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Improved Frequency-Domain Steady-State Modeling
of the Dual-Active-Bridge Converter Considering
Finite ZVS Transition Time Effects
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and Alireza Khaligh

Abstract—This article presents an improved analytical modeling
(IAM) approach for the dual-active-bridge (DAB) converter in the
frequency-domain. Specifically, finite transition times are incor-
porated into the improved modeling that are significant in DAB
converters operated at high frequency. The IAM approach is first
motivated by comparing traditional frequency-domain modeling
against realistic simulation results in LTspice. Next, the IAM ap-
proach is mathematically developed in an iterative fashion, where
the conventional frequency-domain approach is used as the initial-
ization of the operational behavior of the converter. Subsequent
iterations of the IAM algorithm incorporate finite rise- and fall-
times of device output capacitances based on detailed switching
behavior analyses, which may considerably perturb the desired
modulation parameters (i.e., phase shift and zero states). While the
initially proposed IAM approach demonstrates advantages over
ideal modeling, it is still shown to exhibit errors when applied to
device transitions with significant nonlinearity in parasitic output
capacitance. To account for this, a three-slope approximation to
the switching transition is then motivated and developed, which
enables significantly improved steady-state prediction accuracy.
Simulation and experimental results confirm unacceptable inaccu-
racies associated with the conventional frequency-domain model-
ing across a wide range of operating conditions, alongside enhanced
accuracy provided by the proposed modeling approach.

Index Terms—Dual-active-bridge (DAB), frequency-domain,

steady-state modeling, zero-voltage switching (ZVS).
I. INTRODUCTION

HE dual-active-bridge (DAB) dc—dc converter remains

one of the most popular choices for bidirectional dc—dc

applications due to its advantages such as the absence of turn-

OFF voltage spikes across switches and possibility of full zero-

voltage-switching (ZVS) operation [1]. One such realization of

the DAB converter is shown in Fig. 1, with a primary-side full
bridge and a secondary-side half bridge.
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Fig. 1. DAB dc—dc converter architecture with primary-side full bridge and
secondary side half bridge.

Steady-state analysis of the dc—dc DAB converter can be
carried out using either time-domain modeling (TDM) or
frequency-domain modeling (FDM) approaches. TDM proceeds
by analyzing the circuit operation in one of several modes,
which arise due to the changing voltages of the two sides of the
transformer and the relative value of the modulation parameters
[2]-[6]. As such, FDM was developed in [7] to significantly
simplify modeling efforts into a single set of equations that
are always valid. While sufficient literature has been published
regarding idealized DAB circuit operation with TDM and FDM,
the principle limitation of the approaches in [2]—[7] is that they
neglect to consider the effect of finite rise- and fall-times (¢,., )
of the devices during switching transitions (cf., dotted lines in
Fig. 2(b)).

A TDM approach incorporating ZVS transitions based on the
state-plane analysis has been developed in [8] on a 1-MHz DAB
converter. While the analysis inherently includes the impact of
switching transitions, state-plane analysis of the DAB is mode
dependent, which leads to nongeneric analytical descriptions of
the converter. A TDM approach for predicting ZVS boundaries is
presented in [9]. However, this approach is based upon achieving
ZVS “by-direction” and hence, in certain instances, can prove to
be inaccurate, and further does not investigate the impacts that
the switching transitions have on the operational characteristics
of the system. Another TDM approach is presented in [10] with
accurate ZVS analyses, provided that the current at the start
of the resonant transition is in the correct direction. While the
impact of ZVS on the effective phase-shift perturbation is iden-
tified, the mechanisms by which this occurs and implications to
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power transfer and rms currents are not present. Furthermore,
this article exhibits the same limitations of complex, modally
defined, time-domain analyses.

Accurate charge-based considerations for ZVS were incorpo-
rated into the FDM approach in [7]; however, the implications of
ZVS transitions were not incorporated into power flow and rms
current estimation. An admittance-matrix-based FDM approach
for analyzing ZVS boundaries of DAB converters was presented
in [11], where the ZVS boundaries are initially determined by
analyzing “by-direction” considerations of the switching-leg’s
current, and ensuring that the current remains in the correct di-
rection throughout the dead-time period is concluded to achieve
ZVS fully. However, this will likely yield errors, for instance,
if inadequate dead-time duration is provided to fully undergo
the ZVS transition, or if the initial energy at the start of certain
ZVS processes is insufficient. In fact, the DAB inductor current
for secondary-side device transitions can begin in the wrong
direction and still achieve ZVS due to the inherent behavior of
the current slope [8]; these cases are not accounted for within
the ZVS boundary analyses in [9]-[11].

An iteration-based time-domain approach for waveform re-
construction was necessitated in [12] for accurate system model-
ing and loss analysis; however, explicit details of the reconstruc-
tion method were not specified, and the implications of finite
rise- and fall-times to the effective operating parameters was
not explored. Therefore, considering the drawbacks of previous
approaches in both the time- and frequency-domains, and the
need for such a detailed modeling tool, an improved analytical
modeling (IAM) approach in the frequency-domain is proposed
in this article for the high-frequency dc—dc DAB converter,
which could be generally extended to any other DAB-based
converter approach. The contributions of this article are to: 1)
create a generic model of the DAB dc—dc converter, in which the
finite device commutation times are accurately considered and
are applicable even in high-frequency applications; 2) analyze
the impact of finite device transition times from perspectives of
power transfer and rms current; 3) accurately predict the ZVS
performance of all device commutations, including how much
dead-time to provide to all transitions and how much residual
voltage remains in quasi-ZVS (qZVS) scenarios; and 4) re-
construct time-domain wavefoRMS from the frequency-domain
with high accuracy to detailed simulation and experimental
results.

