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Abstract—This paper proposed a modulation scheme for the
dual-active-bridge (DAB) converter to reduce rms current in wide-
range operating conditions. The operating principle of the pro-
posed fundamental duty modulation (FDM) is formulated based
on the fundamental component analysis of the DAB converter.
By modulating the PWM signals in the fundamental component
domain, the optimal operation is implemented with a simple con-
troller structure not requiring an operating mode classification, of-
fline calculation, or current information. Operating characteristics
including rms current level and ZVS characteristics are analyzed
to compare loss breakdowns of the proposed scheme to those of
recent related works. The proposed FDM achieves high efficiency
under wide operation conditions due to reduced conduction level
and wide ZVS range. Experimental results are obtained under var-
ious voltage gain and load conditions to confirm the operation of
the proposed modulation scheme. A thorough experimental com-
parison with other sophisticated modulation schemes has verified
the efficiency improvement of FDM.

Index Terms—Dual-active bridge (DAB), fundamental compo-
nent analysis (FCA), fundamental duty modulation (FDM), iso-
lated bidirectional dc—dc converter, modulation scheme.

I. INTRODUCTION

INCE its introduction [1], the dual-active bridge (DAB)
S shown in Fig. 1 has been an appealing topology for bidi-
rectional power conversion applications with galvanic isolation
[2]-[8]. The DAB converter utilizes the leakage inductance of
the high-frequency transformer as a power transfer element,
therefore increasing the power density. The converter shows
high efficiency by achieving zero-voltage switching (ZVS) with-
out the need for additional resonant components. Moreover, the
symmetric circuit topology on the primary and secondary sides
of the transformer can allow fast and smooth bidirectional power
flow control by shifting the phase between the sides for positive
to negative.

A large portion of the DAB literature focuses on developing a
modulation scheme for the converter in a wide-range operation
[10]-[22]. As depicted in Fig. 1, excluding a frequency variation,
the DAB converter has three degrees of freedom d;, dsy, ¢ in
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Fig. 1.  Circuit diagram of the DAB converter.

modulating PWM gating signals of both sides of the bridges.
Phase ¢ is the phase difference between the bridges. Duty ratios
dy, ds are controlled by shifting the phase between PWM signals
of the legs within a bridge. Various efforts have been made to
find an optimal set of d;, ds, ¢ for improved efficiency over an
entire-load range and wide-voltage range.

Phase shift modulation (PSM) which is the most commonly
used modulation scheme regulates the converter by modulat-
ing the phase ¢ [10]. PSM scheme is simple to implement and
easy to control since it has one degree of freedom of modula-
tion. However, the main disadvantage of the conventional PSM
which has been tackled by many researcher is the poor effi-
ciency at light load and non-unity voltage gain condition. This
is due to the full-duty feature of PSM which inherently induces
a large circulating current compared to the average output cur-
rent especially at light load. Furthermore, ZVS ranges of the
secondary-side switches are limited as load decreases, which
results in an increased switching loss and noise.

To overcome aforementioned limitations of PSM, alterna-
tive modulation methods have been proposed to find an optimal
solution with increased degrees of freedom utilizing d;, ds,
¢. Based on an intuitive approach, there have been suggested
modulation schemes, such as the triangular modulation (TRM)
[11]-[14] or the dual phase shift [15], [16], to reduce conduc-
tion and switching losses. However, the operating range and
the optimality of these works are limited. On the other hand,
optimal schemes based on thorough and complex investigation
using time-domain analysis have been employed in [21]-[23].
A critical disadvantage of these optimal modulation techniques
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is the complexity from which heavy computation and/or mode
classification with respect to output power level is inevitable.
Moreover, the methods in [21] and [22] require the large amount
of online and offline calculations. The principles of the series
of these studies are lying on a tradeoff between the complexity
and the optimality of the modulation scheme.

On the other hand, there have been several proposals to find
an optimal modulation scheme for an improved efficiency based
on the fundamental component analysis (FCA) [24], [25]. Using
the FCA, the DAB converter can be analyzed by approximating
the ac signals (such as inductor current and transformer voltages)
to their fundamental components. The benefits of the FCA over
the time-domain analysis are: 1) equations of active and reactive
power are expressed in simple analytic forms; 2) the analytic
equations are applicable to the entire operating ranges; and 3)
the inductor current dynamics are included in the model.

In this paper, fundamental duty modulation (FDM) is pro-
posed that utilizes the optimal solution of minimization of
current conduction obtained from the FCA model. While the
conventional modulation techniques directly compute the mod-
ulation signals, (dy,ds, ¢), the modulation principle of FDM
is to compute an optimal set of the modulation signals ex-
pressed in a simple form in the fundamental component domain
(di,a,d1,3,d2,o). Therefore, with a simple controller structure,
FDM does not require an operating mode classification, offline
calculation, or current information.

However, the limitation of an FCA model is that 1) the model
cannot reflect switching instants which determines switching
characteristics, and 2) the model is established on approxima-
tion neglecting higher order Fourier coefficients. For these rea-
son, in this paper, operating characteristics of FDM including
rms current level and ZVS characteristics are analyzed by trans-
forming the FDM modulation scheme in time domain. Based
on the analysis, the power loss model is derived to compare
the performance of FDM to those of recent related works [23],
[24]. The proposed solution results in reduced conduction loss
and improved efficiency for wide operating region regardless of
voltage gain or power level.

This paper is organized as follows. Section II introduces the
modeling strategy of the DAB using the FCA. In Section III,
an optimal solution and modulation scheme of FDM are for-
mulated based on the FCA model. A detailed implementation
procedure of the proposed scheme is given with an eased calcu-
lation burden. In Section IV, qualitative and quantitative features
of FDM were examined and compared to recent related works.
Loss model is established to estimate the improvement on effi-
ciency under various voltage gain and output power conditions.
Experimental results for verification of the proposed modulation
scheme are delivered in Section V.

II. DAB MODELING USING AN FCA

The proposed FDM achieves an optimal modulation of the
DAB converter utilizing the model derived using the FCA. The
steady-state characteristics of the DAB converter with respect
to fundamental component can be expressed in a simple and
universal form.
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A circuit diagram of the DAB converter is shown in Fig. 1
where v; and v, are the input and output voltages, respectively,
v1 and v, are the voltages induced at each side of the transformer,
i1, and 7, are the inductor current and the output current, respec-
tively, L is the leakage inductance of the transformer, and C is
the output capacitance. It is assumed that leakage inductances
are reflected to the primary side, and the magnetizing inductance
is infinite. The turn ratio of the transformer is hereafter assumed
to be 1 without the loss of generality.

