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Unified Description and Optimization Method
of Dual Active Bridge DC-DC Converters

Ziheng Xiao

Abstract—The optimization of dual active bridge converters
(DAB) is widely studied and numerous modulation schemes are
proposed to enhance the performance of a DAB converter. How-
ever, a unified description method both suitable for time and
frequency domain analysis still lacks. Besides, the optimization
process encounters a difficulty of the potential nonconvex feasi-
ble region restricted by the power transmission equality, making
the regular convex optimization methods no longer applicable.
To solve these problems, this article gave a unified description
method both suitable for time and frequency domain analysis based
on the standard decomposition of instantaneous electric quanti-
ties. Besides, a unified optimization method is proposed based on
tangent point searching for the feasible region and optimization
objective surfaces. With the proposed unified optimization method,
the optimization objective can be designed arbitrarily as long
as it is piecewise continuous, and smooth. An efficiency-oriented
optimization objective design method is introduced considering all
electric quantities as well as the soft-switching conditions. Finally,
the experimental results confirm the unified optimization method
and the efficiency-oriented optimization objective design method.

Index Terms—Dual active bridge converter (DAB), efficiency-
oriented optimization objective design method, unified optimiza-
tion method.
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DAB Dual active bridge.
SST Solid-state transformer.
HFT High-frequency transformer.
SPS Single-phase shift.
DPS Dual-phase shift.
EPS Extended phase shift.
rms root mean square.
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LMM Lagrange multiplier method.
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Unknown loss of DAB.

Core loss densities of L and HFT.
Core volumes of L and HFT.

Peak magnetic flux density of L and HFT.
Steinmetz parameters of L.

Steinmetz parameters of HFT.
Winding turns of L and HFT.

Effective core cross section of L and HFT.
Optimization coefficients of Pryop.
Optimization coefficients of Psw, Pcond-
Square/ triangular wave functions.
Four changing points of DAB.

Basic voltage function of DAB.

Basic current function of DAB.
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Instantaneous power of port AB.


https://orcid.org/0000-0002-4144-3532
https://orcid.org/0000-0003-4354-2611
https://orcid.org/0000-0003-3400-0247
https://orcid.org/0000-0003-0931-0710
mailto:zihengxiao@hnu.edu.cn
mailto:hezhixing@hnu.edu.cn
mailto:lzjq1@hnu.edu.cn
mailto:lpzhu@hnu.edu.cn
mailto:jordanwanglei@hnu.edu.cn
mailto:jordanwanglei@hnu.edu.cn
https://doi.org/10.1109/TPEL.2022.3177245

11840
pcp(6) Instantaneous power of port CD.

P, Pag, Pcp Normalized average power of DAB.
SaB, Scp Apparent power of port AB and port CD.

nth sine and cosine coefficient of vAp.
nth sine and cosine coefficient of vcp.
nth sine and cosine coefficient of ir,.

nth sine and cosine coefficient of pap.
nth sine and cosine coefficient of pcp.

vaBs(n), vaBc(n)
veps(n), vepe(n)
iLs(n), ipc(n)

pABs(n)’ PABc (n)
pCDs(”)s PCDc (}’l)

A(X) Optimization objective of DAB.

P(X) Equality power constraint of DAB.

B;(X) Feasible region restraints of DAB.

C(X) Optimal control coordinate table.

np,na Normal vectors of P(X) and A(X).

Xopt Optimal control coordinate.

Xopt-B> Xopt-i  Iwo calculated optimal control coordinate.
Ha(X) Hessian matrix of the control coordinate.
|Oasl. |Qcpl Reactive power of port AB and port CD.
Ip, In Normalized minimum ZVS currents.

I. INTRODUCTION

in the academic cycle as well as industry cycle due to the
advantage of galvanic isolation, bidirectional buck and boost
operation capability, intrinsic soft-switching characteristic, and
high power density.

DAB are widely adopted in dc microgrid [1]-[4], automotive
application [5], [6], distribution system [7], and the isolation
stage in solid-state transformers (SSTs) [8]-[12]. The DAB is
depicted in Fig. 1(a), where a DAB consists of four primary
switches, four secondary switches, an high-frequency trans-
former (HFT), and a power transmission inductor L. The turn
ratio of the HFT is 1:n and the switching frequency is f;. With
the switching of primary and secondary switches, the output port
of AB and CD generate two three-level square wave vap and
vop, and the inductor current iy, is piecewise linear with different
slopes. By controlling the sequences of the switches, the power
transmission can be positive (from primary to secondary), or
negative (from secondary to primary).

The operation waveforms of DAB are depicted in Fig. 1(b).
The phase shift angle between two bridges «, duty ratios in
primary bridge ¢ and in secondary bridge (- are expressed in
radian and the control coordinate is expressed as X = («, ¢1,
2). acis measured from the rising edge of vop to the rising edge
of vap. The range of «, @1, and @9 are a €[, 7], ¢1 €[0, 7],
and @9 €[0, 7], respectively.

Numerous modulation schemes are proposed for the sake of
increasing the efficiency and power density of DAB. The SPS
was first presented in [13] and [14], and was widely applied
due to simple implementation. Moreover, high efficiency can be
achieved at rated power when nV;,~V, [15]. However, in low
power range or when nV;, >> V, or nV;, << V,, SPS is with
low efficiency and limited soft-switching range [16]. In order
to enhance the performance of DAB, dual-phase shift (DPS)
was proposed in [17] and further improved in [18] and [19] to
eliminate reactive power of DAB with ¢; = 5, which shows
good performance in the low power range. EPS was proposed
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Fig. 1. (a) Topology of DAB. (b) Operating waveforms of DAB with positive
and negative power transmission, where the switches with ZVS, hard switching
(HS), and incomplete ZVS (iZVS) are denoted in red circle, blue square, and
purple triangle.

