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Conventional dual active bridge (DAB) converters based on the non-resonant circuit topology have the sever limita-
tion of soft switching under light load conditions without complex multi-pulse modulations such as dual or triple phase
shift. To address this technical problem, this paper explores a symmetrical series-resonant bidirectional de-dc converter
(SSR-BDC). The SSR-BDC features the variable frequency phase shift modulation (VF-PSM) for the minimization
of reactive power in a wide range of soft switching operations. The CLLC series resonant tanks provide symmetrical
steady-state characteristics of the load power and voltage regulations in forward and reverse power flows, which is
advantageous for the seamless exchange of power flows in power electronics applications based on a simple control
logic. The principle of the power regulation is described with the frequency-domain analysis of SSR-BDC, whereby
the theory for determining the most suitable phase shift angle is clarified. The experimental verifications on a 500 W
prototype are presented, and the practical effectiveness is revealed; the actual efficiency improves by 1.4% and reactive
power reduces by 75% after adopting the VF-PSM.

Keywords: phase shift (PS) modulation, series resonant bidirectional dc-dc converter, reactive power reduction, variable frequency,

zero voltage soft switching (ZVS)

Converter Cell No.1

1. Introduction Dual Active Brdge(DAB) Converter

High frequency (HF)-link bidirectional dc-dc converter —m n, ﬁ—: 1w T:
(BDC) provides a continuous power flow with galvanic iso- a -El W }{ _-[i_ oy
lation between two dc voltage sources in the wide variety ] HF-X L~ ]

. . . UFAC/DC! DC/HFAC HFAC/DC 'DC/UFAC

of power supplies such as solid-state transformer (SST) in e :
renewable and sustainable energy generation, transportation ® = |j j| 1
and automotive power units, and uninterruptible power sup- T Convrter Cell No.2 T I:I
ply. The power converter architecture of typical SST is il- |: :|
lustrated in Fig. 1. The dual active bridge (DAB) is the most
popular technology as a BDC, and tremendous amounts of Convrter Cell No.3
literatures have been published during the past decades 7.

The non-resonant DAB converter is based on the phase Fig. 1. Single-phase solid state transformer (SST) archi-

shift modulation (PSM) between the two ac voltage sources
linked with the inductive reactance. Fig. 2 illustrates the cir-
cuit topology and phase shift modulations in the DAB con-
verter. The technical issues of DAB converter exist in the
trade-off relationship between the extension of soft switch-
ing range and reduction of reactive power ®'*. Therefore,
the switching frequency is limited within the several ten kilo-
hertz, and the large dc-link capacitors are requested both at
the primary and secondary-side power stages, which may
be the serious obstacles for achieving high power density.
The phase shift and pulse width modulation, dual phase shift
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tecture based on BDCs.

(DPS) ", and triple phase shift (TPS) strategies have been
proposed for extension of soft switching range and reduction
of reactive power in the DAB converters '“*. However, the
multi phase shift modulation (M-PSM) induces complexity
in the controller design, whereby increment of the switch-
ing frequency is limited; the feasibility is still unclear at the
present stage of development "¥*. In addition, the circulat-
ing currents inevitably emerge in the primary- and secondary-
side full bridge circuits due to DPS or TPS schemes, conse-
quently the power losses increase especially for the heavy
voltage unbalance between the two dc voltages . The M-
PSM may induce the magnetic flux saturation of the high fre-
quency transformer (HF-X) due to the unbalance phase shift
angles.

In contrast to the conventional DAB converters, the
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Fig.2. Conventional DAB converter: (a) main circuit,
(b) dual phase shift (DPS), and (c) triple phase shift (TPS)
methodologies.

(b)

resonant bidirectional converter has attractive features such
as a naturally soft commutation of power devices; there-
fore, a wide range of soft switching can achieve with-
out any auxiliary circuits for expanding the soft switching
range. The series resonant/series-parallel resonant convert-
ers (SRCs/SPRCs) have remarkable features such as a wide
range of soft switching with the pulse frequency modulation
(PFM). The resonant converter technology can also be ef-
fective for BDCs, and several RBDCs have been proposed
for emerging power electronics applications such as wireless
power transfer and battery charges for electric vehicles ‘7.

Almost of the existing RBDCs are comprised of the asym-
metrical resonant tanks, e.g. LLC, LCLL in the primary
or secondary side of HF-X. The asymmetrical series res-
onant (ASR) BDCs are based on the principle of the in-
verter/rectifier combination. Accordingly, the steady-state
characteristics of the dc voltage conversion ratio unequal be-
tween the forward and reverse power flows "®=” since the
magnetizing current of HF-X is not negligible. In addition,
the seamless mode change of power flow cannot attain in
the inverter/rectifier combination since power control is not
available in the secondary-side rectifier. Thus, auxiliary pas-
sive components are required for achieving a wide range of
soft switching with a seamless exchange of power flows ®",
which leads to the further complexity of the circuit configura-
tion. Moreover, the bidirectional LLC converters suffer from
parasitic ringing due to discontinuous current mode, which
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Fig.3. Asymmetrical series resonant LLC BDC topol-
ogy: (a) main circuit, (b) simplified equivalent circuit for
the forward power flow and (c) for the reverse power flow.
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Fig.4. Steady-state characteristics on voltage ratios of
the symmetrical RBDC: (a) forward power flow, and (b)
reverse power flow.

may raise an issue of radiation noises “"®. The ASR-BDCs
depend on the magnetizing current and dead time tuning to
achieve ZVS over the wide range of load power as well as
the conventional DAB converters. Therefore, the power loss
due to the high magnetizing current is outstanding in the light
load region, and the dead time tuning is not effective any
more once the magnetizing energy is smaller than the capac-
itive energy inside the full bridge circuit ®.