A. Modeling Principles

Electric values of the DAB converter, such as iy, v, and vy
in Fig. 1, have a zero average dc value. Hence, using the con-
ventional averaging technique, these states are averaged out to
zero. Instead, these states can be decomposed to their funda-
mental components using a Fourier transformation. A periodic
signal z(¢) can be represented as
Zo

2
where x, and x3 are computed by

z(t) = — + x4 sinwt + x5 cos wt (1)

Ty =

2 [T
i/o (z(t) sinwt) dt

2 [T
xg = —/ (z(t) coswt) dt. 2)
Ts Jo

Accordingly, the inductor current and the primary- and
secondary-side voltages are decomposed, respectively, as

ir(t) = 0+ i, sinwt + ig coswt 3)

and
vy (t)
109)

where w is given as 2w times f;, the switching frequency, vy ,
and vy ,, are normalized voltage of v; and vs, respectively, and
di,q, di g, do., and dy 5 are modulation signals in the FCA
domain which are defined below. As in (4), v; and v, are deter-
mined by the modulation signals. The time-domain signals, duty
ratios d; and ds, and phase ¢ are generated by a combination
of PWM signals of the transistors as depicted in Fig. 2. Every
switch pairin aleg (e.g., Q; and Q3) works complementarily. d;
and dy are synthesized by shifting the phase between switching
legs (Q; and Q for d;, and Q5 and Qg for d»), basically set
to 0.5 for PSM. The phase difference between the primary- and
the secondary-side switches (Q; and Q;) determines ¢.

The Fourier coefficients, (di.«, di g, da., and dag), are ex-
pressed in time-domain values (d;, d» and ¢) using the relation
in (2) as

Vi (t) - v 0 (t) =i (t) - (dy,a sinwt + d; g coswt)

Vo () 09, (£) & 0, (L) - (da,o sinwt + dy 5 coswt) (4)

4
di o = —sinmd; cos 2w
’ T
4 .
di,3 = —sinnwd; sin2m¢
s
dy o = —sinmds
’ T

dyp = 0. (&)
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Fig. 2. Normalized transformer voltages according to PWM gating signals

of Q1 —Qs.

Note that dy 3 is zero since the transformation interval in (2)
is set with respect to v ,, (). The modulation variable set d;,
dy, ¢ in the time domain is now translated into d; , di 3, d2 o
in the FCA domain.

B. Dynamic Equations

Neglecting the series resistances, dynamic equation of the
inductor current of the DAB converter is expressed as

LE =1 — V2. (6)

After substituting (3) and (4) into (6), the a- and S-domain
equations are obtained, respectively, as

dig .
Lé —wlig = dy ov; — d2,av,
dis
L% +wli, = di svi. )

However, i, the output-side current is computed as the zeroth
Fourier component of the product of 77, and ds as

. 1 , ) 1 .
1o = 5 (dQ,ala + dZ,ﬁZﬂ) = §d2,a2a~ (8)
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TABLE I

CONVERTER SPECIFICATIONS: SIMPLIFIED MODEL

Parameter Value
Input voltage Vi 200V
Output voltage Ve 100 to 200 V
Turn ratio N 1
Switching frequency fs 50 kHz
Inductance L 100 uH
Voltage gain M 0.5t0 1.0
Maximum output power Priax 500 to 1000 W

The capacitor dynamic equation is given from (8) as

dv,
dt

Uo

C 7

1
= §d2,aia - (9)

C. Steady-State Characteristics

Steady-state values can be calculated by equating the dynamic
equations (7) and (8) to zero, respectively. Capitalized letters
refer to steady-state values and /,, I, and I3 are obtained as

1
I, = =Dy, 1,
2%

1 1
I, = XfLDmV},Iﬁ =X, (D1,0Vi = D20 V5) (10)

where X is wL. The transferred power of the converter is, then,
given as

Vi Vo
PO = ‘/:7 . IO = WDQ,QDI,K%

The absolute value of the fundamental component inductor
current is

Vi
HILH - \/m: Xi\/D% 16} + (Dl,u _M'DQ,u)Q
f . N

(12)

(1)

where M is the voltage gain V,,/V;. Using the traditional time-
domain analysis, the steady-state characteristics should be cal-
culated regarding the switching patterns. As in a previous study
[22], the switching patterns of the DAB converter are classified
into up to 12 cases. However, the universal operating character-
istics in (11) and (12) can be applicable to the entire operating
region [1].

For specifications listed in Table I, operating characteristics
of the DAB converter using the FCA are calculated from (11)
and (12), and those of the time-domain analysis are obtained
from a numerical method. In Fig. 3, the output powers and the
rms currents using the FCA and the time-domain analysis are
shown as black and gray lines, respectively. For ease in depicting
the difference between the time-domain analysis and the FCA,
steady-state investigation is conducted for ds = 0.5, and various
voltage gains, where M for IV # 1 is defined as

NV,
v
Although the steady-state analysis of the FCA generally co-
incides with the time-domain results, there is an error since the

M= 13)
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Fig. 3. Output power and rms current calculation based on the FCA (black)
and the time-domain analysis (gray): (a) and (b) for M = 1.0, (c) and (d) for
M = 0.75, and (e) and (f) for M = 0.5.

FCA is based on the first-order approximation. Errors in the rms
currents calculation grow as ¢ decreases. Especially, the error
becomes comparably larger for low ¢ and low M in Fig. 3(f). As
will be treated, this inaccuracy of the rms current at light load
affects the operating characteristics of the proposed modulation
strategy.

III. FUNDAMENTAL DUTY MODULATION

Modulation principle of FDM is formulated based on the FCA
model presented in the previous section. Since the universality
in analyzing the DAB converter is the unique feature of FCA,
a globally applicable solution of DAB modulation for efficient
operation is obtained in this section. For implementation of
the proposed scheme, a voltage-loop controller of FDM with a
simple structure is designed, which is implemented on a digital
processor. A small-signal model of the DAB converter with
FDM is derived for a stable controller design.
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A. Modulation Principle

FDM computes an optimal set of the modulation signals in the
fundamental component domain. The objective of the optimal
solution is to minimize the magnitude of the inductor current
givenin (12). The modulation scheme of FDM exploits variables
di,, di,3, da, for the optimal solution in the way described
below. After the calculation, the variable set d; , di 3, da.q is
translated into dy, da, ¢ in the time domain for PWM gating
using the relation in (5).

