the worst peak to peak ripple condition. In tt@se under

test, Gur must be designed to adequately filter 15 A peak to

peak (maximum ripple current if “one-phase” corutitiis
turned-on at 25 % output power level and “two-pHase
topology is activated at 45 % output power level).

C. Effect on Switching Frequency

The second drawback introduced by phase-sheddidg an

topology modifications is related to the switchiingquency
range.

In order to correctly investigate such effect, deitially
introduce the power-supply voltage conversion rdép a
classical LLC resonant converter based on a unigogule,
as the one depicted in Figure 1 [6]. This convecan be
conveniently described wusing the First
Approximation (FHA) technique which enables the Igsia
of resonant converters by means of classical comple
circuit analysis. Figure 15 depicts the FHA equévalcircuit
of the single module LLC converter focusing, intjadar,
to the ac resonant tank.

The resonant devices are expressed as:

Ch=Cr  Li=le  Ly=Ly. @)
while the ac-equivalent load resistance in the Felisuit
can be evaluated as:

_ivouT .

R;Q - 772 IOUT (3)

Finally, the FHA RMS values of input and output tagies
for the ac resonant tank can be generally exprezsed

242

Vo-rra = 7VOUT (4)
ﬁ\/IN —HB-

Vin-rra = n (%)
Lfle -FB-

In particular, it must be noticed the doubled RMuit
voltage applied to the resonant tank by means effifi-
bridge switching topology (exploited in the “twogse”
solution for phase-shedding).

Harmonic



The normalized LLC voltage conversion ratio, alsmkn
as “voltage gain” can be therefore evaluated as:

M OFHA SL //n REQ
FHA 1
Vin-ria + 5L + (s, /7R )
sCr (6)
* * 2 2
oo fRZ +Q7 for - fn
L, L, f2 fo  foy
where:
1
f,= 7
(e %
and
. 1 L
Q= ,/ ol (8)
n REQ

The general expression for the dc voltage conversiio
can also be evaluated using (4), (5) and (6):

1
—M -HB-
M :VOUT -J2n FHA 9
e =7y, 1 9)
N EMFHA -FB-

The analysis above can now be applied to the thhese
interleaved LLC resonant converter in the thrededint
topologies created by phase-shedding.

The voltage conversion ratio of the interleave@¢hphase
topology (that is all three modules activated)dsigalent to
that of a single module delivering 1/3 of the totakrent.
Thus, the interleaved three-phase dc voltage cerioreratio
can be evaluated as:

1

Muics = 5 M@ = Ques) (10)
with
_ 1 Le
QLLC—B - nzsivoJ C: (11)
|

ouT
under the assumption that Represents the total converter
load resistance.

On the contrary, some additional topology manipofest
must be introduced for the two remaining phase-dimed
solutions. Fig. (a) depicts the FHA equivalent gitof the
ac resonant tank for the “two-phase” full bridged dione-
phase” topologies. In order to apply the convefteitage
gain” formula derived in (9) for a single module ahequate
equivalent circuit can be obtained as depicted igurfe 16
(b) taking into account the effect of transformens ratio:
series connection at primary side and parallel eotion at
secondary side. It must be noticed that the egemtadingle
module circuit exhibits a voltage drop at the serie
transformer primary side that is doubled compam@dhie
circuit depicted in Figure 15. As a consequence, “dic”
voltage gain must be conveniently halved.

The resonance frequency for the “two-phases” angke-o
phase” topologies appears to be the same as fositigée
module and the three-phase converter singe=L.2Lr and
Cr = Gg/2. Equally, it must be noticed that the ratig/Ly,”
is unaltered for this topology modification, whilthe
converter quality factor is modified by the vanists of the
characteristic impedance of the resonant circuitRa, -

The dc voltage conversion ratio for the “two-phased
bridge solution can be therefore evaluated as:

M, :% M FHA(Q 2: QLLC—Z) , (12)
where:
1 L
QLLC—2 = W 2 CR '
n 4[4772 | ouT R (13)

ouT

Finally, the dc voltage conversion ratio for theéephase”
solution can be evaluated as:

1M FHA(Q QLLC 1)

M 14
LLc-1 — 2I’l 2 ( )
with
1 L
QLLC—l = 8V 2 C7R
n*40= T V™R (15)
e IouT

Using (10), (12) and (14), the dc voltage convergiatio
as a function of the switching frequency can beuated in
all phase-shedding solutions evaluating therefole t
corresponding switching frequency ranges. Figurestidis
these dc voltage gains superimposed to the maximod
minimum thresholds corresponding to minimum input
voltage and maximum one (converter specificatistetl in
Table 1). In order to adequately compare the ttopelogies
the dc voltage conversion ratios are evaluateddoad and

t “relative full load” that is the maximum deliadle
current for each solution kx for the interleaved three-
phase, 2/3,lax for the “two-phases” and 1/3 for the “one-
phase”). From the results plotted in Figure 17wad from
(10) and (12), it must be noticed that the interéshthree-
phase and the “two-phase” full bridge solutionsrehthe
same switching frequency range between 63 and 26 kH
(note that @ ¢c.2(2/3 Iyax) = Q.Lc-3(lmax)). On the contrary,
the switching frequency range for the “one-phaskage-
shedding topology appears to be greatly reducedn fro
47 kHz to 53 kHz (Q_C-l(1/3 IMAX) = O-SQ_LC-S(IMAX) while
M_Lc.1=0.5M,, c.3). Therefore particular attention must be put
in the controller design, since the switching freocy
reduction increases the resonant current amplitude.
particular, being the current sensing for the plsemiding
control implemented at primary side, an adequataehngsis
must be added to the comparator current threshokis] to
choose the appropriate number of modules to beatet, in
order to avoid jittering.
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resonant tank of the “two-phase” full-bridge anahéephase”
phase-shedding solutions. (a) represents the FHRAeofircuit; (b)

is the equivalent FHA single module topology.

o L _
\MMAX_\rOUT IN-MIN

DC VOLTAGE CONVERSION RATIO
Ol
o
8
T

0.02

1
70

80 90
SWITCHING FREQUENCY [kHz]

100 110 120

Fig. 17. DC voltage gain dependence from switcliiaguency for
the interleaved three-phase LLC resonant converiait three
phase-shedding topologies. The minimum and maxiwveltage
gains to account for input voltage variations dse ahown.

V. CONCLUSION

In this paper a three-phase interleaved LLC resonan
converter topology is described and analyzed. Topgsed
topology is made by three half-bridge LLC convesteith
transformer primary windings star connection. Téadution
allows to drastically reduce the output current plip
compared to a single module, and exhibits an isitin
balancing capability that is not common to othesorent
interleaved solutions. Small-signal analysis of gneposed
converter has been performed and a suitable digitatrol
implemented. The possibility of turning off one two
phases depending on the overall output currentl,ldse
investigated, and the trade off between convefftégiency
and output capacitor current ripple is discussed.
Experimental results have confirmed the theoretical
expectations.
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