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This paper shows generalized calculation of coupling coefficient for two-phase interleaved bidirectional converter.
Switching period of such system was divided on modes and main parameters of the system was analyzed in each mode.
Current ripple in each phase can be easily determined using calculation results and it depends on the values of duty
cycle and coupling coefficient. It is demonstrated that coupling coefficient affects on current ripple in phase, but not on
output current ripple. Based on increasing of the one phase inductance due to coupling an optimal coupling coefficient
can be selected. Experimental prototype of bidirectional interleaved two-phase converter proved theoretical hypothesis.
References 15, figures 4.
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IntroductionMany applications in modern power electronics need high current output, light weight,
compact or high overall efficiency of the voltage regulation system. Using just a single phase dc-dc converter
sometimes can be limited because of high power dissipation on power semiconductor switches. The main
solution for this problem is using of multi-phase or interleaved circuits. That type of converter is widely used in
all areas such as powering of different computer systems (such known as VRM or PoL applications),
automotive systems, converters for renewable energy systems (as bidirectional power bus between two or more
dc voltage busses), PFC schemes, inverters [1, 2, 11]. The main advantages of interleaved converters are high
efficiency and power density, better heat dissipation and as a result lower thermal stress on the components. At
the same time, drawbacks are increased number of the components (proportionally to number of phases) which
result in higher cost and more complicated control algorithm [3-10, 13].

A common practice to decrease the size and weight in interleaved topologies is increasing of
switching frequency along with using combined magnetic components also known as a coupled inductors
(Fig. 1a). It provides increasing of system integration, power density and also decrease conduction losses or
increase the transient response of the system [1]-[10]. Also, it helps redusing phase ripple due to ripple
cancelation phenomena, but maximum effect can be achieved when duty cycle is close to D/N, where N is a
number of phases.

Objectives of the paper. The main goal of the paper is representing the method for calculation op-
timal coupling coefficient in two-phase interleaved bidirectional topology that provide minimal inductor cur-
rent ripple. The proposed solution can be used for any number of phases as well as unidirectional converters.
The analyzed system represented in Fig. 1, a.

The main part of the paper. Fig. 1 shows a two-phase interleaved bidirectional converter using an
inverse coupled inductor. The coupled inductor can be replaced with leakage inductances Ly; and Ly, an
ideal transformer along with single magnetizing inductance L,,. This model can be called “physical model”
since each and every element closely corresponds to the physical structure. The ideal transformer has 1:1
turn’s ratio. The gapping configuration and gap length of inductor affect the value of Ly, and Ly, (which are
equal by symmetry Ly; = Ly, = Ly, and L; = L, = L) and L,,. The relationship between Ly, L,, and L, (from
the general coupled inductor theory) is following

L=L +L,, k=L (L,+L)". (1,2)
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It should be noted, that transformer connected with the polarity dots on the opposite ends. Therefore,

(3)
D<0.5
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I, [ 1,
T —1
Ty ] ,_
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Fig. 1
According to the well-known basic circuit theory, voltages VsV, v, can be expressed as
vL] - vLII(l + vLm ’ sz - vLmz - vLm ; (4,5)
di d(i, -i,)
v, =L —o=] —" 2/ (6)
" dt dt

It can be seen from Fig. 1, b that switching period can be divided into four different modes.
Mode 1 [0 ~ DT]. In this mode switches 7; and, T, is turned on, and switches 75, T; are off. The
voltage across inductances can be expressed as

v, =V, =V,v, ==V, (7
From (4, 5), and (7) leakage inductances voltages Vi, and v, are
k2
dir, dif,
=L, ——y _ 2 _
S R PR Vigo = tk2 g TV VL, (8,9)

Assuming that L;; = Ly, = Ly and substitute (8, 9) into (6), the equation for magnetizing inductance
voltage v, is derived as

Ly, -v, —v, —v L (v, —v
) = w (Ve =V, =V, =v,) :m(Ll—Lz), (10, 11)

m ? VL

L, " L, +2L,
By substituting (11) back into (8, 9), the inductors currents in mode 1 are

ah'L1 1 ( L, (v, —sz)j diL2 1 ( L, (v, —sz)j
1 — VL1 — R = sz +—.

dt L, L, +2L, dt L, L, +2L,
Based on a volt-seconds balance of the inductors for each cycle during steady state
Dle :—(I—D)VL2 ; (12)
D
di Ly+L,-———L,
L v, . 1-D =~ _"u : (13)
dt L, +2L L, L,
1-D
di, Ly+L, - TLm v,
==y, — == (14)
dt L, +2L L, Leq3