The rest of this article is organized as follows. Section II
presents motivation for the analyses, following which the im-
proved modeling approach is developed in Section III. Compar-
isons between model, simulation, and experiment are presented
in Section IV. Section V presents discussion on topological
applicability and benefits of the proposed approach over con-
ventional simulation tools. Finally, Section VI concludes the
article.

II. MOTIVATION

To motivate the necessity of an improved FDM technique, the
conventional FDM approach will be developed and compared
with a detailed LTspice simulation of the converter in Fig. 1. The
equivalent circuit of the converter in Fig. 1, referred completely
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Fig. 2. DAB dc—dc converter. (a) Secondary-referred equivalent circuit. (b)
Example operational waveforms. In (b), the dotted lines indicate gating wave-
forms of the respective devices, the solid lines demonstrate ideal waveform
behavior, and the dashed lines incorporate a linearized example of finite rise-
and fall-time transitions. As a result, a difference between modulator-provided &
and 6, and d.gr and O, is realized and shown explicitly. In this case, the S3 <+ Sy
transitions are hard-switched, while S1 <+ So and Sg <> S transitions are
soft-switched with finite transition times, both uniquely attributing to deviation
between ideal and effective modulation parameters.

to the secondary-side of the transformer, alongside example
operational waveforms is shown in Fig. 2. In the equivalent
circuit shown in Fig. 2(a), the standard transformer T-model
is used for inductances, in addition to transformer winding and
trace-induced parasitic intrawinding capacitance on the primary-
and secondary-sides. The modulation parameters are illustrated
by the dashed-dotted lines in Fig. 2(b) and are defined as follows:
0 is the phase-shift angle between the fundamental harmonic of
the primary- and secondary-side applied transformer voltages, 0
is half of the zero-state of the primary-side transformer voltage,
and T, is the switching period. Henceforth, ¢ and 6 are defined
as angles in radians.

A. Conventional FDM

Traditional FDM, hereby denoted original analytical model-
ing (OAM), is conducted considering ideal quasi-square-wave
voltages on either side of an inductive network [7], shown as
solid lines in Fig. 2(a). For the equivalent circuit in Fig. 2(a),
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the k-th harmonic of the primary and secondary voltages can be
expressed as

Vok = Vi os(k0) 2k )
— 2 oul

Vik = —Z - 2)
™

Using the frequency-domain expressions for the two voltage
sources, the general form of the k-th harmonic of the magnetiz-
ing inductor’s voltage can be found by

Vi ke = VoA + Vi A, 3)

where Ay = A, /(1 + X, + Ag),and Ay = Ly, /Ly . A familiar
form of this expression occurs when Ly, ,, = L s, and L, >>
Lyj; p(s)» in which case Vn:,k = (V,:k + V;k)/Q. Using the three
previous voltage vectors, the k-th harmonic of the primary- and
secondary-side currents can be found via

— —

- Vi, k Vi T
L= |—2F q-n)——Lk A/ -T @
= | iy M) T T Ly ™ ; @
- Vi Vik 0
I = P — : 1-A)|£L——=- (5
* kwslek,s b kwslek,s ( ) 2 ( )

In order to recreate the time-domain expressions for any of these
vectors, a summation of harmonics is required

Kmax

> okl sin(kwwt + Z1, k). (6)
k=1,0dd

i(t) =

Similarly, the rms currents and active power flow on the sec-
ondary can be calculated via

Kma
my g
Ryse = Z §|Im’k|2 (7)
k=1
Fmax 1
Py = ,; §|Vm,k||lx7k| COS(ZVIJC - llm’k). ®)

B. Effect of Device Transitions

Due to finite rise- and fall-times of device transitions, dif-
ferences can arise between the values of § and 6 set by the
modulator and the operational values degr and fer. An example
of this is highlighted by the dashed lines in Fig. 2(b), repre-
senting the voltage waveform behavior considering switching
transitions with a first-order approximation. In particular, the
S3 <+ S, transition is shown to be hard-switched, where the
provided dead-time causes an increase in the effective zero-state
duration. In contrast, the S; <+ S5 and S5 <+ Sg transitions are
shown to achieve ZVS, contributing to nonideality from another
perspective. Notably, due to the finite transition speed of the
secondary-side voltage, the zero-crossing (and hence the effec-
tive zero-crossing of the fundamental harmonic component) is
phase-shifted from ideal considerations. Therefore, analysis of
switching transition dynamics is critical to accurate predictive
performance, which will be verified in the following section.
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TABLE I
PARAMETERS UTILIZED IN COMPARATIVE ANALYSES

n le,pa le,s L, Cint'ra,p C’Lnt'ru,s fsw
428 06275 uH 80 uH 384 pF 22 pF 200 kHz
TABLE I

OAM VERSUS LTSPICE FOR SEVERAL DC—DC OPERATING POINTS

Case Vout [Vl Analysis  Serp Ocrr  Irms [Al P [W]
Sim. 1 340 OAM 0.03 0 1.61 245
LTspice 0.045 0 2.11 328
Sim. 2 194 OAM 0.077 0.12 1.93 144
LTspice 0.12  0.122 3.34 280
Sim. 3 107 OAM 0.093 0.19 1.67 59
LTspice 0.12 0.191 1.33 48
Sim. 4 54 OAM 0.1 0.22 0.64 11
LTspice  0.135  0.225 0.73 11.5

In order to illustrate the limitations of OAM in nonconsid-
eration of device transitions, an LTspice simulation was per-
formed, using manufacturer-supplied device models. A GaN-
based EPC2001C [13] was selected for the primary-side, and
a Si-based IPD60R180P7 [14] was selected for the secondary-
side. The dead-times provided to the primary- and secondary-
side switches were 100 and 600 ns, respectively. The remaining
system parameters are listed in Table L.

