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Abstract—To reduce output voltage ripples and inductor rms
currents, a composite duty modulation (CDM) scheme of dual ac-
tive bridge (DAB) converters is proposed, which can overcome the
limits of fundamental duty modulation under light load and multi-
order reactive-current suppression strategy under heavy load. The
output voltage ripple and inductor current of the DAB converter
are represented by a generalized averaging model considering the
second harmonic component. The proposed CDM scheme can be
implemented easily by modulating the duty ratio of the ac voltage
not requiring a complex modeling process, offline calculation, and
additional current sensor. The improved CDM scheme has also
been proposed to optimize CDM performance when the voltage
conversion ratio approaches unity under light load. The output
voltage ripple optimization, inductor rms current suppression,
and efficiency improvement of the proposed method are validated
by simulation and experimental comparisons with other modula-
tion schemes under different voltage conversion ratios and load
conditions.

Index Terms—Dual active bridge (DAB) converter, minimum
current operation, modulation scheme, voltage ripple.

I. INTRODUCTION

UAL active bridge (DAB) converters are prevalent in dc
microgrids and distributed power supply systems because
of high power density, adjustable voltage conversion ratio, soft-
switching, galvanic isolation, and bidirectional power transmis-
sion [1], [2], [3], which can also be applied to power conversion
for high-speed railway, electric vehicle, more-electric aircraft,
and renewable power regeneration [4], [5], [6], [7], [8].
Various modulation schemes have been proposed to improve
the performance of DAB converters in recent years [9]. The
classic phase-shift (PS) modulation schemes of DAB convert-
ers can be classified into four categories according to control
variables [10], [11], [12], namely, single-PS (SPS) modulation,
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extended-PS (EPS) modulation, dual-PS (DPS) modulation, and
triple-PS (TPS) modulation [13], [14]. Given that TPS modula-
tion has three control variables, many optimal modulation strate-
gies are based on it because of more flexible freedom and better
performance [15]. The analysis methods of various modulation
schemes of DAB can be categorized into frequency-domain
analysis (FDA) and time-domain analysis (TDA) [16]. TDA
is accurate and widely used in different modulation schemes.
However, huge online or offline computations are required when
using TDA [16]. FDA can be applied to the whole operation
range without working mode classification and can extend to
three-phase DAB easily [16], [17], [18]. Hence, FDA is selected
to analyze DAB converters in many modulation schemes [16],
[17], [18], [19], [20], [21].

Different optimization objects are adopted in modulation
strategies for the enhancement of performance and efficiency of
DAB converters, such as inductor peak current [22], inductor rms
current [15], power loss [23], [24], reactive power or backflow
power [20]. Nowadays, most studies focus on the optimization
of inductor peak current or rms current for efficiency improve-
ment and electrical stress reduction, considering feasibility and
effectiveness [25], [26], [27], [28], [29], [30], [31].

From the perspective of inductor peak current /7,,x, a unified
PS (UPS) modulation method, adopting TDA, is proposed in
[25] on the basis of the Lagrange multiplier method to acquire
the optimal solution. However, UPS cannot obtain the global
optimum [26]. The deep reinforcement learning (DRL)-aided
modulation scheme does not need accurate model information
and can provide efficient solutions for the optimization problem
of DAB converters [27]. However, the algorithm is weak to
hyperparameter, and a large generated lookup table is needed
[19], [20]. Asymmetrical duty modulation (ADM) is proposed to
optimize the peak current and widen the zero voltage switching
(ZVS) region of DAB converters [21], [28]. Nevertheless, the
current stress under ADM is higher than other TPS schemes
at medium load [29]. Although an optimal primary-side duty
modulation (OPDM) can alleviate the ADM current stress,
OPDM performance can be improved when the load is light
[29]. A five-degree-of-freedom modulation scheme can be used
to further optimize the characteristics of DAB converters [22].
However, implementing online calculations is complicated [29].

Inductor rms current /7,5 can represent the conduction loss
more accurately than the peak current [30]. The inductor rms
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Fig. 1.
ratio M. (a) SPS. (b) FDM. (c) MRS.

current of SPS modulation is shown in Fig. 1(a). SPS modu-
lation is the simplest scheme with only one control variable.
However, it has poor steady-state characteristics at light load
and nonunity voltage conversion ratio. Global optimal condition
(GOC) equations are proposed to minimize rms currents and
realize efficiency improvement [26]. However, the complex
analysis and equation solving of different modes are needed in
GOC. Meanwhile, the offline particle swarm optimization (PSO)
algorithm is used to calculate a set of optical control variables
for rms current minimization [31]. Nevertheless, PSO is difficult
to realize online calculations and needs an offline lookup table
[32]. Based on FDA, the fundamental duty modulation (FDM) is
proposed to minimize rms currents and extend ZVS ranges with
a simple control structure [17]. However, rms currents are not
optimized at light load because only the fundamental component
is considered in FDM,; see Fig. 1(b). The FDA-based multiorder
reactive-current suppression (MRS) method can suppress the
reactive current of fundamental and harmonic frequency [16].
However, as illustrated in Fig. 1(c), MRS loses its effectiveness
and has a limited power range at heavy load when the voltage
conversion ratio is low.

The optimization of inductor rms currents is an important
point for DAB converters [15]. First, the power losses of the
DAB converters are mainly composed of conduction losses, core
losses, and switching losses. Optimizing inductor rms currents
can reduce power losses and improve transmission efficiency.
Meanwhile, the smaller sizes of magnetic components and lower
current stresses of power devices can be achieved by suppressing
the inductor rms current [30]. If rms currents are large, then
chronic high current stresses and unsatisfactory temperatures
caused by power losses can induce component failure [33]. The
output voltage ripple, determining the design of output filter
capacitors, is another point that is supposed to be concerned es-
pecially for ripple-sensitive renewable energy sources or power
loads [34], [35]. Higher output voltage ripples require larger
capacitance, leading to lower power density and higher cost [36].
The traditional design of the output filter capacitor is based on
the estimation method by peak output voltage ripple [37].

A lot of studies have been developed to suppress the out-
put voltage ripples. Various topologies, such as modular and
current-fed dc—dc converters, have been proposed to reduce
the output ripples [38], [39], [40], [41]. As for the two-stage

Inductor rms current /1, ms of a DAB converter (see Fig. 2) calculated with circuit parameters in Table I at various load conditions and voltage conversion

single-phase converter, the virtual impedance, notch filter, and
proportional-resonant control are used to suppress the double
line-frequency fluctuation for lower required capacitances [16],
[42], [43]. However, the controller design is complex and the
high-frequency voltage ripples need to be optimized [44]. No-
tably, the double line-frequency fluctuation in the two-stage
single-phase converter is also called low-frequency voltage
ripple in some literature [16], [42], [43], but there are still
existing high-frequency ripples in the single-stage DAB con-
verters. The output current feedforward compensation strategy
and slide-mode control are proposed to improve the dynamic
performance of the DAB converter [44], [45], which can sup-
press the high-frequency voltage ripples indirectly by reducing
phase shift angle fluctuation. Nevertheless, these methods are
based on the SPS modulation and the high-frequency output
voltage ripples can be suppressed further by advanced modula-
tion methods. The high-frequency output voltage ripples with the
DPS modulation are smaller than the SPS modulation from the
experimental results [46]. However, no mathematical analysis of
the high-frequency output voltage ripples is conducted in [46].
Therefore, a DAB model representing the output voltage ripples
should be built to optimize the output filter capacitor of DAB
converters.

