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Wide-Load Range Multiobjective Efficiency Optimization Produces
Closed-Form Control Solutions for Dual Active Bridge Converter

Lu Zhou

Abstract—This letter proposes a multiobjective efficiency opti-
mization method for triple-phase-shift (TPS) control of isolated
dual active bridge converters (DABs). A comprehensive optimiza-
tion of inductor current stress, inductor rms current, and zero-
voltage switching (ZVS) is presented to reduce conduction losses,
magnetic losses, and switching losses. A genetic algorithm is used
to search for optimal solutions of the DAB nonconvex optimization
problem. Analysis of these solutions gives rise to closed-form ex-
pressions for optimum TPS control angles, valid over various power
and voltage levels. These can be realized for real-time operation.
A 3.3-kW experimental prototype is used to verify the proposed
optimized modulation control.

Index Terms—Current minimization, dual active bridge
converters (DABs), nondominated sorting genetic algorithm, rms
current, triple-phase-shift (TPS) control, zero-voltage switching
(ZVS).

I. INTRODUCTION

HE vehicle-to-grid [1] concept implies bidirectional en-
T ergy flow, so topologies such as dual active bridge convert-
ers (DABs) are of interest for electric charger interfaces. They
provide galvanic isolation, high power density, the potential for
zero-voltage switching (ZVS), wide output voltage range, and
the potential for modularity.

Phase-shift control is a mainstream DAB method at present.
Currents increase rapidly as the voltage conversion ratio moves
away from unity in single-phase-shift control. Extended-phase-
shift control, dual-phase-shift control, and triple-phase-shift
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(TPS) control [2]-[5] have been proposed to add degrees of
freedom and overcome drawbacks of single-phase-shift control.
In principle, a DAB offers up to four degrees of freedom: external
phase-shift, internal phase-shift in the primary bridge, internal
phase-shift in the secondary bridge, and frequency. Given the
addition of frequency as a free parameter, TPS control covers
all these possibilities, and is applied here.

Certain combinations of phase shifts in TPS control will have
substantial impact on efficiency [6]-[8]. In previous works on
DAB efficiency optimization, typically only one optimization
goal was considered in addition to ZVS [2]-[4], [9]-[14], leading
to reduction of only conduction loss or of magnetic loss. Con-
sideration of conduction losses, magnetic losses, and switching
losses together in a multiobjective model can serve as a basis for
further efficiency improvement.

For optimization, Newton’s method can be used when con-
vex optimization problems satisfy Karush—-Kuhn-Tucker (KKT)
conditions [9]-[11]. Nonconvex optimization problems are dif-
ficult to solve. Particle swarm optimization (PSO) was used
in [3] to achieve minimum current and to determine relation-
ships between phase shifts and power delivery. Soft switch-
ing and minimum reactive power were not considered. PSO
for minimum reactive power based on phasor analysis was
presented in [4]. In nonconvex problems, iterative numerical
calculation methods and PSO tend to get trapped near local
solutions rather than locating the global optimum. In [14], a
detailed loss model was presented, with efficiency and power
density as the optimization goals. The use of GaN devices
further improves the circuit performance. Solutions for DABs
that use TPS control were presented in [5] and [12]. The
phase-shift trajectory was stored in a multidimensional look-up
table.

To optimize wide-load range efficiency, this letter seeks a
multiobjective constraint model that can function in real time for
TPS control. Optimization considers minimum inductor current,
minimum inductor rms current, and a broadened ZVS region.
Each of these is considered, in turn, to reduce conduction losses,
magnetic losses, and switching losses. With these objectives and
constraints, the NSGA-II method [15] is employed for noncon-
vex optimization and to explore Pareto fronts. The results lead
to closed-form phase-shift formulas. These can be implemented
in real time. The results are validated in an experimental DAB.
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TABLE I
WAVEFORMS AND PHASE-SHIFTS OF EIGHT FORWARD MODES IN TPS CONTROL
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Fig. 2.

DAB topology for this study.

