4572

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 4, APRIL 2021

Optimal Asymmetric Duty Modulation to Minimize
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Abstract—Asymmetric duty modulation (ADM), as a recently
proposed modulation scheme, provides new chance to improve the
performance of dual active bridge (DAB) converter. On this basis,
an optimal ADM (OADM) scheme is proposed in this article to min-
imize the inductor peak-to-peak current over the whole voltage and
power range. First, the DAB converter adopting ADM scheme is an-
alyzed in frequency-domain and time-domain, and four operating
modes are established. Then, the minimum peak-to-peak inductor
current for each operating mode is obtained under Karush—-Kuhn—
Tucker condition, and the corresponding optimal closed-loop con-
trol with low calculation complexity is derived. Then, the key values
and features of the OADM scheme are compared with recent state of
the art, mainly including the inductor root mean square current and
soft-switching performance. Finally, an experimental prototype
was built to validate the efficiency enhancement of the converter
by adopting the proposed OADM scheme.

Index Terms—Asymmetric duty modulation (ADM), dual active
bridge (DAB), peak-to-peak current, root-mean-square (rms)
current, zero voltage switching (ZVS).

I. INTRODUCTION

N RECENT decades, renewable energy sources have been

widely used due to its environment friendly characteristic,
and these renewable energy sources play a more and more
critical role in relieving the energy crisis and improving the
environment. Since both the renewable energy sources [e.g.,
photovoltaic (PV) cell and fuel cell] and the energy storage
devices (e.g., battery pack) are dc sources, dc microgrids are one
of the most direct and efficient ways to connect these dc power
sources [1], [2]. Fig. 1 shows the typical structure of a residential
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Fig. 1. Structure of RDCMG.

dc microgrid (RDCMG), which includes the ac grid, renewable
energy sources, and storage system, and all of them supply
power to the dc bus to meet the requirement of home dc loads.
Specially, electric vehicle (EV) can also be regarded as an energy
storage system to ensure the stability of the dc-bus voltage.
Compared with conventional ac energy systems, the expected
advantages of this structure are higher reliability, stability, and
efficiency [3].

As a controllable converter unit, isolated bidirectional dc—dc
(IBDC) converter becomes the essential building blocks for
RDCMG. Since the dual active bridge (DAB) converter has
many excellent features such as high power density, high ef-
ficiency, and low cost with symmetric structure, strong bidi-
rectional power transmission capability, intrinsic soft-switching
characteristics, easy modularization, and low component count
[4], [5], it is suitable for the RDCMG application to connect dc
bus and storage systems.

The conventional modulation scheme for DAB converter is
phase-shift modulation (PSM), which controls the direction and
magnitude of transmission power by adjusting the phase shift
angle between the primary and the secondary bridges [4]-[7],
and this angle is called external phase shift angel in this article.
Despite the simplicity of PSM, zero voltage switching (ZVS)
operation will be lost when the voltages of the dc bus and the
storage system do not match well, thus increasing the switching
losses. Besides, the large number of reactive power components
increases the root-mean-square (rms) value of inductor current,
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which results in high conduction loss. As a consequence, its
conversion efficiency is reduced, especially at light load.

Accordingly, numerous optimized modulation schemes with
more independent modulation variables have been proposed to
improve the efficiency of DAB converter [8]-[20]. In addition
to the external phase shift angle, the inner bridge phase shift
angles in the primary and the secondary bridges are commonly
introduced, thus there are at most three independent modulation
variables. The recently proposed optimization methods can be
mainly classified into the following four categories.

1) Power-loss-model-based optimization method [13]: 1t is
the most direct optimization method and can achieve the
highest efficiency for all working conditions. However, the
loss model has much to do with the hardware parameters,
and high efficiency always means high control complexity
and low portability.

2) Reactive power optimization method [14], [15]: It is also
a direct method. However, it is also complicated and the
reactive power is difficult to be defined accurately.

3) ZVSrange optimization method [16]: It optimizes the ZVS
performance of each switch as much as possible. However,
it may lead to increasing of conduction loss under some
operation conditions.

4) Inductor rms current optimization method [17], [18]: Tt
is considered as the most effective method to improve
the efficiency of DAB converter [12]. However, the ZVS
operation cannot be guaranteed for each switch at light
load. Specially, the global optimal modulation (GOM)
scheme was proposed in [17], which minimizes the in-
ductor rms current over the whole load range, and thus,
the conduction loss is greatly reduced. However, there are
totally six switches that lose ZVS condition in the low
and medium power range, thus leading to high switching
loss. Aiming at improving the efficiency, the fundamental
duty modulation (FDM) was proposed in [18] based on
the fundamental component analysis (FCA) results. Al-
though the ZVS range is extended, the actual inductor
rms current is relatively high and can be further optimized
since only the fundamental component is considered for
the optimization, which leads to great conduction losses,
especially at light load.

In conclusion, the above four kinds of methods can truly
improve the efficiency of the DAB converter, especially the
inductor rms current optimization method. However, they can
only reduce the conduction loss and switching loss to some
extent. Therefore, the efficiency of DAB converter can be further
improved by exploring other schemes. It is noteworthy to men-
tion that acommon characteristic for these optimization methods
is that the obtained steady-state operating waveforms are sym-
metrical within half of a switching period and the high-frequency
(HF) ac voltages at the primary and secondary sides of the trans-
former contain two zero-voltage portions within one switching
period, thus they belong to symmetric duty modulation (SDM)
scheme.