Given V;, V,, P,, L, and f, the current minimization problem
can be mathematically formulated as

minimize di 5+ (di,o — M - d.0)?

2X. P,
ViV,

subject to dy gda o =

16
0<di,+di,< =

_é SdQA,a S é

s

(14)

3

According to the analytic solution of the constrained opti-
mization problem in (14) derived in Appendix A, the objective
function is minimized when

15)

Then, the problem is reduced to 2-D variable case where D,
is fixed at 0.5 as
1

1. -
DQZ;SIH 1(1):5

The power and the current equations in (11) and (12) are
reduced, respectively, to

(16)

2V,
P, == D
T Xg 1,8

a7)

and

Vi 2
10 = 5=y/DE s+ (Dro —abi/nP. ()

The optimal solution is now given by solving the minimiza-
tion of (18) constrained by (17). The solution of the optimization
problem is obtained as

4
Dy, =—-M (19)
’ 0

and

(20)

where Dy , and Dy ; are the references of d; , and d; 4 for the
optimal operation. The modulation scheme has two degrees of
freedom d; , and d; 5. They contribute to current minimization
and power balance, respectively. It is seen from (19) that the
FDM solution achieves the minimized current when d; , is
equal to 4M /7 which sets the $-component current in (10) to
zero to minimize (18). The minimum conduction is realized by
adjusting d; ,, with respect to the voltage gain information. On
the other hand, from (20), d; s should satisfy the power-related
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Block diagram of the voltage-loop controller of the proposed FDM.

equation in (17). The output regulation can be achieved by a
voltage-loop controller using a single variable d; 3.

B. Controller Structure

The controller diagram of FDM is shown in Fig. 4. The sensed
output voltage v, is compared to the reference voltage v;;. The
voltage loop compensator H, produces d; 3 reference to regu-
late the output voltage. For the minimal conduction, d; ,, is com-
puted from the voltage information or given as a constant for a
fixed output voltage as in (19). From the relation in (5), the duty
ratio signals in the time domain, d;, ds, and ¢, are obtained as

1 . /7
—sin ! (Z,/d%,a —|—d%ﬂ>
dy = 0.5

6=

dy =

1
5 tan~! (dy 5/d1.q) - 1)

Since the inverse trigonometric functions such as arcsine and
arctangent consume excessively large computational time, in
practical implementation these functions are altered by look-up
tables.

Using the calculated d;, d», and ¢, PWM signals are gen-
erated and delivered to the switches through a modulator. It
is worth to note that the voltage-gain-related term dj , in the
controller block can be constant for a fixed input—output oper-
ating condition. If the input or the output voltage is needed to
be varied according to operating conditions, the controller can
adaptively change 4M/m.

One of the advantages of FDM is the simplicity of the con-
troller in modulating the converter to an optimal solution. Since
there is no power-dependent term inside the controller to per-
form the optimal operation, the controller does not need any
current information. Only the output voltage sensing is required
to regulate the output voltage and to perform the current mini-
mization operation. Furthermore, the computational complexity
is comparable to PSM as will be discussed in the following sec-
tion. FDM does not need offline calculations or mode selections,
which guarantees universality of the method regardless of op-
erating conditions. An example of the digital implementation
code of the proposed controller is detailed in Appendix B.

C. Operation of FDM at High Power Range

Maximum transferrable power of the DAB converter is
achieved when d;, da, = 0.5, 0.5, 0.25. When using FDM, for
M smaller than one, the reference of the d; , is given from (19) as

4

f =M< 1. (22)
s

1«
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Fig. 5. Operating points of PWM variables in the FCA domain and time

domain for (a) M = 0.5 and (b) M = 0.75.

Theoretical maximum values of d; s is constrained by

16 L 2 4
dig < ﬁ—( i o) = —V1- M (23)
Then, the range of ¢ is obtained as
1 _ dl (,max
< —tan ! —AERX
d) - 27 an ( dl,a* )
= — tan! vi-M? <0.25 (24)
T oor M o

In (24), the maximum value of ¢ is smaller than 0.25, which
means that the maximum transferrable power is limited. How-
ever, using the proposed controller structure, the operating re-
gion of d; s is extended until ¢ reaches 0.25. Fig. 5(a) and (b)
shows the evolutions of PWM variables in FCA and time domain
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according to the output power when M is 0.5 and 0.75, respec-
tively. It is shown that d; and ¢ increase from the light load
operating range as d; g increases until d; reaches 0.5. As load
increases further, d; s rises larger than the theoretical value in
(23) to increase ¢ to the maximum level. In this way, FDM uti-
lizes the maximum transferrable power of the DAB converter.

D. Small-Signal Model

To design the compensator of the voltage-loop controller,
small-signal modeling of the DAB converter with FDM is nec-
essary. To incorporate the dynamics of the inductor current,
full-order modeling has been addressed to model the funda-
mental component of the inductor current [9]. The small-signal
model of the DAB converter with FDM is formulated using the
dynamic equations in (7) and (9). Assuming a constant input
voltage, the control variable is d; 3. Other duty ratio signals
areassumed to be fixed at dy , = 4M /7 and dy, = 4/7. The
model is, therefore, reduced to

dig 4M 4
LY WLip = —p — —
dt w 2/3 . V; ﬂ_UO
dig
L ;; twlia = dy_sv;
dv, 2 )
c—2 = —tq — =2, 25
dt 7rZ R (25)

As seen from (25), there is no direct relationship between
the control variable d; 3 and v,. That is, without incorporating
the current dynamics, the model cannot derive the control-to-
output transfer function which is essential for a voltage-loop
design. Hence, small-signal characteristics of FDM can only be
modeled using the full-order modeling method which includes
the a- and S-component current dynamics as well as the voltage
dynamics. After perturbing (25) around the operating point,
the small-signal model is formulated as

4 [ia 0  w-4/7L] [iu] [0
—lis|=]-w 0 0 is | +| Vi/L | dis. 26)
Vg 2/7C 0 —1/RC | | v, 0

