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Abstract—Both conduction loss and switching loss can con-
tribute significantly to the overall power loss of an isolated
bidirectional dual-active-bridge series-resonant dc—dc converter
(DABSRC) operating at high frequency. To achieve soft switching
and minimum-tank-current operation under wide-range varia-
tions in output voltage and current, a switched-impedance-based
DABSRC is proposed. Minimum-tank-current operation aims to
reduce conduction loss arising from circulating current at the low
voltage, high-current side of DABSRC. Full-range soft switching is
achieved in all switches, thus, switching loss is significantly reduced.
With this new topology, power control is achieved by controlling
a switch-controlled capacitor in the series resonant tank while
ensuring minimum-tank-current operation and soft switching in
all switches. The proposed topology and modulation scheme are
validated by means of a 1-kW experimental prototype of DABSRC
operating at 100 kHz designed to interface a 250-V dc bus to a su-
percapacitor with a rated output voltage of 48 V. The effectiveness
of the proposed topology for charging/discharging a supercapac-
itor at a maximum rated power of 1 kW is verified by simulations
and experimental results with a maximum efficiency of 97.5%.

Index Terms—Dual-active-bridge (DAB) converter, minimum-

tank-current operation, soft switching, supercapacitor, switch-
controlled capacitor (SSC).

I. INTRODUCTION

ITH an increased penetration of renewable energy gen-
W eration into power grid, rise in conventional fuel prices
and new legislations requiring low carbon emissions, the auto-
motive companies were led to focus on power-efficient fuel cell
vehicles (FCVs), electric vehicles (EVs), and hybrid EVs [1].
Efficiency enhancement is one of the main challenges toward the
development of these vehicles. A typical power system archi-
tecture of FCVs or EVs is shown in Fig. 1. In the first half of the
past century, 6-V dc bus which later increased to 12 V served the
purpose of powering all the electric load demands in automobile
systems . But nowadays, with a shift toward the production of
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Fig. 1. Typical power system architecture of EVs.

more EVs, this bus voltage level is forecasted to stand between
240 to 450 V [2], [3]. With this rise in voltage level, it be-
comes essential to use high-power dc—ac inverters for supplying
power to traction motors and bidirectional dc—dc converters to
charge/discharge auxiliary energy storages attached to the main
dc bus [4]. These auxiliary energy storages, which include low-
voltage supercapacitors, help to improve the dynamic response
and performance of vehicles by providing startup power and
absorbing regenerative brake energy [5]. Bidirectional dc—dc
power converters can be used to integrate these auxiliary stor-
age devices to the main dc bus, and in this context dual-active-
bridge (DAB) converter has shown many advantages over its
counterpart topologies in terms of device stress, ease of control,
galvanic isolation, and power density [6].

Recently, due to the advancements in power electronic de-
vices, DAB converter is gaining more attention for its use in
bidirectional power flow in medium-voltage power architec-
tures [7]-[10]. A conventional LC-type DAB series-resonant
converter (DABSRC) is designed and analyzed in [11]. How-
ever, under wide-range variations in output voltage and cur-
rent, this topology undergoes switching and conduction losses
in certain operating regions that deteriorate converter’s perfor-
mance in terms of efficiency and semiconductor device’s stress.
Circulating current and hard switching in conventional DAB
converter are mainly due to the out-of-phase relationship be-
tween the tank current and bridge voltages [12], [13]. These two
phenomena can cause excessive conduction loss and switching
loss in high-frequency operation. Several modulation schemes

See http://www.1ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 2. Proposed DABSRC topology incorporating SCC.