As a solution for the critical technical issues, the sym-
metrical series resonant (SSR) BDC is newly explored in
this paper. The CLLC resonant tank-assisted SSR-BDCs
have been proposed in the past literatures “>**”. However,
those converters are also based on the operating principle
of inverter-rectifier combination for the forward and reverse
power flows; it is not suitable for the seamless exchanges of
the power flows. Analysis on the steady-state characteris-
tics is carried out with the fundamental harmonics approxi-
mation (FHA). However, the circuit analysis based on a fre-
quency domain only is not sufficient for the RBDC with PSM
since the reactive power is not considered in this method.
There are no past literatures dealing with the SSR-BDC on
the soft switching range and reduction of reactive power with
the combination of PSM and PFM, to the best of the authors’
knowledge.

This paper presents the in-depth analysis and verifications
of the SSR-BDC with variable frequency phase shift mod-
ulation (VF-PSM). The remarkable features of the RBDC
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presented herein exist in a wide range of soft switching op-
eration and effective reduction of reactive power without de-
pending on the magnetizing current of HF transformer; Thus,
high efficiency, small size filter and simple circuit configura-
tion can be expected. The VF-PSM controlled BDCs have
been reported in the past literatures ", however the anal-
ysis and evaluations are limited on the conventional non-
resonant DAB converters. The switching frequency varies
over the wide range for the sake of non-resonant tanks. Ac-
cordingly, the design of the input and output filters are cum-
bersome, and the dynamics of power controller will be aggra-
vated for the load variations.

The contribution of this paper is to demonstrate the pro-
found comparison of pulse modulations based on PSM and
PFM for SSR-BDC by the analytical and experimental veri-
fications, which are the classical but most simple and prac-
tical power control scheme for the SSR-BDC. The rest of
this paper is organized as follows: The circuit topology and
mode-transitional operations are described in Section 2. The
theory of VF-PSM is explained with the frequency-domain
equivalent circuit of the SSR-BDC in Section 3, whereby the
merit of VF-PSM is clarified in terms of reactive power re-
duction and wide range of soft switching. The power control
scheme is introduced in Section 4, and the effectiveness is re-
vealed by simulation in Section5. The experimental results
are demonstrated in Section 6 for evaluating the performance
of the topology and control of SSR-BDC, after which the fea-
sibility is summarized in Section 7.

2. Circuit Topology and Operations

The circuit topology of the SSR-BDC is depicted in
Fig. 5%, The series resonant tanks L,;-C,; and L,,-C,, con-
tribute for producing the identical power transfer profiles in
the forward and reverse power flows, which is useful for
building a simple and practical controller. All the active
switches Q;—Qg are commutated by ZVS with the aids of
lossless snubber capacitors C;-C,g, Or a parasitic output ca-
pacitance of a unipolar semiconductor power device.

Fig. 6 illustrates the switching voltage and current wave-
forms with CF-PSM and VF-PSM. The lossless snubber ca-
pacitor is large enough for reducing the dv/dt rate at the turn-
off transition for the heavy load with CF-PSM. The large
snubber capacitor may result in the counter effect; The resid-
ual voltage emerges at the turn-off transitions under the con-
dition of light load with CF-PSM, consequently the capaci-
tive energy is discharged and ringing current appears at the
turn-on transition. In contrast, the turn-off current can be re-
duced due to better power factor by VF-PSM. Introducing the
series resonant tanks into the BDC is effective for minimizing
a conduction current through the switches at their turn-on and
turn-off transitions regardless of output power with the vari-
able switching frequency. Therefore, ZVS can attain over
the wide range of load power without increase of circulat-
ing currents, i.e. reactive powers both at the two dc voltage
sources. Since the magnetizing inductance L,, of HF-X is
much greater than the impedance of the series resonant tanks
L,-C,; and L,»-C,,, the magnetizing current i, can be ne-
glected while keeping ZVS in all the active switches. Accord-
ingly, power loss due to the circulating current through L,
can be minimized as compared to LLC resonant converters.
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Fig.5. Symmetrical series resonant CLLC bidirectional
dc-dc converter with HF-link (Lm > L,,, x: 1,2).
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Fig.6. Switch transitions of SSR-BDC: (a) CF-PSM
and (b) VF-PSM.
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In order to achieve ZVS in the active switches, the switch-
ing frequency f; should be greater than the series resonant
frequency f, as

I
2 (L + L)

fo> o=

where L, = a*L,, and C,,’ = C,y/a* are the primary side-
referred secondary-side parameters. The switching frequency
fs should be modulated around f, in order to reduce the cir-
culating current, i.e. reactive power.

