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Abstract—In the fundamental harmonic approximation (FHA)
modeling of dual bridge series resonant dc—dc converters (DB-
SRCs), the approximation error of the FHA model will lead to low
accuracy of optimization schemes, which will reduce the efficiency
of DBSRC:s. In this article, first, the time domain analysis (TDA)
modeling of the DBSRC is adopted, which can describe the char-
acteristics of the DBSRC accurately. Second, the extended phase
shift modulation based on the TDA modeling is discussed, and the
backflow power model with the TDA of the DBSRC is developed.
On this basis, a zero-backflow power optimization scheme is pro-
posed. In addition, the effects of dead time are analyzed and the
compensation method is proposed. The proposed backflow power
optimization method with dead time compensation can achieve
zero-backflow power and improve the efficiency of the DBSRC. Es-
pecially, the proposed method with TDA modeling is more excellent
when DBSRC operates in wide voltage range conditions. Finally,
a comprehensive experiment comparison of DBSRC under the
minimum current trajectory with FHA modeling and the proposed
method with TDA modeling is discussed. The experimental results
have verified the effectiveness of the proposed scheme.

Index Terms—Backflow power optimization, dead time
compensation, dual bridge series resonant dc—dc converters
(DBSRCs), time domain analysis (TDA) method.

1. INTRODUCTION

HE bidirectional de—dc converter is an important equip-
ment for electric energy conversion, which can complete
the power conversion between various levels of dc-bus [1],
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Fig. 1. Application of bidirectional DC-DC converters.

[2]. Dual bridge series resonant converters (DBSRCs) have
the advantages of bidirectional power transmission, convenient
switching of power flow, 3-high (high frequency, high efficiency,
and high power density), and soft switching performance. Fur-
thermore, with the development of optimization schemes of
dc—dc converters and the availability of wide band-gap devices,
such as SiC MOSFETs [3], dual active bridge dc—dc converters
(DABCs) and DBSRCs are widely used as the interface between
different dc-bus voltage levels. DABCs and DBSRCs have broad
application prospects, such as energy storage systems [4], [5],
[6], dc microgrid [7], [8], and middle-frequency railway traction
systems [9], [10], as shown in Fig. 1. Besides, DBSRCs have
become the critical equipment in uninterruptible power supplies
and regenerative braking systems of electric rail and hybrid
vehicles [11], [12], [13].

Phase-shift modulation is one of the classical control methods
for bidirectional dc-dc converters. Single phase shift (SPS)
modulation, may offer poor power efficiency, especially when
the input voltage and output voltage are mismatched [14], [15].
Thus, advanced modulation methods, such as dual phase shift
modulation [16], extended phase shift (EPS) modulation [17],
and triple phase shift (TPS) modulation [18] are proposed to
expand the ZVS range and improve the efficiency of DABCs.

DBSRCs have been proposed in [19], which combine some of
the advantages of series resonant converters and DABCs. The
resonant capacitor can eliminate the transient dc bias and the
resonant process can reduce the switching loss of the DBSRC
[20]. There have been many research works on modeling anal-
ysis methods, optimization strategies, and resonant parameter
design schemes for the DBSRC. In general, the optimization
strategies of the DBSRC are mainly proposed to improve the
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efficiency by reducing the root mean square value of resonant
current, expanding the ZVS range, or reducing the backflow
power.

The conventional SPS control cannot achieve high effi-
ciency when the input and output voltages of the DBSRC are
mismatched. Thus, a minimum current trajectory (MCT) method
based on TPS control is proposed to reduce the conduction losses
of the DBSRC [21]. But the efficiency under light load operation
is still low, especially in the mismatch condition of the input
and output voltages. A modified MCT, (M-MCT) method is
proposed to improve the efficiency under light load operation
[22]. However, MCT and M-MCT will lose ZVS under light
load operation, and the efficiency of DBSRCs will reduce.

A four-degree-of-freedom control algorithm can realize ZVS
and eliminate the backflow power, simultaneously [23]. But the
circuit parameter optimization of the DBSRC is extremely com-
plicated. When the parameters of the DBSRC are not selected
properly, the system will generate large backflow power and
reduce efficiency [24]. In addition, a backflow power minimiza-
tion with the whole operating range for a modular multi-active-
bridge converter is proposed in [25], and a zero-backflow power
optimization based on TPS control is proposed in [26]. However,
the above-all efficiency optimization methods of the DBSRC are
based on the fundamental harmonic approximation (FHA) mod-
eling. The FHA modeling is an approximate analysis method,
which only has high accuracy near the resonant frequency point
[27]. There is a discrepancy between the results obtained by
the FHA model and the actual model. The discrepancy may
cause some switches to lose ZVS [28] when the optimization
methods are based on the FHA modeling, such as backflow
power optimization. Thus, the efficiency optimization based on
the FHA model of the DBSRC is not satisfactory.