and topologies of DAB converter have been proposed to reduce
conduction loss (due to circulating current) and switching loss
(due to hard switching) but they cover only certain operating
regions. Single-phase-shift (SPS) modulation uses one degree
of freedom to modulate power but it fails to provide wide-
range soft switching particularly under light-load condition and
nonunity voltage gain [11]. To reduce circulating current and
achieve soft switching, extended-phase-shift (EPS) [14], [15],
dual-phase-shift (DPS) [16]-[20], and triple-phase-shift [21]-
[23] modulation methods were proposed, which adds one or
two extra degrees of freedom in power modulation by intro-
ducing internal phase shift within the primary and secondary
bridges in addition to the traditional external phase shift be-
tween the primary and secondary bridges. However, in these
complex modulation schemes, soft switching can be achieved
for certain operating regions only. Modulation schemes based
on fundamental component analysis (FCA) were proposed in
[24], [25] to reduce circulating current as well as computational
complexities involving online and offline calculations. These
modulation schemes also fail to achieve soft switching in all
switches under wide-range variations in output current and volt-
age. Several topologies with tuned LC'L, CLC, CLLC were
proposed in [26]-[29]. EPS and DPS are used to control power
for DAB topologies based on LC'L and C' LC', but under wide-
range variation in power, these topologies also encounter hard
switching. C' L LC-based topology utilizes a complex modula-
tion scheme to achieve soft switching at the primary bridge only,
while the output rectifier operates with soft commutation. The
application of switched-impedance-based resonant topologies
were investigated in [30]-[32], but only unidirectional power
transfer is achieved by these topologies.

In this paper, a switched-impedance-based DABSRC
incorporating switch-controlled capacitor (SCC) is proposed to
achieve both soft switching and minimum circulating current
over wide-range variations in output voltage and current.
The proposed topology and modulation scheme enables the
realization of zero-voltage switching (ZVS) at the primary
high voltage and secondary low voltage bridges. In both buck
and boost operations, minimum-tank-current operation ensures
an in-phase relationship between tank current and bridge
voltage on either side of the high-frequency transformer of

DABSRC to avoid excessive ringing and current stress due
to circulating current [13], [33]. In Section II, the conditions
required for achieving soft switching, minimum-tank-current
operation, and the required dead-time intervals are identified for
DABSRC, and to meet these conditions a modified DABSRC
based on switched impedance is proposed and its operating
principles are explained. The design of experimental prototype,
simulation, and experimental results for charging/discharging
a supercapacitor module are presented in Section III. Finally,
concluding remarks are given in Section IV.

II. PROPOSED TOPOLOGY BASED ON SWITCHED IMPEDANCE

Fig. 2 shows the schematic diagram of the proposed DABSRC
based on switched impedance with input dc-bus voltage V;, input
filter capacitor C,, primary-side switches S;-S5, secondary-
side switches Q1—Q4, output filter capacitor Cy, and output
voltage V,. It can be seen that the switches S;—5; form the
primary-side full bridge are modulated to generate v, (¢) (with
a dc value of V}, = V}). The secondary-side full bridge of the
converter consists of (Q1—()4, which are modulated to generate
a phase-shifted voltage vs(t) (with a dc value of V; = V;) or
primary-reflected v/(¢), where the phase shift 6 between v, (¢)
and v/ (t) determines the direction and magnitude of power flow.
Since power is mainly transferred by the fundamental compo-
nents of the resonant tank current and bridge voltages, FCA is
adopted, which leads to simplified analytical expressions of the
key equations [24], [34], [35]. Under the assumption of FCA,
the equivalent circuit of DABSRC converter and the phasor dia-
grams showing the soft switching and hard switching conditions
of the primary-side and secondary-side switches are shown in
Fig. 3.

In the following analysis, normalized variables (i.e., per-unit
values) are used so that generalized results are obtained and
applicable to all power levels. To perform FCA in normalized
form, the following base values are selected: Vg =V, Zp =

n? V‘2

s——,and Iy =V /Zg. The normalized bridge voltages and

primary-reflected resonant tank current are given as

4
Up,p.u (t) = ;Smwt (1)
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(a) Equivalent circuit of DABSRC. (b) Phasor representation depicting hard switching of secondary-side switches. (c¢) Phasor representation depicting

hard switching of primary-side switches. (d) Phasor representation depicting ZVS operation of all switches of DABSRC.
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’USVp.u(t) = % SiIl(UJt - 9) (2)

s
4

Z.x,p.u (t) - T
eq,p.u

(= coswt + M cos(wt — 0))  (3)
where M = %, 0 is the phase shift between v, (t) and v, (t), n

is the transformer’s turn-ratio, and Xeq p.y = (WL — %) /Zy
is the normalized resonant tank impedance.