Key operating waveforms and switching mode transitions
are illustrated in Figs.7 and 8, respectively. The symbols §*
represents the phase shift (PS) angle of signal stage between
the leading and lagging-phase switches. On the other hand,
the symbol § denotes the PS angle of power stage between
the bridge-leg voltages of the primary and secondary sides.
Taking the dead time interval 7, into consideration, ¢ can be
expressed in accordance with the voltage conditions as

_Jo" =67, (when vy, > adeq; buck mode)
et + or, (when Vop < aV.g: boost mode)

where 67, corresponds to the phase angle of 7,; and a(=
w; /w,) represents the windings turns ratio of HF-X.
One switching cycle is divided into ten modes as follows:
® Mode 1 [power transfer mode in positive half cycle:
t € [y, 11]] The polarity of the magnetizing current iy,
reverses from negative to positive at t = ;. Since the ac-
tive switches Q; and Q4 have already been on-state, ac-
tive power starts to be fed from the input voltage source
Vin to the load R,. Accordingly, the primary-side current
i, of HF-R inverter gradually decays toward zero by the
effect of series resonance.
® Mode 2 [Q;, Q4 ZVS turn-off: t € [t1, 1,]] The gate sig-
nals for Q; and Q4 are removed at r = ;. Then, their

IEEJ Journal IA, Vol.10, No.5, 2021
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Fig.7. Key operating voltage and current waveforms
under the condition of forward power flow (V; — V5).

voltages vy and vp4 rise gradually from zero with the ef-
fects of parasitic, or the lossless snubber capacitors C;—
C4, while the voltages vg, and vp3 across Q, and Q3 de-
crease gradually from V;, to zero. Thus, ZVS turn-off
operations can perform in Q; and Q4. During this inter-
val, ZVS condition can be expressed by

L.
EL” ip(11)? > 20 V2 eeeee (3)
ip(11) > 0 v )

where the lossless snubber capacitors are identical as
Csq = Cp = C, = C3 = C4. Accordingly, the mini-
mum current /,, ,;, of the primary-side HF-X for achiev-
ing ZVS is expressed by
Lymin > % ................................ (3)

where ) (= VL, /Cy) denotes the resonant characteris-
tics impedance of the primary-side series resonant tank.
Mode 3 [Q,, Q3 ZVZCS turn-on: t € [fp,13]] The
voltages vgy and vg3 across Q, and Qs reach to zero
at t+ = 1, due to the edge-resonance sustaining from
Mode 2, thereby D, and D3 are forward-biased. During
this interval, the gate terminals of Q, and Q3 are trig-
gered, and zero voltage and zero current soft switching
(ZVZCS) turn-on commutation can be achieved in the
two switches. At the same time i, reverses its polarity,
then i; begins to rise gradually from zero.

[Mode 1]

[Mode 12]

[Mode 11]

L 1] 1 R

Ny

7]

-}
|
|
}

&
it ] i ] i ] i it [ i

_>--J"

Fig.8. Mode transitions and equivalent circuits during
one switching cycle.

® Mode 4 [primary-side rectifier and secondary-side in-
verter mode: t € [f3,%4]] The primary-side resonant
current i, reverses its polarity naturally at ¢ = 73 due
to the series resonance. Accordingly, the primary-side
switches Q, and Q4 commute from D, and D4 to S,
and S; with minimization of reactive current, while the
secondary-side switches Qs and Qg conduct in a forward
direction similar to an inverter during the short interval.

® Mode 5 [Qs, Qg ZVS turn-oft mode: ¢ € [#4, #5]] The gate
signals of Qs and Qg are removed at ¢ = t4, after which
the voltages vgs and vgg rise linearly while vge and vy
decay gradually toward to zero. Consequently, vgs and
vqs are built up to V;, while vge and vg; decrease to zero
at the end of this interval. Thus, the ZVS turn-off tran-
sitions of Qs and Qg complete during this interval. The
ZVS conditions for Qs and Qg are written as

1
3 Lygig(t3)? > 2C V2 ovveeiei (6)

i3(1g) > 0n v vvveeeee e (7

where the lossless snubber capacitors are identical as
Cyp = Cs = C¢ = C7 = Cg. Accordingly, the mini-
mum current /g ,,;, of the secondary-side full full-bridge

inverter for achieving ZVS is expressed by

2V,
]s,min > e e et e e (8)
O

where ¢, (= VL,»/Cy,) denotes the resonant character-
istics impedance of the secondary-side series resonant