To establish an accurate model of the DBSRC, extended
harmonics approximation [29] considers higher harmonics to
improve the modeling accuracy, but it increases the calcula-
tion amount. The state plane approach (SPA) [30] is used to
obtain an accurate computational model. But the SPA method
is very complicated in the calculation and derivation process.
The frequency domain model of the DBSRC under SPS control
is established in [31]. However, the mathematical expression
of the resonant current is complex and difficult to solve and
optimize. Small-signal modeling under SPS control can obtain
the transfer function of the DBSRC [32]. But a small-signal
model of DBSRC under multiphase shift control [33] is too
complicated to be applied in practice. A relatively accurate
output voltage model of DBSRC is established by the extended
description function method [34], which can analyze the output
dynamic characteristics of DBSRC as much as possible.

Besides, the time domain analysis (TDA) method is an accu-
rate modeling method, which can accurately analyze the DB-
SRC. In [35], under the SPS control, the instantaneous expres-
sions of the resonant tank current and transmission power of DB-
SRC are calculated by the TDA method, which can overcome the
disadvantage of the FHA method. A global optical method based
on the TDA model under EPS modulation has been proposed in
[36]. However, itis complex to implement and harder to optimize
the magnetics and filter because both phase shift control and
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Fig. 2. Topology of the DBSRC.

variable frequency control are used. Besides, there are few
reports about the TDA modeling of DBSRCs, systematically.
It is significant to explore multiphase shift control and other
optical methods based on the TDA method.

In this article, an accurate mathematical model of the DBSRC
under EPS modulation is analyzed based on the TDA modeling.
In Section II, four operating modes of the DBSRC under EPS
modulation are discussed. Besides, the transmission power of
the DBSRC under EPS based on the TDA method is analyzed.
In Section III, the backflow power models in four modes of the
DBSRC are analyzed, respectively. On this basis, the realization
boundary of zero-backflow power is analyzed. A zero-backflow
power control scheme under EPS of the DBSRC based on TDA
modeling is proposed in Section I'V. In addition, the dead time
effects are analyzed and the compensation method is proposed.
In Section V, an experimental prototype of the DBSRC is de-
veloped, and a comprehensive experiment comparison between
the MCT with FHA modeling and the proposed method with
TDA modeling is discussed in detail. Section VI concludes this
article.

II. FUNDAMENTAL AND TIME DOMAIN
MODELING FOR DBSRC

A. Fundamental of DBSRC Under EPS Modulation

As shown in Fig. 2, the topology of the DBSRC mainly
consists of two symmetrical full H-bridges, a high-frequency
isolation transformer, and a series resonant tank. Uj is the input
voltage and U,, is the output voltage. u,;, and u.q are the voltages
at the input and output terminals of the transformer, respectively.
N is the transformer voltage ratio. L, and C, represent the
resonant inductor and capacitor of the series resonant tank,
respectively. i, is the resonant current, and #;,, is the input current.
C; and C, represent the input and output capacitors, respectively.
i is the output current of the secondary-side H-bridge, and i,
represents the load current.

Phase shift modulation is one of the classical control methods
of the DBSRC. The degree of optimization and functional diver-
sity of the DBSRC is positively related to the number of control-
lable phase shift variables. Combined with the characteristics of
phase shift modulation, EPS modulation is chosen to achieve
backflow power optimization and efficiency improvement of
the DBSRC in this article. The switching pulse, square wave
voltage u,}, and u.q, and resonant current i, are shown in Fig. 3.
0 represents the outer phase shift, ¢; (0 < 1 < 7) is the inner
phase shift of the primary H-bridge, and 3 (0 < @2 < 7) is



DENG et al.: ZERO-BACKFLOW POWER CONTROL SCHEME OF DBSR DC-DC CONVERTERS

(4] 21
Uap > ¢ U > of
0 Lo
Ued > oy Ued > o
L e
Iy < > Wyl Iy > Wyt
\_ ¥
I 1 gy 2; @ty oty Wl wly 2n
(@) (b)
i o
Uap = »wg  Uap >t
P2
Ued st Ued >t
P2
. T | T
I » Ol Iy » gt
o Wt m [oxy w21 0ty 5ty T\ ot 2n
\_/ —_— —1
©) (d)
Fig. 3. Waveforms of the DBSRC under EPS control. (a) Mode I. (b) Mode

II. (c) Mode III. and (d) Mode IV.

TABLE 1
RESONANT TANK VOLTAGE

Modes Stage A Stage B Stage C

I NU, -NU, Ui-NU,

11 NU, Ui+NU, Ui-NU,
111 Ui Ui-NU, Ui

I\ U+NU, Ui Ui-NU,

the inner phase shift of secondary H-bridge. wq is the switching
angular frequency, ws = 27fs, and f; is the switching frequency.
When the output power is constant, ¢ or (o can be controlled to
make the backflow power decrease and the efficiency increase of
the DBSRC. When the resonant current crosses the zero point
(0 < wgt < ), the phase shift is wgt = a, which means that
ir(ar) = 0. The voltage conversion ratio is K = NU,, /U;. In EPS
modulation, the four operating modes of the DBSRC are shown
in Fig. 3(a)—(d). When K < 1 the operating modes of DBSRC
are Mode I and Mode II. When K > 1, the operating modes of
DBSRC are Mode III and Mode IV.

