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ABSTRACT In this paper, the triple-phase-shift (TPS) control with certain unified boundary conditions is
applied to a dual-bridge series resonant converter (DBSRC) for applications needing bidirectional energy
flow ability. The control strategy is unified for the whole variation range of load, input/output voltage
and with simple calculation. By using this unified boundary control, the circulating energy is minimized
significantly. A wide soft switching operation range can be achieved as well. Furthermore, based on the
analysis results of unified boundary conditions, an improved unified boundary control with duty cycle
compensation is also proposed. The ZVS operations of all sides switches can be maintained for wide
converter gain and load with high efficiency. The procedure of design for important parameters is given.
Finally all works are verified through actual experimental tests on a S00W laboratory prototypes successfully.

INDEX TERMS DC-DC conversion, resonant converter, phase-shift modulation, soft switching.

I. INTRODUCTION

Due to the problems of global warming and energy crisis,
the technology and application of renewable energy have
been widely studied [1], [2]. A high frequency (HF) iso-
lated bidirectional DC-DC converter (IBDC) is a key power
interface for renewable energy systems. Dual-active-bridge
(DAB) DC-DC converter was initially proposed in [3], which
is typical type of IBDC. A DAB converter consists of two
active full bridges linked through a HF transformer and a
series inductor. DAB converters have shown many com-
petitive advantages such as high power density, high relia-
bility, high efficiency, symmetrical circuit structure, simple
control strategies, and so on [4]-[7]. Since a DAB con-
verter is operated with high switching frequency, the size of
reactive component and lower frequency related noise will
be reduced [8]-[12]. The double-bridge series resonant con-
verter (DBSRC) is a resonant version of DAB and also a pow-
erful choice for achieving high power density. With the high
frequency, the size of reactive component of DBSRC will be
small too. Due to the resonance characteristics, there are some
extra features in DBSRC [13]-[17]. Compared with DAB,
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the current in DBRC is almost sinusoidal due to the lower pass
feature of resonant tank, which will lead to smaller higher
order harmonics and reduce the size of filter. The fundamental
harmonics approximation (FHA) approach can be employed
to simply the mathematical models of DBSRC. Besides these,
the resonant capacitor can also server as DC-blocking capaci-
tor, which can prevent the transformer from saturation. In this
paper, the research would be performed on a HF DBSRC.
Until now, there are four types of control schemes mainly
used for DAB and DBSRC converters [18]-[22]. The most
commonly used scheme is single-phase-shift (SPS) con-
trol because it has the advantages of simple controller and
easy implementation with one controllable phase-shift angel.
However, with the variation of voltage gain and load level,
the circulation energy becomes much higher, and its effi-
ciency is greatly lowered. Extended-phase-shift (EPS) control
is an improved version with one more controllable phase-shift
angel. Compared with SPS control, EPS control can reduce
circulating energy and expand soft-switching range. How-
ever, when the power flow direction is changed, the work-
ing modes of the two bridges need to be exchanged to
reduce circulating energy. Dual-phase-shift (DPS) control
is easier to implement than EPS control, because the inner
phase-shift angles in two bridges are equal. With DPS control,
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the converter dynamic performance may be improved. How-
ever, the improvement of efficiency is not significantly in
some operating regions. Triple-phase-shift (TPS) is a unified
form of phase-shift control, while SPS, DPS and EPS can
also be regarded as special cases of TPS control. The TPS
control is the most complex but flexible control scheme,
so that it was reported in many research works for optimiza-
tion modulation with performance improvement in the DAB
converter [20], [23].

A universal TPS model based on fundamental-optimal
strategy was reported in [24]. The circuit design and
optimization is based on fundamental harmonics approxi-
mation (FHA) analysis, which can reduce calculation com-
plexity. And low circulating current is obtained. When input
voltage matched output voltage, the strategy can ensure the
soft-switching working. However, ZVS performance will
degrade under non-unity voltage gain. The boundary Trape-
zoidal Modulation (TZM) control based on TPS scheme with
fixed duty cycle and magnetizing current compensation was
proposed in [25]. This strategy is simple and can be imple-
mented with better performance. However, ZVS performance
will degrade under light load conditions. And the additional
conduction loss is introduced by compensated magnetizing
current, which will degrade converter efficiency under light
load. Based on particle-swarm algorithm, a optimal TPS mod-
ulation strategy was proposed in [26] to minimize the reactive
power. But whole-range ZVS operation of the DAB converter
is not ensure when variation of voltage gain is wide. Since
the calculation is complex, the implementation of control is
difficult and costly in practice.

In [27] and [28], minimum current trajectory (MCT)
and modified minimum current trajectory (M-MCT) were
proposed, which achieve minimum-tank-current operation.
Three phase-shift angles are defined and only two phase-shift
angles are adopted, which is according to the range of voltage
gain. Thus, the selection of control variable is not unified and
usually relied on a lookup table stored in DSP controller. And
when operated under the light load conditions, both of MCT
and M-MCT suffer from the hard switching. Meanwhile,
when the load level is high or the converter gain is away from
unity, high circulation current will occur in the input bridge
especially. So, converter efficiency will be degraded under
variation of voltage gain and load level.

