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Abstract—The dual active bridge (DAB) converter has been
recognized as one of the most promising dc—dc topologies. By
introducing the multilevel structure, the DAB converter can be
applied in dc distribution system of medium-voltage. In addition,
the multilevel DAB (ML-DAB) converter has more freedoms to
control the power flow and optimize its operating performance, for
example, soft-switching performance. However, most of the existing
researches only focus on the control and optimization of three-level
DAB, due to the explosively-growing complexity as the number of
voltage levels rises. Thus, complexity of control and optimization
for ML-DAB restricts the practical implementation and application
compared with conventional two-level (2L) DAB, which can achieve
power flow control and operating performance optimization with
only three phase-shifting ratios. Hence, to improve the performance
of ML-DAB within feasible complexity, the quasi-two-level (Q2L)
modulation and multiphase-shifting (MPS) control suitable for
arbitrary nLL-DAB are proposed in this article. The characteristics
of power flow, inductor current, and soft switching for ML-DAB
is analyzed by migrating the characteristics of 2L-DAB properly.
Furthermore, an optimization control strategy to achieve full-range
soft switching is proposed for ML-DAB. Compared with the exist-
ing nLL. modulation method for ML-DAB, the proposed Q2L modu-
lation and MPS control methods can realize low-complexity control
and high-performance operation of ML-DAB. Experimental re-
sults of a four-level DAB prototype are also presented for validation.

Index Terms—DC-DC converter, dual active bridge, multiphase
shifting, multilevel converter, soft-switching optimization.

I. INTRODUCTION

ITH the rapid development of renewable energy, the

dc power distribution system has been discussed exten-
sively in recent years [1], [2]. The dc—dc converter, also named
dc power electronic transformer that connects dc systems of
different voltage levels, is one of the most essential equipment
in dc power distribution systems.
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Fig. 1. Structure of ML-DAB with optional multilevel topologies (nL-mL

DAB). (a) 3L-FC. (b) 3L-NPC. (c) 3L-HC. (d) 3L-ANPC. (e) 4L-ANPC.

Among various dc—dc converters, the dual active bridge
(DAB) converter has gradually become one of the most promis-
ing topologies, which has the characteristics of bidirectional
power flow, wide voltage conversion ratio, high efficiency, high
power density, and galvanic isolation between primary and sec-
ondary sides [3]. Without the need for bulky industrial frequency
transformer, DAB converters are widely used in space-limited
scenarios, such as dc power distribution system of ships [2]
and deep-sea dc power supply [4]. To meet the medium-voltage
(MV) requirement of applications in dc distribution systems,
the multilevel structure can be introduced in each side of DAB
converters [5], which is the multilevel DAB (ML-DAB), as
shown in Fig. 1.

Depending on whether the same number of voltage levels is
adopted in primary and secondary sides, the ML-DAB can be
classified into the symmetrical (n = m) and asymmetrical (n=+m)
structures. Up to now, both symmetrical and asymmetrical struc-
tures of the ML-DAB have been studied with various multilevel
topologies, for example, the symmetrical three-level (3L) DAB
(3L-3L DAB) converters with neutral-point clamped (NPC) [6],
[71, active neutral-point clamped (ANPC) [8], hybrid-clamped
(HC) [9], [10], [11], [12], [13] topologies, and the asymmetrical
3L two-level (2L) DAB (3L-2L DAB) converters with flying
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Fig. 2. Conventional 3L modulation for 3L-2L DAB.

capacitor (FC) [14], NPC [15], [16], [17], ANPC [18], and HC
[19] topologies.