Four cases were considered, where in each case the input
voltage was set to 40 V and the output voltage was varied.
The control parameters § and € were fed to a modulator from
a controller, providing the appropriate gating signals to the
devices. The results are presented in Table II. It is clear that
there are nonnegligible differences between the rms current and
power transfer values predicted by OAM [calculated with (7)
and (8)] and those observed in simulation. This derives from the
fact that the ¢ value in simulation has been perturbed signifi-
cantly from the expected 0 that was provided to the system [cf.,
Fig. 2(b)]. Notably, the € parameter has not differed much
between the expected value and the simulation. In this case,
perturbation of § is more prominent than ¢ due to low required
dead-time of the GaN-based EPC2001C devices and hence low
ratio of dead-time to switching period in instances of soft switch-
ing, whereas the secondary-side Si devices require a longer
dead-time for device commutation. While the perturbation of
& could be managed through the use of a closed-loop controller,
it is important in the design and analysis stage of the converter
to be able to accurately replicate expected behavior, particularly
with regard to ZVS range (impacting switching losses) and rms
currents (impacting conduction losses).

III. TAM APPROACH

A. Switching Transition Circuit Modeling

To accurately model converter functionality by incorporat-
ing finite-time-duration switching transitions, careful transition
analysis is required. A generalized form for transition analysis in
DAB converters was developed in [15] based on the equivalent
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Fig. 3. Equivalent circuit model for a ZVS transition on the (a) primary-side
and (b) secondary-side.

TABLE III
ZNV'S EQUIVALENT CIRCUIT PARAMETERS FOR FIG. 3

Transition Vi Cond. Cx
Sy s Sy Vout/2n 6>0 Co,p(Vin, — Ve)+
Vout/2n 6<0 Cop(Ve)+Cip
53 S, Vout/2n 0>0 Co,p(‘[in - Vc)+
7Vout/2n 6< 6 Co,p(Vc) —+ Ci’p
V:Ln 0 0 Co s(Vout — Ve
Ss s S n > s t )+
0 <6 Co,s(Ve) + Ci s

circuit in Fig. 3, where C,. (v.) is the total parasitic capacitance
involved in the commutation interval as a function of the capaci-
tor voltage, Ly, . is the DAB power transfer inductance reflected
completely to the primary or secondary sides (x = {p, s}), and
V4. 18 an equivalent voltage source from the opposite side of the
transformer (where * = sif x = p, and vice versa). By analyzing
all possible transition scenarios, distinct values for the equivalent
circuit parameters can be found as a function of the modulation
parameters, summarized in Table III. Revealed in Table III
is a dependence of V} on the operating mode for transitions
S3 — Syand Sg — S5. While only two modes exist considering
¢ and 6 control, many modes exist in secondary-side full-bridge
realizations with an additional zero-state control [4], as well
as control implementations that consider leg-level duty cycle
[16]. As such, the principal limitations of previous TDM-based
approaches are identification of the circuit’s operating mode and
solving the appropriate set of equations. In contrast, the proposed
approach will be shown to have no dependence on operational
modes.

B. Switching Transition Scenarios

Within any switching transition, three distinct possibilities
may occur: 1) full ZVS in Fig. 4(a) and (e); 2) qZVS in Fig. 4(b),
(c), (), and (g); and 3) hard switching in Fig. 4(d). For either
ZN'S or qZVS transitions to occur, the transformer current must
be in the correct direction to begin to discharge the parasitic
output capacitance (e.g., Irx s > 0 for S¢ — S5 transition).
With that being said, it is possible for the current to start in the
wrong direction before a current zero-crossing into the correct
direction, deemed ¢/, initiating the resonant transition. In these
cases, a period of third-quadrant device conduction would occur
before the parasitic capacitor charging/discharging process. As
such, these transitions are deemed delayed-ZVS (d-ZVS) or
delayed-qZVS (d-qZVS) transitions shown in Fig. 4(e)—(g).
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Fig. 4. Different voltage transition scenarios following the turn-OFF of a

switch. (a) ZVS, (b) gZVS-TR, (c) ZVS-ER, (d) hard switching, (e) d-ZVS,
(f) d-gZVS-TR, and (g) d-qZVS-ER. Actual voltage transitions are shown in
purple, ideal transitions in blue, and the difference between them in red.

Combining the equivalent circuit in Fig. 3 with the appropriate
parameters V4 z, Ly .., and C, the total time required for a full
ZVS transition, with an initial transformer current I, o = i, (t,),
can be calculated via

; B /Vm C:r(vc)d’l)c
Zvs T 0 12 2 (U C Vi — o\
Lot Lig,e Y0 2 ()( b,% v)dv

(C))

derived in [15]. The value of time-equivalent capacitance Ceq
can then be calculated by numerically solving

b= ot | dve
Vs — eq,t 0 IQ Ceq,t - —
Lot s (2Vp z0c — v2)

Lik,z c

(10)

The previous equations facilitate a linear approximation to
the nonlinear voltage commutation using a fixed value time-
equivalent capacitance, where the equivalent capacitor’s voltage
rises from O to V. in the time duration t,y.

The borderline between ZVS and qZVS is determined by both
time- and energy-related constraints. In many circumstances, it
is appropriate to select a maximum allowable amount of dead-
time, t4,, which will determine the borderline between ZVS
and gZVS from a time-related perspective (QZVS-TR). These
cases are shown in Fig. 4(b) and (f). In contrast, the inductor
current may exhibit a zero crossing into the wrong direction
during the switching transition due to insufficient initial energy
(qZVS-ER), where the capacitor voltage would subsequently
rise if the provided dead-time is too long. These cases are shown
in Fig. 4(c) and (g), where .. is defined as the current zero-
crossing time. In general, the gZVS transition type in Fig. 4(c)
is the most generic transition form as it contains all of the other
top-row cases with appropriate adjustment of ¢.. and dV,,. For
example, the ZVS case can be realized by setting ¢,. = t,ys and
dV, = V.. To realize any of the bottom row cases, Fig. 4(d) can
beused fort € [tg, 1], in cascade with Fig. 4(c) fort € [t!, t4.].