From (3), the root-mean-square (rms) value of the resonant
tank current i, , , (t) is given as

1 27 )
Ix7r1ns‘p.u = \/271_/0 [Zx‘p.u(t)]det

2v/2 ‘
— L\h + M2 —2Mcosh. (4
TXeq,p.u

The average power transferred between the primary side and
secondary side of the DABSRC can be evaluated using either the
primary-side voltage vy, (¢) or the secondary-side voltage v (t)
in conjunction with the tank current 4y , , (¢), both approaches
lead to the same expression. It can be seen from (5) that the
maximum power is transferred when the phase shift § between
vy, (t) and vy (t) is 90°

1

27
Po,p.u = %/0 vp,pjl(t)ix,p.u(t)dt = sin 6. (5)

2
™ Xeq,p.u

A. Regquired Soft-Switching Conditions

It can be seen from Fig. 2 that in order to achieve ZVS
operation in the primary-side switches, i, (¢) should be negative
at the turn-on instances of .S, and Sy (i.e., turn-off instances of
Sy and S3). A negative i (t) is required to discharge the parasitic
capacitances Cs; and Cgy (and to charge Cgy and Clg3) so that
their body diodes will conduct before the turn-on gate signals
are applied to S; and Sy. As for the secondary side, iy (t) is
required to be positive to achieve ZVS turn-on of ()1 and Q4.
Similarly, it can be deduced that i (¢) should be positive for
ZVS turn-on of S5 and S3 and negative for 02 and Q3.

Thus, by evaluating (3) at wt = 0 (i.e., when S and S are
turned ON) and € (i.e., when (Q; and ()4 are turned ON), the
required conditions for achieving ZVS in the primary-side and
secondary-side switches can be derived as given by (6) and (7),

respectively

4 1
txpu(0) = ———(14+ Mcos) <0=0< cos™! i

7TXeq,pAu
(6)
0 4
ix.p.u () = ——(—cosf+M)>0=60>cos ' M.
' w ’/Tch,p.u
(7

The phasor representation and operating waveforms corre-
sponding to different cases of hard switching and soft switching
of DABSRC are shown in Figs. 3 and 4. Plotting (6) and (7)
with respect to 6 at various values of M leads to the soft-
switching boundaries of DABSRC depicted in Fig. 5. Fig. 5(a)
shows that, for primary-side switches, the required condition
can be met for all M < 1 by ensuring nv‘(/i“*) < 1, but for
M > 1 primary-side switches will experiencIe hard switching
in region B. For secondary-side switches, Fig. 5(b) shows that
they will experience hard switching in region B when M < 1.
In summary, DABSRC cannot achieve full-range soft switching
under variations in primary-to-secondary voltage ratio and load
(i.e., phase shift angle) due to the contradictory requirements of
(6) and (7), i.e., (6) and (7) cannot be satisfied simultaneously.
This limitation will be addressed by a new method proposed in
Section II-D.

B. Minimum-Tank-Current Operation

The per-unit output current I, , , can be obtained from (5)
by dividing the per-unit average output power by the per-unit
output voltage and result is given as

Inpu= sin 6. )

2
7 Xeq,p.u

The per-unit rms tank current Iy ;1. ;. is further normalized
with respect to I, ;, ,, to obtain a load independent, and hence a
generalized, expression for tank current by eliminating X ,.u
from (8) and (4). Equation (9) shows that the normalized tank
current is a function of M and 6 only

Ix,l'nls,pﬂ _ ﬂ-\/i
48in 6

\/1+M2—2M0059. 9)
Io,p.u

In order to achieve minimum-tank-current operation, the min-

imum value of I"Ii" is found by setting its first derivative
o.p-u

with respect to 6 to zero. Equation (10) gives the required
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Fig. 4. Operating waveforms of the DABSRC (a) Hard switching of secondary-side switches. (b) Hard switching of primary-side switches of the DABSRC.