The transfer function from the control variable d; 5 to the
output voltage v, is obtained as

2w
Goa (5) = - nLC - D)
34— .2 2 . il
“ T Re? +(“’ +7T2Lc> *TRe

The transfer function in (27) has a pole and a double pole at
low- and high-frequency region, respectively. Fig. 6 shows the
bode plots of the control-to-output transfer functions obtained
from the small-signal analysis in (27) and from a simulation
result using PSIM. The bode plots are drawn for a frequency
range from 1 Hz up to half of the switching frequency in which
the double pole at the high frequency does not appear. The results
strongly coincide for the broad frequency region except for the
half of the switching frequency region where the PSIM model
is inaccurate. Consequently, the voltage loop can be designed
with a simple PI controller to stabilize the converter.
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IV. OPERATIONAL CHARACTERISTICS

The optimality obtained by FDM differs from other modula-
tion methods in the fact that the analysis for derivation of optimal
operation is approximated with fundamental components. FDM
has distinctive features in operational characteristics. The pro-
posed method is compared to recent related modulation schemes
in various aspects. RMS current level and ZVS characteristics
are analyzed and loss breakdown is performed for comparison
of FDM against the previous works.

A. Qualitative Characteristics

Under rigorous analysis, Krismer et al. in [22]-[25] have sug-
gested sophisticated modulation schemes manipulating the 3-D
duty signals dy, d2, . Among those works, the online methods
in [23] and [24] perform improved modulation schemes with-
out offline calculations. A qualitative comparison between the
proposed FDM and previous works including the simplest PSM
method is shown in Table II. Main properties of the previous
works are as follows.

1) PSM scheme: The phase ¢ between the primary and the
secondary sides are shifted to regulate the output voltage.
Control variable is ¢, while d; and ds are fixed at 0.5.
Computational time required for a single switching cycle
is 2.8 us using a 75-MHz CPU clock. It benefits from the
simple control structure, while it suffers from, as men-
tioned, a large circulating current and hard switching at
light load and nonunity voltage gain conditions.

2) PWM control with composite scheme [23]: Objective of
the method is minimization of rms current at low power
range and ZVS achievement at high power range. It oper-
ates in TRM mode at light-load condition. Such discontin-
uous conducting mode can achieve minimal rms current
by reducing the circulating currents. Although ZVS is not
achieved, the switches are turned OFF with zero current.
For high power range, the modulation scheme in [23] is
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TABLE II
QUALITATIVE CHARACTERISTICS OF THE PROPOSED AND THE RECENT RELATED WORKS

Principles Variables Computational time" )
PSM (phase-shift modulation) scheme
Phase-shift ¢ = controlvariable 2.8 us 1 times
dy = 0.5, dy = 0.5
Proposed FDM
I, ., s minimization dy 3 = control variable 7.3 s 2.6 times
4 3 el
FCA based di o =—M, dy = 0.5 5.2 us¥ 1.8 times®
T
PWM control with composite scheme [23]
TRM at low power range ¢ = control variable 5.7 us 2.0 times
1-M 1-M
2M*o, 0<¢< 1 Mo, 0<¢ < 1
ZVS at high power range  d; = ydy =
) 1-M ) 1 1-M 1
rrmre—1), ——<o< g 7 T <¢<7
Time domain based M* = L
1-M
PWM plus phase-shift control: Fundamental-Optimal Strategy [24]
O minimization ¢ = control variable 4.8 us 1.7 times
1 s (M
FCA based di =5 - CO*‘Q# dy = 0.5 36us” 1.3 times?
T

Limited power range

) Computational times are calculated based on 75-MHz CPU clock.

2) Calculation of computational time may vary in certain range according to implementation.

3 Reduced computational time is obtained using look-up tables.

formulated to satisfy a marginal ZVS condition. Compu-
tational time of the scheme is measured to be 2.0 times of
PSM.

Fundamental-optimal strategy [24]: Objective of the
scheme is minimization of reactive power, Q, in the FCA
domain which is equivalent to the rms minimization strat-
egy of the proposed FDM. However, in [24], an approx-
imated solution has been applied for ease of implemen-
tation. d; is fixed at the entire load condition given a
voltage gain. Hence, rms current level is not optimized,
and, also, maximum transferrable power is limited to a
reduced level. Computational time is 1.7 times of PSM,
while it can be reduced to 1.3 times using look-up table
for arccosine function.

Computational complexities of the methods are compared
against the conventional PSM which is the simplest modulation
scheme. PSM method is assumed to be implemented using a
single voltage loop to regulate the phase ¢ as detailed in Ap-
pendix B. Computational burden of FDM is 2.6 times of PSM.
As explained in the previous section, the inverse trigonometric
functions (arcsine and arctangent) used in the proposed scheme
mainly increase the computational complexity. It can be reduced
to 1.8 times of PSM using look-up tables in implementation.

The modulation schemes listed in Table II including FDM
require only the input and the output voltage information. They
are independent to circuit parameters as well as output current
information. The computational times for implementation are in
acceptable range compared to the simplest PSM method. Also,

3)

it is worth to note that FDM and the other modulation strategies
operated exactly same as PSM when M = 1.0.

B. Steady-State Analysis: RMS Current

Since FDM is formulated based on the FCA domain, the
solution in (19) and (20) does not guarantee actual minimized
rms value of the inductor current in time domain. In Fig. 7, rms
current levels of the various modulation strategies including
FDM are shown. The rms currents are calculated using time-
domain-based numerical analysis for the control scheme listed
in Table II.

Asseen in Fig. 7(a) and (b), a PSM method has the highest cir-
culating current for light-load operations as expected especially
at M = 0.5 and 0.625. The time-domain-based current mini-
mization strategy of [23] achieves the lowest rms current level
at low power range. Although FDM maintains low rms current
for large operating conditions, at the very light-load condition,
the rms current level is higher than [23]. The method in [24]
shows relieved rms current level compared to PSM. However,
its current minimization strategy does effectively reduce the rms
level for low and high power ranges.