In the cases of time- and energy-related gZVS and d-qZVS,
postprocessed corrections to (9) are required.
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1) Time-Related qZVS: In the case that the t,,s result from
(9) is greater than the designated maximum allowable dead
time, a qZVS-TR situation is present. The value of dV,, can be
calculated by solving the differential equations corresponding
to Fig. 3 using the linear time-equivalent capacitor in (10), with
the solution given by the following equations:

dv, = Vb,ic - Atweq,t Cos(weq,ttf + ¢t) (11)
Weq,t = (le,xceq,t)71/2 (12)
‘/b B 2
Ay =1} o+ (m ) (13)
’ \/ Lo le,xweq,t
Ly o1
¢; = arctan (“’eqt””LO> . (14)
Vo,

Using (11)—(14) with final time ¢y = tg,, all parameters are
known for the linear approximation to this transition, as shown
in Fig. 4(b) and (f).

2) Energy-Related qZVS: 1f the energy at the start of the
device commutation is insufficient to facilitate full ZVS, (9) will
return a real plus imaginary time result. The physical meaning
of the real part to the solution is that the equivalent parasitic ca-
pacitor voltage will properly discharge in the time-shifted bound
t' € [0, R(t,s)], wheret’” =t — t/.. However, if additional dead-
time is provided to the devices, the inductor current will cross
zero in the wrong direction causing the capacitor voltage to
increase back toward V, incurring suboptimal qZVS losses.
While the real part of the solution can be used to determine
t.c = RN(t,ys), the amount of voltage that has commuted during
this time, dV,,, needs to be determined, which requires solving
(11)—(14), with t§ = R(tus).

3) General Transition Analysis: In order to circumvent the
nongenerality between time- and energy-related qZVS transi-
tions in the utilization of (9), and enable more complex transition
modeling, a discrete solving method is utilized, adapted from the
approach introduced in [17]. The block diagram for solving the
switching transitions is shown in Fig. 5. The analysis begins
with input of the side of the transition of interest, x, the initial
time of the transition, ¢,, the maximum allowable time for
the transition, ¢4, and the total voltage of the commutation,
V. First, it is verified that the current direction is proper to
enable a resonant transition, where it is henceforth assumed that
a positive current is the correct polarity. If the current is not
positive, the algorithm proceeds by determining if the current
crosses into the correct direction during the allowable duration
of the switching transition. In instances of proper initial current
direction, or in delayed transitions, the algorithm continues to
the discrete solving block; otherwise, the transition is deemed to
be hard-switched. In the subsequent discrete solving block for
the switching commutation, the capacitor voltage v.. is stepped
through in sufficiently small AV steps, where the total time du-
ration of the transition, ¢;,, and instantaneous value of inductor
current, i, are linearly solved in each step according to

Ve = Ve + AV
bir =t + Ca: (UC)AV/ZL

as)
(16)
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Start

X, by Lay Vi

Currentzc:
i(t)>0
for t € [t t, +14]?

Initial current :
Io=1i(t)
A

Current direction :
Ip>0?

linit = b b= b

Initialization : L
Zero-crossing time :

linit = 5 1o = i( &)
b ={t|i(t)<0&ift7)>0}

ir=1IL0 |

Ve =0, Voz = vx (fini)
ty = tini— to
Y
Discrete solver :

Ve =Vt AV
ty =ty + Ci(ve) AV /g,
i =iy + (Vox—ve) Cl(ve) AV / Ly ir,

qZVS-ER :
ip<0?

qZVS-TR :
by >ty ?

IAM RTEFT waveform generator :
— — — Vex
Verer = Verero) + Verer ) m
R
(18)-20) with...  (18)-(20) with... 0 () >t
L=ty =1t L= =1y,
V=Vom=0 V=V,m=v./(ty-1.") > ¢
Lt

Fig. 5. Discrete solver for diagnosing switching transition types and finding
the required parameters for waveform synthesis via the mathematical modeling.

i =ir + (Voz — ve)Co(ve) AV /ip Ly o (17)

derived as the discrete equivalent forms of the differential equa-
tions associated with Fig. 3. Therefore, in each step, violation of
time-related (¢4, > t4,) and energy-related (¢;, < 0) constraints
can be evaluated, and all parameters required to model the real-
ized transition can be determined. The algorithm proceeds until
one of the exit conditions is found, where the effective voltage
transition can be modeled according to the diagnosed transition
and mathematical modeling developed in the subsequent section.

C. Mathematical Framework for IAM

In order to incorporate the various transition types, as de-
scribed in Fig. 4, an FDM of the voltage commutation intervals
is required. The mathematical approach is pictorially shown
in the bottom halves of each subfigure in Fig. 4, and in the
waveform generator block in Fig. 5, where the ideal OAM
vectors (in blue) are summed with the finite rise-time and
fall-time (RTFT) vectors derived from the detailed transition
analyses (in red), to create the equivalent voltage waveform
(in purple). The RTFT vectors can be derived using Fourier
decomposition, of which the result is included in the Appendix
for the generic trapezoid in Fig. 4(c) witht, = ¢; and t,. = ;.
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Input parameters :
1. Primary- and secondary-side voltages (V,,, V)
2. Modulation params. (9, 8, f, tap » tas)
3. Transformer params. (1, Ly, Liks, L,
Cuntaps Cintrss)
4. Switch params. (Cnsx,p( Vds): Cass,s( Vds))

OAM-based frequency-domain modeling :

- Voltage waveform construction Eqgs. (1)-(3)
- Current waveform construction Eqgs. (4)-(5)
Transition modelling Ss/Ss (IAM or IAM;) :

“X=86=0,le=lag V= Vou

Transition modelling S3/ Sy (IAM or IAM;) :
-x=p, b= =0+ O)T5/2m, tae = tap, Vi=Vin

Transition modelling S;/S> (IAM or IAM) : j

“x=p, 6= =0 —O)To/2m, ta=tap, Ve =Vin
- Run block diagram in Fig. 5

Waveform reconstruction :
- Voltage waveform reconstruction...