IEEJ Journal IA, Vol.10, No.5, 2021
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tank.
Mode 6 [Qg, Q7 ZVZCS turn-on: ¢ € [ts,16]] The gate
terminals of secondary-side switches Qg and Q7 are trig-
gered at ¢ = t5 while their antiparallel diodes D¢ and Dy
are conducting. Accordingly, ZVZCS turn-on achieves
simultaneously in Qg and Q7. Power transfer starts from
Vin to the load in the negative half cycle.
Mode 7 [power transfer mode in a negative half cycle:
t € [ts,17]] The polarity of the magnetizing current i,
reverses from negative to positive at ¢ = #;. Since the
active switches Q, and Q3 are on-state, the power is fed
from the input voltage source V;, to the load R, and the
negative half-cycle starts. The primary-side current i), of
HF-R inverter gradually decays toward zero by the effect
of series resonance during this interval.
Mode 8 [Q,, Q3 ZVS turn-off: ¢ € [t7,#3]] The gate sig-
nals for Q, and Q3 are removed at t+ = t;. Then, their
voltages vg, and vp3 rise gradually from zero with the
effects of C1—Cy, while the voltages v and vp4 decrease
gradually from V;, to zero. Thus, ZVS turn-off operation
performs with i, in Q; and Q4. During this interval, ZVS
condition can be expressed by
%Lrlipm)z >2Ca Vi
i,(t7) > 0.
The minimum current 7, ,;, of the primary-side HF-X
for achieving ZVS is similarly expressed by (5).
Mode 9 [Q;, Q4 ZVZCS turn-on: t € [tg,f9]] The volt-
ages vg and vgs reach to zero at ¢ = tg due to the edge-
resonance sustaining from Mode 8, thereby D; and Dy
are forward-biased. During this interval, the gate termi-
nals of Q; and Q4 are triggered, thereby ZVZCS turn-on
can attain in the two switches. At the same time, the
polarity of i, reverses and thereby i, begins to rise grad-
ually from zero.
Mode 10 [primary-side rectifier and secondary-side in-
verter mode: t € [fo,1)0]] The primary-side resonant
current i, reverses its polarity naturally at ¢ = f9 due
to the series resonance. Accordingly, the primary-side
switches Q; and Q4 commutate from D; and D4 to S;
and S; with the minimization of reactive current, while
the secondary-side switches Qg and Q7 conduct in a for-
ward direction similar to an inverter during the short in-
terval.
Mode 11 [Qg, Q7 ZVS turn-off mode: ¢ € [t19,111]] The
gate signals of Q¢ and Q7 are removed at ¢ = ¢y, after
which the voltages vgs and vg7 rise linearly while vgs
and vgg decay gradually toward to zero. Consequently,
vqs and vqg are built up to V;, while vgs and vg7 decrease
to zero at the end of this interval. Thus, the transitions
of Qs and Qg complete ZV S turn-off during this interval.
The ZVS conditions for Qg and Q7 are written as
SLaisi) > 2CaV3
ir(t11) > 0.
The minimum current Iy, of the secondary-side full
full-bridge inverter for achieving ZVS is similarly ex-
pressed by (8).
Mode 12 [Qs, Qs ZVZCS turn-on: ¢ € [t11, t12]] The gate
terminals of secondary-side switches Qs and Qg are trig-
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gered at ¢ = t5 while their antiparallel diodes D5 and Dg
are conducting. Accordingly, ZVZCS turn-on achieves
simultaneously in Qs and Qg. The power transfer starts
from Vj, to the load as the positive half cycle and return
to the Mode 1.

The primary- and secondary-side full bridge circuits op-
erate as the dual HF-R inverters with phase difference as
explained above. The CLLC resonant tanks have no re-
luctance enough for storing inductive energy, therefore the
most suitable operating point is the nominal voltage condi-
tion; Vi = aV, named as “the unity voltage ratio”. For the
area deviating from the unity voltage ratio, ZVS can main-
tain by extending the PS angle while the switching frequency
changes in order to regulate output power. In the area with a
large PS angle and switching frequency that exceeds over the
limit of practical frequency variation, the single phase shift
PWMs, i.e. primary-side PS-PWM (PPS) and secondary-side
PS-PWM (SPS) techniques can be applied for the wide range
of voltage regulations *?, although the significant amounts
of circulating currents emerge similarly to DPS and TPS in
Fig.2.

3. Phasor Analysis of Symmetrical RBDC

3.1 Frequency Domain Analysis  Sinusoidal ac anal-
ysis can be applied into the SSR-BDC in the steady state. The
current waveforms of the HF-X are slightly distorted due to
expansion of PS angle. However, the harmonics due to the PS
angle are relatively small, accordingly the sinusoidal analysis
can still keep effectiveness under the condition of the limited
range of switching frequency variation just as similar to FHA
in the LLC resonant converter ‘"9,

The simplified equivalent circuit of the SSR-BDC is indi-
cated in Fig. 9. The two ac voltage sources V,; and aV,4 are
defined with respect to their phase difference ¢ (< 7/2) as

. . 22V
Vi = Vape® =V, = VaVi (13)
T
) s 2V2V,
Vg = Ve = V2v, o LI (14)
bis
The impedances of Fig. 9 are given by

71 = j(X, = Xe,) = (X, — Xe)el? oo (15)
7y = j(Xp, — Xc,) = (X1, — Xc,)el? «oeeevnvnnnn (16)
Zow = jXim = Xpn@ % o (17)

where the reactances of each reactive component are written
with the angular frequency w = 2rf; as