in [20] to reduce circulating or backflow power with ¢; = 7
or o = m . A minimum backflow power modulation scheme
is proposed in [21] with EPS in SST application. The above-
mentioned modulation schemes were based on the characteristic
of control coordinate and provided guidance on the control
method. However, only local optimum can be obtained due
to the additional constraint with DPS and EPS. Therefore, the
performance of DAB was not globally optimized. As for DAB,
both time and frequency domain electric quantities can be chosen
as an optimization objective. In time domain, Gu et al. [22],
Huang et al. [23], and Xiao et al. [24] focused on the peak current
Ipeax to reduce the current stress of switches and proposed
multiple modulation schemes with reduced /Ipe, to reduce the
switching losses Psw . Schibli [25], Krismer and Kolar [26], and
Tong et al. [27] gave a comprehensive analysis of DAB with the
minimum root mean square (rms) value of inductor current /.5
to reduce the ohmic loss Ponm. To avoid the operating mode
classification in time domain, the frequency domain analysis of
DAB is required. A fundamental duty modulation is proposed in
[28], which chose the amplitude of the fundamental component
of i1, as the optimization objective. A maximum fundamental
active power modulation scheme is proposed in [29]. However,
only fundamental component is considered in [28] and [29] to
keep the expressions simple, which resulted in errors in the
estimation of electric quantities. If more harmonic components
are considered, the accuracy increases but the simplicity is lost.
Generally speaking, the optimization of DAB is faced with
the following two difficulties.
1) The time domain electric quantities are piecewise poly-
nomial functions while the frequency domain electric
quantities are trigonometric functions. The time domain
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TABLE I
ABBREVIATIONS AND NORMALIZATIONS

Variable Symbol Normalized variable
Voltage Base Viase = Vin -
Impedance Base  Zp,e = 27fiL -
Time/Duration t 6 =2nft
Voltage gain M=VynVi, -
Power Base Pgase = Mr/4 -

feasible region may be nonconvex under the equality con-
straint condition of power transmission, and the trigono-
metric functions are nonconvex. Hence, regular convex
optimization methods like Lagrange multiplier method or
Karush—Kuhn-Tucker conditions are ineffective [27].

2) The overall power loss of a DAB Pr s, is classified into
the iron 1oss Pryon, the ohmic loss Ponm, and the switching
loss Psw. The efficiency of DAB is related to multiple
factors, including Ipeak, Irms, and zero voltage switching
(ZVS) of the switches. When the optimization objective
is solely selected as Ipeax Or Iims, the highest efficiency
cannot be guaranteed in the whole operation range.

To solve the abovementioned difficulties, a unified description
method of DAB both suitable for time and frequency domain
analysis is established based on the standard decomposition of
electric quantities. Besides, a unified optimization method is
proposed to minimize an arbitrary optimization objective with
equality and inequality constraints.

The rest of this article is organized as follows. The unified
description method of DAB is introduced in Section II, and the
unified optimization method of DAB is introduced in Section III.
In Section IV, some tips and examples of optimization are
introduced to verify the proposed unified optimization method.
A universal numerical solution for an arbitrary continuous
optimization objective and an efficiency-oriented optimization
objective design method are also introduced. The experimental
results are presented in Section V. Finally, Section VI concludes
this article.

II. UNIFIED DESCRIPTION METHOD OF DAB

A unified description method both suitable in time and fre-
quency domain is introduced in this section. To simplify the
analysis, normalized values are used and the base values are
summarized in Table L.

A. Time Domain Analysis

Apart from the conventional piecewise function method, the
description of vap and vep are based on the decomposition
of the instantaneous voltage and current waveforms. First of all,
standard square wave function S(#) and triangular wave function
T(0) with 27 as the minimum period are defined as

S (0) =sgn (sin (), T (§) = — arcsin (cos (0)). (1)
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Fig. 2. (a) Waveforms of S(0) and 7(6). (b) Typical waveforms of vap(6)

constructed by two standard square waves. (c) Typical waveforms of vop(6)
constructed by two standard square waves. (d) Typical waveforms of it,(60)
constructed by four standard triangular waves.

With this definition, the following relations can be obtained:
27 T
s@ =0 [ T0)=050) =0
0

27

0 g

0
/ S (0) do. @)
0

The waveforms of S(#) and 7(0) are depicted in Fig. 2(a). With
the control coordinate (o, ¢1, (2), the four changing points of
var(0), vap (@), vi,(0), and ir,(0) are denoted as 0,, 0y, 0., and
04, respectively, where

0, =00, = ;0. = p1 — ;04 = pa +a — 7. 3)

An example of M = 1.25, (o, 1, 2) = (0.6,2.7, 1.8) is used
to illustrate how the waveforms are constructed, and the typical
waveforms are depicted from Fig. 2(b)—(d). In this case, there is
Ga = 0, 9]0 = 0.6, 9C = —0.44, 9(1 = —0.74. VAB(H) and VCD(H)
are three-level square waveforms, which can be constructed by
two standard square waves, where

UAB (9) = %5(9 - Qa) + %5(9 — ec)
vep (0) = %S(Q —0p) + %S(G —04).
The inductor voltage vy, (0) is the difference of vaop(0) and

vep(0). vi,(0) and the inductor current if,(6) can be constructed
by four standard square/ triangular waves, where

“

0 (0) = 5800+ 55 (00
~ S0 00) — S (0 0a)
i (6) = ST (0~ 0.) + 3T (0 6.)

M M
=5 T(0—0) = T (0 0a). o)
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According to (2), the average value of vop(6), vep (), vi(0), TABLE II
and ir,(0) are zero. Power transmission P and the rms values of REGION CONDITIONS, AND POWER RANGE OF DIFFERENT REGIONS
vag(0), vep(0), vi,(0), and iy, (0) are related to the integration of
the product of S(A) and T(6). Region Region conditions Power Range
The integration of S(6-01) S(6-65), T(8-61) T(6-65), and S(6-

€ = e }
01) T(H—G%) when 0, €[-7, 7] and 9?6[-W, 7T] are denoted as ; ZE{S gig:eg 222:225{21%3 [[10/’22’/13/]2]
v(01, 03), i(01, 02), and p(A1, 02), which are given as 3 a€10, 7] A 91 €[, 7] A atga E [, 27] [0,1]
4 a€[0, 7] A 9 €0, a] A ate, €0, 7] [0,1/2]
v (61,02) = [ S (0 —61)S (0 —602)db 5 4€E10, 7] A 91 E[0, a] A ates € [, 17 [0,2/3]
m+2(6, — 02) Cond1 A Cond6 6 a€[0, 7] A 91 E[0, a] A o, € [p1+x, 27] [-1/2,1/2]
_ —2(6, — 03),Cond2 A Condb (6) 7 a€[-x, 0] A 91 € [atm, 7] A ot € [-m, -w+p]  [-1/2,1/2]
(61 — ) — 37, Cond3 b ectmilapclomnantling, 0] (250
a€[-m, 0] A ¢ Ela+r, T) A atp, €10, ¢1] -1,
~ (61 — ) — 3m, Cond4 10 aE€[-7, 0] A 91 E[0, a+7] A o2 € [, 0] [-1/2,0]
91’92 fO 9 91 (9 _ 92)d9 _ 1_12 11 aE[-m, 0] A 91 €E[0, atz] A atpr €10, ¢1] [-2/3,0]
7 — 6 (0, — 92) — 4(6; — 02)°,Cond1 A Cond6 2 aflmUaeClotdrate:Slens] [1212)