(c) ZVS operation of all switches of DABSRC.

conditions for minimum tank current for the cases of M <1
and M > 1. By substituting (10) into (6) and (7) for the case
of M <1 and M > 1, respectively, it can be verified that
ix.p.u(0) = 0andiy o (£) = 0for M < land M > 1,indicat-
ing that under these conditions, the tank current i, (t) becomes
in phase with the primary-bridge voltage vy, ,  (t) when M > 1

and in phase with the secondary-bridge voltage v , , (¢) when
M<1
d cos (M)
7(Ix‘rms,p4u) =0=0= 11 (10)
a cos™1 (%)
Hence, (5) and (8) can be rewritten as
Py = FTX, s (cos7H (M) M <1 (11)
T Y in (cos! (&) M > 1
_ ﬁsin (cosT'(M)) M <1 .
op #Wsin (cos™' (&) M>1

By imposing the desired conditions (10), it can be seen from
(11) and (12) that the output power P, ;, , and output current
I, .u can only be adjusted by varying M for a given resonant
tank design. In other words, the dependence of F, ;, , on M has
limited the flexibility of power control in DABSRC operating
with minimum tank current, as M cannot be varied arbitrarily.
Therefore, a modified DABSRC topology based on switched
impedance is proposed to overcome this limitation.

C. Minimum Dead Time to Achieve Soft Switching and
Minimum-Tank-Current Operation

To avoid incomplete soft-switching transitions in all switches,
it is necessary to charge/discharge the parasitic capacitances
within the dead-time interval of two complimentary switches
as shown in Fig. 6. The minimum required tank current to

charge/discharge these capacitances is given as

/ton
Lotf

where iy iy (¢) is the tank current within the dead-time in-
terval and Qc max(Vinax) = 2VinaxC'(Vinax) is the maximum
accumulated charge within the parasitic capacitances of the two
complimentary switches on both sides of DABSRC. A large
dead-time interval is required to satisfy (13) at low-power trans-
fer and maximum bridge voltages V], max and V5 ,ax as the tank
current iy (¢) is small and the accumulated charge Q¢ max (Vinax)
is high. Hence, for full-range soft switching, the tank impedance
X).u should be chosen to satisfy (13),i.e., to provide the required
ix.min (t) at the specified minimum power transfer P, , y min -

It can be seen from Fig. 6(b) that for M > 1, the mini-
mum dead-time interval for achieving complete soft-switching
transitions in the primary-side switches is defined at the mini-
mum power level F, , . min, and the maximum primary-bridge
voltage V}, max, i.e., at the instance of minimum tank current
ix.min (t) and maximum accumulated charge Qcs max(Vp max)
within the parasitic capacitances. Hence, the required dead-time
interval can be found as

Z-x,min(t)dt Z QC,max(‘fmax) (13)

fdp

Z‘x,min (t)dt = QCS,max(V;),max) (14)

0
Oap

where is the required dead-time interval for the primary-
side switches. Similarly, from Fig. 6(a) for M < 1, the required
dead-time for the secondary-side switches is given by (15) at
the minimum power level F, , , min and maximum maximum
secondary-bridge voltage V5 ax

2 4 Yas

nixﬁmin (t)dt = QCQ,IH&X(‘/;JII&X) (15)

A

where % is the required minimum dead-time interval for the
secondary-side switches.



YAQOOB et al.: FULLY SOFT-SWITCHED DAB SERIES-RESONANT CONVERTER WITH SWITCHED-IMPEDANCE-BASED POWER CONTROL

0.5 Region B

-0.51 Region B i
A1t ~
-90 -60 -30 0 30 60 90
6 (degrees)

(b)

Fig.5. Soft-switching regions of primary- and secondary-side switches under
variations in M and 6. (a) Primary side. (b) Secondary side.

D. Design and Analysis of the Switched-Controlled Capacitor

The proposed DABSRC topology based on switched
impedance is shown in Fig. 2. It can be seen that SCC is in-
serted in DABSRC to realize a tunable resonant tank at the
primary side and in doing so X.q = Xcq,p.uZp can be utilized
for power control in order to eliminate the restriction imposed
by the minimum-tank-current conditions (10) on power varia-
tion. SCC allows the effective value of the resonant capacitor
C, of the resonant tank to be varied electronically so that the re-
quired variation in P, ;, , can be achieved while 6 is controlled to
track the minimum-tank-current conditions (10). The schematic
diagram of SCC is shown in Fig. 7(a), which is composed of
two switches (i.e., 11, T») in parallel with a base capacitor Cy,
[36]. In Fig. 7(b), consider a sinusoidal input current i, (¢) flow-
ing from A to B, and the SCC switches are turned ON at the
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Fig. 6. Operating waveforms of DABSRC with complete soft-switching tran-
sitions and minimum-tank-current operation. (a) M < 1.(b) M > 1.

zero-crossings of iy (t) for a duration of g—f When the current
passes through zero from negative to positive, 7} is turned ON,
whereas T is turned ON at the zero crossings of i, (¢) from
positive to negative. At the instance when the voltage vcy, ()
across Cy, is zero and T conducts, the current flows from A to
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(c) Ratio of effective resonant capacitance C to base capacitance C}, with
respect to control angle /3.