Xy, =wLyy, X, =wLn', X, =Ly -ocvvvve - (18)
4 no.
P oy Lo L I (=1y/a)
= N
LG Ly | L L2 Gl
Vab @) L3 (2 @
L

Fig.9. Frequency-domain equivalent circuit of SSR-BDC.
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Y, (Zm + Zl)Vcde_jé - vaab
Y ZWZi+ D)+ 7212
{XLm + (XLI - XCI)}aVcd sind A XemVap = [Xim + (XL1 - XCI)]aVcd cos o
=_ B 1)
T r
LV —Zi Ve aXp, = Xe)Veasing Xy, = Xe,)Vap + a(X, = Xe,)Vea 0SS 22)
R ATY T / r
T(@) = X (X1 = Xe1) + (Xia = Xeo)} + (Xt = Xe1)(Xpa = K)o voveoveenenneneen e (23)
—  aXpnVapVeasind  aVyVegsind
P, = Re(Vyl,) = n D 24
1 = Re(Vapl,) r 7+ 7 24
s ClXLm Vab Vcd sin o aVab Vcd sin o
P,, = Re(aV g e 1) = — D 25
2 e(Cl a¢ ) I Zl + ZQ ( )
Py = IV T) = Kim + X, - XeWVay, — aXpnVaVeacoss _ Va(Vap —aVeacos®) 26)
I I 21+ 72,
2172
P, = Im(@V.ye PT7) = (Kim + X, = XeV Ve aXpuVipVea 056 _ aVe(@Vea = Vapcosd) on

r Zy+ 2,

X = 1 1
€= ocy”

Then, the primary-side current vector I,, secondary-side
current vector I, (= I;/a) and magnetizing current vector I,
can be expressed respectively by (20)—(23).

Fig. 10 comparatively displays the RMS currents between
I,, I/ and I, with the PS angle and switching frequency
based on (20)—(22). The magnetizing reactance Z, is con-
sidered as much greater than Z; and Z, due to the effects
of the symmetrical resonant tanks as discussed in Subsec-
tion3.1. Accordingly, I, are much smaller than the others,
so the equivalent circuit can be simplified further by elimi-
nating L,, in Fig. 9. By neglecting power losses in the RBDC,
the active powers P,, P, and reactive powers P,|, P, at the
primary and secondary sides can be defined in (24)—(27). It
can be known from those equations that the active and reac-
tive powers can be controlled simultaneously by varying the
PS angle and switching frequency.

3.2 Determination of Phase Shift Angle ZVS per-
formances in the DPS and TPS controlled DAB converters
are load-dependent together with the complicated process of
PS angle calculations. On the other hand, ZVS constraint of
the SSR-BDC with VF-PSM are independent of load power
owing to the series resonant tanks that make the turn-off cur-
rent to be minimized in all the switches. This is the essential
difference between the conventional DAB and the SSR-BDC.

The voltages and currents of the symmetrical RBDC with
CF-PSM are described by phasor diagrams in Fig. 11 assum-
ing the forward power flow from V| to V,. Note here that
the magnetizing current phasor I,, is neglected due to exis-
tence of the secondary-side resonant tank, the impedance of
which is expressed as Z, < Z,. The primary-side current
vector I, and secondary-side current vector /;” should be in-
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ductive, i.e, lagging phase with respect to V,,;, and aV,4 for at-
taining ZVS in all the switches. Accordingly, the phase angle
0 that grantees ZVS in both the primary and secondary-side
full bridge circuits can be expressed from Fig. 11(b) and (c)
as:

® Buck mode: V,, > aV,4

Vb COSO < AVipgovvvrrrrreeveennenanenan.n. (28)
—1 aVCd 1
d>cos —— =cos aG = 6base ......... (29)
b
® Boost mode: Va;,a< aVeq

Vab > aVCd COSO rrrrrmrmrnrnrenneneaenenns (30)
Va 1

5 <cos ! = — cos™! — = Shase "+ (31)
a aG

where G (= Vi /Vea de V1/V,) represents the voltage ratio,
and Oy, 18 the base value of PS angle.

In Fig. 11(a) for the unity voltage ratio, the switching fre-
quency reduces with VF-PSM, which results in the shrinks
of PS angle ¢ and amplitude of the voltage vector Vy, ; the
vector points A-C-D move into A’-C’-D’. The voltage vector
Vy, is defined as

Vy, = (Z; + Zz)f,,efg. ..........................
Accordingly, the phase differences of voltage and current
vectors change so that power factor approaches unity in the
primary and secondary-side circuits respectively.