7 — 67 (61 — 6)° + 4(0; — 62)°, Cond2 A Cond5

973 — 672 (01 —02) +67 (01 —02)* —4(0; —62)*, Cond3

973 + 672 (01 — By) + 6m(01 — 02)°+4(6, —05)*, Cond4
(7

. Region 1
- Region 2
n Region 3
n Region 4
u Region 5
D Region 6
D Region 7
D Region 8
D Region 9
u Region 10
n Region 11

. Region 12

p(61,602) fO SO —01)T (60— 05)do

01 — 92) (71' + 60, — 92) ,Cond1 A Cond6

01 — 03) (m — 01 + 03) , Cond2 A Condb ]
— 01 + 92) (27T — 0, + 92) ,Cond3

(T( + 61 — 02) (27‘(’ + 61 — 92) , Cond4.

|
| TR

Condl to Cond6 show the relations of 61 and 05, where

Condl =605 € —7T,O]/\91€[ 71'92]
Cond2 =05 € —7T,0]/\91 S [92,924‘%]
0]/\91 S [02+7T,7T]

Condd = 05 € [0, 7] A O, € [-m, 7+ 05] O

[

[
Cond3 = 05 € [,

[0,7
Cond5 =65 € [0,7’(] NB, € [ 7T+02792]
Cond6 = 65 € [077T] NIRS [92,92 + 71']

On combining (6)—(9), the DAB is divided into 12 operation
regions, the region conditions and the corresponding power
range are summarized in Table II. According to Table II, the
control coordinate forms a spatial rectangular coordinate system,

. . . . . Fig. 3. In total, 12 operation regions of DAB from three different viewing
each operation region restricted by the region condition forms a  apges.

triangular pyramid depicted in Fig. 3.

P (0a, 6a) +p (6c,0c) +p (0a, 0c) +p (6c, )
———

0 0 0
_Mp (eav gb) - Mp (eav gd) - Mp (9C7 ab) - MP (907 ed)
Pap = =
™
P (9b7 Ga) +p (9b7 ec) —p (907 ed) —Pp (96.7 ed)
= —
Mp (aby 93) + Mp (Hby 90) + Mp (edv oa) + Mp (Qda oc)
—M?p (O, 0n) —M?p (0a,0a) —M?>p (01, 0a) — M?p (64, 01,
P — 0 0 0
CD M7T2
P (B.02) + 2 (00.6) — p (O ) — (0. 0) "
- 2

™
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Instantaneous input and output power are denoted as pap ()
and pcp(6), which are given as

pas (0) = vas (0) i, (8) :pcp (0) = vep (0) i (0) -

The normalized average power of pap(f) and pcp(f) are
denoted as Paop and Pcp, which are given as

(10)

4 & 4 i
Pap = W/o pas (0) dO, Pcp = = /0 pep (0) do.
(1)
From (8), p(61, 62) is anticommutative, where
p(01,02) +p(02,01) =0 (12)

Assume there is no power loss, the power balance equation is
given as P = Pap = Pcp, where, eq. (13) shown at the bottom
of the previous page.

The expressions of P are given in the Appendix.

From (6)—(7), v(61, 02) and i(A, 05) are commutative, where

v (91,92) =0 (92,91) ;i(01,92) =1 (92,91) .

The rms value of vaog(6) and vep(0) are denoted as VAB-rms
and vcp-rms and are with simple expressions where

V1 M2y
VAB—rms — —3;VUCD-rms — .
™ Y

The rms value of i, () and v, (0) are denoted as ;s and Vg,
which can be calculated by

(14)

5)

Irms =

i (0n, 0) — 2Mi (00, 00) + 2i (0, 00) — 2Mi (0, 0)
& M2 (6, 0) — 2Mi (61, 00) — 202 (6, 04)

+ i (6e,0) — 2Mi (6, 64)

+ M?; (9d, 6d)

47
‘/;ms =

U (0a,0a) — 2Mv (0,,61) + 20 (0, 6.) — 2Mv (0,,04)
+ M2’U (Qb, 9b) —2Mwv (9]37 QC) — 2M2U (Gb, 9d)
+v(0c,0.) — 2Mv (0.,04)

+ M?v (04, 6q)

47
(16)

The expressions of I;,s and Vs are different in 12 regions
and are summarized in the Appendix. Apparent power can be
calculated with SAB = VAB-rms lrms> SCD = VCD-rms Lims.

Ipeax appears at the changing point of i,(0) and is given as

0a)], liL (Ob)], lin. (0c)|, |ivL (Ba)l) -

The ZVS conditions are also related to i, (6,), ir,(0p), ir,(0c),
and iy,(04), which are summarized in Table III, where

IPeak = max (I’LL ( (17)

—M(,D ® +M(p
2'13—_&—72 2;’L.L4—_7(+Oz—71 B 2
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TABLE IIT
ZN'S CONDITIONS IN DIFFERENT REGIONS
Region ZVS conditions
1 i <0Ai320A0750
2 i=0Ai3>20Ai>0
3 I<0Ai320Aie20A0,20
4 i <0Ais=0
5 I <0Ai<0Ai=0
6 i<0Aie2>20Ai 20
7 6> 0Aig<0AiL =20
8 6 >0 Aig<0AiL >0
9 is<0Ai720Aig20Ad020
10 i <0Ais20
11 i=0Aiis<0Ai;20
12 i <0Ais<0OAg=>0
‘ p1—Mepy . o1+ My
L5 = Mo — — =l = —— 5
2 2
. — My, . w1+ Meps
Ir=Qt+ P — (s =T+a— ——(———
2 2
) 01+ M (200 — 201 + @2)
119 = )
2
. 1+ P2
o = 5 —M(m+a—p1)
) 1 — Mo
7/L11:04+802_7T_#- (18)

Due to the symmetric characteristic of DAB, region x and
region x + 6 (x = 1, ...6) are with similar expressions of electric
quantities and ZVS conditions.