This study proposes a composite duty modulation (CDM)
scheme of DAB converters to reduce their output voltage rip-
ples and inductor rms currents and improve converter effi-
ciency, which can overcome the limits of the FDM scheme
under light load and MRS strategy under heavy load. The
output voltage ripples and inductor currents of DAB convert-
ers are represented by a generalized averaging model consid-
ering the second harmonic component. The improved CDM
(I-CDM) scheme has also been proposed to optimize CDM
performance. The main contributions of this study are listed as
follows.

1) The output voltage ripple is hard to be represented by
the traditional frequency model. The generalized aver-
aging model of DAB considering the second harmonic
component is built to represent the inductor currents and
output voltage ripples for modulation scheme design and
parametric analysis. The impact of harmonic components
on the inductor currents and output voltage ripples is also
analyzed.
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Fig. 2.

Topology of a DAB converter.

2) A CDM scheme of DAB converters is proposed to opti-
mize inductor rms currents, output voltage ripples, and
transmission efficiency over broad voltage conversion
ratios and power ranges, which can be realized simply
without complex modeling processes, offline calculation,
and additional current information.

3) The CDM scheme is modified to I-CDM for perfor-
mance optimization when the voltage conversion ratio ap-
proaches unity under light load. The proposed modulation
methods can be applied to the conditions of reverse power
flow or changed loads. The output capacitances with CDM
or [-CDM schemes are reduced by around 75% compared
with the SPS method at light load. The proposed I-CDM
scheme can reach the maximum efficiency of 98.4% from
experimental results.

II. DAB CONVERTER MODEL CONSIDERING THE SECOND
HARMONIC COMPONENT

A. Principle of DAB Converters

The topology of a DAB converter is shown in Fig. 2. The DAB
converter comprises two H-bridges, a high-frequency trans-
former, two filter capacitors, and an auxiliary inductor. Switches
S1-S4 and S5-Sg form primary H-bridge H; and secondary
H-bridge H», which generate ac voltages v, and v, respectively.
The transformer turns ratio is N:1. C; and Cy are the input
and output filter capacitors, respectively. Equivalent inductance
Lg comprises the auxiliary inductance and transformer leakage
inductance. Ry is the outputload. v1, vo, and i, are the primary dc
voltage, secondary dc voltage, and inductor current, respectively.

The gating signals and transformer voltage waveforms of a
DAB converter are depicted in Fig. 3. Switching frequency f;
= 1/T,, where Ty is the switching period. s1—sg are the gating
signals of switches §1—Sg with 50% duty ratio. 5; — sg are
the complementary gating signals of s;—sg. In the case of TPS
modulation, switching functions are determined by three control
arguments: dy, do, and ¢, which respectively describe the duty
ratios of v,,, v, and the PS ratio between their fundamental com-
ponents with respect to Ts/2. SPS, DPS, and EPS modulations
can be taken as special cases of TPS. SPS modulation can be
achieved when d; = dy = 1, DPS modulation can be achieved
when d; = ds, and EPS modulation can be achieved when d; =
lordy = 1.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 5, MAY 2024

5,82 ——
_ >
S4,S3 t
I >
Vp S 4
>
¢T/)2  |le—>»|a, T2 t
o ai\Ty/
| | 1 | .
_ T/4 T2 3T/4 T, t
85,86
; —
Sg,87 ,7
T

Fig.3. Gating signals and transformer voltage waveforms of a DAB converter.

The switching function g1 (7) of Hj is

0<7<(1—2¢+d))T,/4

1 or(b—2¢—d)Ts/4 <7 <T;s
g1(t)= (1—2¢p+d)Ts/4<T < (3 —2¢—d1)Ts/4
Toor(3=2¢+dy )T /A< T < (5 —2¢—dy)Ts/4
1, (3—20—d)T,/A<T < (3 —26+d,)T, /4

(1)
where the time interval 7 € [t — T, f]. The switching function
go(t) of Hy is

1, (1—da)Ts/A <7< (1+4ds)Ts/4
0<7<(1-dy)Ts/4,
(1+do)To /A< 7 < (3—do)T,/4,  (2)
or(3+do)T, /A <7 <T,
—1, (3 — dg)TS/4 <7< (3 + dQ)TS/4.

The state-space equations of a DAB converter can be derived
as follows:

(g1v1 — Ngava)/Ls

(—v2/Ry + Ngair)/Co 3

dig,/dt =

d’l)g / dt =
where v1, vo, and iy, are the input voltage, output voltage, and
inductor current, respectively.

B. DAB Converter Model Considering the Second Harmonic
Component

The generalized averaging model can be applied to model the
DAB converter, and the nonlinear and time-varying state-space
equations can be processed. The even harmonic components
of the inductor current are O through Fourier analysis [18],
[47]. The odd harmonic components of the output voltage are
0 through the same analysis. Therefore, in this study, the first
harmonic component (i), of ir, and the zeroth (v2), and second
harmonic components (vs), of vo are considered to model the
DAB converter.
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The kth complex Fourier coefficient of the signal x(7) is

@Mﬂ=ﬂﬂwlqzﬁw%%wr @

Therefore, the zeroth, first, and second coefficients of switch-
ing functions g;(7) and g2(7) can be derived from (4)

(91)0 = (92)0 = (91)2 = (92), = 0
(g1), = 2sin(¢m) sin(di7/2)/m
—j2cos(¢m) sin(dym/2) /7
(92)) = —j2sin(dam/2) /7
where the zeroth and second coefficients are 0 and are consistent
with the result in [18].
The different coefficients of the product of two variables g
and x can be calculated as follows:

(92)1 = (9)o (@)1 + (91" (@)o + (91 {9)5 + (9)1 (2)3
+(9)3 (@)1 + (9)3 (@)

(g7)1 = ()1 (@) + (9o ()1 — (9)3 (@)1 + (9)7" ()3
+(9)% (@) = ()] (@)5

(92)5 = ()5 (@) — (9)7 (2)] +

(97)5 = (9)3 ()0 + (97 (@)1 + (9)o (x)5 + {9} <x>?(6)

where superscripts “R” and “I” mean the real and imaginary
parts of the corresponding variables, respectively.

Hence, from (3)—(6), the DAB converter model considering
the second harmonic can be acquired

(&)

(1 @)+ (9)o ()5

. \R
d<1;t)1 = w, <ZL>{ _ N<92l>/s<v2>2 + (91>L;'U1>0
T
d<:iLt)1 -, <ZL>{2 . <gzl>IS(U2>o + N<g2zs<112)2 + <91>L(SU1>
dwa)y _ 2N<92>{(1L>{ _ f{v2)g
dt Co RyC
R 1. ,
d<1¢}12t>2 _ _N<y2é12(u> g:)ci 4 2w, <U2>1
T I,. \R Y
sz — Naah bl _ 9y, (up)F — 22

(7
where wy = 27fs. The dc and second components of iy, and the
first harmonic component of vy are O and omitted herein [18].