A complex modulation strategy with four degrees of free-
dom was reported in [29]. Switching frequency is adopted
as additional modulation variable. This strategy achieve wide
range ZVS operation range with no circulation power. Since
four controllable variables are adopted in the converter mod-
ulation, it makes the optimization of circuit parameters quite
complicated. Furthermore the selections of control variables
are not unified, than increase the computational burden of the
controller.

Taking into account of flexibility, effectiveness and com-
plexity of four control schemes, in this paper, the TPS
control scheme is adopted. To address the problem of com-
plex calculation, operation mode transition and narrow softer
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switching region, the TPS control with certain unified bound-
ary condition will be applied to a DBSRC. The control strat-
egy is flexible, unified and with simple calculation. By using
this unified boundary control, the circulating energy is min-
imized significantly. A wide soft switching operation range
can be achieved as well.

The steady-state analysis of the DBSRC is performed using
fundamental harmonics approximation (FHA) approach at
first. Then the operation principle for unified boundary con-
trol is then discussed. Furthermore, based on the analysis
results, an improved unified boundary control with duty cycle
compensation is proposed. It can be seen that ZVS operations
of all sides switches are maintained for wide converter gain
and load. As an example, the application of unified boundary
control has been examined in a DBSRC, which is able to
suppress circulating energy and maintain soft switching oper-
ation for all switches at variation of converter gain and load.
Finally, all works are verified through actual experimental
tests on a laboratory prototype converter.
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FIGURE 1. Basic topology of a dual-bridge series resonant converter.

~y

Il. STEADY-STATE ANALYSIS OF

DBSRC WITH TPS CONTROL

A. PRINCIPLE OF DSBRC WITH TPS CONTROL

Fig. 1 shows the circuit configuration of a DBSRC. Both the
primary side and the secondary are active full-bridges. The
two symmetric full-bridges are connected by a series LC-type
resonant tank and a HF transformer 77. The two voltage
sources Vj, and V, are the primary side voltage and the
secondary side voltage, respectively. The primary side bridge
is implemented by four switches M| — My, and the secondary
side bridge is constructed by four switches M5 —Mg. C1 — Cg
are the output parasitic capacitors of switches M| — Mg,
respectively. Cj, and C, are filter capacitors on the input side
and output side, respectively. The leakage inductance of the
HF transformer is utilized as part of resonant inductance L.
The series capacitor Cy used in the resonant tank will help in
preventing the transformer from saturation. With the assump-
tion of an infinite magnetizing inductance of the transformer,
the capacitor can split and be implemented on both side
of the transformer. Hence, saturation on the primary-side
full-bridge can also be prevented. HF transformer 7 with a
turns ratio of 1 : n provides functions of electrical isolation
and voltage level conversion.

The operation principle of conventional TPS control is
shown in Fig. 2. Energy is exchanged bidirectionally between
the primary side voltage source V;, and the secondary volt-
age source V,, due to the symmetric structure of DBSRC.
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FIGURE 2. Typical operating waveforms of the DBSRC under conventional
TPS control with all switches working in ZVS.

The power transfer from the primary side to the secondary
side is defined as a forward power flow. It is seen that
all switches are operating alternatively at almost 50% duty
cycle with necessary dead-time. Three phase-shift angles
are defined here for bidirectional power regulation. The
inner-bridge phase-shift 0 is defined as the phase-shift by
which the driver signal of M leads that of M3 in the primary
side bridge. 6; is in the range of [0,7]. The inner-bridge
phase-shift 9, is defined as the phase-shift by which the driver
signal of Mg lags that of Mg in the secondary side bridge. The
range of 6, is [0,7r]. Thus, the obtained two high frequency ac
voltages v, and v are no longer traditional square-wave volt-
age due to the existence of internal phase-shift. The external
phase-shift ¢ is defined as the phase-shift by which the driver
signal of M leads that of Mg. The external phase-shift ¢ can
also be defined as the phase-shift by which the positive rising
edge of v, from zero to high level leads that of vy during one
switching period. The range of ¢ depends on the direction
of power and the values of 6] and 6. Both the instantaneous
input power p; and output power p; are discontinuous, and can
be controlled by the combination of three phase-shift angles.

B. FHA ANALYSIS FOR DBSRC WITH TPS CONTROL

When the switching frequency is close to the resonant fre-
quency, FHA analysis is adopted for the steady state analy-
sis with simplified calculation and acceptable accuracy. The
obtained equations can be used for a quick initial converter
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design with enough accuracy. All parameters have been
reflected to the secondary side (denoted by a superscript *“'”,
if the parameter is on the primary side). In order to obtain

normalized equations, the following base values are chosen:

Vg = nViy; Zp = V—oz; Ip = E;
Pg Zg
1 Vi
fB=fr=m, B=Z—B (1)

where f, is the series resonance frequency, Pg is the rated
output power.

