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Abstract

In this paper, the TPS control with certain unified boundary condition is applied to a
DBSRC. 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. The steady-state analysis of the DBSRC will be performed using
fundamental harmonics approximation (FHA) approach. The design principle for unified
boundary control is then discussed. A design example based on the analysis results is
presented and then verified through simulation and experiment.
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1. 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) isolated 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 [3-6], which is typical type of IBDC. A
DAB converter consists of two active full bridges linked through a high frequency (HF)
transformer and a series inductor. DAB converters have shown many competitive advantages
such as high power density, high reliability, high efficiency, symmetrical circuit structure,
simple control strategies, and so on. Since a DAB converter is operated with high switching
frequency, the size of reactive component and HF related noise will be reduced. The double-
bridge series resonant converter (DBSRC) is a resonant version of DAB and also a powerful
choice for achieving high power density [7-8]. 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. 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
[4]. The most commonly used scheme is SPS because it has the advantages of simple controller
and easy implementation by digital control. However, in this method, with the variation of
voltage gain and load level, the circulation energy becomes much higher, and its efficiency is
greatly lowered. 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. However, when the power flow direction is changed, the working modes of the
two bridges need to be exchanged to reduce circulating energy. DPS control is easier to
implement than EPS control, because the inner phase-shift angles in two bridges are equal. With
DPS control, the converter dynamic performance may be improved. However, the improvement
of efficiency is not significantly in some operating regions. 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.
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Taking into account of flexibility, powerfulness and complexity of four control schemes, in this
paper, the TPS control scheme is adopted. To address the problem of complex calculation,
complex working mode classification and narrow softer switching region, the TPS control with
certain unified boundary condition will be applied to a DBSRC. The control strategy is flexible,
unified and with simple calculation. The steady-state analysis of the DBSRC will be performed
using fundamental harmonics approximation approach at first. After that, the design principle
for unified boundary control is discussed. As an example, the application of unified boundary
TPS control has been examined in a dual-bridge series resonant converter (DBSRC), which is
able to suppress circulating energy and maintain soft switching operation for all switches at
variation of converter gain and load.

2. Analysis and Design of DBSRC with TPS Control
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Fig. 1 Basic topology of a dual-bridge series resonant converter.
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Fig. 2 Typical operating waveforms of the DBSRC under conventional TPS control with all
switches in ZVS.
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Fig. 1 shows the basis topology 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 high-frequency transformer T1. The two voltage sources Vinand Vo are
the primary side voltage and secondary side voltage, respectively. The primary side bridge is
implemented by four switches M1-M4, and the secondary side bridge is constructed by four
switches Ms-Ms. C1-Cs are the output parasitic capacitors of switches M1-Ms, respectively. Cin
and Co 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 Lk. The series
capacitor Ck used in the resonant tank will help in preventing the transformer from saturation.
High-frequency (HF) transformer T1 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 Vin and the secondary voltage source
Vo due to the symmetric structure of DBSRC. 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 81 is defined as
the phase-shift by which the driver signal of M4 leads that of M1 in the primary side bridge. 61
is in the range of [0,w]. The inner-bridge phase-shift 02 is defined as the phase-shift by which
the driver signal of M8 lags that of M5 in the secondary side bridge. The range of 62 is [0,x].
Thus, the obtained two high frequency ac voltages vp and vs are no longer traditional square-
wave voltage due to the existence of internal phase-shift. With TPS control, three-level PWM
waveforms are generated in both the primary and secondary bridge. The external phase-shift
@ is defined as the phase-shift by which the driver signal of M1 leads that of M8. The external
phase-shift ¢ can also be defined as the phase-shift by which the rising edge of vp from zero to
high level leads to that of vs during one switching period. The range of ¢ depends on the
direction of power and the values of 61 and 62. The instantaneous input power pi is
discontinuous and can be controlled by the combination of three phase-shift angles.

When the switching frequency is close to the resonant frequency, fundamental harmonics
approximation (FHA) analysis is adopted for the steady state analysis with simplified
calculation and acceptable accuracy. The obtained equations can be used for a quick initial
converter 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:
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Fig. 3 Equivalent circuit for fundamental components in time domain.
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In Fig. 3, the steady-state equivalent circuit of DBSRC is given. The normalized two voltage
sources of v'p and vs in time domain with only fundamental components can be expressed as:

4 . .
v‘IIJ,lpu (wst) = ;Sln%&n(wst) (2)

02 — 91
Wi — [gp +T” (3)

aM . 0, .
V(W) = Tsmism

where the converter gain M is defined asM =

nl

seen from (3) that the fundamental component of v; leads that of vs by a phase-shift angle of

=
o+

The normalized impedance of the resonant tank can be written as:

1
X =L, ———)/Z,=QO(F —1/F) (4)
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where rated load quality factor Q is defined as Q =——= , the normalized switching
ZB werZB

frequency F can be expressed as F' = s ,
w

r

Then the normalized resonant tank current i, , in time domain with only fundamental

component can be found as:

4| M sin b cos(wt — @) —sin b cos(w,t)
e (w.1) = | 2 5)
pu\"s 7T)(”m
By using (5), the normalized root-mean-square (rms) current /., , is given as:
\/SMzsm 0, 16Msm9 0, cos(ap—f—e2 L) 4 8sin® -+ 2
J _ 2 2 2 2 (6)
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The normalized resonant tank capacitor peak voltage can be evaluated as follows:
\/16M2s1n 02 32Msm§ 6; cos(<,0+02 L)+16sin
VCp,pu - (7)
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Ignoring the circuit loss, the normalized average transferred power with TPS control in a
switching cycle can be evaluated from either side of the converter, which can be calculated as:

1 27 ’ .
opu EL Vplpu (wst)lLC-Pu (wst)dwst
__M sinﬁsing—zsin( +_02 — 01) »
X 2 Y 2

S, pu

3. The Proposed Unified Boundary TPS 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 pi). The high circulating current 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 TPS control
based on TPS control is proposed to eliminate circulating energy and extend soft switching
operation range.

Since unified boundary TPS control is a special case of TPS control, the obtained equations (1)-
(8) are suitable for unified boundary TPS control with certain constraints. The constraints can
be derived in the following.

To eliminate circulating energy, the HF voltage vp should be in phase with tank current iLC. To
realize zero-voltage switching (ZVS) work, the instantaneous resonant tank currents before the
turn-on instances of switches are supposed to be high enough to be able to charge/discharge
the switches parasitic capacitors completely. To realize zero-current switching (ZCS) work, the
instantaneous currents at the turn-on instances of switches are supposed to be zero. Based on
above discussion, the following necessary conditions shall be satisfied under Boundary TPS
operation.
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Switches M3 and M4 can work in ZVS if (10) is true; switches M7 and M8 can work in ZVSiif (11)
is true. Switches M1 and M2 can work in ZCS if (9) is true; switches M5 and M6 can work in ZCS
if (12) is true. The statements above are valid for both positive and negative power.

Furthermore, according to the control principle of unified boundary TPS operation modulation,
the ranges for three phase angles can be obtained as:

{@ <h=m (13)

o+0,<m

Through solving the soft switching conditions from (9)-(12) under the phase angles ranges in
(13), the boundary condition of two angels can be written by

T=p+0, (14)

Then, substituting (14) into (9) or (12), the quantity relationship of 61 and 62 can be expressed
as
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Fig. 4 Typical operating waveforms of the DBSRC under unified boundary TPS control.

Based on the (13)-(15), the working principle of unified boundary TPS control is depicted in
Fig. 4. The definitions of three phase shift angles are the same as conventional TPS control. By
turning on M1 and M5 simultaneously, the positive rising edge of vp aligns with the negative
falling edge of vs. Meanwhile, the turn-on moment of M1 is set at the zero crossing point of
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resonant tank current iLC. Therefore, ZVS performance can be accomplished easily for the
primary side leading legs switches (M3, M4) and the secondary side lagging legs switches (M7,
M8). Meanwhile, the ZCS performance is achieved for the remaining four switches (M1 and M2,
M5 and M6). 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
is no negative part of instantaneous input power pi. Thus, the circulation energy and conduction
loss can be minimized.

Based on the principle, under the unified boundary TPS control, the output power can be
controlled solely by the external phase-shift ¢. The other two phase-shift angles (61 and 62)
can be represented by ¢ from equations (14) and (15). In (8), substituting 61 and 62 into ¢, the

: P . .
normalized output power ~ > under unified boundary TPS control can be rewritten as

3
2
P :%coszfcos arcsin(~v M c:osg)—£ (16)
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4. Validation by Simulation and Experiment

4.1. Design Point

To validate the analysis of the unified boundary TPS control, a design example is given firstly.
According to the steady-state analysis equations presented in Section II, the approximately
optimal parameters needed to be chosen include M (converter gain), F (normalized switching
frequency) and Q (rated load quality factor). The specifications of the converter are listed in
Table 1.

Table 1. Specification of designed converter

Parameter Value
Maximum input voltage V;, .. 400V
Minimum input voltage V, .. 360V

Nominal input voltage V;, , 380V

Nominal output voltage V, 120V
Rated output power P, 500 W
Switching frequency f, 100 kHz

In order to obtain high efficiency and optimum performance, the voltage gain at nominal input
M =1 V. =380

voltage is selected at unity gain, i.e,, * » — *. With the nominal input voltage ™" V and
_ "o
V, =120 V, the primary side reflected input voltage is Vinw = ViraM.s Therefore, the turns ratio
v, _12
. . v 38
of high frequency transformer is found as in,n .