B through 77 and the body diode of T5. At (3, 17 is turned OFf
and C), is charged by positive i, (¢) and at the next zero crossing
(i.e., positive to negative) T3 is turned ON and C}, is discharged.
When vcy, (1) is zero and T conducts, iy (t) flows from B to A
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Fig. 8. Block diagram of SCC control.
through 75 and the body diode of 7} until 75 is turned OFFat
(G + 7 and C), is charged by the negative flowing iy ().
Furthermore, it can be seen that both 77 and 75 turn ON at
zero current (due to zero iy ) and turn OFFat zero voltage (due to
zero vcy, ). Hence, both 77 and 75 are soft switched with very
small switching loss. On the other hand, the total conduction
loss in SCC is derived and given as

Pscc - IzccvrmsRDS(on) + vaIscc.,rms (16)

where Rpg(on) is on-resistance of MOSFETS, V; is the forward-
voltage drop of the body diode. From Figs. 6 and 7(b), the rms
current Je rms flowing through 77 and 75 is given as

17
Lscerms = - / [lx (t)Pdwt
m -3

It can be seen from Fig. 7(b) that as [ increases, the available
charging time for capacitor C},, i.e., (m — (3), decreases, result-
ing in a smaller peak and rms value of vcy, (¢). Consequently, for
a given iy (t), the control angle (3 provides a means of varying
vep (t) and the amplitude of its fundamental component. The
expression for the effective capacitance C, is derived by con-
sidering the fundamental component of vcy, () and the result is
given as [36]

A7)

2 (28 —sin2p) /7
The ratio of the effective capacitance C., to the base capacitor

(), is plotted against 3 in Fig. 7(c), which shows that C, /C},

can in theory be varied from 0— oo by adjusting 5 < 3 < 7.

Ce (18)

E. Realization of Switched-Impedance Network X,
Using SCC

The tunable resonant tank is realized by incorporating SCC
in the DABSRC as shown in Fig. 2. The overall impedance
network X, is composed of a fixed resonant inductor L and a
tunable resonant capacitor C,. The effective value of the reso-
nant capacitance C, can be varied by choosing an appropriate
value of control angle 3; at § = 7, C; is equal to its maximum
value C,, and its minimum value C, //C}, is obtained at 3 = 7.
In practice, the required range of variation in C; is limited to
between 7 < 3 < 7. From Fig. 7(c) there is an exponential in-
crease in C, /C}, as 8 — m, hence (3 is chosen to be 0.97 (i.e.,
2.82) to avoid the case of C, = oo.
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Fig. 9. (a) Variation of C; 1 ax against Cy yiy. (b) Change in Vi i max at

different values of C\ iy .

The maximum and minimum values of C; are given by (20)
and (21) and the corresponding values of C, and Cy, are deter-
mined by solving (20) and (21) simultaneously and the results
are given by (22) and (23)

C,C,
Ch=——-—
C,+C,
- TG (19)
7Cy + C, (2m — 26 + sin 20)
Cr,max = Cr |ﬁ:049ﬂ'
B {ONOX ~C
" 7Cy + C, (21 — 2(0.97) +sin(2 x 0.97))
(20)
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output power P, with respect to control angle 5 for various values of M .