B. TDA Model of DBSRC Under EPS Modulation

Compared with the FHA model, the precise TDA model
provides the opportunity for the optimization control scheme
to improve the efficiency and control accuracy of the DBSRC.
When 0 < wyt < 7, there are three stages of resonant tank voltage
u;. Take Mode I as an example, the three stages are defined as
Stage A: when 0 < wqt < wgto, up = NU,, Stage B: when wgtg
< wgt < wgty, up = - NU,, and Stage C: when wgt; < wgt <
m, uy = U; - NU,. The expressions of Mode II, Mode III, and
Mode IV of the resonant voltage u, during Stage A-C are shown
in Table I.

The resonator characteristic impedance Z,. and frequency ratio
F are defined as

Zy = /L Corfe = 1/(27“/Lra) . F=f/f O

where f; is the resonant frequency, and F > 1.
Due to the symmetry of the DBSRC, the working processes
of the first half switching period and the second half switching
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period of the DBSRC are similar, which means
iLr(O) = _iLr(ﬂ—)7 uCr(O) = _UCr(ﬂ—) 2)

where uc, is the resonant capacitor voltage, i1, is the resonant
inductor current, which is the resonant tank current i, too.
Thus, the resonant tank voltage can be expressed as

diy; ducy
Uy :uCr+er7]£ :uCr+LrCrT2C- (3)

The resonant tank voltage and current can be solved by (3)

t — wst
ir(wst) = iy (wsty) coS <wSFwSI)

Uy — uc, (Wste) | . [ wst — wsty
+ { Z } Sln( i ) s EE [toty] (4

b — wsly
uc, (wst) = 4y (wsty) Zy sin (%wal> + Uy

t— wst
— [ur — uc, (wsts)] cos (“’F“’

> Jt € [te, ty]  (5)
where [t;, t,] = [0, 1] in Stage A, [t;, t,] = [ o, t1] in Stage B,
and [7,, t,] = [t1, T/ws] in Stage C.

When the DBSRC works in Mode I, the differential equations
of resonant tank current and voltage are established on Stage
A-C, respectively. Based on (2), the matrix expression can be
obtained, which is shown in (6) shown at the bottom of the next
page. Where the matrix G is related to the phase shift variables,
the matrix F is related to the working mode and the input and
output voltages of the converter. Matrix x is the initial value of
the resonant tank current and the resonant capacitance voltage
at each stage, which is determined by the matrices G and F. The
matrix x can be obtained by solving (6), and the initial values of
the resonant inductance current and resonant capacitance voltage
at each stage are shown in Appendices I. Then, the expression of
the resonant tank current at Stage A-C can be obtained as shown
in (7) shown at the bottom of the next page. Besides, the process
of analysis in the second half cycle is similar to that in the first
half cycle, so it is not analyzed.

According to the assumption, ignoring the losses of the
converter, the transmission power can be expressed as (8)
shown at the bottom of the next page. The analysis pro-
cesses of Mode II-IV are similar to those of Mode I, and the
resonant tank current expressions of Mode II-IV under EPS
control can be obtained as shown in (9)—(11) shown at the
bottom of the next page, respectively. The initial values of
Mode II-IV are shown in Appendices I, too. Besides, according
to the resonant tank current expressions of Modes II, III, and IV,
the transmission power of the converter can be obtained as (12)
shown at the bottom of the next page.

III. BACKFLOW POWER MODEL AND OPTIMIZATION STRATEGY
A. Backflow Power Model of DBSRC

Based on the TDA model of the DBSRC, Q; and Q- are
the backflow powers of the primary and secondary side of the
converter, respectively. In Mode I: it is shown in Fig. 3(a)
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that there is no backflow power on the primary side. And the
expressions of the backflow power of the primary and secondary
sides can be obtained as

@1=0
{Qz,lT ( t)‘

In Mode II: as shown in Fig. 3(b), the expressions of the
backflow power of the primary and the secondary side are

f;l uabird(wst)'
fae ucdird(wst)‘

13)

Q=
Q2 =

In Mode III: it is shown in Fig. 3(c) that there is no back-
flow power on the secondary side. And the expressions of the

(14)

A= e
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backflow power of the primary and secondary sides can be
= % |f006 uabzrd(wst)|

obtained as
{Qz =0

In Mode IV: as shown in Fig. 3(d), there is backflow power
in both the primary and secondary sides, the expressions are

Q=12 Iy uabird(wst)|
QZ = % fo‘? ucdird(wst)’

Equations (13)—(16) can be calculated as (17)—(20) shwon at
the bottom of the next page, which are the expressions of the
backflow power in Modes -1V

5)