B. Frequency Domain Analysis

The frequency domain analysis of DAB starts with the Fourier
expansion of S(¢) and 7(#), where

S(0) = %isin((%—l)@)

; 20 —1 ’
i=1

B _72005 22—1 )6)
(20 —1)*

i=1

19)

The nth Fourier sine and cosine coefficients of vaog(0), vep (0),
and i, (0) are denoted as vaps(n), vape(n), veps(n), vepe(n),
irs(n), and ir,c(n), which can be obtained as

vags (n) = — (1 — cos(ny1))

nm

2 .
VaBe () = — sin(nepq)

2M
veps (n) = P (cos(na) + cos(na + nys))
2M
vepe (n) = — o (sin(na) + sin(na + nes))

irs (n) = e (sin(ney )+ M (sin(na)—sin(na+nps)))
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e (n) = % (cos(nw1) —1+M (cos(na)

— cos(na+nepz))) . (20)

The nth sine and cosine coefficients of pag(f) and pcp(h)
are denoted as PABs (n), pABc(n)’ pCDs(n)’ and PCDc (n), which
can be derived from vag(0), vep (), and ir,(f) from discrete
convolution and correlation in

PaBs () = vaBs (1) ® ire (1) — vaBe (1) ® iLs (n)
+UABS (n) * 7:Lc (TL) — UABc (TL) * iLs (TL)
PABe (1) = vaBe (1) @ iLe (n) + vaBs (1) @ iLs (1)
+oage () * d1c (n) — vaps (N) *iLs (n)

. . 21
Peps (1) = veps (1) @ ie (1) — vepe (1) @ i (1) @h
+UCDS (n) * 7;Lc (’I’L) — UCDc (n) * iLs (n)
Pepe (1) = vepe (1) @ de (1) + veps (1) & ips (n)
+vepe () * ire (n) — veps () * dLs (n)
where ® and * denote discrete convolution and correlation
UABs (n) * 11 (n) = Z VABs (x) ILc (” - 13)
"y (22)
UaBs (M) ® i1 (n) = > wvaps (@) ire (x — n).
r=—00

Based on the standard waveform function S(6) and 7(0), the
unified description model of DAB, including all the time and
frequency domain electric quantities, can be derived.

III. UNIFIED OPTIMIZATION METHOD OF DAB

A unified optimization method of DAB is introduced in this
section with three steps. In Section III-A: Feasible region anal-
ysis. In Section III-B: Tangent point searching. In Section III-C:
Control coordinate calculation and operation region division.

First, the unified optimization problem of DAB can be math-
ematically presented as

Min (A (X))
Subject to
PX)—-P=0AB;(X)<0,i=1,---¢q

(23)

where X = (a, ¢1, ¥2), is the control coordinate, A(X) is the
optimization objective, P(X) is the equality constraint condition
by P, and B;(X) < 0, i = 1,...q are feasible region restraints
in Table II. If ZVS conditions are taken into consideration,
inequalities in Table III should also be added to B;(X).

A. Feasible Region Analysis

With the abovementioned analysis in Section II, the op-
eration of DAB is divided into 12 regions with overlapping
power ranges. Six examples of the control coordinate trajectories
(CCTs) with P =—-0.8, P=—0.6,P=—-04,P=04,P = 0.6,
and P = 0.8 are depicted in Fig. 4. In Fig. 4, the CCTs with
different P form different three-dimensional (3-D) surfaces and
the boundary lines are colored in red. According to the power
range of different regions, the CCTs are divided into different
regions. When P€[—1, —2/3], the CCTs only located in region
9in Fig. 4(a). When P€[—2/3, —1/2], the CCTs are divided into
3 parts with regions 8,9, and 11 in Fig. 4(b). When PE[—1/2, 0],
the CCTs are divided into 8 parts with regions 1, 6, 7, 8, 9, 10,
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Fig. 4. CCTs of DAB with different power transmission P. (a) P = —0.8.

(b)P=—0.6.(c)P=—04.(d)P=04.(e) P=0.6. () P =0.8.

11, and 12 in Fig. 4(c). Similarly, when P€[0, 1/2], the CCTs
are divided into 8 parts with regions 1, 2, 3,4, 5, 6, 7, and 12
in Fig. 4(d). When P€[1/2, 2/3], the CCTs are divided into 3
parts with regions 2, 3, and 5 in Fig. 4(e). When PE[2/3, 1], the
CCTs only located in region 3 in Fig. 4(f).

With |P| decreasing, the CCTs are divided into more regions.
Although the continuous property preserves for the regions 1, 4,
6, 7, 10, and 12, two hollows appear in regions 3, and 9 when
|P|€[1/2, 2/3]. When |P|€[0, 1/2], regions 2, 5, 8, and 11 are
nonconvex, and regions 3, and 9 are with four discontinuous
pieces. Since the feasible region restricted by P is not a convex
set, regular convex optimization methods are ineffective, and
novel methods are required to solve this optimization problem.

B. Tangent Point Searching

When P is given, the control coordinate is fixed in a specified
CCT, which forms a 3-D surface of feasible region. The next
process is to draw the 3-D contour map of the objective function.
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Fig. 5. Three-dimensional contour maps of I;yms. (a) In region 1. (b) Right
view map in region 1. (c) In region 2. (d) Right view map in region 2.
(e) In region 3. (f) Right view map in region 3.

Take /1,5 as an example, when M = 0.8, P = 0.2, the 3-D contour
maps of multiple values of I,.,,s are depicted in Fig. 5, where the
red surface is the feasible region with P = 0.2 and multiple
surfaces colored in light orange, yellow, green, and blue are
with different /;,,,5. The intersections when the region condition
is discarded/considered are colored in white/red, respectively.

With continuously decreasing I,,,s, the intersections tend to
shrink and finally shrink into the tangent point, which indicates
that the local minimum 7,,,¢ is found. The local minimum of
Ii1s in region 1 is 0.25 while it is 0.2 in region 2, and 0.75 in
region 3.