II. DAB: OBJECTIVES AND CONSTRAINTS

A. Multiobjective Constraint Modeling of DAB

A block diagram of the method proposed here is shown in
Fig. 1. The DAB topology employed here is shown in Fig. 2. Sx
denotes the switches, each including active switch T x, antiparal-
lel diode D x, and junction capacitance Cx. V 4 and I 4 represent
the primary-side voltage and current, respectively. Vg and Ip
represent the secondary-side voltage and current, respectively.

Consider TPS as a generalization of phase-control methods.
Up to 12 operating modes can be addressed. The eight modes
for forward transmission are depicted in Table I. Dy and Dy €
[0,1] denote duty ratios on the primary and secondary sides, also
referred to as internal phase shifts. D3 denotes external phase
shift. The voltage gainis m = NVp/V4. Thecasem > 1 (m < 1)
represents boost (buck) mode. The analysis is similar, so only
buck mode with m < 1 is discussed here.

To maximize overall conversion efficiency, conduction losses,
magnetic losses, and switching losses are all considered. This
letter uses rms current and peak current to represent conduction

loss and magnetic loss. ZVS is considered to reduce switching
loss. It is inaccurate to use reactive power as a surrogate for
conduction losses, since reactive power and rms current are not
strictly proportional. The multiobjective constraint model is

Objl = iStTESS(VA, Vi, D1, D2, DB)
Ob]2 = ITmS(VAa VB) D17 D27 DS)
Econst.1 = Pyrans(Va, Vg, D1, Dy, D3) )
inEconst.l = flimii(D1, D2, D3)
inEconst.2 = imin(Va, Vp).
Here, Obj.1 is the inductor peak current, derived in the
buck/boost mode. Obj.2 is the primary-side inductor rms current.
The average power delivered to the load is used as Econst.1 to

ensure correct output. They are related to the input and output
voltage and the phase-shift angles as follows:

Pirans= 2fS j:gl iL (t)UP (t) dt

Irms:

V2 i@ det [0 e [ i (0)2des [ i (1) dd
(2)

where f; is the switching frequency, vp(f) is the time-varying
primary midpoint voltage, and time interval #p—t, captures a half
cycle of the symmetrical waveforms.

Since different phase-shift angle relations form eight operat-
ing modes, the phase-shift angle is restricted in inEconst.1 to
divide the modes, as shown in Table I. The current boundary for
soft switching is used as inEconst.2

Imin - \/[Qch(VDS) + Cpar] VDSQ/L (3)

where C,,,, combines the parasitic capacitances of the PCB and
inductor and C, is a nonlinear function of device voltage.

ZVS constraints are imposed on both the primary and sec-
ondary bridges. A charge-equivalent capacitance Cq is used to
model the process:

_ Qoss (VDS)
Vbs

B fOVDS Coss(v) dv @

Ce.
4 Vbs
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Fig.3. Example of results from NSGA-II with V4 =400V, Vg =157 V, and
Pirans = 800 W.

where Qs 1s the stored charge, C,ss is the nonlinear parasitic
output capacitance, and Vpg is the switch drain—source voltage.
The required inductor energy can be determined from energy
conservation. The minimum current for ZVS can be deduced as
in (3). With nonlinear capacitances, the soft switching current
boundaries on the primary side /s, and secondary side Iy are

Iy = Va/[2Ceq(Va) + Cpar] /L

Is = Vp\/12Ceq(VB) + Cpar] /L.

&)

B. Solve Multiobjective Nonconvex Optimization With NSGA

The model in (1) is nonconvex. Genetic algorithms can solve
nonconvex optimization problems. The NSGA-II algorithm [15]
has been relatively successful because of its low computational
complexity, rapid convergence, ease of implementation, and
broad applicability. NSGA-II uses crossovers, mutations, and
nondominated sorting to generate new populations of solutions
at each step. Simulated binary crossovers and polynomial mu-
tations [16] are implied here.