103



Frontiers in Science and Engineering Volume 5 Issue 11, 2025
ISSN: 2710-0588

With the optimal value of F =126  ©2=1 at design point selected, the resonant tank
parameters can be calculated as:

QFV’
L ==—2 =578
k QG}Z M}{ (17)
FP
C, = ° = 69.6
Coov T Ok (18)

4.2. Simulation Results

To verify the proposed unified boundary TPS control strategy, simulations of the design
converter were performed in PSIM. The DBSRC to be simulated has the same circuit
specification as the designed converter in the last section. Fig. 5-10 illustrate some simulation
plots, which were simulated under the full load and 60% load operation at Mmin, Mn and Mmax,
respectively. The waveforms shown in the simulations include: vp, vs (two HF AC voltages), iLC
(the resonant tank current) and vo (the output voltage). It can be seen from the waveforms of
iL.C, vp and vs that the circulating current on the both sides are almost zero at full load case and
also not significant at 60% load case regardless of the converter voltage gain, which indicates
low switches conduction losses and high efficiency. The resonant tank current iLC is near
sinusoidal. The output voltage is stable with small voltage ripple. Soft switching can be
maintained for all the eight switches at wide load range. Base on the above discussion, the
simulation results verify the theoretical analysis.

Vp s
00 [---- : e : S :
M0 fF----frooomcfe- i ] F: -------- T R (Tt | e
g t-- | N I [N o | R i3 7
| | R
-EDD | L it et p e e P S St T A St | T e T e p= T
400 f—d-jocaoes S e e ia ki :
ILC
10
5
1]
-5
-10
119.95
119.94
0.08475 0.0848 0.08481
Time {5}

Fig. 5 Simulated waveforms of vp and vs, resonant tank current irc, output volgage Vo for
output power Po=500W (Vin=400V, Vo=120V)
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Fig. 6 Simulated waveforms of vp and vs, resonant tank current iLc, output volgage V, for output
power Po=300W (Vin=400V, Vo=120V)
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Fig. 7 Simulated waveforms of vp and vs, resonant tank current iLc, output volgage V, for output
power Po=500W (Vin=380V, Vo=120V)
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Fig. 8 Simulated waveforms of vp and vs, resonant tank current iic, output volgage Vo for
output power Po=300W (Vin=380V, Vo=120V)
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power Po=500W (Vin=360V, Vo=120V)
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Fig. 10 Simulated waveforms of vp and vs, resonant tank current irc, output volgage Vo for
output power Po=300W (Vin=360V, Vo=120V)

4.3. Experimental Results

A prototype converter with the same designed specifications was built and tested in the lab.
The steady-state plots obtained from experiments are illustrated in Fig. 11, in which the full
load and 40% load conditions of three different primary side voltage levels are investigated for
charging mode. The measured voltages and currents demonstrate good match with the
simulation and theoretical results.
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Fig. 11 Experimental steady-state plots at different voltage and output power (from top to
bottom: primary HF ac voltage vp, secondary HF ac voltage vs, resonant tank capacitor voltage
vc and resonant tank current irc): (a) Vin=400V, Vo=120V, Po=500W. (b) Vin=400V, Vo=120V,
Po=200W. (c) Vin=380V, Vo=120V, Po=500W. (d) Vin=380V, Vo=120V, Po=200W. (e) Vin=360V,

Vo=120V, Po=500W. (f) Vin=360V, Vo=120V, Po=200W.
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Fig. 12 Experimental switching waveforms of primary side switches M1 and M4 (from top to
bottom: driver signal vgsm1, resonant tank current irc, driver signal vgsms, drain to source voltage
vasm4): (@) Vin=380V, Vo=120V, Po=500W. (b) Vin=380V, Vo=120V, Po=200W.
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Fig. 13 Experimental switching waveforms of secondary side switches Ms and Ms (from top to
bottom: driver signal vgsms, resonant tank current irc driver signal vgsms, drain to source voltage
vasms): (a) Vin=380V, Vo=120V, Po=500W. (b) Vin=380V, Vo=120V, Po=200W.
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Fig. 14 Measured converter efficiency curves at different output powers and input voltages
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The switching waveforms obtained from experiments are shown in Fig. 12-13, in which the full
load and 40% load conditions of 380V input voltage are tested for charging mode. It can be seen
that ZVS performance are achieved for the primary side leading legs switches M4 and the
secondary side lagging legs switches M8. Meanwhile, the ZCS performance is achieved for the
switches M1 and M5. The measured switching waveforms verify the simulation and theoretical
results.

The measured converter efficiency curves obtained is shown in Fig. 14. At the full load condition,
the measured efficiency are 95.3%, 95.8 % and 95.0% for Vin =400V, Vin =380V, and Vin =360V
respectively. The peak efficiency of the proposed control can reach 96.1% .The efficiency of the
converter is kept over 88% for load level over 20% rated output power.

5. Summary

In this paper, TPS gating scheme is applied to DBSRC and a unified boundary TPS control is
proposed to minimize the circulating current and improve the overall converter efficiency. A
physical converter is built for validation test. It can be concluded that with minimum circulating
current control as the objective, the control scheme have better performance at a wide range of
operation condition. With the variations of input voltage and output power, the unified
boundary TPS control have high efficiency and low resonant current.
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