Because (Vi), =Vi and (V2), = V> in the steady state,
where V; and V5 are dc components of input and output voltage,
respectively [47]. Therefore, the steady-state values of i, and vo
can be calculated as follows:

(IL)f = =N {g2); Va/(wsLs) + (g1
(IL)] = —(g1)7' Vi/(wsLs)

(Va)y = =[N (92)1 Ra(— (91)1" Vi — 20, RaCh (1)1 Vi
+2Nw,RoC (g2)1 Va))/[ws Lis (1 + 4C3 R3w?)]
~[N (g2)1 (—R2 (91)1 Vi + N Ry (g2)1 Vo

+20J5R202 <g1> V1)]/[OJSL5(1 + 4C§R§w§)]
(3)

>{ Vl/(WSLS)

(Vo) =
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Fig. 4. Inductor current comparison between the frequency model (k,, = 1,

3,5,7, and 9) and detailed model calculated with circuit parameters in Table 1.

TABLE I
CIRCUIT PARAMETERS OF A 1 KW DAB CONVERTER PROTOTYPE

Symbol Item Quantity
N:1 transformer turns ratio 2:1
M voltage conversion ratio 0.4-1
7 input voltage 150 vV
43 output voltage 30-75V
P maximum power 1.0 kW
I switching frequency 20 kHz
Ls equivalent inductance 205.35 uH
C, output filter capacitor 208.55 uF

Notably, the inductor current ripple is much larger than the
output voltage ripple, and only the dc component of the output
voltage is used to calculate the inductor current for simplicity.

The fundamental component of i;, and the second harmonic
component of v, can be derived as follows:

2 2

Ios =@ + @) o
2 2

Vaz =V + (a5

Output power P, can be computed as follows:
2NV V-
Py = —{g){" (— (g2)7)- (10)
WsLS

C. Impact of Harmonic Components

The inductor current under various harmonic components can
be calculated by the traditional frequency model from paper [18].
The inductor current comparison between the frequency model
(ky, = 1, 3,5, 7, and 9) and the detailed model are plotted in
Fig. 4, where k,,, is the maximum considered harmonic level.
The detailed model is built on MATLAB/Simulink with circuit
parameters in Table L. It is illustrated that the waveforms of
the inductor current approach the detailed model when more
harmonic components are considered. The amplitude spectrum
of the inductor current is presented in Fig. 5. The spectrum
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Fig.6. Amplitude spectrum of the output voltage ripple calculated with circuit
parameters in Table I.

reveals that the inductor current primarily consists of odd har-
monics, with the fundamental component exhibiting the highest
amplitude.

Because the traditional frequency model cannot represent
the output voltage ripple [18], the detailed model from MAT-
LAB/Simulink is used to acquire the amplitude spectrum of the
output voltage ripple, as shown in Fig. 6. The output voltage
ripple primarily consists of even harmonics, and the second
component accounts for the majority.

The proposed DAB model, considering the second harmonic
component, is used to calculate the output voltage. The output
voltage comparison between the proposed model (k,,, = 1 and
2) and the detailed model is shown in Fig. 7. The frequency of
the output voltage ripple is twice the switching frequency. When
only the fundamental component (k,,, = 1) of state variables is
considered, the output voltage ripple cannot be observed. If the
second harmonic component is taken into account, the output
voltage ripple can be represented. Therefore, at least the second
harmonic component should be considered for optimizing the
output voltage ripples. When more harmonic components are
considered, the results are closer to the detailed model. However,
the complexity of the model increases sharply.

[II. CDM oOF A DAB CONVERTER
A. Output Voltage Ripple Optimization

The output voltage ripple can be optimized by Karush—Kuhn—
Tucker (KKT) conditions [48]. The optimization problem is

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 5, MAY 2024
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Fig. 7.  Output voltage comparison between the proposed model (k,, = 1 and
2) and the detailed model calculated with circuit parameters in Table I.

formulated into the following standard form:

Min[Vs 5 (X)]?

5.6.P5(X) — Py = 0, hs(X) < 0 (ih

where X = ({g1), (91)1, (92)1) and P}, = 8NV, Va/(mwLs).
KKT conditions are expressed as follows:

L(X, 4, p) = [Vo2 (X)) + A[Po(X) — P

+m <<91>?—72r) +hz (‘ (911 - i) T (_ <g2>{_72r)

oL oL oL  __
gt 0, Ag1)y 0, Ag2)y 0
A #0
Py(X)—PF,=0

pr 20, pp 2 0, 3 2> 0,

(g =2 <0~ () —2<0,—(p){ —2 <0
p((g)y —2)=0

pa(= (1)1 — 2) =0

pa(—(g2)] — 2) =0

s.t.

12)

where L is the Lagrangian function and A and p = (i,
w2, p3) are KKT multipliers. Optimal control parameters
(<91>§3pta <gl>{opt7 <92>{opt) can be derived to minimize the
output voltage ripple, which is

<gl>ipt = _WSLSPO/(2NV1‘/2 <92>{opt)

13
<gl>{opt =NV, <g2>{opt /Vv1 ()
From (5), (13) is rewritten as follows:
cos(¢m) sin(dim/2) = M sin(da7/2) 14
P,y = sin(dy7/2) sin(dor/2) sin(¢) a4

where M is the voltage conversion ratio and equals NVo/Vy. Py
= P,/Py. The output voltage ripple can be minimized if (14) is
satisfied.
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B. Proposed CDM

Three control variables are involved in TPS modulation.
However, only two equations exist in (14). Another constraint
condition should be considered. Equation (9) can be rearranged
as follows:

I = 4V [M sin(dom/2) — cos(¢n) sin(dy7/2)]?
Pt g Ls \| +[sin(¢rm) sin(dy 7 /2))? '

(15)

Equation (15) can also be used to achieve the minimum inductor
rms current, which is unified to optimize I, ; and V5 5. Solv-
ing the constrained optimization problem of the inductor rms
current, /7, 1 is minimized when do = 1 [17]. FDM effectively
reduces the fundament frequency current. Control variables are
derived as follows:

{d1 = 2arcsin[M/ cos(¢m)] /7

dy =1. (16)

However, the third harmonic component is increased at a
low power level through FDM, and the inductor current can
be optimized further. dy = Mds is used in the MRS strategy
[16], which has a lower inductor rms current than FDM at a low
power level. Control variables are computed as follows:

dy = 2v/3M¢/\/1T — M2
{d2 =2V3¢/V1 - M2

The weakness of the MRS strategy is the limited power range
and higher inductor rms current than FDM at a high-power level.
The advantages of FDM at a high-power level and MRS at a low-
power level can be composited. The power intersection point
can be acquired by equating the power and rms current of FDM
and MRS from (10) and (15). At the intersection point, control
variables d;, do;, and ¢; are as follows:

di = M

do; =1
¢; = arccos[M/sin(Mm/2)]/x.

a7)

(18)

¢ is positively proportional to the transferred power. When 0 <
¢ < ¢4, (17) is used to modulate the DAB converter. When ¢,
< ¢ <0.5, (16) is used. That is the basic idea of CDM.

