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Abstract—This paper presents a loss-optimized Triple Phase-
Shift (TPS) switching strategy for Dual-Active Bridge (DAB)
based converters. The proposed strategy considers minimizing
total converter loss with respect to minimizing device rms cur-
rents, enabling Zero-Voltage Switching (ZVS) turn-on of devices
and accurate control of device turn-off current. A model for
switching currents is presented, followed by a loss model and
optimization strategy. A 1.3kV/100kW prototype based on SiC
MOSFETSs was used in this work and experimental results up to
10kW show the proposed TPS strategy to be more efficient for
operation.

Index Terms—Dual-Active Bridge, Triple Phase-Shift, Wide
Bang-Gap (WBG), Energy Storage, DC/AC

I. INTRODUCTION

Dual-Active Bridge (DAB) based converters are gaining
popularity for high-power DC/DC and DC/AC grid-tied
applications due to attractive features namely, galvanic
isolation, ZVS switching and bidirectional power transfer
capability [1]-[3]. With the wider usage of Wide Band-Gap
(WBG) devices which are capable of faster and more efficient
switching, the aforementioned advantages of the DAB can be
leveraged to realize more efficient converters.

Specific to DC/AC grid-tied applications, traditional
solutions involve two stages: An isolated DC/DC stage
followed by an inverter stage. This approach has two
big drawbacks, namely: a large DC-link capacitance and
switching losses in each stage. An alternate single-stage
solution that is gaining popularity seeks to replace the second
inverter stage with a simple line-frequency unfolding bridge
[4]. This circuit is shown in fig. 1. The use of an unfolding
bridge vastly reduces associated switching losses and also
eliminates the need for a large DC-link capacitance, as the
output voltage of the DC/DC stage will now follow the
rectified AC grid voltage. In this case, the isolated DC/DC
stage (DAB) will have to operate across a larger range of
voltage and current. Efficient operation of the DAB stage is
thus critical for system performance.

Many switching strategies have been proposed in literature
for the DAB. The simplest method to control the DAB is
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Fig. 1. DAB circuit with line-frequency unfolding bridge connection to grid

through single-phase shift modulation (SPS) [5]. While SPS
is acceptable at higher power levels [6], it suffers from high
circulation currents which increases I?R losses. Further,
SPS is not favorable to ZVS when the DC/AC voltage gain
is far from unity [7]. Other papers have proposed Dual
Phase-Shift (DPS) [8], [9] and Triple Phase-Shift approaches
[6], [10], [11]. Previously proposed TPS strategies suffer
from complexity or only optimize for conduction loss and the
DC/DC case.

This paper proposes a complete model of the DAB switch-
ing currents as a function of all control parameters and an
associated TPS optimization strategy which minimizes all
losses in the converter. Section II briefly describes the DAB
operation and reviews the conditions to achieve ZVS switch-
ing, and transformer limitations. Section III provides a detailed
description of the relevant DAB operating modes and presents
the model for switching currents and power as a function
of the control parameters. Section IV presents the converter
loss model and optimization strategy. The optimization results
are presented for a real power case of 100kW, as well as
the theoretical efficiency curve along the entire load range.
Section V presents the experimental results for the proposed
TPS switching strategy for the 10kW case and the results are
compared with other switching strategies. Finally, Section VI
summarizes the conclusions of this paper.

II. DUAL-ACTIVE BRIDGE OPERATION AND CONTROL
PARAMETERS

Fig. 1 shows the DAB circuit with a line-frequency
unfolding bridge connection to the AC grid. The DAB circuit
consists of primary (DC side) and secondary (AC side)
high-frequency full-bridges, a high-frequency transformer, an
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energy transfer inductor L, and small DC-link capacitors.
The primary switches (P; - P,) and secondary switches (51
- Sy) are switched in such a way to produce a symmetrical
quasi-square wave voltages v,p(t) and v,s(t) across the
magnetic unit. v, p(t) and v,s(t) produce an inductor current
irpri(t) and irsec(t) on the primary and secondary sides
of the transformer respectively. For the circuit used here,
the turns ratio of the transformer is 1:1 and hence for
the remainder of this paper the inductor current will be
simply referred to as ip(t). Capacitors C; and Cy absorb
the high-frequency components of the bridge current 71 and 5.
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Fig. 2. DAB voltage and current waveforms over one switching cycle