Cr,min = Cr |,‘3:"7

_ C.Cy
B Ca + Cb
Cr maxCromin [ — 2(0.97) +sin (2 x 0.97)]

21

Ca = N
Ch max [2m — 2(0.97) +sin (2 x 0.97)] — 7C} in
(22)
Cr min Ca
h = _— . 2
Ol Ca - Cr,min ( 3)

The per-unit output power with the proposed DABSRC topol-
ogy can be rewritten as

P - m, o sin(cos (M) M <1 (24)
o,p.u SM__ qin (C0571 (%)) M>1

2
T Xeq,p.u

where Xoqpu = (WL — wlTr)/ZB'
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TABLE I

SPECIFICATIONS OF CONVERTER PROTOTYPE

Maximum input voltage Vi 1 ax
Maximum output voltage Vi max
Transformer ratio n

Proposed resonant tank (L, C,, and C},)

Maximum rated output power Py o
Primary side MOSFETs

Secondary side MOSFETs

SCC MOSFETs

Gate drivers

Inductor’s core shape and material
Transformer’s core shape and material
Supercapacitor

Controller

Voltage and current sensors

250 V

48V

5.21

Calculated (302.6 H, 18.1 nF, and 18.5 nF)
Experimental (300 H, 18 nF, and 18.5 nF)
1 kW

UJCO06505K (650 V, 36.5 A, 35 m2)
CSDI18535KCS (60 V, 279 A, 1.6 mQ2)
UJCO06505K (650 V, 36.5 A, 35 m2)
Infineon 2ED020I12-F2

FC3 Ferrite (ETD-49 Core)

FC3 Ferrite (ETD-49 Core)
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Secondary reflected tank current n/x ;1,5 of DABSRC under the proposed, conventional, and MCT modulation methods. (a) M = 0.5. (b) M = 0.7.
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Fig. 12.  Hardware realization of the proposed DABSRC topology.

Tek Prevu — % Noise Filter Off

9275

Sensors and Controller

Tek Prevu

veu(t)

100V 2
500Y 2004 Jfz00,0s J&® 400y < 10Hzfo2:09:43
(a)

Tek prevu

Noise Filter Off
T T

---- e veai(th voau® = vau(®), vos(®)
................. . ni'x(t)é .2 . ___ . V'Qi(f),‘l’(j;t(t)' o~
100V 50V L. i i i i i i
®© 100V 2004 ][4nons & 7240V < 10Hf0228:29
(©
Fig. 13.

---- S e vesi) — s
..... nix(t)%_vSI(t),vS4(t).
100V \ i i i i i i
100V 2004 Jf400ns J&® 220v < 10Hzfo214:34
(b)
Tek prevu ———— Nois'e Filmtml

S0V ® 50V L.
2004 J2.00us

J&® 7240y <10Hfo23249 |

(d)

Experimental waveforms. (a) Charging supercapacitor with V;, = 250 V (100 V/div), V5 = 45 V (50 V/div), n1x yms = 19.8A (20 A/div), I, = 17.7 A,

M = 0.94, Vo, rms = 279V (500 V/div), P, = 800 W, conduction loss due to SCC Pscc = 1 W and efficiency = 94.7%. (b) ZVS operation of S and Sy .

(c) ZVS operation of Q1 and Q4. (d) ZVS operation of 77 .

Fig. 8 illustrates the block diagram of the output current regu-
lator. S, S5, @1, @3, 11, and T; are the pulse width modulation
(PWM) signals to control the primary-side, secondary-side, and
SCC MOSFETs. In order to generate the required control angle /3
for the SCC, a sawtooth voltage is synchronized with the tank
current iy (t) (or equivalently, with the secondary-side voltage
vs(t) for M <1 and with the primary-side voltage v, () for
M > 1) and compared with the error voltage e(t) generated by
the compensator.

III. SIMULATION AND EXPERIMENTAL RESULTS

To validate the proposed DABSRC, a switched impedance
Xeq,p.u 18 designed for M with a minimum value of 0.2 and in
order to avoid the need of generating excessively large dead-

time intervals as suggested by (13), the per-unit power variation
P, .« is limited to between 0.1 and 1. By analyzing (24), the
maximum value of the switched impedance X ;,.u,max 1s deter-
mined by the required minimum output power F; ;,  min = 0.1
at M = 0.2, because under minimum-tank-current operation, ¢
is large for small M according to (10). At M = 1, (10) gives
6 = 0° which according to (13) does not provide the required
tank current to charge/discharge parasitic capacitances for com-
plete soft-switching transitions. Hence, for practical design pur-
pose and to provide sufficient current to achieve soft switching,
M =0.94 (i.e., # = 20°) is chosen to provide required max-
imum output power P, ; y max = 1 at Xeq,p.u,min- According
to the aforementioned design considerations and by the use of
(24), the expressions for Xcq p.u,max and Xeq p.u,min are given
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Experimental waveforms. (a) Charging supercapacitor with V}, = 195 V (100 V/div), Vi = 45V (50 V/div), nly yms = 12.6 A (20 A/div), I, = 9 A,