From (13), (14) equivalent inductance for L; and L, respectively, in mode 1
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L +2L,L, ~ 1-k°

L, = ——=1Ls —; (15)
" L, +L,-D(1-D) L, 1-kD(1- D)
2 72
L - L,+2L L, S 1-k . (16)
“ L,+L —-(1-D)D'L, 1-k(1-D)D
The output current is the sum of two inductor currents (13), (14) and thus it is expressed as
di _
#:L(_l ZD) (17)
da L, D

Mode 2 [DT,; ~ T,/2]. In mode 2, switches T, and 7} is turned on, and switches 7;, T; turned off.
Voltages v, =v, =-V, ,thus
a’iLl

Vi, = L i =V

lL
_vLm 8 vL//cz = lez dtz = sz +vlm : (18> 19)

1

Substitute (18) and (19) into (6) zero voltage across magnetizing inductance is obtainedv, =0.

Thus from (18) and (19), the inductor currents in mode 2 are
ﬂ di, v, v,

g dt L, L,
L,=L-L,. (21
The output ripple current expressed as
di 2V
=, (22)
dt L,

Mode 3 [T/2 ~ (Ty/2+ DTy]. In mode 3, switches 7> and T3 is turned on, and switches 7, T, turned
off. Mode 3 is similar to mode 1, with the only difference that v, =-V, and v, =V, =V, . Using the same

methods as it was used in mode 1, the inductors output current ripple in mode 3 are derived as follows:

diLl le + Lm — (1 B D)D_le le
Loy, Lutle SR (23)

dt L, +2L L, Leq3

diLz le + Lm B D(l — D)_l Lm sz
=V, > =—. (24)

dt L, +2L L, Leq1

The output current in mode 3 is the same as that in mode 1.

Mode 4 [(Ty/2+ DT,) ~ T,]. In mode 4, switches T», T, is turned on and switches T, T; turned off.
Mode 4 is exactly the same as mode 2 becausev, =v, =-V .
In (13), dt is equal to DT, in mode 1. Therefore, the inductor and output current ripple is expressed as

Ai, =£/—"(1 -2D)T,. (25)

Tk

From (25) and Fig. 1, it can be seen that the coupling coefficient k£ does not affect the output current
ripple. If Ly is equal to the value of the individual inductor L, in the non-coupled case, the output current rip-
ple in both non-coupled and coupled inductor is the same.

Analyzing modes, it can be seen that the inductor current ripple depends on the values of D and k. As
k increased to 1 (full coupling), the two inductor currents become equal in phase. Thus, the coupling coefti-
cient k has a significant effect on the inductor current ripples although it does not affect the output current
ripple.

Current ripple in each phase depends on the equivalent inductance. Plotting results of L.,,/L; for a
range of values for D, it is seen that particular care needs to be taken in choosing k for applications (Fig. 2).
Thus current ripple in buck (charge) mode in case of D < 0.5

R
L 1-kDA-D)"’

s

(26)
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Taking into account symmetry of the system, corresponding inductor current ripple in case of

D<05
L 2
IR e S 27)
L, 1-k(-D)D

s

—D=05

""" D=0.439/051
——D=045/055
— = D=04/056
—-D=03/0.7
— -D=0.2/0.8

Leql/Ls

k

Fig. 2
In boost (discharge) mode equations (27), (26) represent cases for D > 0.5 and D < 0.5 respectively. For the
fixed values of input and output voltages function local extremum (maximum) can be found to achieve the
most accurate and optimal coupling coefficient. The represented method can be extended and used for a
converter with any even number of phases. For odd number of phases this method should be further im-
proved and recalculated.

Experimental prototype. To verify proposed calculation method, an experimental prototype of two-
phase interleaved bidirectional converter with inverse coupled inductors was used (Fig. 3a). Inverse coupling
used because of the absence of necessity in high transient response of the system, but need of small conduc-
tion losses due to lack of heatsinks.

All system parameters represented in the table. Converter

Parameter Value works on frequency about 500kHz and based on wide bandgap
Input voltage, Viy 4.7.2V  semiconductor GaN switches (GS61008 from GaN Systems).
Output voltage, Vo 27 Input voltage range corresponds to maximum and minimum
Maximum input current, Iy 134 voltages of two series connected LiFePO, battery cells from
Maximum output power, Ponax 100 W A123 Systems. Based on the possible range of input voltages
Switching frequency, fsw 500 kHz  from the batteries (it can be swing from 4.0 V to 7.2 V for two
Magnetic inductance, Ls 330nH  patteries, which mean D = 0.33...0.6) and taking into account
Coupling coefficient, -0.4 manufacturer accuracy of roughly 10 %, coupling coefficient -
Input/output capacitors, Civ/Co | IOUF () 4 s selected (Fig. 3b). One phase inductance is calculated to

achieve Boundary Conduction Mode (BCM) during max load operation [14], [15].