L, o

V’p,l @) Vs,1(t)

FIGURE 3. Equivalent circuit for fundamental components in time
domain.

In Fig. 3, the fundamental equivalent circuit of DBSRC
is given. The normalized two voltage sources of vI’) and vy
in time domain with only fundamental components can be
expressed as:

’ 4 . 91 .
vy, lpu(wst) = sin > sin(wgt) )

amM . 6 . 6 — 0
Vs, ipu(@st) = — sin — sin | ot — (¢ + ———) 3)
T 2 2
where the converter gain M is defined as M = %‘;ﬂ, wg
is the switching angular frequency. It is seen from (3) that
the fundamental component of v;) leads that of v, with a
phase-shift angle of ¢ + @.
The normalized impedance of the resonant tank can be

written as:
1

wsCy

Xs,pu = (wsLy —

)/Z = Q(F — 1/F) “

where rated load quality factor Q is defined as Q =

—‘”QBL" = — Clk 7 the normalized switching frequency F' can
T
be expressed as F = %, and w, is the resonant angular
T
frequency.

Then the normalized resonant tank current izc p, in time
domain with only fundamental component can be found as:
irc pu (wst)
0

4 [M sin 072 cos(wst —(p+ @))—sin 3 cos(a)st)]

7 X5, pu
(5)

By using (5), the normalized root-mean-square (rms) cur-
rent I ¢y py 1S given as:

ILCr,pu
24in2% _ in 0L gin & 020 - 261
B \/g\/M sin“ 2M sin 5 sin = cos(p+ 5 )+sin o)
NXs,pu
(6)
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The normalized resonant tank capacitor peak voltage can
be evaluated as follows:

VCp,pu
B 4\/Mzsin2%2 —2M sin %‘ sin %2 cos(p+ 92;9‘ )—i—sinz%‘
N 7 (F?—1)

@)

Ignoring the circuit loss, the normalized average trans-
ferred power with TPS control in a switching cycle can be
evaluated from either side of the converter, which can be
calculated as:

1 21 , )
Po,pu = g/o Vp,1pu(a)s[)lLC,pu(wst)da)st

M L0 . 6y . (+ 6r — 64
= —— S1n — S1n — S1N
T, 2 2 T

) @)

By using (1), the normalized power can also be defined as:
P, Py, Vo2
Py PR (Vi)

where P, is the actual output power, and G € [0, 1] is the

percentage of the power level index at certain voltage gain,
which is defined as:

C))

Po,pu =

G = & = Po,pu

Pg M?

Substituting (8) into (10), the voltage gain can also be
defined as:

(10)

_ 8
 2GXypu

0, — 0

L0 6 11
sin > sin > sin(¢ + ) (1)

Equation (11) shows the relationship between the power
level index and the voltage gain in a DBSRC under TPS
modulation. The control phase-shift 81, 8, and ¢ shall be
adjusted dynamically with the changes of G and M to keep
the balance in (11).

Ill. THE PROPOSED UNIFIED BOUNDARY CONTROL

A. PROPOSED UNIFIED BOUNDARY CONTROL

It can be seen from Fig. 2 that DBSRC operating under
conventional TPS control with all switches in ZVS does
not guarantee complete elimination of circulating energy
(marked by shadow part of instantaneous input power p; and
output power p, ). The high backflow power would cause high
rms resonant tank current and hence lead to high switches
conduction loss. So in this work, the optimization object for
selecting a control scheme is to depress circulating energy
and, meanwhile, to achieve a wide soft switching operation
range.

A unified boundary control based on TPS control is
proposed to eliminate circulating energy and extend soft
switching operation range. The working principle of unified
boundary control is depicted in Fig. 4. In order to simplify
calculating, the effect of dead band is neglected. Since uni-
fied boundary TPS control is a special case of TPS control,
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FIGURE 4. Typical operating waveforms of the DBSRC under unified
boundary TPS control.

the definitions of three phase shift angles are the same as
conventional TPS control. The obtained equations (1)-(8) are
suitable for unified boundary TPS control with certain bound-
ary conditions. The constraints can be derived as follows.

To completely eliminate secondary side circulating energy,
the falling edge of vs (turn-on moments of M5 and Mg)
should move left and finally align with the zero crossing point
of resonant tank current ir¢c as shown in Fig. 4. Since the
resonant tank current iz ¢ is a sinusoidal waveform, the first
boundary condition of the two angles can be easily written as

T=¢+60 (12)

To completely eliminate primary side circulating energy,
the rising edge of v, (turn-on moments of M and M>) should
move right and eventually align with the zero crossing point
of resonant tank current ir.c as shown in Fig. 4. By using (5),
the zero circulating energy condition can be expressed as

T —6 4 [—sinz%1 + M sin 972 sin(gp + 972)]
2 )= 7 X5, pu =0
(13)

iLC,pu(

With the help of (12), the secondary boundary condition
(13) can be simplified as