Since the two surfaces are tangent at the tangent point, the
normal vectors of the two surfaces are parallel at the tangent
point. Note that this condition is established only when the
tangent point is located in the feasible region. Otherwise, the
tangent point is unavailable, and the local minimum is reached
at the boundary of the feasible region.
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Denote the local minimum of A(X) as A irrelevant to X, the
surfaces of P(X) and A(X) are given as

(24)

The normal vectors of the two surfaces P(X) and A(X) are
denoted as np and n o, where

_ [eP(x) aP(X) 0P(X)

"P = |Toa op1  Ov 25)
~ [8A(X) 0A(X) 0A(X)

na = da  Op1 Oy |°

Denote X, as the control coordinate with minimum A(X)
when P(X) is given. If X, is located in the operation region,
Xopt 1s the tangent point of the two surfaces, np and n 5 should
be parallel, where

OA(Xop) /3P(xom) _ OA(Xep) [ OP(Xop)
O O - 01 01
np//na = OA(Xop) [ OP(Xep) _ OAKep) | OP(Xop)
dp1 dp1 Oz Opa
(26)

Besides, the surface of A(X) at X, should be convex to
guarantee the minimum value. The convexity of A(X) at Xt is
estimated by the Hessian matrix denoted as H (X), where

92 A(X)
da?
92 A(X)
Jp10a
9%2A(X)
Opa0a

92 A(X)
Oadpq
9% A(X)
39012
92 A(X)
02091

92 A(X)
dadps
9?A(X)
dp10p2
9%2A(X)
69022

Ha (X) = 27)

Because A(X) is second order differential, Hx (X) is a sym-
metric matrix. If the surface of A(X) is convex at X, Ha (Xopt)
should be positive semidefinite, and the eigenvalues of Ha (Xopt)
are non-negative. If X is located out of the operation region,
H A (Xopt) does not have to be positive semidefinite.

C. Control Coordinate Calculation and Operation Region
Division

Apply the tangent point searching method to all regions,
and select the minimum of all the local minimums, the control
coordinate, and operation region with PE[—1, 1], ME(0, )
can be obtained. Because there are 12 regions of DAB, it will be
time-consuming if the optimization method has to be repeated
12 times. There are some tips in the optimization of DAB.

If one X,y when P€J0, 1], M€(0, 1) is obtained, the dual
Xopt With PE[—1, 0], ME(1, o) or with PE[0, 1], ME(1, )
can also be obtained by proper manipulating («, 1, ©2). Hence,
only P€[0, 1] needs to be considered. From the operation region
point of view, only regions 1-6 need to be considered due to the
symmetric expressions of electric quantities in regions 7-12. In
regions 4-6, the instantaneous power has to be stored in L before
being transmitted, which leads to a larger i1, (6) but does not result
in a higher power range compared with regions 1-3. Thus, the
optimization method only needs to be applied in regions 1-3.
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Fig. 6. Three-dimensional contour maps with Irmyg = 0.5. (a) M = 0.8.
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IV. OPTIMIZATION PROCESS OF DAB AND THE OPTIMIZATION
OBJECTIVE DESIGN METHOD

Because the loss of a DAB is closely related to ;s and Ipeak.-
These two optimization objectives are chosen in this section to
illustrate to show how the unified optimization method works.

A. Choose I, as the Optimization Objective

The 3-D contour maps of /,,,s when M < 1 and M > 1 are
depicted in Fig. 6. The optimization process is as follows.
1) Optimization in Region 1: Apply (26) to region 1 and it
yields
a=0,p1 = Mps. (28)

The minimum is reached at the boundary of regions 1, and 2
(Region 1 and 2). The control coordinate is given as

MP P
=01 = /o™ P2 = \/ aran "

(29)
VP e [0,2M (1 —M))AM € (0,1).

2) Optimization in Region 2: Apply (26) to region 2 and it
yields
a =1 — 2,01 = Meps. (30)

The minimum is reached at the boundary of region 2, and 12
(Region 2 and 12). The control coordinate is given as

P(M-1 2
o=y Htime = e = oty
VP e {0%) AM € [l,00).

3) Optimization in Region 3: Apply (26) to region 3 and the
control coordinate is with

o = (M*1)901+\/4912(A421+M2(%01*277))7%02 —

VP e [2M(1 Vo i G ‘M2>> AM € (0,1)

_ 2n—(MA1D)pa+/p2((M2+1)p2—27)

2 PL=T
vP e [2050 2 (14 MVIMZ=T-M?)) A M € [1,00).
(32)
In (32), the control coordinate is with a quartic equation, and
the analytical expressions are presented in [27]. Because there
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Fig. 7. Operation region with minimum /rns.

Fig. 8.
byM=12..

Three-dimensional contour maps with Ipeax = 1. (a) M = 0.8.

iS 1 = T or w9 = m, the minimum is reached at the boundary of
region 3 and the spatial rectangular coordinate system (Region 3
and 1 = m when M < 1 or Region 3 and 3 = 7 when M > 1).
When P is beyond the limit in (32), the minimum is reached at
Region 3 and ¢; = @2 = 7 (also SPS), and the control coordinate
is given as

(1-VI=P)n

a = 2 ,P1 =T, P2 =T

vp e |2APUVITR) G| ar e (0,1)
(1-VI—P)n

=", P1=T,P2 =T

VPe [2(14+MVM?—1—-M?),1]AM e [1,00).

(33)

The abovementioned minimums are all reached at the bound-

ary of regions 1-3. Hence, Ha(X,p) in (26) and (28)—(30)

does not have to be positive semidefinite. Proper manipulate

the control coordinate, and the operation region with minimum
I 1 1s depicted in Fig. 7.

B. Choose I peyy, as the Optimization Objective

Ipeai is the peak value of i, related to the current stress of
the switches. According to (17), Ipeak is an affine function of
X, and there is always Hx (Xqp,¢) = 0. The 3-D contour maps of
Ipeax Wwhen M < 1 and M > 1 are depicted in Fig. 8.

1) Optimization in Region 1: Apply (26) to region 1 and it is
found that the tangent point does not exist.



XIAO et al.: UNIFIED DESCRIPTION AND OPTIMIZATION METHOD OF DUAL ACTIVE BRIDGE DC-DC CONVERTERS

1.0
Region 3&P=7 Region 3&P>=7

0.5

0 Region 1&2 Region 2&12

% Region 1&11 Region 11&12

-0.5
Region 9&P1=7 Region 9& =7

-1.0

0 0.5 1.0 1.5 2.0 2.5 3.0
M

Fig. 9. Operation region with minimum /peak.

2) Optimization in Region 2: Apply (26) to region 2 and the
result is the same as (28) and (29). Because the minimum is
reached at the boundary of region 1, and 2 in (28), the local
minimum searching in region 1 is also done in this process.

3) Optimization in Region 3: Apply (26) to region 3 and it
yields

O‘:%<1_ 2M2:2M+1)7T
pr=(1-0- M)\ /oA h ) mp=n O
VPe2M(1—M),1]AM € (0,1)

o =4 (1+ 0 =2\ /5t ) mer =

0o = 1—(1—M),/m)n (35)

VP e %,1} AM € 1,00).