C. Proposed I-CDM

In Fig. 1, when M approaches 1, FDM, MRS, and CDM have
slightly higher rms currents than SPS at a low power level (0 <
¢ < ¢;), which is illustrated in Section I'V-D. This is because the
first equation of (14) is based on the first and second harmonic
levels. Plotting the relationship of d» and ¢ under the minimum
rms current [49], as shown in Fig. 8, the following equation can
be acquired:

d2 =2¢/(1— M) (19)
which is along with d; = M d, to improve CDM
dy = 2M /(1 — M)
20
{dg —26/(1— M) 20)
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under different voltage conversion ratios M calculated with circuit parameters
in Table I.

When 0 < ¢ < ¢;, (20) is used to modulate the DAB converter.
When ¢; < ¢ < 0.5, (16) is used. That is the basic idea of the
I-CDM.

Notably, the inductor rms current is mainly positively cor-
related with the output voltage ripple, as shown in Fig. 9.
Therefore, when the constraint of the minimum output voltage
ripple is added, it also keeps the inductor rms current at a low
level. A lower inductor rms current will induce higher conversion
efficiency [15], indicating that the optimization objectives of the
proposed CDM and I-CDM are not conflicting. The proposed
methods can optimize the output voltage ripple further while
keeping a low inductor rms current.

D. Solution for M > 1

The case of M > 1 should be considered for broad application.
The inverse power flow that is transferred from the secondary
side to the primary side with M < 1 is equal to the positive power
flow from the primary side to the secondary side with M > 1
[26]. Hence, the optimized modulation scheme CDM for M >
1 can be acquired

dy = 2v3M¢//M? —1
dy = 2v/3¢/VM? -1

¢§¢§aa{%_l .
dy = 2arcsin{1/[M cos(¢m)]}/m

0<<z><¢>;,{
1)
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TABLE II
MODULATION VARIABLES AND RMS CURRENT OF CDM AND I-CDM OF THE 1
KW DAB CONVERTER PROTOTYPE WHEN P, = 0.1 AND M = 4

Optimized .
schemes ftems Quantity
d; 0.619
d; 0.155
CDM P) 0.173
Livms 3.158 A
d; 0.517
d; 0.129
I-CDM P 0.194
Liims 2942 A
¢
- S
Varef I PI o —1>
- Switch signal |
Calculate d; conversion
v N> and d Sg

Vi ———»

Fig. 10.
strategy.

Control structure of a close loop for the DAB converter with the CDM

where ¢, can be computed as follows:
¢, = arccos{1/[M sin(r/2M)]} /. (22)

The optimized modulation scheme I-CDM for M > 1 can also
be obtained.
dy = 2Mo/(M — 1)
dy =2¢/(M —1)
d =1

dy = 2arcsin{1/[M cos(¢m)]} /.

0<¢><¢>27{
(23)
¢; < ¢ < 0.5,

The transmission power of CDM and I-CDM for the same ¢
is different for M > 1 under light load. However, it is usually to
compare the inductor rms current at the same power rating. There
are various combinations of modulation variables to transfer the
same required power. When the normalized power P, = 0.1
and M = 4, the modulation variables and inductor rms current
of CDM and I-CDM of the 1 kW DAB converter prototype are
listed in Table II. It illustrates that the I-CDM can reduce 6.84%
of inductor rms current than CDM, and the modulation variables
are different between CDM and I-CDM when transferring the
same power.

E. Close-Loop Control Structure

Fig. 10 illustrates the control structure of the close loop for
the DAB converter using the CDM strategy. Output voltage vy is
compared with reference voltage v, and regulated by the single
close loop PI controller, which produces ¢. M can be calculated
by the voltage information or set as a constant for a fixed output
voltage. ¢ and M are used to calculate d; and ds from (16) and
(17). Finally, ¢, dy, and d- are conversed to regulate the eight
switches of DAB converters. The control structure of the close
loop with the I-CDM strategy is similar to CDM and omitted
herein.
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Fig. 11.  Block diagram of the feedback control.

FE. Design of PI Controller Parameters

The proportional-integral (PI) feedback control is used to
control the DAB converter, and the block diagram is shown
in Fig. 11, which comprises PI compensator Gpi(s), amplitude
limiter, delay link e Tas and control-to-output transfer function
G¢1,(S) [11].

The open-loop forward path transfer function Ggpen (s) can be
used to design controller parameters

Gopen(s) = Gpi(8)G g (s)e 125, (24)

The PI compensator Gpi(s) = kp + kj/s is used to optimize
the steady-state errors. The small-signal control-to-output trans-
fer function can be derived from the DAB model [11]

A’UQ o NleQ(]. — 2(725)
A¢ B 2fs(802R2 + 1) '

Gpo(s) = (25)

In classical control theory, it is proposed that the forward path
of a control system should have unity gain and a specified phase
margin ,,, at the crossover frequency w.. This approach helps

ensure stability and robustness in the control system design.
Therefore, kp and k; can be derived as follows [44]:

k NViRa(1-24)
‘(kp + jwlc) . GoeCaB 1)

k NVi Ry (1-24)
£ [(kP + ]71c> 2fs(j1wc202R2+1)e

e_chTd =1

7jwch:| =T+ Q.
(26)

IV. OPERATIONAL CHARACTERISTICS

A. Analysis of the Influence Factors of Optimized Output
Voltage Ripples

From (9) and (13), the output voltage ripple Varipple under
optimal conditions can be derived as follows:

V2
‘/Qripple ~ ‘/272 = \/1 n 4022(.32‘/24/P2 (27)

where the output voltage ripple is related to P,, Ca, V2, and f;.
The influences of different factors on the output voltage ripple
of the DAB converter are investigated with the circuit parameter
listed in Table I, as shown in Fig. 12. The output voltage ripple is
positively proportional to the transmission power, whereas the
output capacitance, output dc voltage, and switching frequency
have an inverse relationship with the output voltage ripple.
Therefore, the DAB converter model considering the second
harmonic component can be used to optimize the design of
output filter capacitors from (9) and (27).



WANG et al.: CDM OF DUAL ACTIVE BRIDGE CONVERTERS TO MINIMIZE OUTPUT VOLTAGE RIPPLES AND INDUCTOR RMS CURRENTS

0. 5
0.16 4
2012 23
H] H
270,08 )
0.04 1
0.0 0
0 110 220 330 440 550 0 200 400 600 800 1000
P, (W) Cy(pF)
(a) (b)
0 6.0
024 48
Z 018 236
2012 N'24
0.06 12
0.0 0.0

100 200 300 400 500 40 60
V(V) /(kHz)

(©) (d)

o

20

Fig. 12. Influence factors of output voltage ripples calculated with circuit
parameters in Table I. (a) Power rating. (b) Output filter capacitance. (c) Output
dc voltage. (d) Switching frequency.

B. Analysis of the Influence Factors of Inductor RMS Currents

From (15), the inductor rms current is associated with control
variables (d1, da, and ¢), M, V1, fs, and Lg. Various modulation
schemes have different control variables under the same load
condition and M, leading to different optimization effects, which
are discussed in Section IV-D. The inductor rms current has a
linear proportion with V1, f and Lg from (15), the same as many
studies [16], [17], [18], [19], [20], [21].