0 0
sin 71 = +/M sin 32 (14)
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Based on the above analysis, the output power can be
controlled solely by the external phase-shift ¢ under the uni-
fied boundary TPS control. The other two phase-shift angles
(61 and 6;) can be represented by ¢ from (12) and (14).
Substituting (12) and (14) into (8), the normalized output
power under unified boundary TPS control can be rewritten
as

3
8M2
72 X5 pu

Popu = coszg cos [arcsm(«/_ cos —) — —] (15)

The normalized output power P, ,, with respect to ¢ for
different values of gain M under the unified boundary TPS
control is plotted in Fig. 5. It can be seen that for a fixed volt-
age gain, the power curve is a convex function of ¢, which has
a global maximum. The peak normalized output power P,
is proportional to the voltage gain M. Meanwhile, a small
range of ¢ can regulate the net power from partial load to
full load.

5
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FIGURE 5. Normalized output power Py py versus external phase-shift
angle ¢ (Q =1, F = 1.26).

B. STEADY STATE ANALYSIS IN PHASOR DOMAIN

To make the control strategy understandable, the phasor dia-
grams to illustrate power regulations for positive power are
presented in Fig. 6. Generally to achieve a lower load for
any converter gain, the magnitudes of two voltage vectors
(Vs,1 and \%4 1) will be increased, and the angel between
them will be reduced to keep the balance in (8). Mean-
while, the magnitude of resonant tank current phasor Iy,c will
decrease. As illustrated in Fig. 6(a), for the case of M = 1,
the magnitudes of two ac voltage vector Vg 1 and V/ ,1 are
isometric. The soft switching operation can be realized at
whole load operation. As plotted in Fig. 6(b), for the case of
M < 1, the magnitude of ac voltage vector Vy, 1 is shorter than
that of V' . As shown in Fig. 6(c), for the case of M > 1,
the magnltude of ac voltage vector Vg 1 is longer than that of
V; . Therefore, the limit to keep the unified boundary TPS
control defined in (12) and (14) can be obtained as:

if M<I1
if M>1

bh=m
16
o — (16)
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FIGURE 6. Phasor diagrams of the unified boundary control strategy for
positive power transfer. (@) M =1.(b) M < 1. (c) M > 1.

With the boundary condition (16), it can be seen from the
phasor diagrams that the tank current phasor Iy ¢ is in phase
with secondary side voltage vectors (Vg 1) when M < 1
and in phase with primary side voltage vectors (V/ 1) when
M > 1. By substituting (16) into (12) and (14), the boundary
normalized power of losing full softer switching for unified
boundary control can be expressed as:

SMM — M? .
— ifM <1
7= X5 pu |
PoB,pu = ( 7)
8M\J1/M —1/M*
5 ifM > 1
V4 Xs,pu

C. EVALUATION OF SOFT SWITCHING PERFORMANCE

To realize zero-voltage switching (ZVS), the necessary con-
dition is to have a non-zero instantaneous resonant tank cur-
rents at the turn-on instances to charge/discharge the switches
parasitic capacitors completely.

Since M1, M>, M5 and Mg are turned on at the zero crossing
point of resonant tank current, they are operated at the bound-
ary condition of ZVS. Meanwhile, the resonant tank current
should be calculated at switching instances to evaluate the
soft switching performances for the remaining four switches.
From Fig. 4, the turn-on moment of M3 is wst = %91 and
the turn-on moment of Mg is wst = ¢ + %5 91

. 7+ 6 4[sin2%l —|—Msin%2sin(¢ —6; + 972)]
lLC,pu( ) =

2 7 X5, pu

(18)
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T — 91
2
4 [sin %‘ sin(g — %‘) + Msinz%2

= ] 19)

7 X5, pu

iLC,pu(‘P + )

The following conclusions can be verified by math deriva-
tion: (18) and (19) are large than zero as long as equation (13)
is true. Therefore, ZVS performance can be accomplished
theoretically for the primary side leading legs switches
(M3 and M4) and the secondary side lagging legs switches
(M7 and My).

Consequently, it can be concluded that soft switching can
be achieved for all the eight switches when the DBSRC
converter works in the boundary TPS mode. Additionally,
there are no negative part of instantaneous input power p; and
output power p,. Thus, the circulation energy and switching
loss can be minimized.

D. PROPOSED UNIFIED BOUNDARY CONTROL WITH
PHASE SHIFT COMPENSATION

As can be seen from the above analysis, the unified bound-
ary control can be used to minimize circulating energy and
switching loss. However, half of the switches are easy to lose
ZVS since they are operated under the boundary conditions.
In order to obtain the ZVS performance of all side switches
and minimize conduction loss during dead time intervals,
phase shift compensation scheme for both side is proposed.

M, M; M,
| ot
M, M, M,
: ot
M, My M; Mg
of
M5 M(, MS
¢ AO, ot
e Ogp
Vp
0,—— Vi
ot
¢ AO,
e Oy
Vs
o0, V.
ot
. /—\. ’/\.
irc L/ \ / \
% ot
\\,-/

FIGURE 7. Typical operating waveforms of the DBSRC under unified
boundary control with phase shift compensation.