(16)

cos(£) —sin(%) -1 0 0 0 Z,i:(0)
sin (%) cos(%) 0 , -1 , 0 0 uc, (0)
1 —q P1— —
G — F — 0 0 c.os( ng) sin ( " ) 1 0 Zyiy(0)
0 0 sin (#==)  cos(¥H7) 0 -1 uc, (0)
-1 0 0 0 cos(T=21)  —sin (Z521) | | Zeir(1)
0 -1 0 0 sin (7%1)  cos(TF* uc, (¢1)
sin (%)G(NUO)
[1 —cos(#)](NU,)
_ sin (222)(~NU,) ©
[1 — cos(&=)](=NU,)
sin (722 (U; — NU,)
[1 — cos(=22)|(U; — NU,)
i (0) cos(at) + MU ec O iy, (et wet € [0,6]
Mode I : iy (wst) = < 7,:(0) cos(“’“t 0y + L NU"ZuCrw)] sin (£=L0) wst € [0, 1] (7
ir(1) Cos(wstF%) + Ui NUuZ ucy, (p1)] sin (wst;%) wst € [p1, 7]
1 [ 2NUU, 20 — —
P,=U,I, = %/0 Uapird(wst) = winF sec (%) sin ( QF%) sin (7T 2F901> 8)
i (0) cos (gt ) 4 [ pex Ol i (et wit € [0, 1)
Mode I : i, (wst) = zr(gal)cos(w”tF‘pl) 4 IO Vo —vor (0] gin (2L221)  wyt € [ip1, 0] 9)
i (0) cos(0 ) [Nl uc: (0)] sin (2:t-0) wst € [0, 7]
i (0) cos(t ) + e Ol gin (et wst € (0,02 — 0]
Mode IIT : iy (wst) = < ir(pg — 6) cos(Let Ifﬁo) + [U‘_NU"_ZHC”(W_Q)] sin (wst}fﬁa) wst € [p2 — 0,7 — 0] (10)
i (m — 0) cos (L) 4 [U‘fuczrr(ﬂfe)] sin (&=l wst € [ — 0, 7]
i (0) cos(#t) 4 e —ue: O gy, (et wet € [0, 6]
Mode IV : i (wst) = 4 i,(0) cos( 2252 + Lizue: O iy (wat0) wst € [0,60 + 3] (11)
Zr(g + <,02) Cos(wsf 0— 992) + [Ui—NU.,i Zucr(9+s&2)1 Sm(wst—g—soz) wit € [9 + 802»7T]
2]\;%‘rUOFsec (%) sin (292}“01) sin (”;;fl) Mode I
2NU; U, T T—260 T
b 7= Fsec () [cos (5) cos (%) cos (ﬁ)} Mode IT 12
’ 21\;%[]" Fsec (5%) sin (£2) sin (“”22}29) Mode III
2NU; U, T T—20— T
w7 2 Fsec (%) [cos (£2) cos( FW) — cos (ﬁ)} Mode IV
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B. Zero-Backflow Power Optimization Strategy

Based on the analysis of the backflow power model, the
backflow power will increase the on-sate loss and reduce the ef-
ficiency of the DBSRC. Besides, the expressions of the backflow
power are complicated to solve. According to the principle, the
resonant tank current can be controlled by regulating the phase
shift, and the backflow power can be optimized.

When K < 1, the operation mode of the DBSRC is Mode III
and Mode IV, which is shown in Fig. 3(a) and (b), respectively.
The backflow power under EPS modulation can be optimized
by adjusting the inner phase shift ;. The resonant tank current
meets the limitation of the zero-backflow power of the secondary
side Q5, which means that Q> = 0. The limitation of the zero-
backflow power of the secondary side is

ir(0) =0 1)

when K > 1, the operation mode of the DBSRC is Mode III and
Mode IV, which is shown in Fig. 3(c) and (d), respectively. The
limitation of the zero-backflow power of the primary side is

i(0) = 0. (22)

According to the principle of backflow power optimization,
as long as the output voltage of the H-bridge is zero during
the power backflow period, the power backflow is zero. The
switching period in which the H-bridge output voltage phase
is opposite to the resonant tank current phase can be decreased
by controlling ¢; or ¢4 of the EPS method. Then the backflow
power can be reduced and the efficiency can be increased.

IV. ACCURATE ZERO-BACKFLOW POWER OPTIMIZATION

A. Analysis of the Proposed Method
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Fig. 4. Schematic diagram of zero-backflow power optimization method.

(a) Mode I. (b) Mode II. (c) Mode III. and (d) Mode IV.

improve the efficiency of the DBSRC. As shown in Fig. 4(a),
if the resonant tank current crosses zero at the outer phase
shift 0, the zero-backflow power can be achieved in Mode 1.
According to (21), to realize the backflow power optimization
of the DBSRC, the optimal results can be obtained with the
expression of the resonant tank current.