By introducing the multilevel structure, the DAB converter
can operate in MVdc applications with no use of input-series
output-paralleled (ISOP) structure or less number of ISOP mod-
ules, thus, further increasing the power density. In addition, the
introduction of multilevel structure can realize nL. modulation
for ML-DAB. On the one hand, the n. modulation can take full
advantage of the low dv/dt and EMI of multilevel topologies,
which is friendly to the design and operation of high-frequency
transformers. On the other hand, the nLL modulation offers extra
degrees of freedom for the operating performance optimization
of ML-DAB. The extra degrees of freedom offered by nL
modulation in the ML-DAB case have same principles as the
extra phase-shifting ratios offered by triple phase shifting (TPS)
control in the 2L-DAB case, i.e., the voltage waveforms can be
modified more flexibly through the extra degrees of freedom, and
thus modifying the current waveform and instantaneous power
to improve the operating performance of ML-DAB.

For the single phase shifting (SPS) and TPS control of 2L-
DAB, the only phase-shifting ratio of SPS control is deter-
mined by the control of power flow with no possibility of other
optimization control, while TPS control has more degrees of
freedom for optimization control. The 3L (nL) modulation of
ML-DAB is shown in Fig. 2, and the interval lengths of each
voltage level can be adjusted as flexible degrees of freedom,
with which the operating performance of ML-DAB can also be
optimized when transferring appointed power flow, for example,
the soft-switching performance [15], [20],[21], [10]. An optimal
modulation for 3L-2LL DAB converters based on equivalent-
wave method is proposed to minimize current stress in [20].
Song et al. [15], [21] proposed a control strategy for 3L-2L
DAB converters to achieve soft-switching and current stress
optimizing based on analytic zero voltage switching (ZVS)
constraints of ML-DAB. The soft-switching performance of
3L-3L DAB is analyzed in [ 10] and it gives a detailed theoretical
ZVS operation range analysis varied with phase-shift angles and
voltage conversion ratio.

However, despite the above extensive studies on operating
performance optimization control of ML-DAB converters, most
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TABLE I
COMPARISON OF THE COMPLEXITY OF NL-DAB

the number of control variables
SPS of 2L-DAB 1
TPS of 2L-DAB 3

Five for DAB control
3L modulation of

3L-2L DAB

Complex coupling

Five also for capacitor voltage interaction

balancing control

2n-1 for DAB control
nL modulation of

nL-2L DAB

Complex coupling

2n-1 also for capacitor interaction

voltage balancing control

Proposed Q2L
modulation and
MPS control of

nL-2L DAB

Three for DAB control
. Simple decoupling
2n-4 for capacitor voltage
balancing control

of them only involve the 3L case. And the existing nL. modulation
and control methods are difficult to be migrated to the case of
4L, 5L, or arbitrary nL, because the complexity of nLL modu-
lation increases explosively with the number of voltage levels.
To provide a comparison of the complexity between 2L-DAB,
3L-DAB, and nLL-DAB, the TPS control of 2L-DAB is chosen as
a candidate, while the 3L (nL) modulation guaranteeing the odd
symmetry and odd harmonic symmetry (f51, = fiin, fo2p = ti2n,
fi1p = toln, tizp = fo2n) Shownin Fig. 2 is chosen to make sure the
comparison is fair. As shown in Table I, considering the control
of primary and secondary converters of DAB and the phase
shifting between the two sides, it needs 2n-1 variables to control
the nL-DAB, which is consistent with the case of TPS control for
2L-DAB if n = 2. And the optimization control of 2L, 3L, and
nL-DAB, for example, the soft-switching optimization, can be
modeled similarly, so the number of variables for control can rep-
resent the complexity of control. Moreover, the balanced dc-link
capacitor voltages are critical for the normal operation of ML-
DAB, which also requires the complex balancing control strat-
egy and relies on the above 2n-1 variables for nLL modulation.

Therefore, considering the higher number of variables to
control and the presence of capacitor voltage balancing control,
the ML-DAB is more complex than 2L-DAB when adopting
the conventional nL modulation and control methods, and the
complexity will increase explosively along with the increasing
number of voltage levels and the coupling interaction between
the DAB control and capacitor voltage balancing control. In a
word, although the ML-DAB possesses more degrees of freedom
to control than 2L.-DAB, the conventional nLL modulation and
control method also makes it faced with much more complexity
for practical control and implementation.