In practice, the ZVS performance of those switches
(M1, M>, Ms, M7) can be achieved by rearranging the gating
scheme with suitable dead time settings. Fig. 7 illustrates
the switching actions of the DBSRC under unified boundary
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control including the effect of dead time and extra phase-shift
compensations. As depicted in Fig. 7, the rising edge of v,
(turn-off moments of M») leads the zero crossing point of
resonant tank current i ¢ with a phase shift of Afy; the falling
edge of v, (turn-off moments of Mg) lags the zero crossing
point of resonant tank current irc with a phase shift of A6,
respectively. Thus, an extra leading compensated phase-shift
angle Af; is added at primary side inner-bridge phase-
shift; an extra lagging compensated phase-shift angle A6, is
added at secondary side inner-bridge phase-shift respectively.
Hence, the first boundary condition can be obtained as

o+6 =1+ Ab) + A, (20)

With the compensated phase shift, the two phase-shift
angles 61 and 6, should also be modified accordingly to
keep the balance in power transfer. As shown in Fig. 7,
the fundamental component of v;, leads the zero crossing
point of resonant tank current ifc with a phase-shift angle
of Z 591 + A#6,. Based on (5), the secondary zero circulating
energy boundary condition can be given as

T — 6

iLC,pu( +A91):0 (21)
By substituting (20) into (21), an simplified expression can
be obtained as

601 = A6 +arccos [cos AB1+M (cos (0 — Abr)—cos Aby)]
(22)

Based on the above analysis, under the unified boundary
TPS control with phase shift compensation scheme, the out-
put power can be still controlled solely by the external
phase-shift ¢. The other two phase-shift angles (8; and 6,)
can be obtained by ¢ from (20) and (22).

After phase shift compensations, the sufficient ZVS condi-
tions for switches M| and M5 are formulated as (23) and (24),
respectively [29].

ABy > Oy
T (23)
Ml’ —2nly¢, sin(wgt)dt > O,
AGy >0
a2 24)
sy V2icrsin(ndr = Qs

ws

where Q) and Q; are the accumulated switching charges on
the primary side and the secondary side, respectively. They
are determined by the total parasitic capacitors and the change
of drain-source voltage. 04, and 0,45 are the dead-time angles
of gate drivers for each side, respectively. Based on (23)
and (24), suitable compensated phase shifts can be selected
to achieve ZVS for M and M5 over a wide output power
range. Meanwhile, a small dead time can be set to prevent
the occurrence of the shoot-through issue.
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TABLE 1. Comparison of proposed control scheme with previous papers.

Proposed control DBSRC in [13] DBSRC in [27] DBSRC in [28] | DBSRC in [29]
Symmetric in driving signal Yes Yes Yes No Yes
Number of control variables 3 1 3 3 4

Switching frequency fixed fixed fixed fixed variable
Mode transition in control No No Yes Yes Yes
Control Complexity low low medium medium high
Softer-switching Yes not at light load | not at light load | not at light load Yes
Circulating energy No Yes Yes Yes No
Total efficiency high low at light load medium medium high

E. COMPARISON

The general comparison of the proposed control with the pre-
vious papers are summarized in Table 1. In general, the pro-
posed control strategy extends the soft-switching range and
reduces the circulation energy effectively for the whole load
range at low control complexity. Although scheme given
in [29] is also effective for soft-switching improvement and
zero circulating energy modulation, it increases the difficulty
and cost of control parameter optimization with four control
variables.

IV. DESIGN EXAMPLE BASED ON STEADY STATE
ANALYSIS

A. DESIGN POINT

According to the steady-state analysis equations presented in
Section II and III, relationship curves are obtained and used
in designing a DBSRC converter. Based the design curves,
the approximately optimal parameters needed to be chosen
include M (converter gain), F (normalized switching fre-
quency) and Q (rated load quality factor). The specifications
of the converter to be designed are listed in Table 2.

TABLE 2. Specification of designed converter.

Parameter Value

Maximum input voltage Vin maz | 400V
Minimum input voltage Viy min | 360V
Nominal input voltage Vi, 380V
Nominal output voltage V, 120V
Rated output power Pr 500W
Switching frequency fs 80kHz

In order to obtain high efficiency and optimum perfor-
mance, the voltage gain at nominal input voltage is selected
at unity gain, i.e., M, = 1. With the nominal input voltage
Vin,n = 380 Vand V, = 120V, the primary side reflected

input voltage is Vl.’n » = Vin,nM,. Therefore, the turns ratio

. . _ Vs 12
of the high frequency transformer is found as n = e = 5
The maximum converter gain is: Mmpax = nVY" — = 1.056.
in,min
The minimum converter gain is: Mmpin, = v = 0.95.
nVin,max

Since the two switches at the same bridge leg are oper-
ated alternatively at almost 50% duty cycle with necessary
dead-time. The voltage and current ratings of the primary
side switches and secondary side switches can be calculated
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as (25) and (26), respectively.