Different from the SDM scheme, the novel asymmetric duty
modulation (ADM) scheme with non-50% duty ratio of the
switches has been proposed for DAB converter, which can
also provide at most three independent modulation variables
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[8], [19], [20]. The most notable feature of ADM scheme is
that the HF ac voltages are composed of two continuous voltage
pulses with opposite polarity and each switching period contains
only one zero-voltage portion. The authors in [8] combines
duty ratios of the primary and secondary half-bridge legs of a
dual-active half-bridge converter, and puts forward the scheme
of the minimum RMS current of the transformer under the given
power. The results show that the proposed modulation scheme
has significant efficiency improvement. Besides, a modified
minimum current trajectory control method for the dual-bridge
series-resonant converter is proposed in [19]. There is only one
switch with hard-switching operation in the low and middle
power range, and there are two switches that cannot realize
ZNV'S with FDM scheme. This will bring a new perspective that
the ADM is better than the SDM in terms of soft-switching
performance with the same optimization target. Therefore, it is
valuable to explore other optimized ADM schemes for DAB
converter. However, ADM also has some inherent problems
like the complicated mathematical model of current stress or
rms current and the coupling of the variables, which results
in nonanalytical optimal solution and difficulties for online
calculation. Moreover, since the voltages and currents contain
rich even harmonics under ADM scheme, the calculation and
optimization results will be inaccurate based on the FCA model.

To solve these problems, in this article, an optimal asymmet-
ric duty modulation (OADM) scheme is proposed, which can
further improve the efficiency of DAB converter, especially at
light load. For the proposed scheme, the inductor peak-to-peak
current is selected as the optimization target, which can also be
regarded as the symbol of the rms current to some extent, and
the complexity of online calculation is dramatically reduced.
Compared with other modulation schemes, the proposed OADM
scheme has the following advantages. First, the closed-loop con-
trol structure is simpler and the controller needs to be switched
only once. Second, the ZVS range of the switches is enlarged
significantly, and the current-related losses are reduced.

The rest of this article is organized as follows. In Section II,
the operational principles of DAB converter under ADM scheme
are introduced and its characteristics are analyzed in frequency-
domain. In Section III, the operation modes are established
and the steady-state characteristics are deduced in time-domain,
especially, the transmission power ranges of different operation
modes are established. Based on this, the optimal solutions
are derived under the Karush—Kuhn-Tucker (KKT) condition,
and the global optimization of the converter under closed-loop
control is obtained in Section IV. Then, the key characteristics
of PSM, FDM, GOM, and OADM schemes are compared in
Section V, which mainly includes the rms current and the
soft-switching performance. And the experimental results are
presented in Section VI to validate the effectiveness of the pro-
posed scheme. Finally, the conclusion is drawn in Section VII.

II. ADM SCHEME

In this section, the topology of DAB converter and the basic
operational principles of ADM scheme are introduced. Further-
more, the main characteristics of the converter with ADM are
presented by using frequency-domain analysis.
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Fig. 2.

Schematic of DAB converter.

First, the following assumptions are made.

1) The converter is in steady-state operation.

2) All devices are ideal. Among them, the switches are re-
garded as an ideal switch with an antiparalleled diode.
Besides, the magnetizing current of the transformer is
zZero.

3) Dead-time intervals between two switching signals of the
bridge arm are neglected.

A. Circuit Topology

As depicted in Fig. 2, the DAB converter consists of two
H-bridges (H; and Hs) assembled by eight switches (S;—S4 and
Q1-Qy), two filter capacitors (C; and Cs), an HF transformer
T and an equivalent inductor L. The inductor L is composed of
the transformer leakage inductor and external auxiliary induc-
tor, which is used as the energy transfer element [18]. In the
following analysis, V; represents the voltage of the input side,
generally connecting to the dc bus, V; is the output voltage on
the secondary side, generally connecting to the energy storage
modules. The transformer turns ratio is N, v, and vg, respec-
tively, represent ac voltages at the primary and secondary side
of the HF transformer, i1, is the inductor current, and f; is the
switching frequency.

B. Operational Principle Under ADM Scheme

With ADM scheme, the typical steady-state waveforms of the
converter are shown in Fig. 3. There are some restrictions on the
gating sequence of the eight switches. Specifically, the switches
on one bridge arm are triggered in a complementary manner
with non-50% duty ratio. For the primary side switches S;—S4,
the ON-time for switches S; and S3 (S5 and Sy) are equal. The
ON-time of Sy and Sy is no greater than half period, which is
defined as D Ts. Accordingly, the ON-time of S; and S3 is no
less than half period. Similarly, for the secondary side switches
Q1—Q4, the ON-time of switches Q; and Q3 (Q2 and Q,) are
equal. The ON-time of Q2 and Qy is no greater than half period,
which is defined as DT, and the ON-time of Q1 and Q3 is no less
than half period. Besides, there is a phase shift angle D3 between
the turn-ON of S; and Q;. Obviously, both D and D5 are less
than 0.5, while the range of D3 can be obtained by the following
frequency-domain analysis. When D; and D5 equal 0.5, ADM
scheme is actually the traditional PSM scheme. In other words,
the PSM scheme is a special form of ADM scheme.
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Fig. 3. Typical waveforms of the ADM scheme. From top to bottom are the
driving waveforms of eight switches, v, and vg, and if,.

Based on the above analysis, by different combinations of
D1-D3, different ac voltages v}, and vs can be obtained, thus lead-
ing to different inductor current i1,. Next, by using frequency-
domain analysis, the physical meaning of ADM scheme is
presented. The expressions of the inductor current and its rms
value are obtained to make the comparison among different
modulation schemes in Section V.