Vok = Voampx + Vrrrrsis2 + Verrrsyse s Vik = Voamsk + Vrrerssiss

- Current waveform reconstruction... Egs. (4)-(5)

!

Corner currents :
1y=140)
1;=1,((n—0 - O)T,/2m)
L=1((n—0+ 0)T,/2m)

Error analysis :
Change in corner currents
less than 1%?

(a)

lep L//c,s

k

/“; I"/;.()AM.A"QETL;‘ 2 Vs, 04M k

1
Vs s1/s2.6 G0 Iter 41}11}&, Iter d‘llb\t. J \
k=1 ’ TN transition transition ‘/\‘\ét ~
Ko analysis analysis > DV rtfS3/S6.k
S Vg s3/54 /\4_ analysis analysis
=1 ! ! (IAM or IAM;) (IAM or IAM;)
L

@

k

Additional RTFT Components for improved modelling

(b)

Fig. 6. Implementation of IAM incorporating finite-duration ZVS transition
time effects with the conventional FDM. (a) Iterative flowchart. (b) Equivalent
circuit.

With the derived mathematical formulation, it is straightforward
to sum the OAM and RTFT components via vector addition.
Importantly, nonnegligible magnitude and phase angle of the
RTFT vectors can be present in low-order harmonics, which is
the root cause in the perturbation of the effective modulation
parameters.

D. Implementation

The TAM is implemented via an iterative approach, which
is described by the flowchart in Fig. 6(a). In the first step, the
input operating parameters are fed into the OAM equation set
(1)—(5), which is used to obtain the ideal frequency-domain
voltage vectors and corresponding transformer current vectors.
The time-domain transformer current can be reconstructed from
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the frequency-domain vectors via (6), and the corner currents
(i.e., the value of the transformer current at the start of the
switching transition) can be utilized to perform switching tran-
sition analyses. Importantly, the switching instant times of in-
terest, ¢, are only dependent on the modulation parameters
and have no modal implications; for the proposed topology
and control scheme, the primary-side transitions of interest
occur at t, = (m — 0 £ 0)* Ty /27, and t, = 0 corresponds to
the secondary-side transition of interest.! Eliminating modal
independence of V}, z is similarly straightforward, as the time-
domain-reconstructed transformer voltage waveform of the side
opposite to the commutation under interest can be inspected
at time t,. For example, during the S35 — S, primary-side
transition, the secondary-side value of V;, ; can be determined
by evaluating the time-domain-reconstructed secondary-side
waveform v;(t,). With z, t, tge, Vi, Vi z, and Ip o known,
the frequency-domain RTFT voltage vectors for each switching
transition can be extracted from the detailed discrete transition
analyses and waveform generator described in Fig. 5. After
conducting the transition modeling for all of the switching
transitions of interest, the RTFT vectors are used as correction
terms via vector addition to the frequency-domain OAM voltage
vectors, as explained in the previous section. The resultant
modified primary- and secondary-side voltage vectors are used
to reconstruct the current waveforms, which is illustrated via the
modified equivalent circuit in Fig. 6(b). The iterative procedure
continues until the relative change between the inductor corner
currents at the current and previous iteration is uniformly less
than an arbitrary error margin of 1%.

E. Limitations and Corrections

A comparison between LTspice simulation and IAM predic-
tion is shown for one particular operating point in Fig. 7, with
numerical comparison in Table IV. Unfortunately, the IAM ap-
proach detailed in previous paragraphs is shown to still result in
some limitations; however, it is improved in accuracy compared
to the OAM. The operating point was selected for comparison as
ithighlights limitations inherited in previous literature. In partic-
ular, OAM predicts the initial secondary-side corner current in
the correct direction for ZVS (i.e., I, o > Oatts = 0), yet when
considering the effects of device commutations the current actu-
ally begins in the incorrect direction. Therefore, analyzing ZVS
boundaries without considering the effect that finite-duration
device transitions have on the operational characteristics of the
converter may lead to inaccuracies. Nevertheless, the operation
point demonstrates a case in which the secondary-side does
achieve a ZVS transition, even though the initial current is in
the incorrect direction.

As shown in Fig. 7, the time-based ZVS analysis is verified
as the total time duration of the secondary-side ZVS transi-
tion is very closely in agreement with the simulation. This is
expected by (9) because the initial resonant transition current is
roughly the same in both cases; I1, o ~ 0 as the ZVS transition

IFor consistency of analysis, the “transitions of interest” correspond to those
where the current direction shall be positive to enable a ZVS transition.
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Fig. 7. Comparison for test case Sim. 2 (cf., Table II), highlighting deviation
between OAM, 1AM, and accurate simulation in LTspice. Error is incurred
in predicting the secondary-side zero-crossing, which limits the accuracy of
both the current waveform as well as predicted power flow and rms currents.
Additionally, the OAM is shown to mischaracterize the circuit performance, as
commutation intervals are not considered.