In Fig. 8, a few examples of simulated waveforms of the in-
ductor current using FDM and TRM in [23] are shown. Based
on the observation that the circulating currents of the DAB con-
verter at light-load operation is increased excessively compared
to the delivered power, TRM permits an off-state interval where
both primary- and secondary-side currents are freewheeling.
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Fig. 7. RMS currents of various modulation schemes for (a) M = 0.5, (b)
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Fig. 8.  Examples of inductor current waveforms at light- load operation using
FDM (dotted black) and TRM in [23] (bold red).

Hence, the circulating current is eliminated and the secondary-
side switches are turned OFF with zero current switching. It can
be seen from Fig. 8 that TRM has discontinuous conduction in-
tervals, while FDM circulates the current. Since FDM does not
have the off-state during its operation, the additional circulating
current is inevitable.

C. Steady-State Analysis: ZVS Range

When operating in unity voltage gain, MOSFETsS of a phase-
shifted DAB converter are turned on with ZVS. However, it
is well known that the ZVS range of the DAB converter is
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method in [24], respectively, with C,, 55 = 100 pF.

limited as voltage gain deviates from unity and load decreases.
For a proper ZVS, the inductor current should discharges the
output capacitance of the MOSFETSs during the commutation
period of switches. Neglecting the winding capacitance of the
transformer, condition for ZVS operation is given as

Li3 > 20, Vj (28)
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TABLE III
L0 Primary leading lag L0 Primary lagging leg CONVERTER SPECIFICATIONS FOR LOSS ANALYSIS AND EXPERIMENT
3 T ;
L
SN —
] 0.9 f— C:,J = 0.9 Parameter Value
£ g B ————
g, 0.8 g, 0.8 |- = C, T Power Input voltage Vi 200V
%) 1) = e —— Output voltage Vo 200 to 400 V
?30 0.7 %D 0.7 = — Voltage gain, V,,/Vi/N M 0.5t0 1.0
§ ’>6 = o Theoretical Py, x Puax 500 to 1000 W
0.6 0.6 |= = Switching frequency fs 50 kHz
- — Output capacitance C 220 nF
0.5 0.5
0 025 05 075 1 0 025 05 075 1 Magnetics Inductor L 95.6 uH
Load [kW] Load [kW] R, 120 m<2
Turns 40
a
@ . ® . Air-gap 3 mm
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1.0 p— 1.0 p— Transformer Ly 2.96 nH
_— Lo 814 uH
S 0.9 P 0.9 Turn ratio 11:22
i p—— g —— Rs 30 mQ
g 08 T—— Co g 08 —— G R 700 mg)
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Fig. 10. ZVS characteristics of FDM with increasing C,s5 from 100 to

6300 pF of (a) primary-side leading leg, and (b) lagging leg, and (c) secondary-
side leading leg, and (d) lagging leg.

where C,; is output capacitance of the MOSFET and V) is
the drain-source voltage during turn-off period [27]. The ZVS
characteristics are estimated assuming that the leakage induc-
tance and the output capacitances form a resonant circuit during
the dead time interval neglecting the secondary-side voltages.
Fig. 9 shows ZVS ranges of the various modulation methods
including FDM assuming C,ss = 100 pF. By numerically
analyzing the operating characteristics at power-gain domain,
the ZVS condition in (28) is examined. It should be noted
that the tendency observed in this ZVS analysis result is
independent to the converter design parameters.

The black bold lines in Fig. 9 indicate operating points
with ZVS turn-on. Using the strategies in Table II, switches
of primary-side leading leg are always turned-on with ZVS, and
leading and lagging legs on secondary side exhibit the identical
ZVS characteristics. Hence, in Fig. 9, only the ZVS ranges of
primary-side lagging leg switches, and secondary-side switches
are depicted.

As in Fig. 9(b), the conventional PSM method suffers from
secondary-side hard switching which have been well known
to be a major factor of low efficiency at light load and low
M. The proposed FDM shows non-ZVS range in Fig. 9(c) on
primary-side lagging leg over the medium power range, while
other switches are operated in ZVS. It is seen from Fig. 9(e) and
(f) that the PWM scheme in [23] has non-ZVS region at low
power operation. It is mainly due to the fact that the objective of
TRM operation at light-load condition is on the minimization
of rms current not on the ZVS of switches. For medium to
high power ranges, all switches are in soft-switching region
as it intended. However, the soft-switching strategy in [23] is

a marginal condition derived in time domain which does not
guarantee ZVS operation for high C, . In Fig. 9(g) and (h), ZVS
characteristics of the modulation method in [24] show non-ZVS
region of primary-side lagging leg at high M, and secondary-side
legs at low M, respectively. It is also noted that the maximum
transfer power is reduced than the other modulation methods
[see dotted gray line in Fig. 9(g) and(h)].

ZVS characteristic of the proposed FDM is further inves-
tigated regarding various output capacitance options. As Ciss
increases, the ZVS range is inevitably decreased since it requires
more energy to fully discharge the capacitance. In Fig. 10, the
ZVS ranges of the switches on each leg are drawn where the
ZVS range (black lines) narrows as C,, increases. As seen in
Fig. 10(a), (¢), and (d), the ZVS ranges of primary-side lead-
ing leg and secondary-side legs are relatively well preserved
under increase of C,s5. However, the primary-side lagging leg
in Fig. 10(b) shows large non-ZVS range for high C,,,, which
requires a careful circuit design and gating scheme.

D. Steady-State Analysis: Loss Breakdown

Based on the previous analysis on rms currents and ZVS
characteristics of the DAB converter for various modulation
schemes, loss analysis at various operating conditions is per-
formed. Specified circuit parameters for loss analysis and ex-
perimental verification are given in Table III where R; is series
resistance, and L, and L,, are leakage and magnetizing induc-
tance of the transformer. For the loss analysis, the magnetizing
inductance is assumed infinite.

Based on the traditional loss analysis method, a loss model
for the DAB converter has been derived [26]. Power loss mech-
anism is composed of three main loss factors: switching losses,
conduction losses, and core losses. To take account of the
switching characteristics of switches, turn-on loss is equated
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(c) 50%, and (d) 70% of full load.

regarding 1) the overlap of rising and falling slopes of drain-
source voltage and drain current, and 2) capacitive discharge
energy. Using the result delivered in Fig. 7, conduction losses
are calculated as the sum of Rpg ., conduction losses and
copper losses of the magnetic components. Finally, core loss
estimation is performed using the Steinmetz equation with the
parameters from core material datasheet.