The voltage and current waveforms of the DAB over one
switching cycle are shown in fig. 2. For a given set of primary
& secondary voltages (Vp and V) and L, the power transfer
through the DAB is controlled by four parameters, namely:

o Dj: the duty cycle of v, p(t), which can be a maximum
of 50%
e Dy: the duty cycle of v,g(t), which can be a maximum
of 50%
o ¢: the phase shift between v, p(t) and v,s(t), which is
between —180° < ¢ < 4+180°
e fs: the switching frequency of the bridges, which is usu-
ally determined by the frequency range of the magnetic
components fspin < fs < fsmax
Of the listed control parameters, ¢ determines the direction
of power transfer and from fundamental mode analysis it is
easily seen that the power flow is from the leading voltage
source to the lagging voltage source.

ZVS conditions for the DAB are well understood in litera-
ture [12], [13]. For the ideal ZVS condition where the charge
across the discharging device is assumed to be zero, the ZVS
conditions are summarized in (1).

6]

where Iprri,Iprie, Isgc1, Isgco are the instantaneous
inductor currents at the rising and falling edges of v,p and

Iprn < 0,Ipgri2 > 0,Ispc1 > 0,Ispce <0
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vzs, i.e. the switching currents. In the non-ideal case, the
threshold value of O is replaced by the ZVS current required
to achieve the complete discharge of the devices.

In the real DAB, peak value of the transformer current must
be limited to prevent saturation of the magnetic core. This
enforces an upper limit on the switching currents and is written
as (2).

@)

maz[Iprr, Ipri2, Isgct, Isece) < Isat

where I,,; is the saturation current.

III. OPERATING MODES AND ANALYSIS

Previous papers [6] have identified twelve possible modes of
operation for the DAB, as a function of the control parameters
D1, Dy, ¢. Of these twelve, four modes are produced when
¢ > +90° or ¢ < —90°. From fundamental mode analysis,
it is understood that these modes are redundant since the
peak of the power transfer occurs at ¢ = +90°. These extra
modes increase inductor and device rms currents and produce
more losses for the same power transfer capability. The eight
remaining modes are labeled as A — H in fig. 3 & fig. 4, and
the control parameters conditions required to produce them
are shown in (3). ¢ is normalized to +27 radians.

Mode A: D1 =0.1,D2=0.25,phi=0 ModeB: D, =0.1, D2 = 0.25, phi = 0.125

1
[

CIRE

Mode C: D, =0.1, D2 = 0.25, phi = 0.25 Mode D: D, = 0.1, D2 = 0.25, phi = -0.25
[] []

vXp
VXS

‘ iL

Fig. 3. DAB non-redundant modes of operation A — D. phi normalized to
2.
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Mode E: D1 =0.1,D2=0.25, phi=-0.125 Mode F: D1 =0.25,D2=0.1,phi=0
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Mode G: D1 =0.25, D2 = 0.4, phi = 0.25 Mode H: D1 =0.25, D2 = 0.4, phi=-0.25
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Fig. 4. DAB non-redundant modes of operation 2 — H. phi normalized to
2.
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A. Model for switching currents and DAB power

Table I shows the model developed in this work which
specifies the switching currents Iy, I», I3, I4 as a function
of the control parameters and circuit variables Vp, Vg, L,.
These switching currents are reordered chronologically to get
Iprii, Iprio, Isect1, Isgco for all the modes A — H, using
table II. Table III lists the equations for power transferred
through the DAB for modes A — H.

IV. LosSs MODEL AND OPTIMIZATION STRATEGY

A. Loss Model

The loss model used in this work considers the rms con-
duction losses in the devices and windings of the magnetic
components, the switching losses associated with turn-on and
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turn-off of the SiC devices, and the core losses in the magnetic
components. Since the TPS strategy does not affect losses in
the line-frequency (60H z) IGBT switching and conduction
losses of the IGBT unfolding bridge, those losses are not
presented here as part of the model used by the optimization
strategy.

1) Conduction Losses: The conduction losses in the DAB
are I2R losses of the devices and the windings of the trans-
former and inductor.

a) Winding conduction losses: The inductor rms current
I1,ms (Which is the same as the transformer rms current) can
easily be calculated from the equations in [6]. The winding
conduction 10ss Propnq4,wing can be calculated as (4):

“)

b) Device conduction losses: Each of the devices on
the primary bridge conduct the inductor current for half the
switching cycle. The same is true for the devices on the
secondary bridge. As a result, the device rms currents are
proportional to the inductor rms currents and are given by

(5).