Hence, to mitigate the complexity of modulation, control,
optimization, and implementation for ML-DAB, this article
proposes a quasi-2-level (Q2L) modulation and multiphase
shifting (MPS) control methods for ML-DAB. Based on
the proposed Q2L modulation and MPS control methods,
the characteristics of power flow, inductor current, and soft
switching for ML-DAB can be analyzed and migrated from
the characteristics of 2L-DAB. The main contributions of this
article can be summarized as follows.
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1) In dc—dc applications, the Q2L modulation is applied in
multilevel modular de—dc converter mostly, which adapts
to control the bypass or switch-in of huge numbers of
submodules. This article proposes the idea of utilizing the
Q2L modulation in NPC-based ML-DAB dc—dc convert-
ers, aiming to ensure the quasi-identical characteristics
of ML-DAB and 2L-DAB, which can greatly reduce the
control complexity of ML-DAB. Moreover, the coupling
interaction between Q2L and MPS control is clarified and
solved in this article, rather than simple combination of
them.

The proposed Q2L modulation and MPS control are ap-
propriate for ML-DAB of arbitrary number of voltage
levels. The introducing of inner phase-shifting between
the converter legs for ML-DAB makes its control as simple
as conventional 2L-DAB and the studies of 2L-DAB can
be migrated to ML-DAB, which significantly facilitates
the implementation and application of ML-DAB. Further-
more, it has constant control complexity for ML-DAB as
the number of voltage levels increases.

The inductor current characteristics of ML-DAB is mod-
eled precisely based on the current characteristics of con-
ventional 2L-DAB, which does not require to conduct
the complicated expressions of nL case. In addition, an
optimization control strategy is introduced to achieve
full-range soft switching across a wide range of voltage
matching degrees between primary and secondary sides.
Furthermore, the implementation processes are designed
by integrating power flow (output voltage) closed-loop
control with soft-switching optimization control.

Without the loss of generality, the asymmetrical multilevel
structure (m = 2) is taken as an example in this article, and it
is similar for the analysis of symmetrical cases because of the
symmetry between primary and secondary sides.

The rest of this article is organized as follows. Section II
presents the Q2L modulation and MPS control of ML-DAB con-
verters. The soft-switching optimization control is elaborated on
in Section III. Section IV presents the experimental verifications
for proposed modulation and control methods and provides a
comparison with the existing nL. modulation method. Finally,
Section V concludes this article.

2)

3)

II. Q2L MODULATION AND MPS CONTROL OF ML-DAB

For an n-level DAB converter, the primary dc-link comprises
n-1 capacitors, as shown in Fig. 1. In its normal operation, the
capacitor voltage should equally partition the dc-link voltage
with each sharing E = V1/(n-1). It is noteworthy that the capac-
itor voltage balancing control is also a hotspot in the research
of ML-DAB, and various capacitor voltage balancing methods
are proposed based on conventional nL. modulation method
[22], [23]. Actually, the issue of capacitor voltage balancing
control under proposed Q2L modulation was involved in the
previous work of authors [24], in which a capacitor voltage
balancing method by adjusting the dwell time of Q2L mod-
ulation was proposed for 4L-ANPC-DAB and it can also be
extended to ML-DAB of any levels. Hence, in this article, the
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Fig. 3. Q2L operation and MPS control of ML-DAB. (V; = kV3 as an
example).

principle of Q2L modulation and the MPS control for power
flow control and soft-switching performance optimization are
emphatically focused, with the premise of capacitor voltage
being well-balanced.

Fig. 3 illustrates the operating principle of Q2L modulation
and MPS control. Here, T represents the switching cycle, while
to, to+7/2 denote the onset and midpoint of a switching cy-
cle, respectively. To be strictly located in the middle of the
rising/falling edge, y, to+17/2 are determined based on the parity
of n according to the following principles.

1) If niseven, tg, to+7/2 are determined as the initial point

of ATy, 2, AT(3p-4)/2, Tespectively.
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2) If nis odd, ty, to+71/2 are determined as the midpoint of
AT (p-1)/2, AT (31-5) /2, respectively.