Take Mode I as an example, according to (7), i.(#) = O can

be expressed as
Ui[sin( )sin( >sin< )

0

F

T—0

F

’/T+97§01
F

An accurate TDA with EPS modulation method is proposed + sin (<P1 —0 )} + 2NU, sin (1) = 0. (23)
to realize zero-backflow power optimization, which can further F F
@1=0
Mode T \/ 201 2 1) gip (£1-20121 17
0 — ]frgiZ({‘*Fsec(%) sin®( 22 )+ K +22Ksm( o) sin (B =71 (17)
—sin (#5777 ) sin (“’12F¢) K cos(F5)
o _ cos( £ )cos( )—&—Kcos(iwzeﬁ“"1 )
Q1 = 2Rz Fseclar) f\/sec(l)cos( o )cos( Tt )+ K2 4 2K cos( ) cos(iﬁ_%‘*""1 )
Mode TI 2F 2F F 2F (18)
NUU. 77 \/se(:(%)cos(”;)cos(’r FL)+K? + 2K cos(5F) 005(72”_;?"@1 )
QQ = =z Fbec(ﬁ) 20+
— cos(Fk)cos(T572L) — K cos(F5)
cos(iF) K sin (2 29) sin (%357)
Q1 = NUle Psec( £ T
Mode III ! ‘Kz (3F) —\/1—|—K2sin (552 + K [cos(%‘g) —COS(%%) (19)
Q2=0 ]
v cos( )—l—Kcos(“’—F)COS(%) |
Q1 = WQ%%OFSGC(%) 14 K2c082( 22 oK o pat+20—27
Mode IV - + K2cos?($%) + 2Kcos(#2 ) cos(£27—T) ] 20)
2 2 2+20—-27
Q2 = NUUa P gec( ) \/1+K2(3052 2) 4 2K cos( %) cos(L25—T)
' |— cos(T2%) — K cos (£2) cos(£2:7)
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To simplify (23), the relationship between the outer phase
shift # and the inner phase shift 1 can be obtained as

Mode T : @1:9+ngarsin(T1) (24)

. 20 — . T
T1—51n< Ta >+2KSln(2F).

Similarly, in Mode II, the resonant tank current should satisfy
the limitations of the zero-backflow power of the secondary side,
shown in (21). The optimal results can be obtained with the
expression of the resonant tank current of Mode II, which is
expressed as

. ’7T—9 . 7T—9+g01 . 0—@1
U; [sm(F)Jrsm (F)sm( I >
—sin g —2NU, sin(z)—O
F © F) 7

To simplify (26), the relationship between the outer phase
shift # and the inner phase shift 1 can be obtained as

(25)

(26)

Mode IT: 1 = 6 — g + Farsin (T}). 27)

The schematic diagram in Mode II of the proposed method
with TDA modeling is shown in Fig. 4(b). When K < 1, the
zero-backflow power of the secondary side can be achieved with
the limitation in (21).

Approximatively, when K > 1, based on the limitation of (22),
the analysis process of Mode III and Mode IV is ignored and the
optimal results are expressed as

Mode II1: 3 = 5 4 6 — Farsin (T5) 28)
Mode IV : 3 = § — 0 — Farsin (T5)
. 20 — 7 2 . 71'
T, = sin (2F) + Esm (ﬁ) . 29)

The schematic diagram in Mode III and Mode IV of the
proposed method with TDA modeling is shown in Fig. 4(c) and
(d), respectively. Based on the analysis of the zero-backflow
power optimization with the TDA model, the expressions of
optimal inner phase shift are obtained as (30) shown at the
bottom of this page,

Popy is the per unit value of Py, Popy = PoZ, [ 2NU;U,.
Based on the above analysis, the working principle of the DB-
SRC when K > 1 is similar to the working principle when K <
1, thus, the theoretical and experimental analysis when K > 1
will not be repeated in the following sections.

B. Compensation Strategy for Dead Time Effects

DBSRCs are widely used in high-frequency applications, and
the effects of dead time become more and more negligible when
the switching frequency increases. The waveforms of the drive
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signals and the voltages of the anti-parallel diodes are shown in
Fig. 5. As shown in Fig. 5(a), taking the bridge arm of S; and
S5 as an example, the effects of dead time when the switches
achieve or lose ZVS are analyzed as follows.

D1 and D5 are the antiparallel diodes of switches S; and S5,
respectively. Vp; and Vps are the voltages of diodes Dy and Ds.
Ves1 and Vo are the drive signals of switches Sy and Ss. 74 is
the dead time. As shown in Fig. 5(b), S5 off at 71, i, (#1) <0, Dy
on and Vp; = 0. Thus, the S; achieves ZVS and the voltages
Vb1 and Vps are not affected by dead time. However, when i,
(t1) > 0 and S, off at ¢, which is shown in Fig. 5(c). D2 on and
Vp1 # 0. Until S on at t5, Vp1 = 0. The S; loses ZVS and the
voltages Vpi and Vps are affected by dead time. In summary,
when switch S; achieves or loses ZVS, the diode voltage Vp
changes at the leading or trailing edges of the dead zone. The
same is true for other switches. When the switches lose ZVS,
there are deviations in the phase shift of the DBSRC caused by
dead time, which is the phase drift phenomenon.

The limitation expressions of the zero-backflow power are
derived ideally. The effects of dead time on the operation perfor-
mance of the DBSRC are analyzed, and a compensation method
is proposed to compensate for the error caused by dead time.
The waveforms with dead time compensation of the DBSRC are
shown in Fig. 6, which is under the proposed backflow power
optimization method when K < 1. Because only switches S5 and
S, in Mode I cannot realize ZVS, the dead time of switches S3
and S; will lead to the phase drift phenomenon. However, all
switches in Mode II can realize ZVS and the dead time does not
affect phase shift. Thus, the phase drift phenomenon is analyzed
in Mode 1.