Fig. 11 shows the results of the loss analysis for various
voltage gain and load conditions under the modulation schemes
based on FDM, PSM, [23], and [24]. Before discussion on the
loss breakdown result, it should be addressed that:

1) Maximum transfer power of the prototype DAB converter
varies from 500 to 1000 W according to the output voltage
ranging from 200 to 400 V.

2) The results for M = 1.0 is excluded since, as discussed
previously, all of the four modulation strategies operates
effectively in the same way as PSM.

3) For the same reason, loss analysis results at full-load con-
dition are not shown.
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Power loss analysis for various load and voltage gain conditions using modulation schemes based on FDM, [23], [24], and PSM at (a) 10%, (b) 30%,

4) The core losses are not optimized. In actual operation of
the circuit, flux density of the transformer reaches high
level and it can be relieved in a proper magnetic design
which, however, is beyond the scope of the paper.

5) Efficiency at each operating point can be estimated from
the figure. For example, for FDM operating at 10% load
and M = 0.5 in Fig. 11(a), the efficiency is

output power

output power + total loss
50
= ——— x 100 = . 2
50+ 13 x 100 = 73% (29)

Significant remarks deduced from the loss analysis results are
as follows.

1) Operation of PSM: The conventional PSM method ex-

hibits moderate efficiency at heavy load condition in

Fig. 11(d). However, as load decreases, the switching

and conduction losses excessively increase which lead

to about 50% of efficiency at 10% load and M = 0.5.
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This is due to large circulating current and hard-switching
condition on secondary-side switches.

2) FDM and [23] at light load: At light-load condition in
Fig. 11(a), the method in [23] achieves minimum rms cur-
rent by using the TRM operation, therefore having the
lowest conduction loss. However, the absolute value of
the conduction loss accounts for few percentages of the
total losses. Also, since it does not have ZVS property, the
capacitive energy across the switches is dissipated which
result in increased switching losses. For these reasons,
although FDM has higher conduction loss, it shows su-
perior performance at light load in the aspect of overall
efficiency.

3) Non-ZVS range of FDM: The loss analysis results in
Fig. 11 show that the switching losses of FDM are smaller
than or similar to the other methods for large operation
range. However, FDM has non-ZVS range of primary-side
lagging leg switches as discussed previously. In Fig. 10(c),
non-ZVS range of the switch is estimated to be centered
on power range between 300 and 500 W, and voltage gain
between 0.7 and 0.9. It can be seen from Fig. 11(c) and
(d) that the switching losses of FDM are higher compared
to the other modulation methods for M = 0.75 and 50%
and 70% load conditions.

4) Voltage gain dependence of [24]: According to the re-
sults in Fig. 11(c) and (d), the method in [24] shows
moderate performance at M = 0.75 and 0.875. However,
as explained in [24], for a fixed voltage gain, the [24]
method is operated with a constant d;. As discussed pre-
viously in Fig. 7(a) and (b), this simplified strategy does
not minimize the rms current for low-voltage gain condi-
tion. Moreover, as in Fig. 9(g) and (h), the secondary-side
switches suffer from hard switching at light-load condi-
tion. Since the rms current and the ZVS characteristics are
not optimized, for most of operating points, FDM or the
[23] method gives better modulation option with lower
power losses.

V. EXPERIMENTS

A prototype DAB converter was designed for verification
of the proposed scheme. Salient parameters of the prototype
converter are listed in Table III. The theoretical maximum power
is ranging from 500 to 1000 W according to the output voltage.
Before demonstration of the results, it is worth to note that:

1) The following waveforms were obtained from a closed-
loop converter for output voltage regulation based on
FDM, PSM, and the methods in [23] and [24].

2) For finite magnetizing inductance and commutation time,
practical maximum transfer power is smaller than P,y
In this paper, efficiencies were measured up to 91% load
of the theoretical maximum output power.

A. Steady-State Waveforms

Fig. 12 shows the steady-state waveforms of the primary-side
voltage vy, secondary-side voltage vs, and the inductor current
11, for various output power. The output voltage was set at 250 V
(M = 0.625). Atalightload of 70 W, as shown in Fig. 12(a), the
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Fig. 12.  Steady-state waveforms of vy (red), v2 (blue), and i, (green) using
the proposed FDM for M = 0.625 at (a) 70, (b) 370, and (c) 520 W.

current waveform had a repetitive triangular shape as discussed
previously. For medium-power range of 370 W in Fig. 12(b), d;
was smaller than 0.5 to minimize the current conduction. For
the high-power operation of 520 W, in Fig. 12(c), the proposed
FDM worked in the same principle as PSM. Since d; and d,
became 0.5, the number of switching instants during a switching
period was reduced to 4.

In Fig. 13, the steady-state waveforms of FDM at 11% of
loading condition as in Fig. 12(a) are depicted for various volt-
age gains. The output voltage was varied from 200, 300, 350, to
400 Vas M =0.5,0.75,0.875, and 1.0 in Fig. 13(a), (b), (c), and
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Fig. 13.
M = 0.875,and (d) and M = 1.

(d), respectively. Phase between the primary- and the secondary-
side voltages are remained small for light-load operations. As
seen from Fig. 13(a), the inductor current flowed in negative di-
rection at turn-on instant of the switches from which ZVS of the
entire switches is estimated as explained in Fig. 9. However, in
Fig. 13(c), an overshoot voltage on the primary-side voltage was
observed at the switching instant of the lagging leg switches.
This overshoot was due to the reverse recovery mechanism of
the body diode on the hard-switched leg. As discussed, FDM
operated in the same way as PSM when M = 1.0 as depicted
in Fig. 13(d).

B. Additional Waveforms

In principle, the DAB converter works in bidirectional power
flow by changing the sign of ¢. FDM can achieve reverse power
flow operation without manipulating the controller structure.
When the power flows in negative direction, the control variable
dy g becomes negative to satisfy (21) to regulate the output
voltage from which ¢ also becomes negative as computed in
(22). As shown in Fig. 14, the primary-side voltage v, lagged
vy to achieve the reverse power flow operation with negative
phase. The proposed modulation scheme still worked effectively
to minimize the conduction level.