A. Q2L Modulation of Primary Multilevel Bridges

In Fig. 3, each multilevel bridge operates with Q2L mod-
ulation. For the modulation of an n-L half bridge, there will
be 2(n-2) variables required to determine the Q2L waveforms,
ie the dwell time for outputting the NP voltage denoted by

Ty, (i=1.2,...,2(n-2); j = A, B), which is typically of small
magnltude, such as hundreds of nanoseconds. Consequently, the
voltage waveforms of the multilevel bridge closely resemble the
2-L square waveforms.

Considering the switching cycle and voltage levels, there
exists both upper and lower limitations on ATy, as in (1). The
upper limitation aims to sustain approximate square waveforms
and ensure high power transfer capability. The lower limitation
stems from the switching speed of device.

Az1min < Aﬂj S Aﬂnax

(i:1a2a"'72(n_2))7j:AvB)' (D

Furthermore, to eliminate the dc component of transformer
current and prevent saturation, the voltage-second product of
uap within each switching cycle must equate to zero, which can
be fulfilled by (2).

In summary, in the modulation of ML-DAB, the selection of
suitable AT in and ATy« should be conducted first. Then, the
AT, satisfying (1), (2) shown at the bottom of this page, should
be guaranteed along with the normal operation of the ML-DAB.

B. MPS Control of ML-DAB

In Fig. 3, the ML-DAB operates with MPS control, where
Dy is the outer phase-shifting ratio between the primary and
secondary voltages, while D, D, represents the inner phase-
shifting ratio of voltages of primary bridges and secondary
bridges, respectively.

In practice, the proposed Q2L modulation and MPS control
method mainly utilize three phase-shifting angles to control the
power flow and optimize the operating performance of multilevel
DAB. Although there exist 4(n-2) variables ATj; for the Q2L
modulation, the ATy can be set as a fixed value initially and
easily adjusted under the capacitor voltage balancing control
strategy proposed in [24] previously. For the little influence of
the AT}; and its adjustment on the power flow control, it can
be neglected if AT}, is far smaller than the phase shifting (D7,
D1 T or D»T). For larger AT;; or more levels, the influence of
AT;; can be compensated through the slight adjustment of Dy,
Dy, Dg by closed-loop control.
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Hence, the real implementation of the proposed modulation
and control methods is not that complex due to the decoupling
between the dwell time AT;; adjustment (capacitor voltage bal-
ancing control) and the MPS control (power flow and operating
performance control). And the proposed MPS control method
of power flow and operating performance for ML-DAB has
the same number of control variables as the conventional TPS
for 2L-DAB and thus the complexity of such control remains
constant as the number of voltage levels increases.

However, to obtain the analytical expression of voltages for
the primary ML converter is much more challenging than the 2L
converter. Hence, to determine the power characteristics of the
ML-DAB becomes exceedingly difficult, especially in the case
of a general n-L configuration.

In fact, owing to the tiny dwell time of Q2L modulation, the
introduction of multilevel output has minimal impact on the
power characteristics of the ML-DAB. Consequently, to analyze
the power characteristics of the ML-DAB, the Q2L waveform of
half-bridge A output voltage (14 ) can be decomposed into three
components: the dc component (14 q4c), the square component
(1A square)> and the Q2L component (ua q21), as depicted in
Fig. 4.

Without loss of generality, assuming that 7y = O for simplicity,
the expression of ua can be represented as follows:

UA = UA,dec + UA square + YA q21

V;

= ?1 + Viug(t) + Eugs(t, AT;p). A3)
In (3), us(¢) represents the per-unit two-level square waveform
with a magnitude of 0.5, as illustrated in Fig. 5. Additionally,
ugs(t, AT;) is the per-unit waveform resulting from Q2L modu-

lation, as shown in Fig. 6.
With a similar decomposition of ux and consideration of
phase-shifting ratios, up, u,, uy, can also be expressed as follows:

Wi

T
uB:?—&—Vl us(t—g—DlT)

T
cous(i- L - pmar)
Vz
ua:?2+V2 us(t*DO )

v T
ubzgﬂfz s (t—DOT—Q—D2T>. 4)

Thus, by integrating Q2L modulation, MPS control, and the
aforementioned definitions and decompositions, the equivalent
circuit of the ML-DAB can be derived, as illustrated in Fig. 7.