M =1.2,Voy rms = 113 V(250 V/div), P, = 400 W, conduction loss due to SCC Py = 1.8 W, and efficiency = 95%. (b) ZVS operation of Sy and Sj. (c)

ZVS operation of )1 and Q4. (d) ZVS operation of 17 .

by (25) and (26), respectively

wL 1
— — — =X max = 1.65 25
ZB wcr,maxZB eq,p.u,ma ( )
wlL 1
ZB WCr,minZB P ( )

The range of variation of C, is defined by wC} ma.xZp and
wCy min ZB, Which are related by solving (25) and (26) simul-
taneously. The result is given by (27) and plotted in Fig. 9(a).
Another important design parameter is the maximum peak volt-
age Ve plk,p.u,max across C, given by (28), which is determined
by the value of wC; 1inZp at M = 0.94 and P, j, y max = 1
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wcr,maxZB = 1 @n
SOz~ 138
v _ \/5 X Iy rms,p.u,max (28)
¢,pk,p.u,max CUCr,minZB :

Fig. 9(b) shows the variation of Vi jx ,.u max against
wC} min Zp and it can be seen that in order to reduce the voltage
stress across Cy, a higher value of C, ,,iy is preferred. However,
Fig. 9(a) shows that C; 1, increases exponentially with increas-
ing C; min. The large difference between C; ,.x and C; iy at
high value of C\ iy in turn causes C\ to be a steep function of
the control angle (3 [(c.f., Fig. 10(a)], which degrades the noise
susceptibility of the converter at high C ,i,,. Therefore, bearing
in mind this tradeoff, a mid-range value of wC iy Zp = 0.36
is chosen and wC; ,x Zp = 0.72 is found from (27).

A. Simulation Results

The proposed DABSRC is designed for a rated power of 1 kW
to charge/discharge a supercapacitor with a terminal voltage
variation of 10 to 45 V, switching frequency of 100 kHz, and
an input dc bus of maximum 250 V. The base resistance for the
rated power of 1 kW can be found as Zp = % = 62.50Q.
The values of other components (L, C,, and Cg ) are calculated
using (22), (23), (25), and (26) and listed in Table I. The variation
of C, for the proposed design with respect to the control angle
[ is plotted in Fig. 10(a) using (19), and by the use of (24) the
converter’s output power F, is plotted as a function of the control
angle (3 at various values of M and is shown in Fig. 10(b).

The tank currents under three modulation methods, i.e.,
conventional (SPS), proposed, and minimum current trajec-
tory (MCT) based modulation method proposed in [22], are
simulated for different power levels and the results are plot-
ted in Fig. 11(a)—(d). It can be seen that both MCT and the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 11, NOVEMBER 2018

proposed method result in similar rms tank current at low to
medium power levels, i.e., | Py /Py max| < V1 — M2 forM <1
ory/1— (1/M)? for M > 1. However, as power level increases
to |Py /Py max| > V1 —M? for M <1or+/1—(1/M)? for
M > 1, MCT follows the conventional method and, therefore,
results in higher rms tank current than the proposed method.
Furthermore, while the proposed method ensures full-range soft
switching, two primary-side switches of DABSRC modulated
with MCT encounter hard switching when power level decreases
t0 | Py /Py max| < VM — M? for M < 1or+/1/M — (1/M)?
for M > 1.

B. Experimental Results

The experimental prototype of the proposed DABSRC topol-
ogy with the specifications given by Table I is shown in
Fig. 12. MOSFETs are used to realize all primary-side, SCC,
and secondary-side switches. A programmable system-on-chip
(PSoC) is used to generate the required PWM signals for all
switches, adjust the phase-shift € based on the sensed output
voltage to ensure minimum-tank-current operation, and gener-
ate the synchronized sawtooth waveform for the production of
control angle 3 of SCC by sensing the output current.