C. Output Voltage Ripple Comparison With Various
Modulation Methods

The calculation equations of output voltage ripples are not
provided in [16], [17], [18], [19], [20], and [21]. Therefore, the
output voltage ripple is evaluated by (9), and the output voltage
ripple comparison among different modulation schemes of the
1 kW DAB converter prototype is shown in Fig. 13. Output
voltage ripples are associated with inductor rms currents, so
the suppression strategies of rms current are also effective in
suppressing output voltage ripples. SPS modulation has poor
performance at light load. FDM loses its effectiveness at light
load because only the fundamental component is considered in
FDM. MRS can suppress voltage ripples at light load. However,
MRS cannot realize the maximum power transmission when M is
small. The effectiveness of suppressing the output voltage ripple
with GOC decreases at light loads when M increases. The pro-
posed CDM and I-CDM can achieve power transmission at the
whole power range and voltage conversion ratio. The proposed
methods perform better than other modulation methods using
FDA. Meanwhile, the proposed methods have slightly lower
output voltage ripples than GOC under light load. Notably, GOC
is based on TDA, which requires complex offline computation
of various working modes [16]. However, FDA is used in the
proposed methods, which can be applied to the whole operation
range without mode classification and alleviates the modeling
complexity [17], [18].
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Fig. 14.  Inductor rms currents of different modulation strategies of the 1 kW
DAB converter prototype for (a) M = 0.4, (b) M = 0.5, (c) M = 0.75,
(d) M = 0.875.

D. Inductor RMS Current Comparison With Various
Modulation Methods

In Fig. 14, the inductor rms currents of different modulation
strategies of the 1 kW DAB converter prototype are plotted,
which are calculated based on accurate time-domain-based nu-
merical analysis [25], [26]. SPS modulation has the highest in-
ductor rms current during a light-load condition. FDM achieves
lower rms current than SPS. However, the rms current of FDM
during a light-load condition can be reduced. MRS maintains
low rms currents over broad power ranges. Nevertheless, MRS
cannot realize low rms currents when M is away from 1 and full
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Fig. 15.
prototype.

Inductor rms currents of CDM and I-CDM of the 1 kW DAB converter

power operation. GOC has better performance in suppressing
the rms current than FDM and MRS. However, complex mode
analysis and solution procedures are needed. The proposed CDM
method can effectively reduce rms current levels for different
power ranges and M. FDM, MRS, and CDM have slightly higher
rms currents than SPS when voltage conversion ratios are close
to 1 at light-load conditions, as only low harmonic components
are considered in these methods. To solve the unsatisfactory
effect when M approaches unity at light load, I-CDM is put
forward. Fig. 14 illustrates that I-CDM has better performance
in suppressing inductor rms currents than SPS, FDM, MRS,
and CDM. The difference between CDM and I-CDM is trivial
and they are almost overlapped in Fig. 15. Notably, when the
load approaches the maximum transmission power Pp,x =
NV, Vs/(8fsLs), most modulation methods switch into the SPS
modulation with di = ds = 1 and ¢ = 0.5. Otherwise, the
maximum power transmission cannot be realized. Therefore,
the differences of most modulation methods at heavy loads are
not significant [17], [50].

E. Comparison With the Case Considering the Third
Harmonic Component

The model considering the third harmonic component of the
DAB converter is derived in Appendix A. Because the formulae
of rms current and output voltage ripple considering the third
harmonic component are very complex from (30) to (33), it
is hard to acquire an analytical solution to the optimization
problem. Therefore, the PSO is used to find the optimal nu-
merical solution, as shown in Appendix B. Notably, the PSO
method herein optimizes the inductor current and output voltage
ripple simultaneously, which is different from the one in [32].
The inductor rms currents with FDM, CDM, I-CDM, and PSO
considering the third harmonic component (k,,, = 3) of the 1 kW
DAB converter prototype are shown in Fig. 16. It is observed
that FDM has a higher rms current than other modulations
because only the fundamental component is considered in the
optimization process. Because the first harmonic component of
the inductor current and the second harmonic component of
the output voltage ripple, which are the main components of
the inductor current and output voltage ripple, are optimized in
CDM, CDM has better performance than FDM. Meanwhile, the
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Fig. 16.  Inductor rms currents of FDM, CDM, I-CDM, and PSO considering
the third harmonic component (k,, = 3) of the 1 kW DAB converter prototype.
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effectiveness of CDM and PSO considering the third harmonic
component is similar, and I-CDM has the lowest inductor rms
current over the whole operating range due to the improvement
at light load. Moreover, the CDM and I-CDM can realize online
calculations for practical applications. Therefore, the CDM and
[-CDM are easy to implement and have better performance than
PSO considering the third harmonic component.

F. ZVS Comparison With Various Modulation Methods

ZVS range is an important indicator of switching losses,
and the ZVS boundary can be approximately evaluated by the
direction and amplitude of the inductor current [17]. The ZVS
range of the different modulation schemes at various loads and M
are depicted. In Fig. 17, the ZVS area means all eight switches of
the DAB converter can achieve ZV S, and the blank area indicates
that only part of the switches turn ON with ZVS.

Fig. 17(a) is SPS scheme: S5—Sg of the secondary H-bridge
lose ZVS at light-load and low voltage conversion ratio condi-
tions, but the switches on the primary side realize ZVS.

Fig. 17(b) is FDM scheme: only S3 and S, cannot realize ZVS
under medium power range, but at a price of higher rms current
at light-load.

Fig. 17(c) illustrates the ZCS region of S3—S¢ using MRS and
CDM, and other switches work on ZVS under light load. The
inductor rms current can also be suppressed at this region to
increase the system efficiency.

Fig. 17(d), although only S; and Ss can achieve ZVS with
I-CDM under light load, the other switches are in ZCS, which
can also reduce the switching loss. Meanwhile, the rms current
and output voltage ripples can be optimized with I-CDM over
the whole power range. The ZV'S performance of GOC is similar
to I-CDM. Notably, the switching losses of GOC and I-CDM are
slightly higher than CDM under light loads because the switches
of ZVS have lower power loss than ZCS.
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Fig. 17.  ZVS range for different schemes. (a) SPS. (b) FDM. (c) MRS and

CDM. (d) GOC and I-CDM.