ﬁZ“AT E 3n ) (2n — 3 — )AT};
Und) mod(n,2) =
=" g(n—l—z)ATm—l—Z, 2 (i —n+2)ATy, (= AB) o
i ATy + 002 (2n -3 - AT, mod(n,2) = 1
=3 n+1 (n—l—z)ATm+ZZ " (i-n+2)AT;  (=AB)
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= Vlus(t) + Fug (t, ATlA)
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Fig. 5 i square wa T
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2
ATu = ATja o, mod(@,2y-0 AT gapn - Alxaz , mod@,2)0 For sake of simplicity, let the integral of u(t), us(t, AT;) be
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15(1) “{ more, it is evident that the offset of (), 4is(t, AT;) is nullified
1 - 4 0 11 III due to the subtraction between the A and B bridge components.
e W = - > Hence, let us assume that u4(0) = —7/8 for simplicity, and the
. ﬁ Q > |"‘ specific magnitude and waveform of 4 (t) are shown in Fig. 8.
The leakage inductor current can be derived by solving (5),

yielding the following expression:
Vi as(t) — as(t — 2 — D7)
iag(t) = ¢ — —kVa [us(t — DoT)
Ly . e
—tis (t — DoT — % — DoT)]

ATpupya = ATjn2s , mod(@,2)=0
ATmyr)a/2 =" ATp2s , mod(n,2)=1

ATp s =" ATpon)a » mod(n,2)=0
AT s = AT 5ma/2 , mod(n,2)=1

Fig. 6. Per-unit Q2L dwell time waveform us (7).
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H{ fis ,aT)
(12— )
= {ir, } +{ir,}- (6)

Among (6), {ir,} represents the leakage inductor current
component generated by the square component of voltage,
UAB, square- Thus, {ir, }is notinfluenced by the dwell time of Q2L
modulation and remains independent of ATj, /5. Conversely,
{ir, }is the current component associated with Q2L modulation,
and its magnitude is directly influenced by AT; /. Considering
the expression of {ir,, } and definition of 75(t), the maximum
of {i1,} can be expressed as

ELTwaxpy(n — 2), mod(n,2) =0

(i1 e = { oy .
' max %Tl“(n —1)(n—2), mod(n,2)=1
o
From (7), it can be seen that the maximum of {i;,} is as-
sociated with the value of ATy, and the number of voltage
levels n, which is consistent with the above analysis. Moreover,
to further elucidate and quantify the impact of the dwell time of
Q2L modulation on the operation of ML-DAB, the equivalent
phase-shifting ratio of 2L modulation to induce the same change
in current can be deduced. Hence, to determine if the influence
of dwell time on MPS control can be neglected, the maximum
equivalent phase-shifting ratio Deq,max can be obtained as fol-
lows:

(n—1)FE
Ly

nin—2)E
2L,

D ~ n(n —2) AT nax

OB o —1) T

Deq,maxT = Ajjmax

®)

And a quantitative limit of Deq max, qu, can be determined
first, for example, 0.01, which is ignorable in practical imple-
mentation. And then the condition for neglecting the Q2L is as
follows:

Degumax < Dy ©)

Furthermore, when the value of ATy, or the number of
voltage levels increases, the rising edge/falling edge of proposed
Q2L modulation will take a sizable proportion of the switching
cycle. In that case, the Q2L component cannot be ignored
directly, and thus the power flow cannot be controlled only by
the three phase-shifting ratios of MPS. So indeed, there exits a
limit on the maximum value of AT,,,, or number of voltage
levels that can be used, which can be deduced as follows:

n(n —2)