TABLE IV
COMPARISON OF TEST CASE SIM. 2 DC—-DC OPERATING POINT

LIrms [A] P[W}
OAM IAM Sim. OAM IAM Sim.
1.93 (42%) 291 (13%) 3.34 144 (48%) 240 (14%) 279.6

is initiated by a current zero-crossing. However, while the total
voltage commutation time is matched closely between IAM and
simulation, there is no guarantee that the final current values
will also match [8], [15], [17]. Due to this, small errors in the
inductor current are persistent throughout the switching period
and lead to a mischaracterization of the primary-side lagging-leg
transitions; IAM predicts this transition to be hard-switched,
while it is QZVS-ER in simulation. The errors in power transfer
and rms current are still not acceptable in this comparison, even
though the results exhibit increased accuracy versus the OAM.
In this case, the TAM-predicted power is less than the simulation
because the IAM-predicted zero-crossing of the secondary-side
waveform is earlier in time than the zero-crossing of the LTspice
secondary-side waveform; hence, the Jeg in IAM is less than
LTspice. Therefore, it is hypothesized that the reason for the
incurred error in IAM is a result of the inaccuracies associated
with the linear approximation to the nonlinear secondary-side
device transition. Further explanation for this alongside a pro-
posed refinement process is outlined next.

1) Three-Step Voltage Transition: To refine the zero-crossing
time of the secondary-side voltage, the ZVS transition is pro-
posed to be broken down into a three-step piecewise linear
transition. To understand the motivation behind the three-step
voltage transition, an example Co versus V' curve for the
utilized high-voltage Si CoolMOS device is provided in Fig. 8.
It is evident that after around 20 V (hereby deemed the critical
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Fig. 8. Using an example Si CoolMOS device Cgs versus V' curve to form
the equivalent C';, capacitance [14]. While the device has an order of magnitude
reduction at Vi, the equivalent capacitance C,, experiences this behavior at
both Vit and Voue — Vi, due to the charging and discharging behaviors of the
two devices in the switching leg.

voltage, Vi), the parasitic capacitance experiences an order
of magnitude step reduction due to completion of the channel
depletion process [18]. Due to this, typically more time is
required to charge and discharge the parasitic capacitance in
the high-capacitance regions (cf., the shape of the secondary-
side voltage in Fig. 7). Notably, two high-capacitance regions
exist in the equivalent capacitance C';, due to the charging and
discharging behavior of the two devices in the switching leg
(i.e., Cp = Coss(vas) + Coss(V — vgs) + Cinga)- Provided that
the output voltage is larger than twice the critical voltage, three
unique commutation sections can be modeled, namely: 1) 0 —
V;rit,m; 2) V::rit,:c — (V:)ut - V;ril,x); and 3) (V:)ut - V::rit.,x) —
Vout- In the case that the output voltage is less than twice the criti-
cal voltage, or in instances where the capacitance versus voltage
characteristic is more smooth, the single-slope approximation
suffices. Importantly, this three-step model is device specific, and
the critical voltage may differ depending on both device technol-
ogy and internal device structure. In contrast to the considered
Si CoolMOS device, the EPC2001C GaN-based device utilized
on the primary side has significantly reduced nonlinearity, and
hence, the single-slope approximation in IAM is sufficient.

To model the three-section, piecewise linear, voltage transi-
tion, hereby denoted IAM3, the discrete approach introduced
in Fig. 5 can be adapted to analyze and model the voltage
commutation in each of the three voltage regions independently.
Specifically, the exit logic and waveform generator blocks pre-
sented in Fig. 5 can be modified, as shown in Fig. 9, where
information regarding the time elapsed and capacitor voltage is
stored in up to three unique sections, S. Regardless of the current
section, conditions regarding gZVS-TR and qZVS-ER are eval-
uated and serve as exit conditions alongside the completion of
full ZVS. The IAM3 waveform generator is similar to that from
IAM, where the single-slope RTFT vector in IAM, Virer (1), 18
replaced by a summation of up to three unique RTFT vectors,
one for each section that was reached. An example equivalent
voltage commutation in the time-domain of the three-step volt-
age modeling approach under the d-ZVS case is shown in the
bottom of the IAM3 waveform generator block in Fig. 9, where
four trapezoidal regions are positioned appropriately to construct
the dynamic voltage profile.
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Fig. 9. Adaptation of the discrete solving method for the realization of the
three-slope voltage commutation.
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Fig. 10. Comparison of Sim. 2 operating condition between OAM, 1AM,
IAM3, and LTspice.

TABLE V
REFINED COMPARISON OF THE CASE SIM. 2 OPERATING POINT

I’r'an,sinL [A}
3.34

Prans (W]
278.14 (0.52%)

Psi'm [W]
279.58

Irms,IA]Mg, [A]
3.32 (0.61%)

2) Comparison of Corrections: The simulation scenario an-
alyzed in the beginning of this section is recompared against the
IAM with the corrections outlined in the previous subsection
in Fig. 10 and Table V. Notably, the primary-side devices are
modeled with the single-slope approximation (IAM), whereas
the secondary-side device transitions are modeled with the
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Fig. 11.  Analysis of the impact of the number of harmonics for IAM3 in

example test case Sim. 2, on prediction accuracy and algorithm time duration.
The total number of iterations required for convergence is shown as a data label
for the algorithm duration curve.

three-slope approximation (IAM3). It is evident that the IAMj5
corrections to the secondary-side voltage transitions bring tight
accuracy between the model and LTspice simulation, both in
terms of predicted rms current and power transfer, as well
as the time-domain waveform recreation. Due to the highest
level of accuracy using the three-step voltage transition for the
secondary-side RTFT synthesis, it is henceforth considered in
the following comparison sections.

F. Harmonic and Iterative Analysis

As with any FDM approach, the number of harmonics re-
quired to create an accurate representation of the wavefoRMS
under study needs to be analyzed. Furthermore, as the proposed
approach is iterative, it is important to analyze how many it-
erations typically are required before convergence. To analyze
these two factors, the previous test condition (test case Sim. 2 in
Table II) is analyzed as a function of the number of harmonics.
In each case, the procedure is iterated to convergence.