In the case of low voltage and high current, conduction loss
and magnetic loss account for a relatively large proportion of the
total loss. In the case of high switching frequency, switching loss
is proportionally higher. The rms current, peak current, and ZVS
current are used to represent losses in this letter. Multiobjective
optimization attempts to obtain a set of optimal tradeoff solu-
tions, such as between peak current and rms current. The results
can be displayed as Pareto frontiers, with an example shown in
Fig. 3. This plot shows results for 453 solutions. Conduction
losses account for more than 50% of total losses when ZVS
is enforced [17]. The solution with minimum rms current is
preferred to reduce conduction and magnetic losses. The TPS
strategy supports eight modes for forward power delivery, as
listed in Table I. Each one needs to be checked to find the
optimum.

III. OPTIMIZED CLOSED-FORM CALCULATION

The NSGA-II algorithm can be applied to explore (1). This
can be carried out offline in MATLAB software. For control, the
phase shifts can be solved at various voltage gains m associated

with various power levels. The smaller the value of m, the lighter
the load.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 8, AUGUST 2021

v Calculate D,
D> with (9) F—— D
Model

L Va
Yvy
Caleulate D,

with (6).
Mode 4

o]
generater

Yvy

Dy

Ds=1,
Mode 4
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Offline phase-shift solutions produce some interesting rela-
tionships, which are as follows.

1) Almost all optimal solutions are located in Mode 1, 4, and

8.

2) For Mode 1, almost all optimal solutions fall on the soft
switching boundary.

3) For Mode 4, the secondary-side duty ratios are close to
Dy =1.

4) Mode 8 is suitable for lower power due to its limits on
maximum transferred power and soft switching.

5) Starting from high power, under a given voltage gain m,
optimal solutions are usually located in Mode 4. Mode 1
becomes optimal as power decreases. Mode switching will
occur when Mode 4 cannot enforce the secondary-side soft
switching constraint with relatively low current and rms
current.

Useful mathematical relationships among phase shifts can be
obtained by fitting data from offline results. The variables are
Dy, Dy, Dg, voltage gain m, and transferred power Piyans x (X
denotes the operating mode).

For Mode 4, by using multiple linear regression, D fits to

Dy = 0.601 + 0.574m — 4096 L — 4.996 x 10™° P, rans 4
(6)
with L in henries and P in watts. The correlation residuals r =
0.9670, F = 234.3, and p = O indicate that D is linearly related
to the independent variables.

In Mode 4, the best results have D, = 1. This result with that
in (6) are new and nonobvious optimum results for TPS control.
These linear expressions are obtained through data analysis
of offline NSGA-II optima. This method implies rules among
the values. The results can be exploited to yield closed-form
relationships and to support real-time control.

An expression for D3 in Mode 4 can be derived from the
transfer power equation, since D = 1, and

D3 = Dy — /D1 — Prrans 4/ Poase- 7

In Mode 1, the duty ratios can be obtained by solving soft-
switching boundary current and transfer power equations as
follows:

IO = Ispa Il - SS/N7 Ptrans - Ptrans_l- (8)

The results are

2
\/QfSL[P”ansilm,’-&-fgp(m’—i-ﬁ)]-"—?stIsp(m,_ ")

— N4

o v 9)
_ D1 _ 4fsLly _ 2fsL(Isp+1ss)

D2 T m mVa ’D3 - Va
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Current stress and rms current comparison of optimized control strategy and NSGA2TPS. (a) V4 =400V, Vg = 274.3 V, and m = 0.8 in NSGA2TPS.

(b)Va =400V, Vp=2743V,and m = 0.8 in TPS in [3]. (c) V4 =400V, Vp =2743 V,and m = 0.8 in UTPS in [9]. (d) V4 =400V, Vp =274.3 V,and m

= 0.8 in DPS in [6].
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where Iy, and I are the soft switching current boundaries on
the primary side and secondary side, respectively, and m' = 1
— m. Mode 1 will replace Mode 4 as the optimal mode when
I(t2) in Mode 4 approaches the secondary-side soft-switching
boundary current. This means that Mode 4 is the optimal mode

( >.