Model:p; =0+ % — Far sin (T1), Popy < /1 + (4K — 4K?)tan?(n/2F) — 1

ModeIl: o1 = —% + Far sin (T1), Popy > /1 + (4K — 4K?)tan?(r/2F) — 1
+ 0 — Far sin (Ty), Popu < \/1+ (4/K — 4/K2)tan?(7/2F) — 1

Mode Il : oy =

3
ModeIV:py = 5

(30)

— 0 — Far sin (Tz), Popu > /1 + (4/K — 4/K2)tan?(7/2F) — 1
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Fig. 6. Dead time compensation in mode I(K < 1). (a) Without compensation.

(b) With compensation.

As shown in Fig. 6(a), 6 is the phase shift between the primary
and the secondary side H-bridge. ¢ is the phase shift of dead
time, 6 = 2mfstq. The phase shift p; and (¢ is the actual
and theoretical phase shift without dead time compensation
between the drive signals of switches S; and Ss, respectively.
The relationship between (1o and (1 can be expressed as

p1=p10+0 €Y

where (1 can be derived from (24) and (25). Because of the dead
time effects, the phase shift (19 maybe drift to ¢1. According
to (20), to achieve the zero-backflow power optimization, the
resonant current should be i.(§) = 0, but because of dead
time effects, the proposed method with TDA modeling cannot
accurately achieve zero-backflow power optimization, as shown
in Fig. 6(a). The influence of dead time increases with frequency
increasing.

To eliminate the effects of dead time, a compensation method
is proposed in Fig. 6(b). The inner phase shift ¢qg. is the
theoretical phase shift with dead time compensation between
the drive signals of switches S; and S3, which can be expressed
as

©10c = P10 — 0. (32)

Then, because of the phase drift phenomenon, the actual phase
shift ;. with dead time compensation between the drive signals
of switches S; and S3 is

Ple = P10c + 6 = 10 — I+ = p10. (33)

According to Fig. 6 and (31)—(33), it can be seen that the
actual phase shift with dead time compensation ¢ is equal to
the theoretical phase shift ¢1¢. And the effects of the phase drift
phenomenon can be eliminated with dead time compensation.

The operating principle of the proposed method with TDA
modeling is shown in Fig. 7. First, the voltage sensors are used
to sample the input voltage U; and output voltage U,,, which are
used to calculate the voltage conversion ratio K. The operation
mode of the DBSRC is chosen according to K. Second, the
outer phase shift 6 is the output of the PI controller. Third, the
optimal inner phase shift ¢ is derived according to Modes I-IV.
The expressions of the proposed method with TDA modeling
are shown as (30). Then considering the effects of dead time,
the compensated optimal inner phase shift ¢;o. is obtained
from (32) in Mode I. Finally, the optimal phase shift ratios are
converted into switch signals, which control the MOSFET devices
in the DBSRC to achieve power transmission and steady-state
performance improvement.
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Fig. 8. Photograph of the DBSRC experimental physical prototype.

TABLE I
PARAMETERS OF THE PHYSICAL PROTOTYPE

Parameters Values
Input voltage Ui=180V
Output voltage U, = 144/90 V
Switching frequency f:=100kHz
Resonant frequency f:=80kHz
Resonant inductor L=40puH
Resonant capacitor C =100nF
Input/Output capacitor Ci/Cy=1120 pF
Load resistance R=125-45Q
Transformer ratio N:l=1:1

V. EXPERIMENTAL ANALYSIS

A scale-down physical experimental prototype of the DBSRC
with TMS320F28335 controller is shown in Fig. 8. The elec-
trical circuit parameters of the physical prototype are shown in
Table II. Take K < 1 as an example, the MCT with FHA modeling
and the proposed method with TDA modeling are compared in
experimental tests.

A. Comparison Experiments When K = 0.8

The experimental parameters are set as U; = 180 V, U*, =
144V, L, = 40 pH, C; = 100 nF. When the voltage conversion
ratio K = 0.8, the operation waveforms of transformer terminal
voltages u,p, Ucq, and resonant current i, are shown in Figs. 9
and 10. When R = 45 (), the operation waveforms in Mode
I of the MCT with FHA modeling and the proposed method
with TDA modeling are shown in Fig. 9. The efficiency of
output power under the MCT with FHA modeling, and the
proposed method with TDA modeling are 94.44% and 95.34%.
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Fig.9. Experimental waveforms when K = 0.8 in mode I. (a) MCT with FHA
modeling. (b) Proposed method with TDA modeling.
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Fig. 10. Experimental waveforms when K = 0.8 in mode II. (a) MCT with
FHA modeling. (b) Proposed method with TDA modeling.

As shown in Fig. 9(b), the i, () = 0, and the zero-backflow
power optimization have been achieved. However, the i, (6) >
0 in Fig. 9(a), which means that compared with the MCT with
FHA modeling, the proposed method with TDA modeling can
achieve zero-backflow power optimization with high accuracy.