In Fig. 15, the TRM operation exploited in [23] is depicted for
comparison. The experimental condition is same as the wave-
formin Fig. 12(a). For an effective visualization of the waveform
comparison, the current waveform in Fig. 12(a) is overlapped as

Vo=400V/M=1.0/P,=113 W
@

Steady-state waveforms of v; (red), vo (blue), and 77, (green) using FDM for various conditions: voltage gains are (a) M = 0.5, (b) M = 0.75, (¢)
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18
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Fig. 14.
(green).

Reverse power flow operation of FDM: v (red), v2 (blue), and iy,

a gray line. The inductor current of the TRM stayed at zero level
for the discontinuous conduction interval to avoid unnecessary
current circulation. Compared to the current waveform of FDM
under the same operating condition, the rms current was clearly
reduced.

Fig. 16 demonstrates the ZVS characteristics of FDM. The
current waveform centered in Fig. 16 shows a waveform of
the inductor current at 70 W and 250 V which is the same
condition with the waveforms in Fig. 12(a). Switching instants
of the switches on each leg are marked with dotted circles. In
Fig. 16, waveforms of the drain-source voltage v,,, gate-source
voltage vy, and the inductor current i, at turn-on instants of Qy,
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Fig. 16.  Inductor current waveform with switching instants marked, and ZVS
waveforms of vy, (red), vy s (blue), and if, (green) of each leg.

Q2, Q5, and Qg were separately measured. As explained in the
previous ZVS analysis, all the legs except for the primary-side
lagging leg performed ZVS for almost entire operating range.
However, as seen in the ZVS waveform of Qy, the drain-source
voltage of Q» did not reach to zero before the rising slope of the
gate-source voltage. This is because the inductive energy was
not enough to fully discharge the output capacitance of Q.

C. Efficiency Curves

In Fig. 17, experimental efficiency curves of FDM, PSM, and
the methods in [23] and [24] were depicted. Efficiency data for
the curves in Fig. 17 were obtained using a constant-current
electric load on the output side. The load current was changed
so that the output power varies from 7% to 91% of the theo-
retical full-load capacity at a given output voltage. Efficiency
was measured at every 0.1 A step of the load. With a fixed input
voltage of 200 V, the output voltage varied from 200 to 400 V
(M =0.5—-1.0).
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TABLE IV
LIGH-LOAD EFFICIENCIES AND THEIR IMPROVEMENTS COMPARED TO PSM

Operating Efficiency Efficiency improvement
Conditions of PSM compared to PSM
M Load PSM FDM [23] [24]
0.5 7% 40.3% +37.9% +28.0% +15.1%
11% 50.9% +29.7% +25.0% +14.8%
0.625 7% 45.9% +29.7% +22.6% +14.9%
11% 57.8% +23.2% +18.5% +12.7%
0.75 7% 52.8% +23.8% +15.1% +13.0%
11% 63.9% +18.1% +11.9% +11.2%
0.875 7% 57.0% +14.5% +6.2% +9.7%
11% 67.9% +9.9% +3.8% +6.7%
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Fig. 18.  Normalized efficiency curves of (a) PSM and (b) FDM with respect

to voltage gain.

For various voltage gain condition, efficiency of FDM was
higher than the other modulation methods for most of the
operation points. Especially, at light-load condition, FDM has
shown significant efficiency improvement compared to the
conventional schemes. For M = 1.0 in Fig. 17(e), four of
the modulation method have shown identical performances as
described previously.

Table IV detailed efficiency improvements of the modulation
schemes at light-load condition from the efficiency results in
Fig. 17. Compared to PSM that had poor light-load efficiency,
especially for low M, the other methods have shown improved
energy conversion performances. FDM exhibited an excellent
performance at light-load and low-voltage gain condition where
37.9% of efficiency improvement was measured at 70 W and
M = 0.5. At this operation condition, the efficiency of FDM was
about 10% and 20% greater than the methods in [23] and [24],
respectively.

However, efficiency drops of FDM at the medium power
range were seen from Fig. 17(c) and (d). At these operating
conditions, the switching losses of the primary-side lagging leg
switches mainly contributed to the efficiency deterioration. Inre-
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sult, at the worst case of FDM with 300 W and M = 0.875,2.5%
efficiency drop compared to the other schemes was observed.

Experimental efficiencies at specific operating points (11%,
35%, 60%, and 85% load) using the conventional PSM and
FDM are depicted in Fig. 18 for various M. It can be seen from
Fig. 18(a) that the efficiency of the conventional PSM at light-
load condition decreased dramatically as M decreases. In other
words, the conventional method depends highly on the operating
condition. As mentioned previously, PSM under low M suffers
from high circulating current and hard switching at light load.
Consequently, operating range of M should be designed close
to 1 when operating a DAB converter with PSM.

However, as seen from Fig. 18(b), FDM has shown relatively
consistent efficiency regardless of voltage gain. The curves
were relatively independent to the operating conditions. More-
over, while the efficiency of PSM increased monotonically as
load increased, FDM maintained moderately high efficiency
from mid- to high-power range. At low power range, there
was a tendency where efficiency increases for lower M. The
converter design with lower M would be an optimal choice
for the application where light-load operation dominates. This
result implies that the proposed method is advantageous for
wide-voltage-range applications, such as battery conditioning
system. Design of the converter specification, especially the
inductance and the turn ratio, would require a careful concern
since, not like PSM, the operating characteristic of FDM is not
always efficient for M = 1.0.

VI. CONCLUSION

In this paper, an optimal modulation scheme for the DAB
converter is proposed based on the FCA. By modulating the
duty ratio signals in the fundamental component domain, the
minimum-level circulating current was acquired with a single
control variable. Hence, the controller structure of the proposed
FDM becomes significantly simpler, while maintaining the high
efficiency over the entire operating region with computational
complexity only 1.8 times of the conventional PSM scheme.
By developing the loss model of the DAB converter based on
the state-state analysis on rms current and ZVS characteristics,
performances of FDM were compared to various modulation
schemes. Efficiency measurements were conducted for FDM
and other recent related works under various operating condi-
tions. Efficiency improvement of the proposed FDM has reached
10%—-38% at light-load condition compared to the conventional
modulation methods.

APPENDIX A

The current minimization problem in (14) is as follows:

minimize diﬂ + (d1o — M- da.0)?
2X1 P,
ViVo

16
0<d, <

subject to  dj gds o =

N

- S d?.a S é
' T

(A.1)

3



4062

x2+y? < 16/7°

X

Fig. A.1.  Geometry of the minimization problem when ko = 1.