The measured waveforms of vy, (t), vs(t), nix(t), ven(t),
vest (8), vesa(t), veqi(t), veqa(t), and vrq(t) are analyzed
to validate the proposed DABSRC topology. Fig. 13(a)-(d)
depict the case of charging supercapacitor at output power
P, = 800 W, output current I, = 17.7 A, and M = 0.94 (V; =
250 V and V, =45 V). Fig. 13(b) and (c) shows that ZVS
operation is achieved for all primary-side and secondary-side
switches by charging and discharging parasitic capacitances
within the designed dead-time interval. As for the SCC, both
71 and T5 undergo soft switching inherently, as shown in
Fig. 13(d), at the switching instances of 7. A case of lower
output power P, = 500 W, output current I, = 17.2 A, and
M =0.6 (V; =250V and V, = 29 V) is shown in Fig. 14(a)-
(d) and it can be seen that ZVS operation is achieved for all
switches. The proposed DABSRC is also verified for the case
of M =12(\V; =195V and V, =45V) at P, = 400 W with
experimental waveforms shown in Fig. 15(a)—(d). The cases
depicting the transition from charging to discharging mode of
the supercapacitor and backward power flow are captured in
Fig. 16(a)—(d), which shows the effectiveness of the proposed
topology for reverse power flow as well. Moreover, minimum-
tank-current operation is achieved by keeping an in-phase re-
lationship between the tank current and secondary-side voltage
for M < 1 and with primary-side voltage for M > 1 by satis-
fying the condition (10) for the purpose of reducing circulating
current and parasitic-induced ringing [37].

To compare the proposed modulation method to MCT, a pro-
totype that operates with MCT is built and tested. Fig. 17(a)—(c)
depicts the experimental waveforms for three power levels. For
P, =600W, ie. |P,/P, wax| > V1 — M?, Fig. 17(a) shows
that the proposed method results in a higher efficiency (91.3%
compared to 90% with MCT) due to a lower tank current (18.2
A compared to 19.5 A with MCT). As the power level is re-
duced to P, = 400 W, i.e. | P,/ Py max| < V1 — M?, as shown
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in Fig. 17(b), both methods result in similar efficiency and tank
current magnitude. However, as the power level is further re-
duced to | P,/ Py wax| < VM — M?, Fig. 17(c) shows that for
P, =250 W two primary-side switches in DABSRC modulated
with MCT encounter hard switching (as evident from the severe
ringing at the primary bridge voltages rising edges) while soft
switching is maintained by the proposed method for all switches.
As a result of the incurred switching loss, MCT results in a
lower efficiency (93.5% compared to 95% with the proposed
method).

The measured efficiencies of the proposed, conventional, and
MCT-based DABSRC under various P, and M are plotted in
Fig. 19(a)—(d), which show that the proposed DABSRC topol-
ogy and modulation method outperforms the conventional and
MCT-based DABSRC under wide variation in output power F,.
Fig. 18 shows the loss break down at the nominal operating
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point and it can be observed that the conduction loss incurred in
SCC is not significant when compared with the switching and
conduction losses resulting (c.f., Fig. 19) from the conventional
and MCT modulation methods, as they remain outperformed
by the proposed method in terms of efficiency. The increase in
efficiency with increasing M can be explained by the fact that,
at lower M, and hence lower output power, the conduction loss
resulting from the parasitic resistance of semiconductor devices,
windings resistance, forward voltage drop of the body diodes of
MOSFETS, and PCB traces are constant for a given output current
and poses more weight in efficiency as compared to the cases of
higher M. Also, according to (10), at lower values of M, a large
phase shift § is necessary to maintain minimum-tank-current
operation that will lead to a larger circulating power and hence
a larger conduction loss at the primary side of the DABSRC
[35], [38], [39].
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IV. CONCLUSION

An efficient operation of DABSRC in high-power applica-
tions requires the minimization of both conduction loss and
switching loss. To achieve these aims, a modified series resonant
topology of DABSRC is proposed to achieve soft switching and
minimum-tank-current operation over wide-range variations
in output current and voltage. The proposed topology utilizes
SCC to realize a switched-impedance-based series resonant
tank, where the control angle 3 of an SCC is utilized for
power control. To verify the feasibility and effectiveness of the
proposed DABSRC topology and power modulation method,
simulation and experimental results under different values of
supercapacitor’s output voltages, and charging/discharging
currents are presented. A maximum efficiency of 97.5% is
obtained from experimental prototype.
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