C. Frequency-Domain Analysis

Theoretically, any periodic functions can be expressed by the
infinite series of sine and cosine functions. Therefore, according
to Fourier analysis and the circuit characteristics, v, and vy can
be expressed as

Up = 25:1,2,3... % sin (n[;m)2 sin (nwt)
vg = Zf:1,2,3... 4]:7‘1/2 sin (—”DQQ’T)Q sin [n (wt — D37)]
(1)

where w is the angular frequency. Then, i1, can be obtained as

i, = Z ﬁ [A (n) cos (nwt) + B (n) sin (nwt)]

n=1,2,3...
(2)
where A(n) and B(n) are

A(n) = NVsin ("g—ﬂf cos (nD3m) — Vj sin ("DT”)
B (n) = NVasin (%)2 sin (nD3).

2

3)

The output power P can be deduced by multiplying v;, and iy,
which is simplified as

i SNViV . (nDix 2
n3m2wl 2

n=1,2,3...

P =

nDym\”
X sin (;) sin (nDs) . 4)
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It can be seen from (4) that the output power P is composed
of odd harmonic components and even harmonic components,
which is different from SDM that contains only odd harmonic
components. When the converter operates in the forward direc-
tion (the power flows from V; port to V5 port), D3 is required to
be greater than zero, and vice versa. To simplify analysis, only
the forward mode is discussed in this article.

As mentioned above, the inductor rms current is essential
since it relates to the conduction loss. From (2), I1,.ms can be
deduced as

2V/2 % 1 2 2)°
Iers = M\/Zn—LZS... (TL2 A(’I’L) +B(n) ) . (5)

From (3) and (5), the inductor rms current is composed of a
superposition of the odd and even harmonic components, and
it is determined by A(n) and B(n) directly. For a certain output
power, the rms value is expected be as small as possible. From
(3), if NVysin(nmD4/2)*cos(nmDs) and Vi sin(nmD1/2)* have the
same sign, A(n) will be much smaller than that with a different
sign. Accordingly, from (4) and (5), the rms value can then be
reduced when transferring the same power. Thus, the range of
D3 should be limited between 0 and 0.25.

When the output power P and the voltage gain conversion ratio
M (M = NV;/V5) are given, many groups of variables (D1, D,
D3) can meet the requirements. In order to minimize the inductor
rms current, it is necessary to find the optimal combination of
(D1, opts D2, opts D3, opt). In recent research woks, there are
two main optimization methods based on the frequency-domain
analysis. The first method is based on the FCA model [17], [19],
which will reduce the accuracy of the ADM scheme because it
contains affluent odd and even harmonics. The second method
is to find the optimal combination by considering the higher
harmonic components and using intelligent algorithms [15].
The disadvantage is that the lookup table is necessary and it
is difficult to realize real-time optimal control of the DAB con-
verter. Therefore, in order to improve the optimizing accuracy
and realize real-time control, the time-domain analysis is also
performed in the following.

III. CALCULATION OF STEADY-STATE CHARACTERISTICS

Based on the time domain analysis, in this section, the differ-
ent operating modes of DAB converter under ADM are obtained,
as well as the key operating characteristics, mainly including the
inductor peak-to-peak current and output power.

A. Operating Mode Classification

As shown in Fig. 3, the initial time is defined as the moment
when switch S; is gated-ON. In one switching period, the three-
level state waveform of v, changes at the moments of D7 and
(1 — D1)Ts, respectively. Specifically, v, is in a high-level state
between 0 and DTy, in a zero-level state between DT and
(1 — D1)T,, and in a low-level state between (1 — D)7 and
Ts. Similarly, the waveform of vs changes at the moments of
(Do + D3)Ts, D3Ts and (D3 + 1 — D5)T. Therefore, the values
OfDlTS, (1 — Dl)TS, (D2 + Dg)TS, DgTS and (D3 +1-— DQ)TS
in a switching period determines the operation waveforms, and
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Fig. 4. Possible sequence of D3 D1, D3 + D3, 1 — D1, 1 + D3 — Do.

thus determines the different operating modes. Obviously, D; T

and D3 Ty can only locate in the first half of the period, and (1 —

D1)Ts and (D3 4+ 1 — D2)Ty can only locate in the second half

of the period. Meanwhile, the (D3 + 1 — D2)Ty is indeed greater

than (Dy + D3)Ts. In addition, if D1 T is less than D3 Ty, it will
bring much reactive power and directly increase inductor rms
current according to the experience in the previous SDM scheme

[15]. Therefore, this article does not discuss this condition in

order to simplify the analysis process. Accordingly, the possible

sequence of them can be illustrated in Fig. 4, and there are four
operating modes as follows.

Mode I: The sequence of them in one switching period is D37y,
D1 Ty, (Dy + D3)Ty, (D3 + 1 — Do)Ts, (1 — Dy)T; from
left to right, as depicted in Fig. 5(a). Thus, Do — D3 > D,
should be met in this mode.

Mode II: The sequence of them is D37y, D1Ts, (Do + D3)Ty,
(1 — D1)Ts, (D3 + 1 — D)7y, as depicted in Fig. 5(b). Thus,
D1 —DgSDQ,DQ SDl +D3andD2 < 1 _Dl —D3
should be met in this mode.

Mode I1I: The sequence of them is D3Ty, D175, (1 — D1)Ts,
(D2 + D3)Ty, (D3 + 1 — D9)Ty, as depicted in Fig. 5(c).
Thus, Dy + D3 > 1 — D1 should be met in this mode.

Mode IV: The sequence of them D3 Ty, (D2 + D3)Ts, D1 T, (1 —
D1)Ts, (D3 + 1 — Do)Ty, as depicted in Fig. 5(d). Thus, Do +
D3 < D1 should be met in this mode.

As can be noticed, there are certain boundary conditions for
all four modes. Next, mode I is taken as an example to calculate
the expression of steady-state characteristics.