ACZ—‘I’H&X 2(n o 1)

<D;T. (10)

Actually, for the NPC multilevel converter, due to the in-
creasing number of devices, the number of voltage levels is
generally less than 5, even if the MPS method can be applied in
a case of more voltage levels. For a practical example of n = 4,
f=20kHz (T = 50us), and AT},,x = 100 ns, the equivalent

phase-shifting ratio can be calculated specifically as (11), which
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is a negligible value for practical application

D, = 0.00267. (11)

Based on (11), it can be inferred that the contribution of {2 L}
can be negligible practically due to the small value of AT.
Hence, the presence of AT also exerts minimal influence on
the inductor current, and consequently on power transferring.
Therefore, {4y, } can effectively substitute i 4 5 to a certain extent
for analyzing the power characteristics of the ML-DAB.

On the other hand, the multilevel voltage uap can also be
decomposed into uap and uap, expressed as

UAB = UA — UB
= UA square T UA q21 — (UB,square + 'U'B7q2l)

= UAB,square + UAB,q21

= UpB + UAB (12)

where up is also negligible compared to uap due to the Q2L
modulation.

With the premise of (6) and (12), the power characteristics of
the ML-DAB under Q2L modulation and MPS control can be
calculated as follows:

1 T
P:T/O UAB'ilet

1 T ~ ~ ~
= T/ (’l_LAB +uAB)(ZL1 +ZL1)dt
0

e .
= {T/O uAB~iL1dt}

1 [T - _ -
+{T/ (fbAB'iL1 +ﬁAB'iL1+ﬂAB'iL1)dt}
0

= {P}+{P}
where { P} represents the power flow generated by the square
voltage waveform and remains unaffected by Q2L modulation.
On the contrary, { P} accounts for the power flow associated with
AT; A /i, which is significantly smaller than {P} due to iiap <
Tiap and 145 < iap. Hence, it is entirely feasible to utilize {P}
to control the power flow of the ML-DAB, especially when (10)
is satisfied. Moreover, even in cases requiring precise power
control or (10) is hard to satisfied, for example, a larger ATy«

or more voltage levels, it can be easily compensated through the
fine-tuning of Dy, D1, D5 with closed-loop control.

(13)

T
2kViVa | Ji,p s (t = DoT)di

TLu | _p% i (t— DeT — L — DoT) dt

(14)

The universal expression of { P} can be represented by (14).

It is worth noting that the expression of P shares the same form

with the power flow of the conventional 2L-DAB under TPS

control [25]. Hence, considering P as the power flow of the

ML-DAB with MPS control can simplify power flow control

to the same extent as a 2L-DAB. Additionally, the existence of

closed-loop control can guarantee the requirement for accurate
control in practical application.

P:
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Fig. 9. Six operating modes of multilevel DAB under Q2L modulation and MPS control. (Taking 4L as an example).

TABLE II

DETAILED POWER CHARACTERIS

TICS OF SIX OPERATING MODES

Operating mode Constraint

P'=f{(Do,D1,D:)

Mode I D, <D, & D,+D, <D,
Mode II D,<D & D, <D,+D,<0.5
Mode III D, <D, &0.5<D;+D, <D, +0.5
Mode IV D, <D, & D, < Dy+ D, <0.5
Mode V D, <D, &0.5< D, +D, <D, +0.5
Mode VI D, <D, &0.5+D, <D, +D, <1

fi=4(2D, -4D,D, +2D} —= D, + D, —2D,D,)
fi=4(D, - D, +2D,-2D; —2D} +2D,D, —4D,D,)

1
f= 4(5+ 2D,D, = D, = D,)
fi=4(2D,D, +4D,D, —4D,D, + 2D, + D, — D, =4D} = 2D} —2D?)
fi= 4(% +2D,D, +4D,D, 2D —2D} - D, - D,)

fi=4QD? + D,=3D, —2D, +1+4D,D, —2D.D,)