The operation region with minimum /p,y is depicted in Fig. 9.
From Figs. 7 and 9, the operation regions with minimum /,,s,
and Ipe,i are both symmetric with P > 0 and P < 0. If the
abscissas are in logarithmic scale, the operation regions will be
centrosymmetric with (1, 0).

C. Other Types of Optimization Objective

Because Ipca 18 an affine function of X, the solution of X
is with solving a quadratic equation of M and P. I, is a cubic
function of X, the solution of X, is with solving a quartic
equation of M and P. Hence, analytical expressions of X,,; can
be obtained. Apart from /.5 and Ipea, there are high order
optimization objectives like Sap, Scp, and Sap, Scp from the
perspective of apparent power. The optimization objective can
also choose nonpolynomials of X, and the most representative
one is reactive power from port AB |Qag| and reactive power
from port CD |Q¢p|, where
16 sm (p1)

M cos (a) sin (p2)]
M sin (p2)] .

|Qas| = |sin (1) —

(36)
16M .
|Qcp| = 2EMER(2) 1605 () sin (1) —
When Sag, Scp, Sas Scp, |Qasl, and |Qcp| are chosen as
the optimization objective, analytical expressions of X,y are
unavailable.

11847

@,

Min (A(X)) s.0. BX) =0 }——{ Xopes ‘

Solving np(X) // na(X)

EF12=0

‘ Solving np(X) / na(X) ‘
Find X,pe1

EF =1 47(Xopt-12,EF12)

d WP+ =

(’xopl-LEF})
Xope2,EF2)

Xopl = Xopl—B

xopl =

Xopt-i

UOTJBIS)I IXAU Y} 10) JP-+]

Fig. 10.  Procedure to determine the optimal control coordinate with an arbi-
trary continuous optimization objective.

D. Universal Numerical Solution for the Optimization of DAB

Since some of the optimization objective are without analyt-
ical expressions, a universal numerical solution for an arbitrary
continuous optimization objective is proposed based on a con-
strained numerical minimum search [30], and the procedure is
depicted in Fig. 10.

In Fig. 10, the optimization procedure starts from the optimal
control coordinate table C(X), constraint condition B(X) for
operation region conditions and the ZVS conditions (if ZVS
operation is also considered, the ZV'S conditions are added to the
constraint condition B(X). Noted that when the ZVS conditions
are considered, the regions will shrink, and this impact will be
analyzed in Section IV -E), the predefined range of M and P,
the expression of optimization objective A(X), and the iteration
of M and P, denoted as dM and dP. Then, it iterates through
the whole predefined operating range. As for the optimization
control coordinate Xqpt, there are two ways to calculate them.
The first one is the direct calculation of control coordinate with
boundary conditions (denoted as Xqp¢-B), and the second one
is the tangent point searching method introduced in Section III
(denoted as X¢p¢-i, Where i is the number of region). When the
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Power loss breakdown of a DAB converter.

Fig. 11.

tangent point is located in the feasible region (i.e., B(Xopt-i)
< 0), the EF; is set to 1. Otherwise, the exit flag is reset to 0.
Noted that when the ZVS constraint is taken into consideration,
the alternative operation regions are expanded from regions 1-3
to all regions. After traversing all regions, if there exist at least
one EF; = 1, the optimal control coordinate is found as Xqp¢-;.
Otherwise, the optimal control coordinate is found as Xqpt-B.
Repeat the abovementioned process until M and P traverse
through all the predefined range of M and P, and the optimal
control coordinate in the whole operation range in obtained.

E. Efficiency-Oriented Optimization Objective Design for
DAB

The total power loss breakdown of a DAB converter Pr g5 1S
depicted in Fig. 11. The conduction loss Pconq is related to Iy
while Pgvy is related to Ipeak, and also the value of it, at switching
instants. Py,op, 1s divided into the iron loss of the inductor Prop-1
and the iron loss of the transformer Pr.on 7. Punkn 1S majorly
related to the temperature dependent conduction loss of the
power switches [31].

The core loss density is usually provided by the datasheet for
sinusoidal flux density waveforms. Pryon.1, and Pryon.T can be
roughly estimated by the original Steinmetz equation

Pron-1. = PiLVeL = ka:LBI[?rIﬁ'

Prron_1 = PyrVar = kp fSTBET. (37)

where Pvyr1,, Pvr, Ve, Ver, Bim, and Br,, are the core loss
densities, core volumes, and magnetic flux density amplitudes
of the inductor and the transformer, kr,, ar,, A1, and kr, aT, ST
are the Steinmetz parameters.

According to the Faraday’s law, we have

cﬂ%@(@);% 0) = NLACLT
where N1, N1, Act, and A, are the number of the winding
turns, and the effective core cross section of the inductor and the
transformer.

Hence, the relation of By,;,, and By, with peak current /pe,yx
can be expressed as

dBy, (0)

vep (0) = NpAer (38)

Brm X Ipeak; Brm X Ipeak.- (39)

The major part of the switching loss Pgyy in the DAB is caused
by the MOSFETs with Ipe,x turn-OFF current [31]. Hence, Psw
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1 when P1,0ss = A(X). (c) Optimal surface of 2 when Pr,oss = A(X).

(a) Optimal surface o of when Pr,0s5 = A(X). (b) Optimal surface of

can be roughly calculated as

2
~ I Peak

48Cdsfs ( 0)

Psw
Consequently, the overall power loss of a DAB, Pr,,ss can be
expressed as

Boss = Psw + Prron—1. + Prron—1 + Pcond + PCopp + Punkn

~ Kp (Kl + KT + Ksw o + Kool )
1)

where Ka, K1,, K1, Ksw, and Kcong are the coefficients with
K1, + K1 + Ksw + Kcona = 1.

Pr,oss can be regarded as the optimization objective of the
control coordinate, and we can also obtain the control coordinate
table C(X) when Pr s = A(X). For example, when 1, = St =
2.5, K1, = 0.05, KT = 0.05, Ksw = 0.3, and Kgong = 0.6, the
surface of the optimal control coordinate (v, 1, 2) with the
change of M and P is depicted in Fig. 12.

As can be observed from Fig. 12, it is better to fit the surfaces
of o, 1, and 2 into piecewise functions. Due to the symmetric
characteristic of DAB, only regions 1-3 are required to be
fitted. Because the control coordinate with minimum /pga) and
minimum /,,,5 are identical in the low and high power regions,
the control coordinate with Py, = A(X) is also identical in
these regions. In medium power region, there is (2 = 7 when
M < 1.