In the buck and boost modes where the voltage ratio devi-
ates from unity, the switching frequency f; rises due to VF-
PSM so that the amplitude of Vy, changes with the fixed am-
plitude of 7,. In Fig. 11(b) for the buck mode, the PS angle
o enlarges with VF-PSM, then VXL is extended; the vector
points A-C-D move into A’-C’-D’. Accordingly, the current
vector I/ moves into the lagging phase area with respect to

the voltage vector aV,.4 (O_D - OD’); then ZVS condition
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Fig. 10. RMS currents of i, i; and i,, for the switching
frequency and PS angle variations.

is satisfied in the secondary side as well as the primary side.
In Fig. 11(c) for the boost mode, the PS angle ¢ enlarges in
accordance with VF-PSM, then V}(L is extended; the vector
points A-C-D shift into A’-C’-D’. Accordingly, the current
vector I, moves into the lagging phase area with respect to
the voltage vector V,, (O_A — 02’); then ZVS condition is
satisfied in the primary side as well as the secondary side. It
can be revealed from the phasor analysis that § depends on
the voltage conversion ratio G, not on the power command
for ensuring ZVS in the VF-PSM scheme.

3.3 Power Factors The generalized phasor diagram
in VF-PSM is revisited in Fig. 12. By using the cosine the-
orem herein, the power factor cos 8; of the primary side and
cos 6, of the secondary side can be expressed respectively as

cos @) = cos{d — (900 — A (33)
cosbh = COS(90° FA) (34)
Vea—Va 0
A=cos™! GVedZ Vabh€OSO ... (35)

Va2 H(@Veg 2 —2aVogVy cOS S

546

Fig.11. Voltage and current phasors of CF-PSM (red
arrows ) and VF-PSM (blue arrows): (a) unity voltage
(Vaup = aVey), (b) buck mode (V,;, > aV,,), and (c) boost
mode (V,, < aVey).

- \
o004y, AVey  90%),

Fig.12. Generalized phasor diagram with definition of
power factors in VF-PSM.

Fig. 13 depicts the theoretical characteristics of power fac-
tor versus PS angle with respect to the voltage ratio, all of
which are drawn from (33) and (34). The two power factors
cos#; and cos 6, are identical in the unity voltage ratio of
G = 1 atany PS angle, and keep the high value as the PS an-
gle reduces. In the buck mode of G = 0.9, cos 6, is lower than
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Fig. 13. Calculated power factors in the primary- and

secondary-sides full bridge circuits on the basis of (33)
and (34): (a)G =1,(b) G=0.9,and (c) G = 1.2.

cos 6, and the PS angle where the two power factors are max-
imum exists uniquely. In the boost mode of G = 1.2, cos 6, is
lower than cos 6, and the PS angle where the two power fac-
tors are maximum exists uniquely. Thus, it can be revealed
from Fig. 13 that power factors should be determined from
the input and output dc voltage ratio in the SSR-BDC.

4. Power Control Scheme

Referring to the foregoing analyses, the output power P,
can be controlled by changing the switching frequency f;
once the PS angle ¢ is determined on the basis of the volt-
age conversion ratio G.

The schematic diagram of power controller for the SSR-
BDC is presented in Fig. 14. The PS angle command 6* con-
sists of the base value dp,5 and the additional angle &,q4.
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Fig. 14. Circuit diagram of the voltage mode controller.

According to the ZVS conditions of (29) and (31), Opase 18
obtained from the voltage ratio G whereas 9,44 is set so as to
ensure lagging-phase currents for ZVS. It should be remarked
here 6,44 can be fixed owing to the minimized reactive power
by switching frequency modulation.

Vv
! = azcsz

Iys = Ca

p.min s,min

where t,,; denotes the transitional time for completing ZVS.
The additional PS angle 6,44 in (2) can be determined from

¢ in G = 1, which is the minimum PS angle between V., and

aVcd.
5. Simulation Analysis

Performances of the SSR-BDC and control system are an-
alyzed by simulation. The circuit parameters are as fol-
lows: V; = 200V, P, = 2kW, L, = L, = 40uH,
C,1 = C,p = 440 uH, resonant frequency f, = 40kHz,a =1,
and 0,40 = 10°. The switching frequency f; for CF-PSM is
set as 45 kHz in order to attain ZVS at G = 1.

The steady-state characteristics on the load variations are
depicted with the closed control loop in Fig.15. The con-
verter performance with CF-PSM experiences hard switching
in the region out of G = 1. In contrast to that, the converter
performance with VF-PSM keeps the soft switching under
the wide range of voltage ratio (G = 0.2-2). It should be re-
marked here the larger the voltage unbalance is, the more out-
standing the reactive powers emerges in the converter while
ZVS can maintain.

The output power versus controlled valuables are com-
pared in Figs. 16(a) and (b). In the case of CF-PSM, the oper-
ating points in one of the primary and secondary-side circuits
are out of the soft switching except for G = 1. In contrast
to that, ZVS can accomplish over the wide range of P, by
VF-PSM under the same condition of G.