In Mode II, the experimental parameters are set as U; = 180
V,U*, =144V, L, =40 pH, C, = 100 nF, R = 22.5 (2, and the
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Fig. 11.  Efficiency curves of the DBSRC when K = 0.8.

operation waveforms are shown in Fig. 10. When K = 0.8, the
efficiency of the DBSRC under the MCT with FHA modeling
and the proposed method with TDA modeling are 96.13% and
96.25%, respectively. Besides, as shown in Fig. 10(b), the i,
(0) = 0, and the zero-backflow power optimization have been
achieved. However, i, (0) > 0 in Fig. 10(a), which is the same
as Mode I.

Moreover, under different operation conditions, the efficiency
curves of the DBSRC under the two control methods are shown
in Fig. 11 when K = 0.8. As shown in Fig. 11, compared with the
MCT with FHA modeling, the proposed method with TDA mod-
eling is of high accuracy and can achieve zero-backflow power
optimization. And the efficiency of the DBSRC, especially in
light-load, has been improved.

B. Comparison Experiments When K = 0.5

To verify the effectiveness of the proposed method with TDA
modeling, the experimental parameters are set as U; = 180V,
U'v =90V, L. =40 pH, and C, = 100 nF. The operation
waveforms of the MCT with FHA modeling and the proposed
method with TDA modeling are shown in Figs. 12 and 13. In
Mode I, when R = 45 (2, the waveforms of the proposed method
with TDA modeling are shown in Fig. 12(b), the i, (6) = 0,
and the zero-backflow power optimization has been achieved.
However, the i, (/) > 0in Fig. 12(a), and there is backflow power
of the DBSRC under the MCT with FHA modeling. And the
efficiency of output power under the MCT with FHA modeling
and the proposed method with TDA modeling is 91.00% and
93.00%, respectively.

In Mode II, when R = 12.5 ), the waveforms of the proposed
method with TDA modeling are shown in Fig. 13(b), the i,
(0) = 0 and the zero-backflow power optimization has been
achieved. When K = 0.5, the efficiency under the MCT with
FHA modeling and the proposed method with TDA modeling
are 94.49% and 95.44%, respectively.

Under different operation conditions, the efficiency curves
of the DBSRC when K = 0.5 are shown in Fig. 14. The zero-
backflow power optimization of the DBSRC is remarkable, and
the efficiency has been significantly improved. When the voltage
conversion ratio K deviates from unity, the zero-backflow power
can be greatly reduced due to the proposed method with TDA
modeling, which is consistent with the theoretical analysis.
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Fig. 12. Experimental waveforms when K = 0.5 in mode I. (a) MCT with
FHA modeling. (b) Proposed method with TDA modeling.
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Fig. 13.  Experimental waveforms when K = 0.5 in mode II. (a) MCT with
FHA modeling. (b) Proposed method with TDA modeling.

In summary, the results of comparison experiments verify
the effectiveness of the proposed method with TDA modeling,
which is the same as the theoretical analysis. When K is far away
from unit 1, the performance of the proposed method with TDA
modeling is more excellent. The proposed method with TDA
modeling can realize zero-backflow power optimization, which
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ing. (a) Non-dead time compensation. (b) Dead time compensation.

can make up for the error of the FHA model and improve the
accuracy of the control algorithm.

C. Dead Time Compensation Experiments

Based on the analysis of the dead time, a compensation
method is proposed to eliminate the effects. The dead time
compensation experiments of the proposed method with TDA
modeling are carried out, and the experimental parameters are
setas U; =180V, U, =90V, L, = 40 pH, C, = 100 nF, and
R =40 Q. tq = 300 ns, the compensation phase shift can be
obtained as § = 0.067.

Only in Mode I, some switches in the DBSRC will lose
ZVS, the proposed method can achieve zero-backflow power
optimization without dead time compensation in Mode II-IV.
The experimental results of the proposed method with TDA
modeling without/with dead time compensation are shown in
Fig. 15. According to Fig. 15(a), the resonant current i, > 0
at the moment of the u.q steps from -90 to 90 V. However, to
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realize zero-backflow power optimization, the resonant current
should be i, = 0 when u.q steps.

Because of the dead time effects, it is unable to achieve zero-
backflow power optimization of the DBSRC with the proposed
method. As shown in Fig. 15(b), the resonant current is i, = 0
at the moment of the u.q steps, and the zero-backflow power
is realized because of the accurate proposed control method
with dead time compensation. The converter efficiency without
compensation is 92.28%, and the efficiency with compensation
has been improved to 93.10%. Besides, the efficiency of the
proposed method without compensation under different load
conditions when K = 0.8 and K = 0.5 are shown in Figs. 11
and 14, respectively.

VI. CONCLUSION

A zero-backflow power optimization under EPS modulation
based on the time domain model for the DBSRC is proposed.
The transmission power model and resonant tank current model
under EPS modulation are analyzed with the TDA method. Then,
the backflow power model of the DBSRC based on the TDA
with EPS method is given, and the closed-form formulas of
zero-backflow power optimization are derived. Besides, the dead
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time effects are analyzed and the compensation scheme is pro-
posed to improve the accuracy of the control scheme. Finally, the
comparison experiments with the MCT with FHA modeling and
the proposed method with TDA modeling have been carried out.
Comparison results have verified that the proposed method with
TDA modeling can achieve zero-backflow power optimization
and higher efficiency. The contributions of this article are as
follows.