The fitted surfaces of « and ¢; together with the original data
points are depicted in Fig. 13.
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Fig. 14.  Optimal control coordinate calculation of DAB, including the offline
optimal control coordinate searching, offline data fitting, and online calculation.

The fitted functions of « and ¢, are given as
a (M, P) ~2.02M?—2.03M +1.18 P2 4+0.25P+0.06 M P

o1 (M, P) ~ 2.40M>+0.66M +2.94P? —0.72P+0.44M P.
(42)

With the offline optimal control coordinate determination and
polynomial control coordinate data fitting, the fitted functions
of o and ¢; can be embedded to the online digital control of
DAB. As depicted in Fig. 14, the control coordinate reference
(a, 17, p2™) can be calculated from P* and M.

To eliminate the fast changing control coordinate reference, a
slow loop is used to slow down the change of control coordinate
reference. After obtaining (a*, ¢1%, p2*), the gate signal gener-
ation block determines when to activate the turn-ON signals for
the corresponding switches of the DAB converter.

It has to be mentioned that the abovementioned ZVS region
analysis is based on the ideal lossless model of DAB, the
charging and discharging processes of the switches parasitic ca-
pacitors during deadtime are neglected. Actually, the modulation
schemes with minimum /;,,s and Ipe,) in low power regions are
only with theoretical instead of practical ZVS capability, which
resulted in increased switching loss. Two examples with P =0.1,
M = 1.4 are depicted in Fig. 15 to illustrate this phenomenon.
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Fig. 15.  Operation waveforms with (a) minimum /;my,s and /peak modulation

scheme with (o = 0.44, o1 = 1.56, p2 = 1.11). (b) Full-ZVS modulation
scheme with (o = 0.56, p1 = 2.14, 2 = 1.39).
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Fig. 16. Feasible regions with (a) ZVS (0, 0). (b) ZVS (-0.1, 0.1) when

M =0.28.

In Fig. 15(a), the control coordinate is with minimum /,..,,s and
Ipea- However, the turning on of So, Sy, and S are with zero
current, which is not sufficient to fully discharge the parasitic
capacitors of the Sy, S3, and S5. This process is termed as iZVS.
The capacitive energy across the switches is dissipated, result
in increased Psw [28]. In Fig. 15(b), the ZVS of all primary
and secondary switches are realized at the cost of a higher
L, and Ipea. Because there is P << 1 in this condition,
Pgyw only accounts for a small fraction of the total loss, the
efficiency in Fig. 16(b) is higher than thatin Fig. 16(a) in practice
(cf., the efficiency curves in Fig. 21 and the ZVS conditions in
Fig. 22). Hence, the ZVS constraint should be reevaluated. The
ZVS constraint is denoted as ZVS (Ip, In), where Ip and Iy
are the normalized minimum currents for ZVS of primary and
secondary switches. To achieve ZVS of primary and secondary
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Fig. 17.  Prototype of the DAB converter.
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schemes. (Ch2: the input voltage of the HFT vag, 200 V/div; Ch3: the output
voltage of the HFT vap, 200 V/div; Ch4: the inductor current i1,, 2 A/div).
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Fig. 21. Efficiency curves of multiple modulation schemes when Vi, =
200V, Voup =320 V.
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voltage of the HFT vap, 200 V/div; Ch3: the output voltage of the HFT vcp,
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TABLE IV
SPECIFICATION OF THE EXPERIMENTAL PROTOTYPE

Component Part number Parameters
MOSFETs C2MO0080170P x 8 1.7kV, 40 A, 80 mQ
MCU TMS320F28062 Digital signal processer

€2000 32-bit 90-MHz
200 pH, 50 kHz
Ly ~ 2.86 uH,
L ~ 500 uH.

Power inductor Permalloy core

1:2 turn ratio,

HET PC95/EEP70B

switches, Ip should be greater than a certain positive number
while /x should be smaller than a certain negative number.
These numbers can be calculated through the current based, or
energy based ZVS analysis [30], and the detailed process is not
expanded in this article. Feasible regions with ZVS (0, 0), and
ZVS (—0.1, 0.1) when M = 0.8 are depicted in Fig. 16.

With the increasing of |Ip| and |Ix|, the range of feasible
regions shrink. When the tangent point is out of the feasible
region with ZVS (—0.1, 0.1), the suboptimal control coordinate
can be selected at the ZVS boundary.

V. EXPERIMENTAL RESULT

The experimental results of multiple modulation schemes are
presented in this section with a laboratory prototype depicted in
Fig. 17 and the basic technical data of the prototype are listed in
Table IV. The switching frequency is 50 kHz, the input voltage
is 200 V, and the output voltage varies from 240-320 V. Due to
the symmetric characteristic of DAB, the presented experimental
result only contains the step-down condition with positive power
transmission.
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TABLE V
EXPRESSIONS OF POWER TRANSMISSION IN DIFFERENT REGIONS

Region Power transmission
1 20,(2a -9 +¢,)
”2
2 20,0, _2(¢| _a)z
71'2
3 —2(712 +ol o, +2a2)+2¢|¢z +4n(a+o,)+4a(o -0,)
”2
4 200,
2
5 20,(27-2a+¢)- 20, —2(7{—0{)2
)
p 20, (27-2a+9,-9,)
AT
e
; 20,27 +2a -9, +0,)
7[2
2
9 2(;12+(p‘2+(p22+2a2)—2qo]go2+4n(a—(p‘)—4a((p,—(oz)
7[2
200,
10 -
s
" 20° +2¢, (20 - 1) + 20,
ﬂ_Z
12 20,(2a-9,+¢,)

2
3

A. Comparison of Multiple Modulation Schemes

Operation waveforms with minimum 7,5, minimum Vi,
minimum /Ipeyi, minimum S, minimum Scp, minimum Sap
Scp, minimum |[Qap|, minimum |Qcp|, minimum |Qap| +
|Ocpl, and minimum Py, = A(X) modulation schemes men-
tioned previously are depicted in Fig. 18. In Fig. 18, the input,
output voltage are fixed at Vi, = 200V, Vo = 320V (M =
0.8), and the output power is 280 W. In this case, the base values
of voltage Vpage, current Ip,ge, and power Pp,s are given as
VBase = 200 V, Igase = 3.18 A, Ppase = 636 W (also the base
value of apparent power Syp/Scp 636 VA, and the base value
of reactive power Qap/Qcp 636 Var). The blue line denotes
the input port voltage v ap (200 V/div), the purple line denotes
the output port voltage v ¢p (200 V/div), and the green line
denotes the inductor current iy, (2 A/div).