B. Steady-State Characteristics

In a switching period, the solution is analyzed by a segmented
linear calculation method, and the period is divided into six
intervals (fg — t1), (t1 — 12), (t2 — t3), (t3 — t4), (t4 — t5), and
(t5s — t6), as shown in Fig. 3. For convenience, all the parameters
are converted to the transformer primary side. Nevertheless, due
to the different expressions of v}, and v, in different intervals, the
corresponding expressions of the inductor current are different,
which can be derived as

i (t) =4 '~

(6)

According to the ampere-second balance of the current in
a switching period, it can be deduced that the positive area
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Fig. 5. Classification of ADM scheme modes. (a) Mode 1. (b) Mode II. (c) Mode III. (d) Mode IV.
enclosed by the current and the x-axis should be equal to the
negative area. Combining with (6), the initial value of the current Mode IV |
can be calculated as Mode 111
|
; — Mode I
ir (tO) — ode ; ;
2 2 Mode 1 i |
—D1V1+D1V1+D2NV2—DQNV2+D3NV27[ L P
- f T — 4min- 0 aM/6 TM/5 M4
S
(7 Fig. 6. Range of transmission power in different modes.

In mode I, the inductor current reaches its minimum value
at ¢y, while it reaches its maximum value at fo, which can be
calculated by substituting (7) to (6)

i (tg)

_ D}Vi — DiNVy — D3NVy + DyNVa + DsNVa
B fsL

= Imax~

®)

Then, by subtracting from (8) and (7), the inductor peak-to-

peak value can be obtained as
A D\V; —DlNV2+2D3NV2' ©)
fsL

It can be seen from (9) that the peak-to-peak value is only re-
lated to D and D3. However, the squared term of D5 is included
in (7) and (8), which will increase the calculation complexity
when taking i1,(#p) and ir,(f2) as the optimization target. As for
rms, the current expression is more complicated. Thus, in order
to simplify the optimization process, the inductor peak-to-peak
current expressed by (9) is selected as the optimization target for
the ADM in the following, which is simple and can be regarded
as a symbol of rms current under the same output power.

From (6) to (8), the expression of the average output power
can be obtained as

1 /T NV Vs,
P== ipdt =
T /O UpZL fSL

According to (9) and (10), the unified output power P’ and the
unified peak-to-peak current I',,_,, can be deduced as

{PH:£:2mMDﬂﬂh—D@

D3 (2Dy — D3). (10)

/ L (1)
I p—p — T =27 (Dl - DlM + 2D3M)

where [}, and Py, are defined as

_ W
I, = 2nf.L
Vl

Py = 2nf. L

12)

The derivation process of P’ and /', , for other modes is
similar to that of mode I discussed above, and the final results
are shown in Table I. Then, it can be seen from Table I that the
inductor peak-to-peak current of modes I, IT and III are the same,
which will facilitate the following optimization. The boundary
of each mode operation can be obtained by combining the
expression of mode operation constraint and the corresponding
transmission power. According to the range of Dy to D3 in
different modes, the corresponding output power range can be
calculated by D; to D3 sequentially. For example, the constraint
conditions that Dy to D3 should satisfy Dy — D3 > D; in
mode I. At the same time, D, Do, and D3 need to meet their
boundary conditions, respectively. Then, the transmission power
boundary can be obtained by substituting into the expression of
the transmission power. Finally, the transmission power range
can be derived as 0 to wM/6. Similarly, the transmission power
ranges of other three modes can be deduced, and the results are
shown in Fig. 6. The transmission power range of mode IV is 0
to mM/6, the transmission power range of mode II is O to wM/5,
and the transmission power range of mode III is O to 7 wM/4.

IV. OPTIMIZATION OF MODULATION SCHEME

In this section, aiming at the minimization of the inductor
peak-to-peak current, the optimal path is obtained for each mode.
Then, by comparing these paths, the global optimal solution is
derived. Generally, this optimization can be expressed as

Minimize I',_, (D1, D2, D3)
Subject to P’ (D1, Dy, D3) — P* <0

hi(D1,D3,D3) =0(i=1,2,...,n). (13)

In (13), P* is the given power and h; represents the boundary
condition of the control variables. KKT condition is a widely
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TABLE I

OUTPUT POWER AND PEAK-TO-PEAK EXPRESSIONS
Mode operational constraints Transmission power Inductor peak-to-peak current
Mode I D,-D, 2D, P'=27MD,(2D, - Dy) I, =27 (D, = DM +2D;M )
Modell | D,—D;<D,<D,+D;,D,<1-D,—-D, P'=7ZM(—D]2 +2D, D, +2D, Dy — D3 +2D, D, —3D§) I =27 (D, =DM +2D,M)
Mode 111 D, +D,>1-D, p’:an(fo +D,~ D} +D,~2D} + D, 70,5) I' =27 (D, — DM +2D;M )
Mode IV D;+D, <D, P'=27MD, (2D, - Dy) 1,,=27(D, —D,M +2D;M)

used optimization method to solve extreme optimization prob-
lems with equality constraints and inequality constraints. First,
the inequality constraints need to be transformed into equality
constraints, and the Lagrange function is obtained as

L=1I_(Dy,Ds,D3)+ - P (D, Dy, Dy)

i=1

In (14), A is the Lagrange multiplier corresponding to the
inequality constraint P'(D1, Do, D3), p; is the Lagrange multi-
plier of equality constraint /;(x). Then, the KKT conditions are
expressed as

+)‘g_g; + Z?:l/’('j%? = O(j = 17273)
hi (Dl,DQ,Dg,) =0 Ui G; (Dl,D27D3) =0 Uj 2 0A 7& 0.