TABLE III
PARAMETERS OF A 31.25 KW DAB CONVERTER PLATFORM

Symbol Item Quantity
N:1 transformer turns ratio 1:1
M voltage conversion ratio 0.4-1
" input voltage 1000 V
123 output voltage 400-1000 V
Pax maximum power 31.25 kW
fs switching frequency 20 kHz
Ls equivalent inductance 200 uH
C, output filter capacitor 500 uF

G. Case of the Proposed Methods With Larger Power

Table III lists the parameters of a 31.25 kW DAB converter
platform, which is used as a module in the 10 kV/1 MVA
solid-state transformer [16]. Notably, the maximum transmis-
sion power of the DAB converter is evaluated by Ppax =
NV Vo/(8fsLs), which changes at different working conditions.
When M = 1, Pn. = 31.25 kW. With the DAB converter,
the output voltage ripples of different modulation strategies are
shown in Fig. 18. The proposed methods have better perfor-
mance than other modulation methods with frequency-domain
analysis. Additionally, the proposed methods have slightly lower
output voltage ripples than GOC at light load. The inductor
rms currents of different modulation strategies are depicted in
Fig. 19. GOC performs better than FDM and MRS in sup-
pressing the rms current. However, complex mode analysis and
computational processes are needed. I-CDM has lower inductor
rms currents than SPS, FDM, MRS, and CDM. The theoretical
results of the 31.25 kW DAB converter platform are similar
to that of the 1 kW DAB converter prototype. Therefore, the
generality of the proposed method for the prototype with larger
power is verified.
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The detailed model of a DAB converter is built on MAT-
LAB/Simulink with circuit parameters in Table III. The working
waveforms of SPS, CDM, and I-CDM at M = 0.5 and P,, = 0.1
are plotted in Fig. 20. SPS has large voltage ripples and inductor
rms currents. The voltage ripples and inductor rms current are
suppressed effectively by CDM and I-CDM. It means that the
proposed methods can be used in high-power applications.

V. EXPERIMENTAL ANALYSIS

A 1.0 kW experimental prototype of a DAB converter (see
Fig. 21) is built to verify the effectiveness of the proposed
CDM scheme, with the circuit parameters listed in Table I. The
input voltage is fixed at 150 V. The output voltage ranges from
30 to 75 V. The TMS320F28335 digital signal processor from
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Fig. 21.  Experimental prototype of a DAB converter.

TABLE IV
DESIGN PARAMETERS OF THE TRANSFORMER

Items Quantity
core type PQ50/50
material PC95

primary turns 24
secondary turns 12
primary winding strands 300
secondary winding strands 600
wire diameter of the winding 0.1 mm

Texas Instruments is used to implement the proposed method.
The silicon carbon MOSFET SCT3060AR from ROHM, with an
ON-resistance of 60 mS2, is selected as the switching device. The
auxiliary power supplies the drive circuit. The transformer is
designed by area product approach [51]. The design parameters
of the transformer are shown in Table IV. To reduce the leak-
age inductance and improve efficiency, the transformer adopts
sandwich winding, as shown in Fig. 22.

A. Output Voltage Ripple and Inductor RMS Current
Comparison

The working waveforms of the 1 kW DAB converter prototype
with the SPS, CDM, and I-CDM at M = 0.5 are shown in
Figs. 23 -25, respectively. P,, is the normalized power. For a light
load when P,, = 0.3, the measured inductor rms currents using
SPS, CDM, and I-CDM are 2.79, 1.77, and 1.76 A, respectively.
From the perspective of voltage ripple, the values for SPS,
CDM, and I-CDM are 85.4, 50.5, and 48.6 mV, respectively.

Waveforms of the 31.25 kW DAB converter platform at M = 0.5 and P,, = 0.1. (a) SPS. (b) CDM. (c) I-CDM.

36.1lmm

® Primary winding  (0.Imm, 300strands)

oo Secondary winding (0.1mm, 600strands)

© (d)

Fig. 22.  Winding structure of the designed transformer. (a) Physical map.
(b) Sketch map. (c) Vertical view. (d) Section view.

Different equations can be used to calculate d; and do according
to their power ratings. PS ratio ¢ corresponding to the power
intersection point can be derived as 0.25 from (18). The duty
ratios d; and dy of v, and v, increase in the proposed methods
when the transferred power rises. For different power levels,
CDM and I-CDM have better performances in voltage ripple and
rms current minimization than SPS. Fig. 26 shows the inductor
rms current comparison with various voltage conversion ratios.
Inductor rms currents can be suppressed using CDM and I-CDM
schemes when M changes, and output voltage ripples have a
similar tendency, as illustrated in Section IV. Therefore, the
proposed CDM and I-CDM can reduce output voltage ripples
and inductor rms currents effectively.

B. Output Voltage Ripple Comparison Between Calculation
and Experimental Results

The output voltage harmonic component comparison between
the calculation and experimental results of the 1 kW DAB
converter prototype is shown in Fig. 27. There are differences
between the calculation and experimental results due to the lack
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TABLE V
RATIO OF THE FIRST AND SECOND HARMONIC COMPONENTS OF
EXPERIMENTAL RESULTS OF THE 1| KW DAB CONVERTER PROTOTYPE

. Ratio of the first h i
Modulation schemes atio of the first and second harmonic

components
SPS 0.0664:1
CDM 0.0451:1
I-CDM 0.0150:1

of higher harmonics in the calculation. The theoretical value
of the first harmonic component (20 kHz) of the output voltage
ripple is 0. However, because of the influences of circuit parasitic
parameters, deadtime, and noise interference, the actual values
of the first harmonic component of SPS, CDM, and I-CDM mod-
ulation are 8.671, 2.746, and 0.910 mV, respectively. The ratio
of the first and second harmonic components of experimental
results is listed in Table V. The first harmonic component is far
less than the second harmonic component and is usually omitted
in the analysis process.
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Working waveforms of the 1 kW DAB converter prototype with SPS at M = 0.5. (a) P, = 0.1. (b) P,, = 0.3. (¢) P,, = 0.5. (d) P,, = 0.7.
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C. Output Voltage Ripples Under Different Output
Capacitance and Switching Frequency

The output voltage ripple is related to the output capacitance
and switching frequency. When the output capacitance is de-
creased for higher power density, the output voltage ripples are
obvious and severe, which should be suppressed to ensure a
high power quality. When the DAB converters are used in the
medium- or high-voltage grid connection, the adopted switching
frequency is not very high, which leads to higher output voltage
ripples. Experiments are taken to explain these points.

When the output capacitance is reduced from 208.55 to 52.03
uF (the switching frequency remains 20 kHz), the waveforms
of the 1 kW DAB converter prototype are shown in Fig. 28.
The output voltage ripple using SPS modulation, with a value
of 332.9 mV [see Fig. 28(a)], is obvious and severe. While the
CDM and I-CDM are adopted to suppress the ripples, the output
voltage ripples decrease to 79.7 and 76.5 mV [see Fig. 28(b) and
(c)], respectively. The output voltage ripple is 85.4 mV when
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and P,, = 0.3. (a) SPS. (b) CDM. (c) I-CDM.

the output capacitance is 208.55 pF using SPS modulation. The
effectiveness of the proposed methods has been well verified,
which is equivalent to reducing the output capacitance by around
75% compared with the SPS modulation.

When the switching frequency is reduced from 20 to 10 kHz
(the output capacitance remains 208.55 pF), the output voltage
ripples increase, as shown in Fig. 29. The proposed methods can
suppress the output voltage ripples as well.