VDSp = Vin,max
Ipy = nILCr,max (25)
P «/5
Vpss = Vo
I ILCr,max (26)
Ds = ——F——
s \/5

With other converter parameters fixed, rated load quality
factor Q should be selected to minimize both rms tank cur-
rents and the size of resonant tank capacitor and inductor.
Fig. 8(a) presents the relationship between resonant tank rms
current and voltage gain for different Q with normalized
switching frequency F = 1.26. Fig. 8(b) shows the rela-
tionship between resonant tank capacitor peak voltage and
voltage gain for different Q with F' = 1.26. It is seen that
using a small value of Q is able to reduce the resonant tank
rms current and resonant tank capacitor peak voltage, even
not significantly. Meanwhile, Q is proportional to the value
of L and inversely proportional to the value of Cy [13], [14].
Thus, Q is expected to be small to reduce size of magnetic
components and have better circuit performance. After some
iterations, a compromised Q = 1 at design point is selected.

Usually the normalized switching frequency F is chosen
to be larger than one but close to one to achieve an inductive
resonant current for ZVS operation in two bridges and will
not bring up large circulation current at same time. Fig. 8(c)
illustrates the relationship between resonant tank rms current
and voltage gain for different F with Q = 1. Fig. 8(d) presents
the relationship between resonant tank capacitor peak voltage
and voltage gain for different F' with Q = 1. Fig. 8(e) plots
the relationship between normalized output power with soft
switching operation and voltage gain for different /' with
Q = 1. Itis seen that using a small value of F is able to reduce
the resonant tank rms current and resonant tank capacitor
peak voltage, but will reduce the power regulation range. The
value of F' might be adjusted iteratively for optimum con-
verter performance as long as the soft-switching operation is
secured. Based on the aforementioned discussions, a trade-off
value with F = 1.26 at design point is selected. And the
resonant tank can be found as:

FV?
Ly = 0 0

= 72.3uH Q7

wsP,
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FIGURE 8. (a) Normalized rms tank current versus converter gain M with F = 1.26 for different values of Q.

(b) Normalized tank capacitor peak voltage versus converter gain M with F = 1.26 for different values of Q.

(c) Normalized rms tank current versus converter gain M with Q = 1 for different values of F. (d) Normalized tank
capacitor peak voltage versus converter gain M and Q = 1 for different values of F. (¢) Power level index versus
external phase-shift ¢ with Q = 1 and M = 1.056 for different values of F.

FP,
C = — §7nF (28)
a)SQV2

DSP demo board
5
&

Secondary side bridge
with driver circuit

LC resonant tank ‘ .

FIGURE 9. The layout of the experimental test.

B. EXPERIMENTAL RESULTS

A 500W prototype converter with the proposed control strat-
egy was built and tested in the lab. A photograph of the
experiment setup is shown in Fig. 9. The specifications of
the main components to implement the circuit are listed
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TABLE 3. Main components parameters.

Device Parameter/Value
Controller DSP TMS320F28335 by TI
Primary side MOSFETs IPP60R099P7(600 V, 31 A, 99 mS2)
Secondary side MOSFETs | IPP320N20N(200 V, 31 A, 32 m{?)

Gate driver
Inductor Ly,
Transformer turn ratio

IR21814 by IR
72.3 ptH(ETD39)
12:38 (ETDA49 )

Capacitor C}, 87 nF (MKP)
—
9, M, M,
PI #| |Equation (20) 7” PWM +—
regulator and (22) |5|generator —
3 M; -My
. —
Unified boundary
conditions
M M
calculation

FIGURE 10. Control block diagram of the proposed control scheme.

in Table 3. All the control scheme is realized by DSP con-
troller TMS320F28335. The detailed control diagram of the
proposed boundary control is shown in Fig. 10. The out-
put voltage is stabilized by a simple PI compensator. The
phase-shift ¢ can be adjusted dynamically with the output of
the PI regulator to keep the balance in input/output power.
Meanwhile, the voltage gain M is calculated online with
the input/output voltage sampled singles. Then, the obtained
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phase-shift ¢ and voltage gain M are fed into the boundary
conditions to calculate the other two variables 6; and 6;.
Finally, the driving singles are generated by the PWM gen-
erator in DSP controller according to the obtained three con-
trol variables. The implementation of closed-loop control is
not hard, and there is no need of complex calculations and
working mode transition.

The resonant tank current is large enough to accomplish
ZVS during the dead-time intervals at lower voltage side.
Hence there is no need to compensate phase shift at the
lower voltage side (i.e. A6, = 0 rad). In order to suppress
circulating energy, an minimize compensated phase shift is
designed for all switchers operating in ZVS under 30% to full
load power range. The compensated phase-shift at the higher
voltage side and the dead time can be calculated as A6y = 0.1
rad and 64, = 04; = 150 ns according to (23) and (24).
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FIGURE 11. Experimental steady-state plots at V;, = 380V (from top to
bottom: primary HF ac voltage vp, secondary HF ac voltage vs, resonant
tank capacitor voltage v¢ and resonant tank current ij¢). (a) Po = 500 W.
(b) Po = 300 W. (c) P, = 150 W.