The strategy for calculating phase shifts is shown in Fig. 4.
The PI controller can adjust the dynamic response and correct

4meL
m+1

ISp ISS
NVp NVyu

Dy <m+ (10)

any deviation of transferred power caused by circuit losses.
D3 adjustment is required to meet the target power in this
control strategy. The value of D s is derived from the equation of
transferred power in (2). The value of D3 will not influence the
ZVS requirement or minimum rms current. Prior work has set
up lookup tables to implement control [5], [12]. The new phase-
shift formulas—closed-form expressions that can be computed
quickly—have broader application and can be implemented
in real time by establishing two interrupt mechanisms: 1) a
PWM interrupt and 2) a timer interrupt. The phase-shift duty
ratios are calculated when the timer interrupt occurs. The timer
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TABLE II
PARAMETERS OF THE DAB CONVERTER

Parameters Value
Transformer turns ratio N 7:6
Inductance L 20 uH
Switching frequency f; 150 kHz
Rated DC voltage V, 400 V
Rated DC voltage Vg 330V
Rated output power P, 3.3kW
Semiconductor switches V22N65A

TABLE III
PERFORMANCE OF SPS AND PROPOSED TPS CONTROL STRATEGY

Control Prans Loms Lstress Efficiency
strategy "W A A Y
SPS 0.9625 3300 10.62 11.16 YES 0.9647
NSGA2TPS  0.9625 3300 9.59 11.92 YES 0.9678
SPS 0.9625 900 3.76 3.82 NO 0.9065
NSGA2TPS 0.9625 900 3.72 4.54 YES 09110
SPS 0.8 3300 11.84 17.66  YES 0.9529
NSGA2TPS 0.8 3300 11.08 16.73 YES 0.9685
SPS 0.8 900 493 8.62 NO 0.8828
NSGA2TPS 0.8 900 4.67 6.76 YES 09125
SPS 0.6 2000 11.88 19.8 NO 0.9325
NSGA2TPS 0.6 2000 9.81 14.69 YES 0.9421
SPS 0.6 750 8.09 14.64 NO 0.8664
NSGA2TPS 0.6 750 6.52 10.88 YES 09141
SPS 0.4 800 12.35 21.98 NO 0.8649
NSGA2TPS 0.4 800 7.33 13.16 YES 0.9277
SPS 0.4 300 11.13 19.44 NO 0.7533
NSGA2TPS 0.4 300 4.49 8.58 YES 0.8786

interrupt is triggered at the beginning of a user-defined time
interval. Closed-form expressions do not need to be updated
as parameters change, an important advantage compared to
multidimension lookup tables.

IV. EXPERIMENTAL RESULTS

A DAB prototype has been prepared to test the method and
control. Parameters are listed in Table II. To validate improve-
ment, the TPS control strategy proposed in this letter has been
compared with optimizing control strategies proposed in [3], [6],
[9], and [13] and with single phase-shift control (SPS). Results
for [6] are based on optimization of dual phase-shift control
(DPS), Results for [3], [9], and [13] are based on optimization
of TPS. Results for the operating state V4 =400V, Vg =274.3
V, m = 0.8 are shown in Figs. 5(a)—(d).

Efficiency is compared for several optimized control strate-
gies in Figs. 6(a)—(d). The results were obtained by running the
published control strategies on this prototype. A comparison
of rms current, peak current, and ZVS realization with the
efficiency between SPS and the proposed TPS control for various
voltage gains and power levels is given in Table III.

All these comparisons show that the results of the NSGA-II
TPS control strategy proposed in this letter are best, and the
advantage extends over a wide-load range. The farther the volt-
age gain is from 1, the greater the efficiency improvement with
the proposed strategy. The TPS control proposed in this letter
functions over the complete target voltage and power range, with
reduced losses throughout the range, with an adaptive real-time
implementation.
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V. CONCLUSION

A multiobjective optimized TPS control strategy was pre-
sented for a DAB. Optimal solutions were identified by a ge-
netic algorithm NSGA-II [15]. The resulting relationships led to
closed-form TPS control solutions that can be implemented in
real time across wide operating and load ranges. The optimiza-
tion presented here enforces ZVS in both bridges, and seeks
to minimize current and rms current. Experimental results vali-
dated the approach and demonstrated efficiency improvements
across the operating range.
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