D. Efficiency Comparison

The normalized efficiency curves of SPS, CDM, and I-CDM
of the 1 kW DAB converter prototype before optimizing the PCB
layout at M = 0.4, 0.5, 0.75, and 0.875 are plotted in Fig. 30,
which is based on the experimental data. The SPS scheme can
realize high efficiency at heavy loads. However, poor perfor-
mances in efficiency can be observed due to large inductor rms
currents and limited ZVS ranges when the transmission power
decreases and the voltage conversion ratio deviates from 1. The
efficiency of CDM and [-CDM can respectively reach 88.6%
and 88.2% at M = 0.5 and P,, = 0.1, whereas the efficiency
of SPS is 75.3%. CDM and I-CDM can improve the efficiency
over light to medium load because of low inductor rms currents
and broad ZVS ranges. While the load increases and is close to
maximum, SPS, CDM, and I-CDM have similar performances.
The maximum efficiency of 97.2% is achieved by I-CDM at
M = 0.875 and P,, = 0.3. Therefore, CDM and I-CDM can
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achieve remarkable efficiency improvements. Notably, CDM
has slightly higher efficiency than I-CDM at light load when M
is small because more switches realize ZVS in CDM. When M
approaches unity, CDM has a slightly higher rms current, which
causes the efficiency deterioration of 2.1% at M = 0.875 and P,,
= 0.3 than [-CDM. The specific loss analysis is as follows.

The power losses of the DAB converters are composed of
three main factors: conduction losses, core losses, and switch-
ing losses [52]. The conduction losses P.onq stem from the
ON-resistance of switches and parasitic resistances of wire. The
conduction losses can be calculated as follows:

Pcond = I%rms(2R0n + 2ANvQ-Ron + Rwire) (28)

where N, R,n, and Ry are the transformer turns ratio, ON-

resistance of switches, and resistance of the wire, respectively.
The empirical Steinmetz equation is used to calculate the core

losses Pcore Of the transformer and auxiliary inductor [53]

Peoe = Vok fOABD, (29)

where k, o, and [ are empirical parameters and V. and AB,,, are
the core volume and peak induction, respectively.

The switching losses Ps,, depend on the current and voltage of
switches at the switching moment [53]. When the switches work
at ZVS conditions or ZCS, Py, is comparably low. Otherwise,
the switches have larger switching losses.

The loss breakdown with various modulation schemes of the 1
kW DAB converter prototype is plotted in Fig. 31. It is observed
that the conduction loss increases with the increase of the load
and the switching loss makes up a large proportion of the total
loss at light load. The core loss increases slightly when higher
power is transferred. The proposed CDM and I-CDM have lower
power losses over a wide power range than other modulations
because of lower inductor rms current. Because the switches
under the proposed methods are all working on ZVS under
heavy load, the switching losses are not large compared with
the conduction losses. The conduction losses account for 70.6%
of the total power losses when M = 0.5, P,, = 0.9.

To increase the efficiency under light load [52], [53], the
PCB routing of the gate-drive circuits can be optimized and
the external gate resistor can be reduced for lower switching
losses. To increase the efficiency under heavy load [52], [53],
the transformer and inductor can be redesigned for lower copper
losses. Thicker and short wires can be used to connect differ-
ent components. The PCB routing can be optimized for lower
parasitic resistances.

Therefore, the efficiency of the prototype has been improved
by optimizing the PCB layout and decreasing the external gate
resistance of gate-drive circuits considering the actual situation,
which can reduce the conduction losses and switching losses,
respectively. The original PCB of the main circuit is a two-layer
PCB. The main circuit has been optimized as a four-layer PCB to
reduce parasitic resistances. The PCB routing of the gate-drive
circuits is also optimized to decrease the parasitic inductances
for relieving the ringing of gate-drive signals. Therefore, the
external gate resistor, which suppresses the ringing of gate-drive
signals, can be reduced from 49.9 to 5.1 €, leading to lower
switching losses. The experimental tests were carried out with
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the prototype after optimizing the PCB layout. The circuit pa-
rameters of the prototype are listed in Table I. The normalized
efficiency curves of the 1 kW DAB converter prototype after
optimizing the PCB layout of SPS, CDM, and I-CDM at M = 0.4,
0.5, 0.75, and 0.875 are plotted in Fig. 32. The efficiency of the
prototype after optimizing the PCB layout is improved over the
whole power range compared with the one before optimization
due to lower conduction losses and switching losses. I-CDM
can realize the maximum efficiency of 98.4% at M = 0.875 and
P,, = 0.5 after optimizing the PCB layout. It is verified that the
proposed methods can achieve highly efficient transmission.
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E. Influence of the Bandwidth on the Output Voltage Ripple
The forward path bode plot of the 1 kW DAB converter

prototype under different control parameters is shown in Fig. 33.
When the PI parameters kp = 0.005 and k; = 0.1, the crossover
frequency f.1 = 192 Hz and phase margin ¢,,,1 = 99°, indicating
the system is stable. If the proportional parameter kp increases
to 0.01, the crossover frequency becomes 391 Hz and the band-
width is improved.
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Fig. 34 shows the experimental results of the 1 kW DAB
converter prototype with SPS modulation under different control
parameters. The voltage ripples of kp = 0.005 and kp = 0.01 are
82.9 and 84.3 mV, respectively. The voltage ripple differences
are very small. Because the voltage ripple is a quantity to
represent the steady-state performance, the steady phase shift
ratios ¢ of DAB converter systems of various bandwidths are
almost the same when the load condition is not changed in
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TABLE VI
PERFORMANCE COMPARISON AMONG DIFFERENT MODULATION STRATEGY
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Optimized Modulation  Analysis Modulation Optimization Ripple .
schemes method method form M range Power range object Current level characteristic Efficiency
SPS SPS TDA Online Whole range  Whole range N/A High N/A Low
computation
Online . .
FDM [17] TPS FDA computation <1 Whole range Tiyms Medium N/A Medium
MRS [16] TPS FDA Online >1 Limited mnge ~ oactve Medium N/A Medium
computation current
GOC [26] TPS TDA Onlme' Whole range Whole range Liims Low N/A High
computation
Offline Power .
DRL [19] VF + TPS FDA lookup table <1 Whole range loss + ZVS Low N/A High
0[1;1;?/1 ADM + PS TDA Con?;i‘t‘;fion <1 Whole range I+ ZVS Medium N/A Medium
Pr((j)l]JJOI\S/ICd TPS FDA con?;lllxltr;fion Whole range ~ Wholerange  Zpms + Vasippre Low Considered High
PIr_ ()Cpl(;?\id TPS FDA con?]glliltr:lfion Whole range Whole range Lioms + Varipple Low Considered High

N/A: indicates “Not available.”

the steady state. Notably, if ¢ changes dramatically with time
because of inappropriate PI parameters, the voltage ripple will
vary according to the unstable ¢.

F. Influence of the Deadtime on the ZVS

The deadtime in this work is 250 ns. To investigate the impact
of deadtime on the ZVS of CDM at light load, experiments
of the 1 kW DAB converter prototype with CDM modulation
under different deadtime are conducted when P,, = 0.1 and
M = 0.5, as shown in Fig. 35. Switches S;, So, S7, and Sg
work on ZVS under light load and their experimental results are
similar. S; is taken as an example herein. The switch S; loses
ZNS when the deadtime is too small from Fig. 35(a). When
the deadtime of 250 ns is adopted, the ZVS of switch S; is
achieved. If the dead time continues to increase to 1000 and 4000
ns, the ZVS is also kept. Hence, the large deadtime with CDM
modulation does not induce the switch to lose ZVS under light
load. However, too small or too large deadtime would cause an
increase in losses and a decrease in reliability. A proper deadtime
is preferred when designing the converter. The experimental
test method or theoretical calculation method can be used to
determine an appropriate deadtime for ZVS realization [24].
Moreover, an appropriate deadtime with CDM also ensures the
ZCS of switches S3—Sg. Similar conclusions can be drawn for
[-CDM and omitted herein.