2
Pcond,wind = Ierstind

[LTTTLS
V2

and the subsequent device conduction losses P.onq,sic for the
eight SiC switches are calculated as (6).

®

ISiCrms =

Pcond,SiC =38 Ig‘iCrmstSvON (6)
+ %l“he total conduction losses are given by (7)
Pcond = Pcond,SiC + Pcond,wind (7)

2) Switching Losses:

a) Turn-on losses: As mention in Section II, (1) gives the
ideal conditions for the DAB to achieve ZVS on all switching
transitions. For the non-ideal case, the ZVS conditions are
governed by (8) and the ZVS currents are calculated by (9).

Iprni < —Izvs pri
Iprro > Izvspri

®
Iseci > Izvs,sec
Ispc < —Izvs sec
I |4 Eosspri
Zvspri =\~
7 )
I _ 4 EOSS,sec
ZV S, sec — Li

where Eosspri and Fogs sec are the energies stored in
the output capacitance of the devices on the primary and
secondary bridges. For a given set of control parameters,
the SWitChiIlg currents Ipgrri, Iprio, Isgct, Isece can be
calculated from tables I and II. Combined with (9) and
(8), the ZVS criteria can be evaluated for each transition in a
switching cycle. If ZVS is achieved for all transitions, the turn-
on energy is zero. For every transition that does not achieve
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TABLE I
EQUATIONS FOR SWITCHING CURRENTS FOR MODES A — H AS A FUNCTION OF CONTROL PARAMETERS

Mode Il 12 I3 I4
A —_ D1 Vp—D3 Vs 2Vs¢—D; Vp+D; Vs 2Vs¢+D; Vp—D; Vs Dy Vp—D3 Vs
2L, fs 2L, fs 2L, fs 2L, fs
B D, Vp—D3 Vs 2Vp$—D3 Vp+D3 Vs 2Vs¢p+Dy Vp—D; Vs D, Vp—D»5 Vs
2L, fs 2L, fs 2L, fs 2L, fs
C D1 Vp—D3 Vs D7 Vp+D3 Vs D1 Vp—D3 Vs D1 Vp—D3 Vs
2L, fs 2L, fs 2L, fs 2L, fs
D _ D1 Vp+D3 Vs D, Vp—D3 Vs D, Vp+D3 Vs D, Vp+D23 Vs
2L, fs 2L, fs 2L, fs 2L, fs
E _ D1 Vp—D5 Vs 2Vs¢—D; Vp+D; Vs 2Vp ¢+Dy Vp—D3 Vs 2Vp ¢+Do Vp—D3 Vs
2Lo fs 2L, fs 2L, fs 2L, fs
F — D1 Vp—D3 Vs 2Vp ¢—D3 VpF+D3 Vs 2Vp ¢+D3 Vp—D3 Vs 2Vp ¢+ Dy Vp—D3 Vs
2L, fs 2L, fs 2L, fs 2L, fs
G 2Vs¢+D; Vp—D; Vs 2Vs¢$—Vs+D; Vp+D; Vs __2Vpé—Vp+Dy Vp+Dsy Vs _2Vpé—DyVp+Dsy Vs
2L, fs 2L, fs 2L fs 2L fs
H 2Vs¢—D; Vp+D; Vs 2Vp¢+Dy Vp—D3 Vs Vp+2Vp¢—Dy Vp—Dy Vs _ Vs+2Vs¢—D; Vp—D; Vs
2L, fs 2L, fs 2L, fs 2L, fs
TABLE II

SWITCHING CURRENTS IpRrri,Iprra, Isgci, IsEc2 FOR MODES
A — H AS A FUNCTION OF I, 12, 13,14