To validate the correctness of the global optimal minimum,
two cases when I,,,s and Ipe,i are chosen as the optimization
objective are studied. The operation waveforms when ¢; is
smaller or greater than the optimal value of (1, Yiopt, are
depicted in Figs. 19 and 20. When ¢; is changed, « is also
adjusted to ensure the identical power transmission. When ¢
is greater or smaller than @1opt, Irms, and Ipeax both increase,
which verified the correctness of the global optimal minimum.

B. Efficiency Curves of Multiple Modulation Schemes

The efficiency curves of multiple modulation schemes men-
tioned previously when Vi, =200V, V,,; =320V, output power
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TABLE VI
EXPRESSIONS OF Ii\s IN DIFFERENT REGIONS

Region Trnis

(37-20,)p +2M° (67 -’ )+ 2M,

(60’ -3, + 301" 300, + 20 +6a(0, - 0)))
127

J(snzm«f M (37-20,)p, ~4M (a—g,)

2 —6Mp,p, (717205 +¢ 7(p2)
127
(37-20,)0 + M* (37 -20,) 0, +2M (1 =20+ ¢, - 0,)
3 (2(7[Z +a’—ap +o’ —ﬂ(a+¢1))—¢z (4ﬂ—2a+¢,)+2¢12)
127
4 I37r((/1‘ -Mo, )2 —2M’p)} —2((/1{“ +3M o0, (¢, - 2a —(pz))

127
4(r-a) 60, (Z(ﬂ—a)z +(m=2a)g, +ga,3)
+6((243M) =20+ ¢,)p,’ ~2(2+ M ),
127
(3/{—2(p1)(p12 +A/12(371—2(112){p22 -2Mo,

5 1/(3/[2{/7|)(plz+M[
|

6 (6(7!—0:)(7!—a+(/11}+2(p,2—3¢2(3ﬂ—2a+q)1—(oz))
127

2

(37-2¢,)0" —6Mop, (2(7r+a) -(37+2a)0, +<af)
+3M (M -4)7-da+2p,)p," —2M (M +2)p)

127
(37-20,)97 +M* (37 -20,) 9> +4M (z +a— )’

~6Mop, (7+2a-¢,~9,)
127

A

(37-20)0 + M (37-20,)0," +2M (7 + 20~ + )
9 (2(n3+7m+az—(27r+a)(p‘+(p‘z)—(2n—2a+{p,)¢z+2gpzz)
127
10 [r(a - Mg,) -20%; ~2(a +3Mpg, (20 + 9.~ 0))
127
4a]+6</), 20 (7420 7 +(/)z
11 (3”’2‘01)(/7|2+M .( ( R )1 1) 5
B(Mz+4a-20)9, -2(M -2)p,
127

12 (6a(a+p,-p)+20" -3¢, (7+0 - 0,))

127

/(37[—2@)(/)12 + M (31-20,)0," +2Mp,
A

ranged from 80-640 W are depicted in Fig. 21. For various
output power conditions, the efficiency with A(X) is higher
than the other modulation schemes for most of the operation
points, especially in low power conditions. When the power
transmission is 80 W, the efficiency of A(X) is 97.9%, which
is 1.4% higher than the minimum /7,5 and minimum /Ipeak
modulation schemes. As for minimum |Q A g| or minimum |Q¢p|
modulation schemes, the efficiencies are the lowest almost in the
whole power range. This is because there is [Qag| = 0 when P <
320 W, and |Qcp| =0 when P < 560 W [see Figs. 15(g), (h), and
21]. To achieve |Qap| = 0 or |Qcp| = 0, the ZVS implementation
as well as all other electric quantities have to deteriorate, which
resulted in low efficiency.

C. Optimization Considering the Actual ZVS Condition

As for the modulation schemes with minimum Irps, Ipeak,
SaB,and Scp, although all switches are without HS, the inductor
current at the switching instant is insufficient to implement full
ZVS. When considering the actual ZVS process, |Ip| and |Ix|
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are chosen as 0.1 p.u. according to the parasitic capacitors of
the MOSFETs. When ZVS (—0.1, 0.1) is applied to the optimal
control coordinate calculation algorithm in Fig. 10, only the
Xopt in the low power region is affected. On the other hand, the
Xopt exhibits a step change (from region 12 to region 5) when
160 W < P < 320 W due to the ZVS constraints. To achieve
a smooth transition (from region 12 to region 1), |Ip| and |Ix|
decrease linearly, which caused increased Psw and efficiency
deterioration.

Two typical operation waveforms considering the ideal ZVS
and the actual ZVS are depicted in Fig. 22. The achievement of
the actual ZVS is at the cost of an increased /,,,s and Ipgax.

On combining the abovementioned experiments, the conclu-
sions can be drawn.

1) As for the optimization objective with port AB (Sap,
|OaBl), ©1 is usually reduced to obtain a smaller value
of the objective function. Similar conclusions can also
be drawn for the optimization objective with port CD. In
contrast, global electric quantities (I;ms, Vims, and Ipeak)
or the optimization objective considering both port AB
and port CD (Sap Scp, |Qas| + |Qcp|) are with better
adaptability or versatility (closer control coordinate and
better overall average efficiency).

2) The optimization objective with port AB or port CD is
more likely to cause a sharp deterioration of other electric
quantities, which is especially noticeable in low power
conditions.

3) A small ¢1/¢ps will be detrimental to the ZVS of pri-
mary/secondary switches, e.g., the ZVS for primary
switches for minimum Sap or |Qag| is difficult compared
to minimum /5 Or SAR.

4) When considering actual ZVS, the achievement of the
actual ZVS (reduced Psyy) is at the cost of an increased
P Cond-

VI. CONCLUSION

Because of the nonconvex feasible region and nonconvex
operation objectives of DAB, regular convex methods are in-
effective in the optimization of DAB. To solve these problems, a
unified description method both suitable in time and frequency
domain is proposed based on the standard decomposition of
instantaneous electric quantities. Besides, a unified optimization
method is proposed based on tangent point searching for the fea-
sible region and optimization objective surfaces. With these two
methods, the optimization objective can be designed arbitrarily.
An efficiency-oriented optimization objective design method
and a universal numerical solution for an arbitrary continuous
optimization objective are proposed considering all electric
quantities as well as the ZVS conditions. The experimental
results proved the effectiveness of the design method, and the
efficiency is greatly improved compared to the conventional and
recently published modulation schemes.

APPENDIX

The expressions of power transmission, and /., in regions
1-12 are summarized in Tables V and VI.
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