(15)

By substituting the expressions of each mode into (13)—(15)
and solving them, the optimal solutions for each mode can be
obtained, as shown in Table II. It can be seen that except for mode
III, the power range is basically divided into two segments. It
is noteworthy to mention that modes I and II have the same
optimal solution in the first power segment, which indicates that
the solutions for these two modes are on the boundary—namely,
D1 + D3 = D». Moreover, the whole power range of (0, mM/4)
is divided into the following five segments: (1)P" € (0, TM(1 —
M?)[6]; (2)P' € (tM(1 — M?)/6, tM(BM + 1)(1 — M)/8]; (3)P’
€ (mM(3M + 1)(1 — M)/8, TM/6]; (4P € (wM/6, 7M/5]; (5)P’
€ (mM/5, TM/4]. When P’ € [0, 7M(1 — M?)/6] and [#M(1 —
MHI6, tM(3M + 1)(1 — M)/8], the converter can operate in
modes I, IL, Il or IV; when P’ € [wM/6, wM/5], it can operate in
modes Il or IIT; and when P’ € [wM/5, wM/4], it can only operate
in mode III. For a special power segment, different operation
mode commonly means different optimal inductor peak-to-peak
current I',_,, thus it is necessary to decide the operation mode to
achieve minimal /', ,. For the first and second power segments,
modes I and II have the same I’ p—p> Which is lower than that
of the other two modes, as shown in Fig. 7(a) and (b). For the
third power segment, modes I and II still have the lowest I’ —
and the value for mode III is quite close to them, as shown in
Fig. 7(c). For the fourth power segment, ', , of mode III is
lower than that of mode II, as shown in Fig. 7(d). Of course, for
the last power segment, the converter operates in mode III as
mentioned above. In summary, when P’ € [0, TtM(3M + 1)(1 —

(14)
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pp
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Fig. 7. Comparison of each power segment. (a) P’ € (0, 7M(1 — M?)/6). (b)

P € (mM(1 — M?)/6, TM(3M + 1) (1 — M)/8]. (c) P' € (xM(3M + 1) (1 —
M)/8, wMJ6]. (d) P € (wM/6, TM/5].

o
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/
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Fig. 8. Low power and high power working range of OADM scheme.

M)/8], which is called low power segment, the converter should
operate in mode II, when P’ € [tM(3M + 1)(1 — M)/8, tM/4],
which is called high power segment, it should operate in mode
III. Thus, the boundary between them is Py’ = tM(3M + 1)(1 —
M)/8, as shown in Fig. 8.

In summary, the optimal solutions for the entire power range
only existin modes IT and III, which correspond to low power and
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TABLE II
OPTIMAL SOLUTION OF DIFFERENT MODES

Power Range

Optimal solution

Dy, (M+1
DI-OPl = %= 2,0pt Dl,opt + D3.Dpt
elo M (3M +1)(1- M)
’ 8 Jaap [-BM (1)
b MP'
Mode I o 27(1+3M)
1 1
Dl.\)pt :E_Dl(\p(’ Dz,npt :E
e M (3M +1)(1-M) =M s
8 "6 T (Mz-6P) 16M
p. 1. 2 97M —54P
ot T 4r*M
Dy o (M +1
Dl.opt :%a 2,0pt — Dl,op( +D3,Dpt
elo M (3M +1)(1-M)
—— ap [[GMD(M-1)
b MP'
Sopt 27(1+3M)
Mode II
o D _2 (5D,-1)(5M -3) b _2 2(5D,-1)
bort ™ 5(5M 1) TP 5 5(5M 1)
pre TMEM (M) mt 15M* ~10M +3
8 s J2(5P-zM)(5M 1) S
D - aM>—5P'M
o s 10J/7 (15M2 ~10M +3)
1 1-M(1 1
Dl,upt:577(27D3,0p(]sz,opt:E
Mode I1I P'E{O,%} M (M —4P) 2M ~1-3M°
b M (4P —zM)
Bor Ty ar (3M? -2M +1)
3 M +2
o[ o) Phone =237 Poan Poon =23 Pron
I s P i (1-M)(M +1)
SO 6w (14 M) MP'
Mode IV 1
Dl,o =5 DZ,o =__D3.0
» aM(1-M?) gy "2 T2 o
© 6 6 (6P -Mr), |1
D 1. M — 6P
ot g 6M~x

high power segment respectively. First, the relationship between
D1, D5, and D3 in the low-power segment is

D3 opt (M+1
(ft_(M) )3D2,opt = Dl,opt + D3,opt

— GBMIL)(M-1)
2m P’ (7 M P’ )

2w (1+3M)

Dl,opt = (16)

D3,opt =

Then, the relationship between D1, D2, and D3 in the high-
power segment is
-Dl,opt = % - % (i - D3,opt) 7D2,opt = %
(17)

2M-1-3M2
M (4P'—7 M)

4 /7 (3MZ—2M+1)

V2M (M —4P")

D3,0pt =

PN

Actually, there are only two control variables in (16) and (17).
In the low power segment, D1, D5, and Dj satisfy the relationship
of D1 + D3 = D5. Thus, only D; and D3 need to be determined
by the transmission power P and voltage conversion ratio M. In
the high-power segment, D5 remains constant at 0.5. Therefore,

only two control variables need to be determined by external
conditions.

Based on the abovementioned optimal solution, the proposed
OADM scheme is compared with the recently proposed modu-
lation schemes in the following section.

V. COMPARISON OF DIFFERENT MODULATION SCHEMES

In this section, the inductor rms current and the ZVS operation
of DAB converter under OADM scheme is compared with the
typical modulation schemes of PSM, FDM, and GOM. Then,
the control block diagram of the OADM scheme is presented.