M Ipr11 IpRI2 Isec1 Isgc2
A 12 13 Il _Il
B 11 13 12 _Il
C 11 12 IQ I3
D 11 12 —12 Il
E 1> -1 Iy I3
F I -1 Iz I3
G —1Is I —1I4 I3
H I Iy —1I3 Iz
TABLE III
EQUATIONS FPR Pp 4 g FOR MODES A — H AS A FUNCTION OF CONTROL
PARAMETERS
M Ppap
A 2VpVsDid
2nfs Lo -
27Vp Vs [D1D27%(%—(D1+D2)) ]
21 fs Lo
C IVp Vs D1 D3
2fsLg
Ve Vs DiD3
— 2fs Ly .
E 27Vp Vg [DlDz—%($+(D1+D2)> ]
— 2nfelg
E IVpVsDad
27 fs Lo
G TVpVs [(%—%)2+i—D1(1—D1)—D2<1—D2)]
— onfolg
H mVpVs [(%+%>2+i—D1(1—D1)—D2(1—D2)]
2nfs Lo
ZVS, the turn-on loss Piyrn—on 1S increased by 2FEon fs.

Equations (10), (11) and (12) are used to calculate turn-on
losses in the DAB.

2
0,if ZVS
Pt“”"”*(m’p” - Z; 2EON,Prifs>if no ZVS (10
2
0,if ZVS
Pturn—on,sec - Zl QEON,secfsv 1f no ZVS (] ])
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Pturn—on = Pturn—on,pri + Pturn—on,sec (12)
b) Turn-off losses: Similar to the turn-on losses,
the turn-off losses also use the switching currents

Iprii, Ipri2, Isgci, Isece. The turn-off losses can be
modeled as an exponential function of the turn-off current
from the datasheet of the SiC device.

Purn—ofr = f(Uprn,Iprr2, Isect, Isec2) (13)

3) Core losses: The core losses in the transformer and
inductor are modeled using the Steinmetz’s equation (14).

Poore = K fOBP (14)

B. Optimization Strategy

Fig. 5 summarizes the optimization strategy proposed
in this paper. The strategy is as follows: With the circuit
variables Vp, Vg, L, and the power command P known,
the required instantaneous power and current at a given
point in the line-cycle is calculated. Depending on these
requirements, the set of feasible modes My is determined.
The optimization algorithm then iterates through operating
points in these feasible modes and using the equations in
table I, evaluates Ipgrri,Iprio, Iseci, Isece, along with
iLrms. Using these evaluated switching currents and rms
currents, the loss model is employed to calculated the total
converter loss. The optimization algorithm thus arrives at a
single operating point which minimizes converter loss at a
given point in the line-cycle for DC/AC case. This process is
repeated for all unique operating points in the line-cycle.

The loss model presented in section IV part A evaluates the
turn-on losses subject to ZVS constraints but the algorithm
does not enforce ZVS switching. At some points, the
algorithm may sacrifice ZVS in favor of reduced overall loss.
During the execution of the algorithm, the maximum of the
switching currents is checked to ensure that the constraint of
(2) is satisfied.
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Fig. 5. TPS optimization strategy

1) Optimization for real power case of 100 kW: The
optimization strategy was performed for a 100kW DC/AC
case and the results are shown here. The input voltage was
set to 1000VDC, and the AC voltage was set to 1200Vacpeak
(850Vrms). The switching frequency was fixed at 15kHz.
Fig. 6 and fig. 7 show the variation of the control parameters
and converters losses over the line-cycle. ¢ here has been
normalized to 27 and hence the range of acceptable value is
—0.25 < ¢py, < +0.25, corresponding to —90° < ¢ < +90°.

The regions of the line-cycle that achieve ZVS are shown
in fig. 8 and fig. 9. ZVS conditions are evaluated as per (8)
and (9). As seen, ZVS is achieved in this case at almost all
points over the AC half line-cycle.

Finally, the theoretical converter efficiency over the com-
plete load range is shown in fig. 10. As seen, the maximum
efficiency can reach almost 99%.

V. EXPERIMENTAL RESULTS

The TPS optimization strategy proposed in this paper was
implemented and the converter was tested up to 10kW under
three conditions: A) Voltage gain 0.5 (Rpoap = 2.290), B)
Voltage gain unity (Rroap = 23.4Q2) (low-power case), and
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Fig. 6. Variation of control parameters D1, D2, ¢, along an AC half line-
cycle with Vp = 1000V DC and Vg = 1200V acpeak(850V rms)

2500
Ploss total
Pconduction
Pturnon
2000 - AN Pturnoff
/ \ Pdt
/.’ \\ Pcore
< 1500 - -f \
= [ \
2 ARD4 NN
2 / \
o / A AN
— 1000 p / N
/ T / N
/ .
1 ™
/ \
I/ £ \‘\ \\
500 - /s . N
D707 SN MR e S e~ e S M A
= =
of LA ey ) . . S S O |
20 40 60 80 100 120 140 160 180

line-cycle phase (degrees)