The power factors of primary- and secondary-side invert-
ers are illustrated in Figs. 17(a)—(c). In the unity voltage ratio
G = 1, the power factors of the primary and secondary sides
can stay over 0.99 by the effect of VF-PSM for the load vari-
ations while decline gradually according to increment of the
load in CF-PSM. In the buck mode G = 0.9, the power factor
of the primary side is a little lower than that of the secondary
side in VF-PSM as discussed in Section 3.3, however ZVS
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Fig. 16. Simulation results on output power control: (a)
CF-PSM, and (b) VF-PSM.

can attain in the whole range of load variations at the both
sides. On the other hand, the power factors decrease in the
light load area by CF-PSM, and eventually the hard switching
appears in the secondary side. In the boost mode G = 1.2, the
power factor of the secondary side is a little lower than that of
the primary side in VF-PSM, although ZVS can attain in the
whole range of load variations as well as the buck mode. On
the other hand, the power factors decrease in the light load
area by CF-PSM, and then hard switching appears in the pri-
mary side. The comparative analysis herewith indicates VF-
PSM are effective for maintaining the high efficiency from
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Fig.17. Simulation results of power factors for load
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the viewpoints of soft switching range and power factors.
6. Experimental Results and Evaluation

The feasibility of the CLLC symmetrical RBDC is investi-
gated by experiment of a 500 W prototype. The exterior ap-
pearance of the prototype is presented in Fig. 18, and its spec-
ification is summarized in Table 1. By referring to the simu-
lation analysis mentioned above, the switching frequency for
CF-PSM is fixed at 50kHz in order to attain soft switching
over the wide range of load variations.

6.1 Soft Switching Performances The observed
cyclic waveforms of the RBDC with CF-PSM are depicted
in Fig. 19. Although it is far from a typical behavior of hard
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Fig. 18. Exterior appearance of the SSR-BDC prototype.
Table 1. Experimental Circuit Parameter and Condi-
tions

Item [ Symbol | Value [unit]
Nominal DC voltages Vi,V 100[V]
Rated power P, 500[W]
Smoothing capacitors Cu,.Ca2 1000[uF]
Series resonant capacitors C.,Chn 440[nF]
Series resonant inductors L,L» 40[uH]
HF-X magnetizing inductance L, 500[uH]
Snubbing capacitors in IGBTs | Cy;-Cig 1[nF]
Resonant frequency | 40[kHz]
Transformer turns ratio a 1/1 (= wy /wy)

* Qp — Qg: IGBT(IXGN60ONC2D1, 600 [V], 75 [A])

Fig.19. Observed voltage and current waveforms of
CF-PSM -based RBDC at P, = 500W, f; = 50kHz,
and 6 = 40° (100 V/div, 10 A/div, and 4us/div): RSM
currents Ig; = 3.0A, Igs =2.9A.

switching, a small amount of voltage surges and ringings ap-
pear at the turn-off transitions of Q; and Qs as clearly re-
vealed in Fig. 20.

The observed cyclic waveforms of the RBDC with VF-
PSM are depicted in Fig. 21. The peak-peak value I, , of the
displacement current i., in C, decreases from 15 A to 10 A;
reduced by 35% as drawn in Figs. 19 and 21. The reactive
powers are calculated as 178 Var with CF-PSM and 44 Var
with VF-PSM, respectively. Thus, the reactive power reduces
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Fig.20. Enlarged waveforms of CF-PSM controlled
SSR-BDC at P, = 500W, f; = 50kHz and 6 = 40°
(25 V/div, 1 A/div, 400 ns/div).
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Fig.21. Observed voltage and current waveforms of
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Fig.22. Enlarged waveforms of VF-PSM controlled
SSR-BDC at P, = 500W, f; = 40kHz, and 6 = 10°:
(a) active switch Qy, and, (b) active switch Qs (25 V/div,
1A/div, and 400 ns/div).

by 75% as compared to the performance of CF-PSM. The
enlarged waveforms of the active switches with VF-PSM are
presented in Fig. 22, where ZVZCS turn-on and ZVS turn-off
operations can be observed. The voltage and current overlap-
ping areas decrease as compared to CF-PSM.

6.2 Power Control Performances The measured
characteristics of output power versus switching frequency
are presented in Fig. 23 with respect to the variations of dc
voltage ratio G under the condition of VF-PSM closed loop.
The PS angle ¢ is decided in accordance with the setting value
of G, then P, is controlled by changing f;. Thus, the power
controllability of the proposed converter is verified with VF-
PSM.

The measured and calculated state-plane trajectories’ of
primary-side and secondary-side LC networks with CF-PSM
are drawn in Fig.24. The voltage and current trajectories

T See app. Table 1 in Appendix.
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Fig.24. State-plane trajectories of SSR-BDC with CF-
PSM at P, = 500W, f; = 50kHz and 6 = 40°: (a)
primary-side LC network, and (b) secondary-side LC net-

work.

L L
-60 -40

are out of the elliptic orbit due to the switching frequency
which deviates from the resonant frequency. The state-plane
trajectories of primary-side and secondary-side LC networks
with VF-PSM are drawn in Fig.25. The voltage and cur-
rent trajectories are the elliptic orbit both in the primary- and
secondary-side LC networks controlled by the smaller phase
angle. It is clarified from Figs. 24 and 25 that the tank energy
diminishes as the switching frequency increases over the res-
onant frequency, thereby the reactive power increases in the
primary- and secondary-side full bridge circuits.