The steady-state plots obtained from experiments are
depicted in Fig. 11, in which the full, 60% and 30% load

VOLUME 8, 2020

conditions of nominal primary side voltage are investigated
for charging mode. In addition to adding a small phase shift at
primary high-voltage side, the positive rising edge of primary
side ac voltage and negative falling edge of secondary ac
voltage almost align with zero crossing point of resonant tank
current. Thus, the circulating energy is small. There is no
parasitic-induced ringing at the rising edges of both side ac
voltage, which indicates ZVS. The resonant tank current and
capacitor voltage are both sinusoidal waveforms at full load.
The resonant tank current is an approximate sinusoidal wave-
forms with a little distortion at light load. The inner-bridge
phase-shift and the external phase-shift will increase at the
same time as the output power increases, that agrees with
phasor analysis.

Fig. 12 illustrates the steady-state experiment waveforms at
different primary side voltage under full load. With non-unity
voltage gain, the circulating energy is also small and ZVS
performance are achieved for all eight switchers. As shown
in Fig. 12, the positive pulse width of primary side voltage
is longer than that of secondary ac voltage for M > 1
(i.e. Vi, = 360 V); the positive pulse width of primary side
voltage is shorter than that of secondary ac voltage for M < 1
(i.e. Vi = 400 V). The output power is mainly controlled
by the external phase-shift. The experiment results also agree
with phasor analysis.

=]
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P L.--l — e,
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FIGURE 12. Experimental steady-state plots at different input voltage
under full load (from top to bottom: primary HF ac voltage vp, secondary
HF ac voltage vs, resonant tank capacitor voltage v and resonant tank
current iy¢). (a) Vi, = 360 V. (b) V;, = 400 V.

The waveforms of switching behaviour obtained from
experiments are shown in Fig. 13 and Fig. 14, in which the
full load and 30% load conditions of 380V input voltage
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FIGURE 13. Experimental switching waveforms at V;, =380V, Vo, = 120
V, P, = 500 W. (a) Primary side switches M; and M, (from top to bottom:
dri\{er signal vgspyq, drain to source voltage Vdsm1 ) dr-iver signal vggnga,
drain to source voltage vgsy4)- (b) Secondary side switches M5 and Mg
(from top to bottom: driver signal vggy 5, drain to source voltage vgsys).
driver signal vy, drain to source voltage v gy g)-

are tested respectively. It can be seen that ZVS performance
is accomplished for all the switchers as the drain to source
voltage have fallen down to zero before the gate driver are
applied.

The measured converter efficiency curves with SPS, MCT
and proposed control under different voltage gain and output
power are listed in Fig. 15. The selection of control variable is
not unified with MCT, which is according to the range of volt-
age gain. In case of M=1 in Fig. 15(b), MCT has same control
condition as the conventional SPS control and hence the two
efficiency curves are overlapping. With the proposed control
scheme, at the full load condition, the measured efficiency
are 95.6%, 95.9% and 95.8% for V;, = 360V, V;, =380V,
and V;,, =400V respectively. The peak efficiency of the
proposed control at 96.1% is achieved under P, = 400 W
and V;, = 380 V. By employing the proposed control scheme,
the efficiency of the prototype is higher than those with other
two control schemes and can be maintained over 88% for
whole converter gain and load range. It can be seen that rela-
tively high efficiency is maintained under MCT and proposed
control over a wide range of load conditions, while the SPS
control have poor performance when the voltage gain was
away from the design point. Generally, the improvement of
efficiency with proposed control over that with SPS control
is relatively small for high load, especially at unity converter
gain. When the converter gain is away from unity, the merits
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FIGURE 14. Experimental switching waveforms at V;,, =380V, Vo, = 120
V, Po = 150 W. (a) Primary side switches M; and M, (from top to bottom:
driver signal vggyq, drain to source voltage vy ), driver signal vggpa,
drain to source voltage vgs4). (b) Secondary side switches M5 and Mg
(from top to bottom: driver signal vy 5, drain to source voltage vygpys),
driver signal vgsyg, drain to source voltage vgsys)-

360V 380V

—a—SPS
—te=SPS
Proposed control

Proposed control
8 mcT

MCcT

100 150 200 300 400 500 100 150 200 300 400 500
P, (W) P(W)

(a) (b)

100

400V

96

92

88 —4—SPS

Efficiency(%)

Proposed control

8 MCT

80
100 150 200 300 400 500
P, (W)
©
FIGURE 15. Measured converter efficiency curves with SPS, MCT and

proposed control at different output powers. (a) V;, =360V, Vo = 120 V.
(b) V;, =380V, Vo =120 V. (c) V;, =400V, Vo = 120 V.

of the proposed control in terms of reduced rms resonant
current and ZVS becomes apparent, especially at medium and
light load level. For an example, the efficiency of proposed
control has an improvement of more than 3% at P, = 100 W
for M = 0.95 and M = 1.056. With the benefit of minimized
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current operation, the converter efficiency of MCT control is
slightly lower than the one with proposed control at whole
load range.
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FIGURE 16. Loss distribution with SPS, MCT and proposed control at
different input voltages and output powers. (a) Po = 500 W.
(b) Po = 150 W.