The experimental result shows good performance of the converter in all load range with a maximum effi-
ciency of 96 %. Efficiency was measured using Yokogawa WT1800 precision power analyzer. Waveforms
of transistor drain-source voltage and one phase current (Fig. 4) showed very good correlation with theoreti-
cally claimed (Fig. 1b) and was measured using Tektronix MS0O4043B oscilloscope (bandwidth range 350
MHz) and current probe Tektronix TCPO030A (bandwidth range 100MHz). As a result of right component
calculation and selection, the maximum temperature of the inductor, during the long run test with a
maximum load of 100 W, is 48.3 °C. Thermal image of the inductor (Fig. 3 ¢), measured by thermal-imaging
camera Fluke TilO0.
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Fig. 3
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Ipeocmasnen 0b606wenHblll  pacuem Kod(@uyueHma MASHUMOCEA3AHHOCIU O 08YX(A3HO20 OBYHANPABIEHHO20
npeobpazoeamens ¢ uepedyrouumucs gazamu. Ilepuoo nepexnioyenuss maxou cucmemvl ObLI pazoeneH Ha pexicumvl, U
OCHOBHbLE napamempul cucmembl ObLIU HPOAHATUIUPOSAHBL 6 KANCOOM U3 pexcumos. Tlynbcayuu moxa 6 kajicoou paze
Mozym Obimb 1e2KO Onpeoesienbl ¢ UCNONIb308AHUEM DE3VIIbMAMO8 Paciemad U 3a6UC OM 3HAYEHULL CK8ANCHOCTU U
Koapguyuenma cesnzu. Takoice ObLIO NOKA3AHO, YMO KOIDDUYUEHM MACHUMHOU C6513U GIUSIEM HA NYIbcayuy MoKa 6 gase,
HO He Ha NYTbCayuu 8bIX00H020 moka. Mcxo0st uz yeenuuenust uHOYKMueHOCmu 00HOU (hasu 3a cuem MAaHUMHOU cés3u, ObLio
BbIOPAHO ONMUMATLHOE 3HAYEHUE KOIDPuUYUeHma MAZHUMHOU C6513U. IKCREMUMEHMATbHBIL NPOMOMUN 08YHANPABIEHHO20
08yxghaszHo2o npeobpazosamensi ¢ 4epedylouuMucs Gazamu noomeepoul nPAsUIbHOCHb MEMOOUKU paciema Kod@p@u-
yuenma macHumuou cesizu. buon. 15, puc. 4.
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CBSI3aHHBIC HHAYKTHBHOCTH, IIPEOOPA30BATEIH C INUPOTHO-UMITYJIHCHOIO MOTYJISIIIACH.
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Hoxkazano  y3aeanvhenuil po3paxyHox Koepiyichma MA2HImo34enienHs 0151 060¢hazH020  OBOHANPABNEHO20
nepemeopiogaua 3 uepedysanuam gas. Ilepiod nepemuxannss maxoi cucmemu 6y NOOIIEHUL HA PENCUMU, OCHOBHI
napamempu cucmemu Oyau NPOAHANIZ08AHI 8 KONCHOMY pedicumi. Tlynvcayii cmpymy 6 xooichil ¢aszi moscyms Oymu
JIe2KO GU3HAYEHI 3 GUKOPUCMAHHIM Pe3Vibmamie po3PAxyHKy, i 60HU 3aneicamv 6i0 3HAYEHb WNAPY8aAmocmi ma
Koeghiyienma 3uennennss. Takoow OY10 NOKA3AHO, WO KOeDIYIcHM MASHIMOZUENIEHHs. 6NIUBAE HA NYTbCAYIL CMPYMY 6
Qasi, are He enausac Ha Nyabcayii GUXiOHo2o cmpymy. Buxoosuu 3i 30inbuiennst iHOYKMueHocmi 0OHIEl gaszu 3a
PAXYHOK MA2HIMO38 53Ky, 0yn0 obpano onmumanvhui Koegiyicum 3uenienus. Excnepumenmanvuuii npomomun
0B8OHANPABNIEHO20 080(A3ZH020 Nepemsoprsaya 3 uepedy8aHHaM a3 niomeepoud NPAasUIbHICIb MemoOUKy
PO3DAXYHKY Koepiyienma macnimoszuenienns. biom. 15, puc. 4.
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