A. RMS Current Comparison

The rms current directly determines the conduction loss. In
the time-domain analysis, the expression of rms is quite com-
plicated. In this article, the rms value is calculated based on the
previous researches with frequency-domain analysis. Then, the
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TABLE III
PARAMETERS OF THE DAB CONVERTER

Items Descriptions Specifications
v, Input Voltage 400V
v, Output Voltage 100-300 V
fs Switching Frequency 50kHz
L Auxiliary Inductor 210 uH
Turn Ratio 2:1
6 5
M=0.625
-3 —4
< <
4
= 3
£ 3 E
= =
- ) — PSM o2 — PSM__ |
E — FDM 5 / — FDM
1+ — OADM 1 — OADM[|
— GOC — GOC
0¥
02 04 06 08 1 02 04 06 08 1
Output power [kW] Output power [kW]
(2 (b)
4 ‘ . ‘ ‘ ‘
M=0.75 / 3 M=0.875
<3 <
5 / 22 /
E2 F £
5 _/// — PSM 3 7| — M
5 1 — FDM || 5 1 / — FDM
— OADM — OADM||
. — GOC / — GOC
02 04 06 08 1 02 04 06 08 1
Output power [kW] Output power [kW]
(c) @
Fig. 9. RMS current of various modulation schemes for (a) M = 0.5V,

(b) M =0.625V, (c) M =0.75V, (d) M = 0.875 V.

complete comparisons of rms values for different modulation
schemes under various voltage conversion ratio condition are
given in Fig. 9, namely, M = 0.5, M = 0.625, M = 0.75, and
M = 0.875, which represents that the output voltages Vo = 100V,
Vo =125V, Vo = 150V, and V5 = 175V, respectively. And, the
other parameters are shown in Table III.

It can be seen from Fig. 9 that FDM, GOM, and OADM
schemes can all reduce inductor rms current significantly, es-
pecially at light load. In addition, the inductor rms current
obtained by OADM and GOM schemes increase linearly from
zero with the increase of power. When M = 0.625, M =0.75, and
M =0.875, as shown in Fig. 9(b)—(d), OADM and GOM schemes
have almost the same inductor rms current. Nevertheless, when
M = 0.5, the difference between OADM and GOM is a little
obvious in the middle power segment, as shown in Fig. 9(a).
To summarize, the GOM scheme has the lowest inductor rms
current, and the OADM scheme follows, while the other two
schemes have higher inductor rms current.

4579

PSM [ Q-Q4 FDM B9 8-S,
1 1
s 0.9 b= 0.9
R= ZVS area £
[ [
207 Po7|LVS
= = area \ /
> 0.6 > 0.6 \ /
0.5 0.5
0 02 04 06 08 1 0 02 04 06 08 1
Output power [kW] Output power [kW]
(a) (b
GOM [ S-S5, Q1-Qq OADM []Q1-Q4 [ Q2,Q3
1 \k 1 ‘
s 0.9 s 0.9 e
K= 208 ZVS area
508 \ ZVS area & '
[ [
0.7 07
S ) S
> 0.6 / > 0.6

0.5 0.5
0 02 04 06 08 1 0 02 04 06 08 1
Output power [kW] Output power [kW]

(© (d)

Fig. 10. ZVS performance for different modulation schemes. (a) PSM.
(b) FDM. (c) GOM. (d) OADM.

B. ZVS Range Comparison

One of the advantages of the DAB converter is that it can
achieve soft-switching operation, which reduces the switch-
ing loss and electromagnetic interference [19]. Therefore, the
soft-switching performance is a crucial index to evaluate the
modulation scheme. To investigate the ZVS boundary of all
switches, the inductor current of the moment when switches are
gated ON is required [17]. According to the principle of ZVS,
the soft-switching boundary conditions are expressed as

S1,84 : I, (wt = 0) < 0

So: I (wt=2wDy) >0

Sg: I (wt=2m—2wD1) >0

Q1,Qq : I (wt =27D3) >0

Qo : I (wt =27D3 + 27 — 2w Dy) <0
Qs : I, (wt =2wD3 + 2w D3) < 0.

(18)

By substituting (2) into (18), the switch current at turns ON
instance can be obtained. Thus, the ZVS conditions can be
derived. Similarly, the soft-switching range of other modulation
methods can be obtained, then the ZVS performance for various
modulation methods is drawn in Fig. 10. Fig. 10 shows the ZVS
region with different M over the whole power range. It can be
seen that the ZVS range of different modulation schemes vary
a lot. For the PSM scheme, there is no phase shift between
the bridge arms, so the switches on the primary side and the
secondary side are gated-ON and gated-OFF simultaneously.
According to the previous analysis, with PSM scheme, the
switches on the primary side can realize ZVS, while those on the
secondary side perform hard-switching at light load, as shown
in Fig. 10(a). For the FDM scheme, the switches S; and S,
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TABLE IV
SPECIFIC COMPONENTS

Components
SCT2080KE
Vpss=1200V, Ip=40A

Switch (S-S, Q1-Q4)

Fig. 11.  Block diagram of the voltage-loop controller of the proposed OADM.

Transformer

Heatsink

DC link capacitor Decoupling capacitor

Inductor

Fig. 12.  Experimental prototype.

cannot realize soft-switching in the low and medium power
range, as shown in Fig. 10(b), while other switches can realize
ZVS. For the GOM scheme, there are six switches that lose ZVS
performances in the low and medium power range, as shown in
Fig. 10(c). For the OADM scheme, four switches Q;—Q4 cannot
achieve soft-switching in the yellow area. And Q2 and Q3 cannot
achieve soft-switching in the low and medium power range. In
conclusion, the OADM scheme is better than GOM and PSM in
terms of soft-switching performance. However, the ZVS range
of this scheme is narrower than that of the FDM scheme.