The impact of the number of harmonics on the prediction
accuracy of power and rms current, time duration of the algo-
rithm, and the number of algorithmic iterations to convergence?
is presented in Fig. 11. It is clear that the predictions of power
and rms current are accurate compared to the simulated values
even when considering as low as five odd harmonics. Within
a 5% error bound, the algorithm converges between 10 and
13 iterations. While increases in the number of harmonics will
marginally increase the prediction accuracy, increased harmonic
considerations naturally come at the cost of increased execution
time of the algorithm.

IV. COMPARATIVE RESULTS
A. Simulation Comparison

The remaining test conditions from Table II were compared
between OAM, IAM3, and LTspice, with the results shown in
Table VI. It is clear that regardless of the modulation parameters

2Time measured in MATLAB R2019 on an Intel(R) Core(TM) i7-8700 CPU
@ 3.20 GHz with 16-GB RAM. Algorithm runs 20 consecutive times to measure
average, maximum, and minimum time durations.
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Fig. 12. Comparison of the OAM, IAM, and IAM3 modeling approaches with LTspice simulation results for three operating conditions provided in Table II.

(a) Sim. 1. (b) Sim. 3. (c) Sim. 4.

TABLE VI
COMPARISON OF MODELING APPROACHES WITH SIMULATION FOR
CASES SIM. 1, 3, AND 4 FROM TABLE I1

Case Irms,s [Al P W]

OAM IAM3 LTspice =~ OAM  IAM3  LTspice
Sim. 1 1.61 2.12 2.106 245 330.55 328.3
Sim. 3 1.67 1.29 1.33 59 46.9 48.1
Sim. 4 0.64 0.71 0.73 11 11.61 11.53

and relative primary- and secondary-side voltage levels, the
IAM3; modeling approach can predict detailed LTspice per-
formance within 5% accuracy. This is further verified in the
time-domain waveforms in Fig. 12, where the LTspice results
and IAM3 predictions nearly completely overlap.

Additional simulation comparisons have been performed over
a wide switching frequency range, namely fs, = (20 kHz, 200
kHz, 500kHz, 1 MHz). For comparative purposes, the Sim. 2 test
case was evaluated at each switching frequency, where the in-
ductances are each scaled according to L., ( fsw) = L nom - (200
kHz/ f), where z = {lk,p ; lk,s ; m}. By scaling the in-
ductance proportional to the frequency, OAM predicts that the
rms current and power transfer should remain equal in each
case. Comparison of the error between OAM and IAM3 and
LTspice shown in Fig. 13 highlights the contrary. First, it should
be noted that the error in OAM is within a reasonable range,
<10% for power transfer and rms, as the switching frequency
reduces to 20 kHz (i.e., the ratio of dead-time to switching period
reduces such that the transitions do not affect the performance
significantly). However, as the switching frequency increases,
OAM is invalidated with >50% errors in both rms current and
power transfer at high switching frequency. In contrast, the error
with the proposed IAM3 modeling approach is uniformly less
than 2% in each of the cases. As the trend of future power elec-
tronic converters is to increase switching frequency for volume
and weight advantages, use of the proposed IAM modeling is
indispensable for steady-state prediction accuracy.

® Error Irms - OAM

Error Power - OAM  # Error Irms - [AM3

Error Power - IAM3
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Fig. 13.  Comparison of the error in rms current and power transfer between

OAM and IAM3 versus LTspice, for the Sim. 2 operating condition with wide
variation in switching frequency.
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Fig. 14.  Annotated photograph of the prototype used for experiments.

B. Experimental Comparison

Several dc—dc operating points have been tested in hardware
with the devices considered thus far and other specifications
provided in Table I. The experimental results were facilitated
by the prototype shown in Fig. 14. The specifications of the
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Fig. 15. Comparison of IAM3 model predictions, LTspice simulation results, and experimental results for the three operating conditions provided in Table VII.

(a) Exp. 1. (b) Exp. 2. (c) Exp. 3.

TABLE VII
VOLTAGE LEVELS AND MODULATION PARAMETERS VALUES OF THE TEST
CONDITIONS IN THE EXPERIMENTAL RESULTS SECTION

Test Case Vi [V] Vout [V] 0 0 fsw [kHz]
Exp. 1 39.4 345.84 0.051 0.016 149
Exp. 2 40.1 276.74 0.0797  0.0747 249
Exp. 3 39.9 131.49 0.104 0.179 249

TABLE VIII

COMPARISON OF THE OPERATING POINTS IN TABLE VII

delays, numerically in Table VIII and pictorially in Fig. 15.
From the numerical results, it is clear that both the JAM3 and
LTspice are predictive of the hardware results, while the OAM
exhibits undesirable error. The accuracy of IAM3 and LTspice
to the experiment both validates the simulation verification from
the previous section and further necessitates the use of the
proposed modeling approach. As such, the motivation for and
contributions of [AMg3 are clear from the agreement between rms
current and power transfer, and the accuracy of time-domain
waveform generation (and hence device transition modeling)
that replicates the experimental performance of the converter.