1) Compared to the FHA modeling, accurate models can
be obtained by the TDA modeling, which can accurately
describe the working characteristics of DBSRCs.

2) Compared with the MCT with FHA modeling, the pro-
posed method with TDA modeling can achieve zero-
backflow power optimization and efficiency improvement.

3) The dead time compensation is proposed to eliminate the
phase drift phenomenon, which can improve the precision
of the proposed method with TDA modeling further.

APPENDIX [

The initial values of the resonant tank current i, and the
resonant capacitor at each stage in Modes I, I, III, and IV are
as follows: Unnumbered Eqns. shown at the bottom this page.

Zyir(0) = —2sec?(&){Ui[sin (&) + sin (T7£4) — sin (£L)] + 2N U, [sin () — sin (Z2)]}
uc, (0) = sec?(F){Ui[— 1+ cos(”F“al) + cos(£2) — cos(%)] + 2NU,[1 — cos(Z2) — cos( %) + cos(E)]}
Z,ip(0) = Lsec?(Z){Uifsin (£) — s1n(7r+9 TRy sm(“ 9) + sin (£ 210y L INU, sin (%)}
Mode I § ue, (0) = %secQ(%)Ui[cos(”?e)fcos(“’1 9) — cos(™ i,_ )+COS(}€,)]
Zyir(p1) = —2sec?(&){Ui[—sin (&) + sin (Z722) + sin (£)] 4+ 2N U, [sin (T—£E2 "91""9) sin(“plffe)]}
uc, (1) = 7%SQC2(LF){U[ 1+ cos(” #2) 4 cos( %) — cos(F)] +2NU,
[1 — cos(THe21) — cos(£2-2) + cos(Z)]}
Zyir(0) = —2sec?(&){Uifsin (&) + sin (Z7£4) — sin (£L)] + 2N U, [sin () — sin (Z:2)]}
uc,.(0) = 48662(2F) Uil = 1+ cos(T524) + cos(%+) — cos( )] + 2NU, [1 — cos(Z2) — cos( %) + cos(%)]}
Zir(<p1) :—Zbe&(%){al[bm( ) sin (75 WI)_bm(%)HzNU [sin (52) — sin (2524 )]}
Mode IT{ uc, (p1) = Tsec?(Z=){Ui[1 — cos(Z7£2) — cos(£L) + cos(E)] + 2NU,
[1 — cos(™F% Oe1) _ cos(der 1) —l—cos(%)]}
Zyin(0) = f%seCQ(lF){U[sm( 8y 4 sin (Z=2Her) — sin (4521) —sin (4)] — 2NU, sin (%)}
uc, (0) = —Lsec? () Ui [ cos( 52+ “"1) + cos(&) + COS(#) + COS( F‘g) 2 — 2cos(F)]
Z,ir(0) = —Lsec?(&){2U;sin (£ )+NU [mn(%) + sin (£2-9) — bm(ﬂf") — sin (T=2210)]}
uc, (0) = tsec?(5)NUs[cos(Z52) + cos(£) — co (‘P"' 9) cos(T=£2t0)]
Zyir(ip2 — 0) = $sec®(5){2U; [sm(“"“"Fe) — sin (T2t )] + NU, [sm( ) +sin (7522) — sin (£2)]}
Mode IIT § uc, (g2 — ) = tsec?(F=){2Ui[1 + cos( L) — cos(T=£2+ oy — COb(‘sze)] + NU,
[cos(‘”) + cos(Z F“OQ) —1—cos(% )]}
Zyiy(m —0) = —%se (57)12U; [sm(f) —sin (%52)] + NU, [sin (Z7£2) — sin (£2) + sin (%)]}
uc, (m — 0) = sec®(5){2U;[14 cos( L) — cos( L) — cos(Z52)|+NU, [ — 1 — cos(F) + cos(£2) + cos(T7£2)]}
Zir(0) = —Lsec?(£){2U; sin (&) + NU,[sin (&) + sin (£242) — sin (Z52) — sin (7=22-2)]
uc, (0) = 1sec®(L=)NU, [2+2cos(%) cos(Z2) — cos(£) — cos(“’z;e) — cos( T2 T_pa0))
Zyir(0) = —1sec?(5%){2Ui[sin (Z2) — sin (£)] + NU,[sin (£2) — sin (T5£2) — sm( )]}
Mode IV < uc, (0) = 1sec?(&){2Ui[1 + cos(%) — cos(ZF2) — cos(é%)] + NU,[ — cos(%2) — cos(”F“’z) +14cos(%)]} -
Zyir(p2 + 0) = Isec?(5){2U; [sin (£2£9) — sin (T 2] + NUo[sin(“}”) sin (£2) + sin ()]}
uc, (po +0) = —Lsec?(£){2Ui[ — 1 — cos(Z) + cos(2242) + cos(T=22=2) |+ NU,
[14cos( %) — cos(£2) — cos(TF2)1)
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