C. Closed-Loop Control Structure

According to the analysis in Section IV, given the voltage
gain and unified power, the control of the OADM scheme can
be realized by regulating Dy, D2, and D3. The advantages can
be summarized as: 1) no additional circuit is needed, thus, the
control complexity is reduced; and 2) the traditional proportional
integrator (PI) controller is adopted, and the real-time control
is achieved. The control block diagram of the OADM scheme
is given in Fig. 11. On the one hand, the output voltage Vs is
sensed and compared with the reference voltage V., after the PI
controller, P’ is obtained to regulate the output voltage. On the
other hand, dividing the output voltage V5 by the input voltage
V1, the voltage gain M is obtained. It is noteworthy to mention
that when M is determined, P}’ is the unified value under the
boundary condition, then, by comparing P’ with P},’, the optimal
combination of D1, D5, and D3 can be obtained.

VI. EXPERIMENT VERIFICATIONS

A prototype of the DAB converter in shown Fig. 12, and its
technical parameters are summarized in Table III. The specific
hardware design is shown in Table I'V. The silicon carbide (SiC)
MOSFET (SCT2080KE) was selected as the primary and sec-
ondary switches of the DAB converter, which has the advantages
of low ON-resistance, fast switching speed and simple driving

L=205 uH

25 strands of silk wire (0.1*100)
on PQ3535, R,=80mQ at 50kHz
Material: PC95

Pri-26 strands of silk wire (0.1*100), Sec-13
strands of silk wire (0.1*¥200) on PQ5050,
R av=134.55 mQ, Ly avy=3uH

Rac 0v)=34.25 mQ, Ly 11v=0.78uH
Material: PC95

Filter capacitor (Cy, C;) | EPB 50uF /800V
Control, driving and measurement
SiC MOSFET drivers | 1EDI6ONI2AF
LV side voltage sensor | AMC1301
TMS320F28335

Leakage inductor (L)

Transformer (T)

Microcontroller
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Fig. 13. Experimental waveforms of OADM mode at Vo = 150 V.
(a) P =250 W. (b) P =500 W. (c) P =750 W. (d). P = 1000 W.

circuit. Finally, extensive experimental results are demonstrated
in Figs. 13-15.

A. Feasibility Analysis of OADM Scheme

In RDCMG, the dc-bus voltage is fixed and the voltage of the
storage system is changing. In order to be consistent with the
theory analysis above, Vo = 100V, Vo, = 125V, V5, = 150 V,
and Vo = 175 V were set in the experimental verification.
Fig. 13 shows the steady-state waveforms using the OADM
scheme when V, = 150V. Accordingly, the boundary value
between low power and high power segments is 7TMP,(3M +
1)(1—M)/8 = 580.35 W based on the theoretical calculation. In
Fig. 13(a) and (b), the DAB converter is operated at P = 250 W
and P = 500 W, respectively, both of them work in low power
segment. In this mode, the significant feature is D1 + D3 = Do,
which means switches Q2 and S, are gated-ON at the same
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Fig. 14. Experimental waveforms of different modulation modes at Vo =
125V, P =200 W. (a) PSM. (b). FDM. (c). GOM. (d). OADM.
TABLE V
COMPARISONS OF RMS VALUES UNDER DIFFERENT MODULATION SCHEMES
RMS value (A)
PSM FDM GOC OADM
R-v T-v R-v Tv | Rv T-v R-v T-v
V,=100V, P=400W | 3.15 | 3.15 | 2.41 | 2.41 | 243 | 243 | 2.55 | 2.57
V=125V, P=500W| 2.71 | 2.69 | 2.38 | 2.39 | 239 | 2.39 | 247 | 2.47
V=150V, P=200W| 1.51 1.50 | .16 | 1.15 | 1.02 1 1.02 1
V=175V, P=100W| 0.74 | 0.74 | 0.72 | 0.73 | 0.49 | 0.46 | 0.49 | 0.46
V=175V, P=700W| 2.16 | 2.15 | 2.15 | 2.17 | 2.14 | 2.14 | 2.15 | 2.15

Notes: 7-v represents theoretical value; R-v represents actual value

time, and the shape of the inductor current eventually appears
triangular. In Fig. 13(c) and (d), the DAB converter is operated
at P = 750 W and P = 1000 W, respectively, both of them
work in high power segment. All the switches on the secondary
side are gated-ON and gated-OFF with a 50% duty cycle in this
mode. As can be noticed, the control variables D, Do, and D3
all move toward to their respective boundaries with the output
power increases.

B. Performance Comparison Between OADM and Other
Modulation Schemes

For comparison, the DAB converter adopting PSM, FDM,
GOM schemes are also tested. Fig. 14 shows the waveforms of
these four modulation schemes at Vo = 125 V and P = 200 W.
From the inductor rms current perspective, for PSM, FDM,
GOM, and OADM schemes, the measured values are 2.16, 1.34,
1.21,and 1.24 A, respectively, and the corresponding theoretical
values are 2.16, 1.33, 1.2, and 1.24 A. It can be seen that the ac-
tual measured values are consistent with the theoretical analysis.
Table V randomly gives the comparison of the actual values and

4581

95
[
“Maximum N{::
K 94.38%
)
: --- PSM
: --- FDM
i) L
: : --- OADM
=== GOM
80 ‘
0.2 0.4 06 08 1
Output power [kW]
(@)
96
YR, gl S e
< b ...a./' Monimum: 95
£ 92 ,
z” / --=-PSM [
; --- FDM
& —
: y --- OADM
| === GOM
84 ‘
0.2 0.4 06 08 1
Output power [kW]
(®)
98
S e T—
5 : 96.2%
g
: PSM
5 FDM
) OADM| |
-=- GOM
88 :
0.2 0.4 0.6 0.8 1
Output power [kW]
©
§ m: 96.6%
2
2 === PSM |
g --- FDM
. - --- OADM
P === GOM
0.2 0.4 0.6 0.8 1
Output power [kW]
(d

Fig. 15. Experimental efficiency curves of PSM, FDM, GOM, and OADM
when voltage conversion ratio M is (a) 0.5, (b) 0.625, (c) 0.75, and (d) 0.875.

the theoretical values of different modulation schemes under
several operation conditions, which verifies the correctness of
the theoretical analysis. Obviously, FDM, GOM, and OADM
have smaller inductor rms current than PSM. Among them, the
inductor rms current of FDM is larger than that of GOM and
OADM, since only the fundamental component is considered.
As could be expected, the inductor rms currents obtained by the
OADM and GOM schemes are almost the same.