C. Power Modes of Multilevel DAB Under MPS Control

To get the unified power characteristics, assume that the power
base value equals P},,s0, Which is
EVi Vs
8fLy
Phase represents the theoretical maximum power transfer of the

ML-DAB, only when degrading into 2L condition. Hence, the
per-unit power transfer can be expressed as follows:

5)

base —

P
Pbase'

Considering the symmetry of phase-shifting between primary
and secondary sides, only the forward power transfer char-
acteristics is focused sides in detail. For cases of backward
power transfer, they can be realized by reserving the direction
of outer phase shifting with same value. According to (7)—(11),
DT, DT, DT > AT;a /g can be easily satisfied in the prac-
tical operation of the ML-DAB. With this premise, it can be de-
duced that (14) has different detailed analytic expressions based
on the relationship among Dy, D1, and D». Thus, six different
operating modes of the ML-DAB are accordingly defined. Fig. 9
illustrates the voltage and current waveforms of the ML-DAB
under Q2L modulation and MPS control in these six operating
modes, along with corresponding constraints of Dy, D1, and Ds.

The specific analytic expressions of power transfer in different
operating modes are presented in Table II, all of which are

pr (16)

continuous with respect to Dg, D1, and D5. Therefore, the power
range of different operating modes can be obtained by only
searching for the maximum and minimum power transfer, which
can be achieved through solving the optimization problems as
follows:

max / min P”
P* = f(D07D17D2)
Constraint of Mode i

(i=1,2,3,4,5,6). (17)

Fig. 10 illustrates the relationship between the power flow
of the ML-DAB and the three phase-shifting ratios, along with
the power range of each power mode, and the solution for the
maximum power point. Moreover, to achieve a given power
transfer Pgiven, the corresponding phase-shifting solution can
be obtained by solving the optimization model below

min (P — Pyyen)”
P* = f; (Do, Dy, D)
Const. of Mode i

(i=1,2,3,4,5,6). (18)

After obtaining the solution from (18), due to the continuity
of f;, the real power flow can be precisely controlled to match



PANG et al.: MODULATION AND SOFT-SWITCHING OPTIMIZATION CONTROL OF MULTILEVEL DAB DC-DC CONVERTERS

1943

Solution for the maximum power point: (x,x,x) |

I
| S piioipaia gy

Fig. 10. Power range of six operating modes with Dg, D1, and D2,

Dy ML-
DAB

Prequired

ML-DAB

Fig.11.  Close-loop control of ML-DAB. (a) Output voltage control. (b) Output
power control.

the given power flow by adjusting the phase-shifting ratios
in a closed-loop manner to offset the slight impact of Q2L
modulation, converter losses or any other factors that are difficult
to calculate analytically, as illustrated in Fig. 11. Moreover, it
should be noted that there could be multiple solutions for one
certain Pgiyen due to the existence of multiple power modes.
And, thus, more flexibility is offered for the operating perfor-
mance optimization control of ML-DAB, for example, the soft-
switching performance optimization, which will be introduced
in Section III.

| Mode [ Mode I1 Mode II1 |
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III. SOFT-SWITCHING OPTIMIZATION CONTROL OF
MULTILEVEL DAB

With the redundant degrees of freedom provided by the six
power modes in (18), a criteria can be designed for selecting
the most suitable power modes in operation for performance
optimization, where some candidates include the ability to
achieve soft-switching, the current stress, and ON-state loss.
As the ML-DAB converter studied in this article is designed
for high switching frequency, high power density applications,
where the switching loss is the dominant factor in converter
losses, the criteria for selecting the power mode in this section
is, thus, on the soft-switching optimization control of ML-
DAB converters, aiming to achieve full-range soft switching
for switching loss reduction. Considering that the secondary
side has the same topology and modulation as 2L DAB, it
exhibits identical soft-switching performance to conventional
2L conditions. Therefore, this article mainly focuses on the
soft-switching performance of the primary multilevel side. It
should be noted that the proposed soft-switching optimization
control method adapts for multilevel DAB converters of any
levels. Different from most of the existing methods, the proposed
optimization method do not require to conduct the detailed
current expression of nL.-DAB, but only utilizing the expression
of equivalent current of conventional 2L-DAB, whose current
expression is much easier to obtain.