In Fig. 16, comparison between the proposed control, MCT
and SPS control are made in terms of the loss breakdown
under different input voltage and load level. The main sources
of loss considered include inductor loss, transformer loss,
conduction loss of switches, gate loss and switching loss.
Both copper loss and iron loss of resonant inductor and
HF transformer are calculated by using the datasheets from
manufacturers. Due to almost zero switching loss and low
circulation energy, the converter is able to maintain lower
power loss even with the variations of input voltage and load.
It is seen in Fig. 16(a) that with proposed control the copper
loss and conduction loss is slightly reduced at full load level.
Due to high circulating power and hard switching character-
istic, the switching loss of SPS control increases significantly
at light load while the total loss of proposed control can
be maintained at a lower level as shown in Fig. 16(b). The
difference of total power loss between the proposed control
and SPS control become larger when the voltage gain is away
from unity as shown in Fig. 16. Meanwhile, compared with
the MCT control, the efficiency optimization of the proposed
control is not significant. The potential reasons might be:
(1) only two switches will suffer from hard switching under
light load condition with MCT; (2) the MCT also has less
copper loss and conduction loss.

The comparison of theoretical calculation, simulation and
experimental measurements of the key steady-state working
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TABLE 4. Comparison of steady-state operation at V;, = 380V, V, = 120V.

Power P () | iLcp A) | ircr (A) | Vop (V)
Theory 49.1 7.06 5.23 172.23
500 W | Simulation 49.3 7.12 5.25 175.89
Experiment | 50.5 7.15 5.26 180.5
Theory 25.09 3.91 2.95 100.1
300 W | Simulation 26.2 4.01 3.07 103.9
Experiment | 27.4 4.10 3.17 110
Theory 14.6 1.42 1.14 38.1
150 W | Simulation 14.8 1.51 1.20 40.7
Experiment 17.7 1.97 1.42 52.5

TABLE 5. Comparison of steady-state operation at V;, = 360V, V, = 120V.

Power P (®) | ircp (A) | irer A) | Vep (V)
Theory 60.01 7.81 5.80 182.23
500 W | Simulation | 60.20 7.87 5.83 187.89
Experiment | 61.05 7.92 591 190.5
Theory 35.62 3.92 2.95 101.1
300 W | Simulation | 359 3.93 3.04 102.9
Experiment | 36.64 4.13 3.13 107
Theory 24.64 1.87 1.48 39.7
150 W | Simulation | 24.89 1.89 1.50 41.72
Experiment | 26.98 2.37 1.783 58.5

parameters are listed in Table 4 and Table 5. In the region
of high load, the simulation and experimental results have
good match with the theoretical calculation values, which
can validate the effectiveness of FHA based analysis. Com-
pared with the theoretical calculation and simulation results,
the experimental value shows a certain degree of deviation
under light load level, which can be due to the non-ideal
parasitic parameters of actual circuit components and the high
order harmonics of the two side high frequency ac voltage.

V. CONCLUSION

In this paper, a unified boundary control is proposed based
on TPS gating scheme to DBSRC, which aims to minimize
the circulating current and improve the overall converter
efficiency. Meanwhile, a duty cycle compensation feature is
also proposed to keep ZVS operation and reduce conduc-
tion loss. The proposed control strategy is unified for the
whole variation range of load, input/output voltage and with
simple calculation. Validation has been done successfully
through tests on a physical converter. It can be concluded that
with minimum circulating energy control as the objective,
the control scheme have better performance at a wide range
of operation condition than conventional SPS and MCT con-
trols. Loss analysis indicates the improvement is attributed
to low rms current and negligible switching loss. In the
future work, more efforts would be put on the integration of
the proposed control with voltage-current feedback and their
implementation.

APPENDIX
The normalized fundamental voltage phasors of v[’7 and v; can
be expressed as (29) and (30), respectively.

/

%m=nm>wwﬁ (29)
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am 6 )ej[wsr—<w+@)—%]

VS,lpu = 7 Sin(z (30

By using superposition theorem, the normalized resonant
tank current phasor can be evaluated as

/
VP,lpu — Vs, 1pu
sz,pu
4 [M sin( % et =+ 2" _ Sin(%l)estr)]

ILC,pu =

7 X5, pu
(31)

Then, the normalized resonant tank current iy c p, in time
domain can be obtained as (32).

iLC,pu(CUst) =N {ILC,pu} (32)

By using (5), the normalized root-mean-square (rms) cur-
rent Iy py can be derived as

1 [~
ILcrpu = \/; A [l’LC,pu(th)]zdth (33)

The normalized resonant tank capacitor peak voltage can
be derived as follows:

\/EILCr,pu _ \/EILCr,qu
wsCrZp F

VCp,pu = (34)
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