Then, the four modulation methods are compared in terms
of the soft-switching performance. The current and voltage
waveforms of the converter with four modulation schemes at
Vo =125V and P = 200 W are shown in Fig. 13. It can be seen
that they are different under the same conditions, which leads
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to different soft-switching performance. In Fig. 13 (a), all the
switches on the primary side achieve ZVS, but the switches
on the secondary side lose ZVS performance with the PSM
scheme. InFig. 13 (b), all the switches realize ZVS with the FDM
scheme. In Fig. 13(c), there are six switches operating under
hard-switching condition, which will bring significant turn on
loss, but the zero-current switching (ZCS) operation is achieved
when they are turned OFF. In Fig. 13(d), three switches realize
soft-switching with the OADM scheme, while the switching
current of the other five switches (So, Q1—Qy) are 0.1, 0.09, 0.1,
0.11, 0.09 A, respectively. Among them, the inductor current
directions of the switches S5, Q1, and Qg all meet the necessary
conditions, but the energy stored in the junction capacitors is not
enough to achieve ZVS. Thus, soft-switching can be partially
realized in this case. Based on the above experimental results, it
can be concluded that both the inductor current rms value and the
soft-switching range are consistent with the theoretical analysis,
which verifies the effectiveness of the proposed modulation
scheme.

To further present the advantages of the OADM scheme, the
efficiency comparison of these four modulation schemes with
different voltage conversion ratio is drawn in Fig. 15. It can
be concluded that the OADM scheme can almost achieve the
highest efficiency over the whole power range with different
voltage gains. In addition, as M deviates from 1, the improvement
is more obvious, especially at light loads. For example, when
Vo =100 V and P = 100 W, the test efficiency of PSM, FDM,
GOM, and OADM is 65%, 91.2%, 90.94%, and 93.57%, which
is 28.57% higher than traditional PSM and approximately 2.5%
higher than GOM and FDM. Therefore, a remarkable perfor-
mance improvement of the DAB converter can be accomplished
by the OADM scheme, especially at light load.

For the DAB converter, the loss mainly includes conduction
loss, switching loss, and core loss [17]. The conduction loss
is calculated by the rms value of inductor current and the
ON-resistance of the switch. The core loss is obtained by the
Steinmetz equation with the parameters from the core material
datasheet [21]. And the switching loss can be calculated ac-
cording to the gated-ON and gated-OFF processes. In the end,
the loss distribution of the converter under different modulation
schemes with different transmission power is obtained, as shown
in Fig. 16. The results show that the switching loss accounts for
a great proportion of all modulation schemes. Especially, for
OADM scheme, its switching loss is the lowest over the whole
load range among the four schemes.

C. Transient Response Under the Closed-Loop Control With
OADM Scheme

To obtain the transient response performance, the dynamic
waveforms when the transmission power changes is given, as
shown in Fig. 17. It can be seen that when the power changes
from 300 to 750 W, and then from 750 to 300 W, there is no
obvious current and voltage overshoot. Moreover, as can be
seen from the closed-loop control block in Fig. 11, for both
low and high power segments, the output of the PI compensator
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different transmission power.

v,:200V/div v:100V/div 7 :5A/div Time: 4us/div]

T Load "step-down ) Load step-up

Fig. 17.  Dynamic switching waveforms.

is compared with the same boundary power, thus, the seamless
conversion among different power levels is achieved.

VII. CONCLUSION

This article presents an OADM scheme for the DAB converter,
which minimizes the inductor peak-to-peak current with the
required transmission power and voltage gain in the whole load
range. The ADM scheme, as a recently proposed pulsewidth
modulation scheme whose HF ac voltages are composed of
two continuous voltage pulses with opposite polarity and each
switching period contains only one zero-voltage portion. By
comparing the moments when the ac voltage waveform level
changes, four operation modes can be established and analytical
expressions for converter current and transmission power are
derived. After that, to overcome the problems of ADM scheme,
like the complex mathematical model of current stress or RMS
current as well as coupled variables, the peak-to-peak value of
the inductor current is selected as the optimization target, which
can also be regarded as the symbol of rms current to some extent,
and the complexity of online calculation is dramatically reduced.
In the end, an optimal solution was derived under the KKT
condition, and the globally optimal closed-loop solution was
obtained.

By comparing the recent related works under various operat-
ing conditions, we can find that the OADM scheme has certain
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advantages according to the soft-switching range and the induc-
tor rms current. Finally, 2.5%-28.57% efficiency improvement
for the proposed scheme has been achieved at light load con-
dition compared to the conventional modulation methods. The
advantages of the proposed modulation scheme are concluded
as follows.

1) The closed-loop control structure is simple and the con-

troller needs to be switched only once.

2) Compared with other modulation schemes, the range of

ZVS is enlarged, and the current-related losses are re-
duced.

In conclusion, the OADM scheme exhibits a good balance
between the efficiency and the algorithm complexity.
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