G. Case of Negative Power Flow

For negative power flow, the phase shift ratio ¢ < 0, and
the voltage conversion ratio M’ = V;/(NV3). The optimized
modulation scheme CDM and [-CDM for reverse power flow can
be acquired through a similar analysis as the positive power flow.
The positive and negative power flow have similar modulation
equations except for the opposite sign of ¢ and M’ = 1/M, which
is consistent with the analyses in [28]. The experiments are
conducted to verify the effectiveness of CDM and I-CDM in the
reverse power flow. Fig. 36 shows that the proposed modulation
method can be adapted to the negative power transmission.

H. Dynamic Performance

Fig. 37 illustrates the dynamic waveforms of the 1 kW DAB
converter prototype with voltage reference switching between
37.5 and 42.5 V using CDM and I-CDM. The waveforms indi-
cate that the system can achieve a rapid response when adjusting
the output voltage.

The dynamic waveforms of the 1 kW DAB converter proto-
type with load switching between 80 and 100 W using CDM and
I-CDM are shown in Fig. 38. The system can become stable in
a short time after load change by using the proposed methods.
Moreover, the drop or overshoot is at an acceptable level at the
switching moment. Notably, advanced control methods from
recent studies can improve the dynamic performance of DAB
converters [54], [55], [56]. This article is mainly devoted to
improving the steady-state performance, and further improve-
ment of dynamic performance can be studied in the near future.

1. Performance Comparison of Different Modulation Schemes

A comprehensive comparison of different modulation strate-
gies is shown in Table VI from different aspects. In terms
of modulation method, FDM [17], MRS [16], GOC [26], the
proposed CDM, and I-CDM adopt TPS, whereas DRL-aided
modulation [19] and OPDAM [29] use variable-frequency (VF)
TPS and ADM plus PS, respectively.

From the perspective of the analysis method, TDA is utilized
in SPS, GOC, and OPDM for accurate solutions. However,
cumbersome mode analyses are inevitable in the TDA and other
modulation schemes that adopt FDA for alleviating modeling
complexity. Moreover, a multidimensional offline lookup table
isneeded in DRL-aided modulation to store optimization results,
occupying excessive memory resources [15]. Furthermore, the
proposed schemes provide expressions when M > 1 and <1 for
different working conditions. As for the power range, the pro-
posed CDM and I-CDM can be applied to the whole operation
range. However, MRS has alimited power range when M is small
[see Fig. 1(c)], which restricts its application. The optimized
results reveal that the SPS has a higher rms current at a light load.
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FDM, MRS, and OPDM can suppress rms currents. The effec-
tiveness can also be improved [29]. The DRL-aided modulation
achieves low current levels and high efficiency through extensive
offline training. However, the online calculation is preferred to
ensure few resources [15].

The proposed CDM and I-CDM can switch calculation ex-
pressions according to their power ranges, which guarantees
their performances. The proposed CDM and I-CDM realize low
inductor rms currents and high efficiency at various M and load
conditions. Moreover, implementing the proposed modulation
schemes in microprocessors is easy. Meanwhile, the proposed
schemes consider the characteristics of output ripples that can
be used to optimize the designs of filter capacitors and improve
the power density.

In conclusion, the proposed CDM and I-CDM can reduce
output voltage ripple and inductor rms currents effectively at
different power ranges and voltage conversion ratios, which can
improve converter efficiency and optimize circuit parameters.

VI. CONCLUSION

A CDM scheme of DAB converters has been proposed in
this study to suppress output voltage ripples and inductor rms
currents. The generalized averaging model considering the sec-
ond harmonic component is used to represent output voltage
ripples and inductor currents. The proposed CDM scheme can
achieve the lowest rms current levels and output voltage ripples
at light load and full power range transmission compared with
SPS, FDM, and MRS. I-CDM is also proposed to realize the
performance improvement of CDM at light-load and large-
conversion-ratio conditions. The effectiveness of the proposed
methods is validated by the 1.0 kW DAB prototype and 31.25
kW simulation platform. CDM and I-CDM can reduce around
75% output capacitance compared with the conventional SPS
scheme under light load. The maximum efficiency of 98.4% is
achieved by [-CDM at M = 0.875 and P,, = 0.5 after optimizing
the PCB layout and decreasing the external gate resistance of
gate-drive circuits. This article mainly focuses on improving the
steady-state performance. The dynamic performance of the pro-
posed methods can be improved by advanced control methods,
which will be studied in the near future.

APPENDIX

A. DAB Converter Model Considering the Third Harmonic
Component

The third pair of coefficients of switching functions g, (7) and
g2(7) can be acquired from (4)

(91)5 = —2sin(3¢m) sin(3dy7/2)/(3m)
+;2 cos(3¢m) sin(3dym/2)/(3m)
(92)5 = j2sin(3dym/2)/(37).

(30)
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The model considering the third component of the DAB
converter can be derived as follows:
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The steady-state values x of iz, and v5 can be calculated by dx
=0, where x is

R I R I R nT
x=[(Ir)y Iy, {Ie)s » Loz, (Va)os (V2)a 5 (V2)al -
(32)
The inductor rms current and output voltage ripple can be
calculated

Iers
VU (VR + (VI + (V2 (1))
V2ripple = \/(2 <V2>§)2 + (2 <‘/2>£)2

(33)

The output power considering the third harmonic component
is derived in [18]
1—-d;
s
2

2) sin (k) .

P, =

SNV V, (k
k=1,3

————cos
k3m2w,Lg

1—-d

X COS (lmr (34)

B. Optimizing the Inductor Current and Output Voltage Ripple
Considering the Third Harmonic Component With PSO

The optimization problem is formulated in the standard form
as follows:

Min/pims_n andVQﬁpple_n

ot {PonPnO (35)

" \dy €10,1],ds €[0,1], ¢ € [0,0.5]

where the per-unit value 71,5 n = ILrms/[NV2/(8fsLs)],

V2ripp1e_n - V2ripp1e/(0-01v2)’ and Pon = Po/[Nvl VQ/(stLs)]
A swarm of random-distributed particles in the 3-D search

space is initialized first, and their velocity and position are
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updated as follows:

m—+1 __ m m
{‘/z _w‘/; + 1 (Pbesl_i

— X7") + cara(Gies s — X

7

XZYL+1 _ Xz7n + ‘/;erl

(36)

where i denotes the ith particle, m means the mth iteration, rq
and ro are the random numbers between O and 1, ¢; and c¢»
are learning factors, w is the inertia factor, Bl ; and G{y ;
are the best position particles on individual and overall swarm
experience, and V;* X" are the velocity and position of the mth
iteration.

The fitness value can be calculated by the objective function
F(dy,ds, ¢) of the corresponding optimization problem

F(d1, d27 (b) = Iersfn + V2ripplefn + M(Pon - Pn)2

(37

where 4 is the penalty coefficient.
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