Test # Model P [W] (error %)  Irms,p [A] (error %)
OAM 358.96 (14.2%) 9.70 (13.8%)
Exp. 1 1AM3 408.62 (2.3%) 11.12 (1.2%)
LTspice 411.63 (1.6%) 11.28 (0.22%)
Exp. 418.39 11.25
OAM 215.8 (19.4%) 7.27 (22.5%)
Exp. 2 1AM3 271.34 (1.3%) 9.39 (0.1%)
LTspice 272.56 (1.8%) 9.47 (0.9%)
Exp. 267.77 9.38
OAM 54.19 (10.2%) 4.77 (14.5%)
Exp. 3 1AM3 64.26 (6.5%) 5.61 (0.6%)
LTspice 63.79 (5.7%) 5.63 (1%)
Exp. 60.35 5.58

V. DISCUSSION
A. Topological Applicability

The proposed improved FDM approach considering both
ideal analysis and the effects of rise- and fall-times during
switching transitions can be applied for other topologies and
adapted for various purposes. From a topological perspective,
the proposed modeling is applicable to any topology, which
can be equivalently modeled by the dual-port voltage circuit
presented in Fig. 2, with an arbitrary impedance network be-
tween the two sources. This includes, but is not limited to, the
three-phase DAB, resonant DAB, and nonisolated realizations of
these structures. In the application of improved FDM modeling

three tests are provided in Table VII. Of importance in compar-
ing simulation and model results to a hardware experiment is
including timing delays (propagation, rise-time, fall-time, etc.)
between the controller and device gate—source voltage. With
proper characterization, delay estimates can be incorporated into
LTspice and IAM accordingly.?

The numerical results of the experimental tests were extracted
using a Keysight 1-GHz bandwidth oscilloscope (DSOX4104A)
for rms current measurements and a PA3000 power analyzer for
power transfer measurements. The experimental results were
compared against LTspice and [AM3, with implemented timing

for other topologies, the principal difference is in characteriza-
tion of the OAM equation set, particularly for the primary- and
secondary-side voltages (which may have m-number of voltage
levels) and the primary- and secondary-side currents (which will
depend on the impedance network considered). Furthermore,
the equivalent circuit for switching transitions may differ with
a unique set of associated differential equations. Nevertheless,
the differential equations according to the switching transition
equivalent circuit can be discretized and solved with a similar
technique utilized in the “discrete solver” section of Fig. 5. With

31n the model, the turn-OFF delay can be added to the start of the ZVS interval
for each switch, and the difference between turn-ON and turn-OFF delay can be
added to the effective device dead-time.
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these two variations compared to the proposed topology, the
RTFT waveform generation vialAM or IJAM3 can be utilized and
summed with OAM as an error vector, similar to the approach
demonstrated in Fig. 6. Therefore, while some variation may
exist in the extension of the approach to other topologies, the
fundamental mathematical modeling and utilization of the RTFT
vectors remains the same.

B. Benefits Over Conventional Simulation Tools

Although powerful simulation tools are widely available to
many power electronics designers, developing accurate analyti-
cal modeling for steady-state operation remains extremely valu-
able. The major justification for utilizing the proposed model
is in the development of executable code, which predicts the
steady-state circuit performance, even as the circuit is operated
at higher switching frequency. While there are some advantages
regarding the computation time of the proposed approach versus
steady-state simulation models, principal benefits of the ap-
proach come in enabling optimization within numerical comput-
ing environments such as MATLAB. In comparison, parametric
sweeps are available in most simulation tools; however, this
requires the designer to export and subsequently analyze each of
the steady-state results independently. In contrast, the proposed
modeling can be used as the central block of a constrained nu-
merical optimization function such as MATLAB “fmincon,” as
was performed for control-level optimization in [7] (minimizing
rms current, while transferring desired amount of power and
enabling near-uniform ZVS), and extended for design-level opti-
mization in [19] (selection of transformer turns ratio and leakage
inductance that minimizes the circuit’s weighted conduction
loss). On another note, the TAM approach can be utilized for ac-
curate characterization and optimization of the circuit efficiency
in steady-state, as discussed in [12], and used as an open-loop
testing assist tool for circuit-level parametric characterization.
In general, in line with the future trends of power electronics to
operate converters at higher switching frequency, the proposed
approach is indispensable to steady-state modeling accuracy of
DAB-based converters.

VI. CONCLUSION

This article has proposed an improved FDM technique for the
DAB dc—dc converter. It is demonstrated that as DAB converters
are operated at higher frequency, the finite rise- and fall-times
of the effective commutation capacitances during a switching
transition can significantly perturb the effective modulation pa-
rameters, which can lead to inaccuracies in the predicted power
transfer, rms current, and ZVS performance. As such, a detailed
switching transition model was incorporated with the traditional
ideal FDM in an iterative fashion. The initially proposed IAM
algorithm incorporating rise- and fall-time effects with a single-
slope linear approximation provided some benefits; however,
it was still inaccurate in replicating performance with devices
exhibiting sufficient nonlinearity in parasitic output capacitance.
As such, a piecewise linear transition involving three unique
sections was proposed, which was shown to match with both
LTspice simulation and hardware experiments within tight error
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Fig.16.  Example phasor diagram at the k-th harmonic showing the summation
of OAM and RTFT vectors to obtain the equivalent voltage vector on both the
primary-and-secondary-sides.

margins, over a wide range of operating conditions and switching
frequencies. Finally, extensions and applications of the modeling
approach were presented, demonstrating the flexibility for other
topologies and optimal design analyses.

APPENDIX

By applying Fourier decomposition of the finite rise- and fall-
time waveforms, frequency-domain expression for the RTFT
vectors can be derived. It is assumed that due to operational
symmetry of the DAB, the devices in the same leg experience
the same transition parameters, and hence, the RTFT vectors
have odd symmetry and only contain odd harmonics. The results
of the Fourier decomposition are summarized in the following
formulas:

9 2 .
ap = mm[coﬂkh) —cos(kty)] + Ev[bm(ktf)

— sin(kt;)] — im (ty —t;)sin(kty)

= (18)

By = %m[sin(kti) —sin(kt )] + %V[Cos(ktf)

— cos(kt;)] — %m (ty —t;)cos(kty) (19)

VRT;:’T,;C = /a2 + B sin(kwt — arctan(By/ag)).  (20)

The summation of the OAM and RTFT vectors at an example
k-th harmonic are shown pictorially in Fig. 16.
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