The problem can be translated into a simpler form as

minimize [ := 2?4+ (y — k1 2)?

subjectto xz = ko

16

2 2

0<z"+y SF
4

0<z<— (A2)
0

where 0 < k; < 1 and 0 < ky < 16/7°. Given k; and ko, we
will find the point (x, y, z) that minimizes the objective func-
tion f. Geometry of (A.2) is described in Fig. A.1 for ky = 1.
In the picture, (x, y, z) can move along the blue surface inside
the gray area.

We first claim that f has a minimum at the boundaries 1)
or ii) depicted in Fig. A.1 For some constant ¢, consider a
curve that appear as the intersection of two surfaces (xz = ko)
and (y — k12 = ¢). When (z, y, z) moves along this curve,
f = 2 + ¢* decreases as x decreases. However, inside the gray
area, the curve terminates at the boundaries i) or ii) whence x
is minimized. Along the curve, therefore, fis minimized at the
boundaries 1) or ii). As every point (x, y, z) lies on the curve
for some choice of ¢, we conclude that the minimum of f arises
at the boundaries 1) or ii).

Now consider the minimization of f on the boundaries i) and
ii) which are determined by the following equations:

16
o 2 2 10
i)a” +y = =
4
i) z = —. (A.3)
m
On the boundary 1), f becomes
f= 2+ —2kyz+k2°
16
= = —2kiyz+ k{27 (A4)
T

Using (rz = ko) and (2° + y? = 16/7%), we get
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Differentiation of f with respect to y is

df dz dz
U A—Y Ry
ay 1@*”@ ”@)

k3 S
— _2;@1{?2 (y_ 7) + 1(4_ k%kg)} < 0. (A.6)

Hence, f decreases as y increases. This means that along the
boundary 1), f is minimized at the intersection of boundaries 1)
and ii).

Therefore, it suffices to consider the minimum of f on the
boundary ii) only. Here, f becomes

2 2
_ 2 4
f_k216+(y klw)

(A.7) is a quadratic function on y, where y takes its value in
an interval

(A7)

16 k%ﬂ'z
<y < — — . A.
e A IT; (A.8)
If £y and ko satisfy
16k kir? 16
< = A.
2 16 — x2 (A9)

whence 4k, / lies in the interval, we know that f achieves the
minimum at y = 4k, /7 and the minimum value is

T 4 4 2
ky— k1—,— | = k2 —.
f<24, 17_[_77_‘_) 216

Otherwise, f takes the minimum at the intersection of bound-
aries i) and ii), namely
1_6 k2 7T_2 é
2 216" 7 )

In either case, fis minimized on (z = 4 /7).

(A.10)

(%%a=<m§, (A.11)

APPENDIX B

The proposed method is implemented on the digital con-
troller, TMS320C28335. The digital code is given in Table B.I
for the implementation of the controller depicted in Fig. 4. The
configuration and initialization codes including PWM, clock,
sensing, and protection are not listed. The PWM gating is im-
plemented using the ePWM module. A few important variables
are Vo = sensed output voltage, Vref = reference voltage, Vc
= control voltage, Vc_min, _max = minimum and maximum
control voltages, and dla and d1b = duty ratio signals in FCA
domain.

Describing the code, a PI controller with an antiwindup pro-
duces the control voltage Vc from the error between the ref-
erence and the sensed voltage. The control voltage through a
limiter is assigned to d1b while dla is constant for fixed input
and output voltages. The duty ratio signals are translated into
the time-domain using the relationship in (21) using arcsine
and arctangent functions. These trigonometric functions can be
replaced by look-up table if reduced computational time is re-
quired. PWM gating is implemented by shifting phases of the
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TABLE B.I
DIGITAL CODE FOR IMPLEMENTATION OF FDM

Function Code

PI Controller err_v = Vref — Vo;
anti_v = err_v — kav«(Vc — Vc2);
intg_v + = kiv«Ts*anti_v;

Ve = kpv=err_v + intg_v;

Limiter if(Vec < Ve_min) Ve2 = Ve_min;
else if(Vc > Vc_max) Vc2 = Vc_max;
else Ve2 = Vc;

Duty ratio assignment ~ dlb = Vc2;

dla = Vref/Vin_refx4/pi;

FCA to temp_a = pi/4xsqrt(dlaxdla+d1bxd1b);
time-domain d1 = asin(temp_a)/pi;

conversion phi = atan(d1b/d1a)/2/pi;

PWM gating phsl = 0.5 —dI;

phs2 = phi + 0.25 — 0.5xdl;

PHS1 = 2#phs1«PWM_half_period;

PHS2 = 2xphs2«PWM_half_period;
EPwm2Regs. TBPHS .half. TBPHS = PHSI1;
EPwm3Regs. TBPHS half. TBPHS = PHS2;
EPwm4Regs. TBPHS .half. TBPHS = PHS2;

TABLE B.II
DIGITAL CODE FOR IMPLEMENTATION OF PSM

Function Code
PI Controller err_v = Vref — Vo;
anti_v = err_v — kavx(Vc — V¢2);
intg_v + = kivsTs*anti_v;
Ve = kpv=err_v + intg_v;
Limiter if(Ve < Ve_min) Vc2 = Ve_min;

else if(Vc > Vc_max) Vc2 = Vc_max;
else Vc2 = Vg,
phi = Vc2;

PHS1 = 2«phixPWM_half_period;
EPwm3Regs. TBPHS .half. TBPHS = PHSI1;
EPwm4Regs. TBPHS. half. TBPHS = PHS2;

Phase assignment

PWM gating

PWMs of the bridges. PWM signals of switches in a leg are
complementary to avoid arm short. Q; and Q3 are controlled by
ePWMI1 with its phase fixed. ePWM2 is gating signal for Q,
and Q. The secondary side is driven with full duty, do = 0.5.
Q5_g are driven by ePWM3 and ePWM4 with which Q5 and
Qg, and Q7 and Qg are complementary pair, respectively.

The digital code for the implementation of PSM with a single
voltage loop is delivered in Table B.II. Similarly, only the code
of the voltage-loop controller is detailed, while excluding other
configuration codes. PSM utilizes the phase as a single modu-
lation variable. Gating signals for leg pairs within a bridge are
equivalent
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