6.3 Power Conversion Efficiency In the beginning
of discussion, the measured steady-state characteristics of
bidirectional power flows are illustrated in Fig.26. The
output power is actually regulated over the wide range by
changing the phase angle 6. The maximum efficiencies are
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Fig.25. State-plane trajectories of SSR-BDC with VF-
PSM at P, = 500W, f; = 40kHz, and 6 = 10°: (a)

primary-side LC network, and (b) secondary-side LC net-
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Fig.26. Efficiency and output power characteristics on
the phase angles for the forward- and reverse-mode oper-
ations.

observed as 93.7% at P, = 360 W with § = 30° in the forward
mode (V| — V;) while 93.5% at P, = 340 W with § = -20°
in the reverse mode, respectively. The modes of power flow
can exchanged continuously in Fig. 26 for the power range
of P, = 80 W—1 kW, thus the feasibility of the symmetrical
CLLC resonant tank is proven. The efficiency of the low-
middle powers is the target to improve by VF-PSM.

The actual efficiencies are compared between the two pulse
modulations in Fig.27. The efficiency of VF-PSM exceeds
that of CF-PSM in the power range P, = 250 W-500 W un-
der the conditions of G = 0.9, G = 1 and partly for G = 1.2.
The PS angle can be fixed as the optimal value by VF-PSM
in accordance with G, whereby the primary and secondary-
side circuits can always operate at the best power factors. It
should be noted here that the circuit operation suffers from
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the sever hard switching in the light and middle power areas
with CF-PSM, therefore the efficiency evaluation is limited
from 400 W-500 W in Fig. 27(c). The maximum efficiency is
measured as 94.5% at P, = 250 W with G = 1 by VF-PSM,
and the efficiency improves about 1.4% from 92.3% with CF-
PSM to 93.7% with VF-PSM at P, = 500 W. The efficiency
with VF-PSM is lower than CF-PSM at P, = 500 W, since
the switching frequency of 52 kHz with VF-PSM could cause
more turn-off energy loss due to the tail currents of IGBTs
than CF-PSM with 50 kHz.

The power loss breakdowns of CF-PSM and VF-PSM pro-
totypes are presented in Fig. 28 with respect to the efficien-
cies at P, = 500W and G = 1 in Fig.27(b); n = 91.7%
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Fig.28. Power loss analysis of prototype at P, = 500 W
and G = 1: (a) CF-PSM with = 91.7% and (b) VF-PSM
with n = 93.7%.

in CF-PSM and n = 93.7% in VF-PSM, respectively. The
RMS currents of the primary- and secondary-side full-bridge
circuits are reduced by VF-PSM as mentioned in the sub-
section 6.1, accordingly the copper loss of the HF-X dimin-
ishes as compared to CF-PSM. Moreover, the power losses in
the output capacitor filter C; are reduced by VF-PSM which
is more effective for reduction of reactive power. It can be
known herewith that reduction of RMS current contributes
for efficiency improvement more than that of the switching
frequency. The iron loss increases slightly in the loss break-
down with VF-PSM due to the lager time interval in the rect-
angular two-level bridge-leg voltages v, and v.; by decreas-
ing the switching frequency.

7. Conclusions

The CLLC symmetrical resonant bidirectional dc-dc con-
verter with variable frequency phase shift modulation has
been evaluated from the viewpoints of soft switching range
and reactive power reduction.

The circuit topology, operation and control strategy have
been clarified by the steady-state analysis based on the
frequency-domain equivalent circuits and the relevant phasor
diagram, whereby the theory and principle of the PS angle
determination for minimizing the reactive power with keep-
ing ZVS has been clarified. The practical effectiveness of the
resonant bidirectional dc-dc converter has been verified by
experiment as compared to the conventional fixed frequency
phase shift modulation: Efficiency improves by 1.4% at the
rated load and, the peak-peak value of displacement current
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reduces by 35% in the output smoothing capacitor, reactive
power reduces by 75%, and ZVS operation can be ensured
for 10% of the load voltage variation. The advantage of VF-
PSM is more outstanding for the multi voltage ratios while
CF-PSM is more suitable for the unity voltage ratio in SSR-
BDC.

The attractive features of the symmetrical RBDC will
be outstanding in the power supplies based on the high
frequency-linked dc-dc power conversion with front and rear-
end converters. In particular, its multi-phase topology will
contribute for achieving high power density of SSTs in the
electrified transportation and renewable energy applications.
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Appendix

Fig. 8 is redrawn in app. Fig. 1 for simplicity, where the
twelve modes are combined into the four major intervals
in accordance with the voltage polarity of v,, and v.: 1)

Vah = V1 > (0 and Ued = V2 > O, 11) Ugp = —V1 < 0, and
Ved = V2 > 0, 111) Vab = —V1 < 0 and Uaph = —V2 < 0,
and iv) V,; = V; > 0and V., = =V, < 0. The state vari-

ables of resonant tanks are the resonant capacitor voltage v,
and HF-X windings current i, in the primary-side series res-
onant tank, whereas they correspond to v.,» and i, respec-
tively in the secondary side. The equations of the primary-
and secondary-side series resonant tanks are summarized in
Table 1.
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app. Table 1. State Variables Equations in Series Resonant Tanks
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