Fig. 7. Loss Breakdown for a 100kW case over an AC half line-cycle with
Vp = 1000V DC and Vg = 1200V acpeak(850V rms)

C) Voltage gain unity (Rroap = 9.42) (high-power case).
Converter efficiency was measured using a HIOKI PW6001
power analyzer. The efficiency was recorded for the TPS
case and compared with alternative switching strategies. It is
observed that the TPS strategy results in superior performance.

A. Voltage gain 0.5 (Rroap = 2.292)

Fig. 11 and fig. 12 show the 10kW experimental results
for case where the output AC voltage is close to half the DC
input voltage. The input voltage Vp is set to 430V DC, and
the load resistance Rppoap = 2.2€). Fig. 11 implements the
proposed TPS strategy and fig. 12 implements a single-phase
shift variable-frequency (SPS VF) strategy. The associated
efficiency curves are shown in fig. 13 and it is observed that
the TPS strategy shows superior efficiency. This is mainly
attributed to the reduced switching currents in the TPS case
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Fig. 8. ZVS region for primary switches over the AC half line-cycle
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Fig. 9. ZVS region for secondary switches over the AC half line-cycle
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Fig. 10. Theoretical converter efficiency over the complete load range using
TPS
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Fig. 11. Waveforms for TPS switching strategy, voltage gain close to 0.5
(Rroap = 2.2Q). Top to bottom: Vp = 430V DC, v, p, load current =
70Arms, i1, Vs = 152V rms (load voltage)

Fig. 12. Waveforms for SPS VF switching strategy, voltage gain close to 0.5
(Rroap = 2.2Q). Top to bottom: Vp = 430V DC, v, p, load current =
T0Arms, i, Vg = 152V rms (load voltage)
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Fig. 13. Efficiency comparison between and TPS and SPS VF switching
strategy for voltage gain close to 0.5

as seen from the envelope of ¢;, in the waveforms.
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Fig. 14. Waveforms for TPS switching strategy, voltage gain close to unity
(Rroap = 23.49). Top to bottom: Vp = 488V DC, v, p, load current =
15Arms, iy, Vs = 358V rms (load voltage)
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Fig. 15. Efficiency comparison between TPS and DPS switching strategy for
voltage gain close to unity (low-power case)

B. Voltage gain unity (Rroap = 23.4Q0) (low-power case)

Fig. 14 shows the 6kW experimental results for case where
the output AC voltage is close to the DC input voltage.
The input voltage Vp is set to 488V DC, and the load
resistance Rroap = 23.4€). Fig. 14 implements the proposed
TPS strategy, and the same test was also run with a Dual
Phase-Shift (DPS) strategy. The associated efficiency curves
are shown in fig. 15 and it is observed that the TPS strategy
shows superior efficiency.

C. Voltage gain unity (Rroap = 9.4Q0) (high-power case)

The DAB is generally suited for higher efficiency when
operating around unity voltage gain. Fig. 16 shows the im-
plementation of the TPS strategy for the 10kW case with the
output AC close to the input voltage. The input voltage Vp
is set to 488V DC, and the load resistance Rpoap = 9.4€).
Fig. 17 shows the associated efficiency curve. As seen, the
efficiency achieved is easily above 97%. In this high-power
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Fig. 16. Waveforms for TPS switching strategy, voltage gain close to unity.
Top to bottom: Vp = 435V DC, v, p, load current = 33Arms , i, Vg =
313Vrms (load voltage)
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Fig. 17. Efficiency of TPS switching strategy for voltage gain close to unity
(high-power case)

region, the TPS and DPS strategies converge to the same
efficiency.

VI. CONCLUSION

The complete model of the Dual-Active Bridge (DAB)
switching currents presented in this work and the associated
Triple Phase-Shift (TPS) optimization strategy can enable
highly efficient operation of the DAB across a range of volt-
ages and currents. The experimental waveforms and efficiency
curves were shown for a range of powers and voltage gains,
and compared with other popular switching strategies. It is
seen that the Triple Phase-Shift switching strategy results in
superior efficiency or efficiency equal to that of the next-best
switching strategy.
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