A. Analysis of Soft-Switching Characteristics of ML-DAB

To achieve soft switching or not, the current at the moment
when the devices switch ON/OFF plays a crucial role, as illustrated
in Fig. 12. In case of i, > 0 shown in Fig. 12(a), S; turns OFF
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S, off

—» S turnson
S, turns off Hard switching

S, off

S1 turns on

S2 off

Sloff ———»
82 turns off Soft switching

()

Fig. 12.  Illustration of soft switching.

while bearing the voltage of E due to the conduction of Ds, re-
sulting in hard switching. Consequently, the energy stored in the
junction capacitor Cogs1 1S Wasted due to the direct conduction
of S7. On the other hand, when i, < 0, as in Fig. 12(b), the Cogs1
is discharged to O before S; switches ON, and the energy stored
in the capacitor is fed back to the dc bus. This occurs because
the negative ¢, can only flow through D; after the turning OFF
process of Sy, enabling S; to achieve soft switching with ZVS
ON.

Hence, to analyze the soft-switching characteristics of the
ML-DAB, the inductor current, 7 4 g, should be studied first. As
mentioned previously, the universal expression of the inductor
current for ML-DAB with arbitrary levels can be obtained in (6).
However, the Q2L component in (6), i.e., 145, makes it scarcely
possible to obtain an analytic solution, especially when the level
of the ML-DAB increases. In this article, an imaginary transient
process from 2L to Q2L modulation is proposed, as shown in
Fig. 13 (taking 4L-DAB as an example), which aids in analyzing
the ML-DAB current with arbitrary levels.

In Fig. 13, the voltage and current waveforms under 2L
modulation are depicted as red solid lines. At time 7%, the
ML-DAB switches to Q2L modulation, illustrated as green solid
lines, which sets all ATy; to be AT initially and locates the
to+T, tg+37/2 strictly in the middle of the rising/falling edge,
as mentioned in Section II. The waveforms if maintaining 2L
modulation are also shown as red dotted line after ¢*, for clearer
contrast. It is evident that the peak current remains unchanged
during the transient process if the dark and light areas are equal,
meaning the voltage impulses on the inductor are identical for
2L and Q2L modulation. This can be described as follows:

PIPEIRRPAVEY

=" 2 (n—1—1i)AT};
2n2) | T mod(n,2) = 0(j = A,B)
Zi— 3n-4 (2n -3 - Z)AT”
- 2
3(n-2)

=i 1 (i —n+2)ATy;
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Fig. 13. Transient process from 2L to Q2L modulation of ML-DAB.

n-3 |
i:21 1 AT”
= YR (n— 1= i)ATy
S22 (20— 3 —i)ATy
-2

3n-7

=2 (i —n+ 2)AT,

,mod(n,2) =1 (j = A, B).

19)

It is important to note that with (19) satisfied, (2) is naturally
fulfilled as well, ensuring that the voltage-second product of ua
at each switching cycle is zero. And it should be highlighted that
the adjustment of dwell time for capacitor voltage balancing
control proposed in [24] has little impact on (19) averagely,
considering the fluctuating adjusting process. Moreover, assum-
ing that the 2L modulation of DAB has reached steady state
before ¢, it remains steady for Q2L modulation just after ¢*
due to the invariance of half-cycle voltage impulses. Hence,
the soft-switching characteristics of ML-DAB can be analyzed
based on the current during to + 1" ~ to + 27 in Fig. 13.

To achieve soft switching of ML-DAB, the currents at the
moment when the primary bridges switch, as circled in Fig. 13,
should be entirely negative for the blue circle and entirely
positive for the red circle. To ensure this, only the currents at
the two ends of the circled intervals need to be bounded, due
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to the monotonicity of the inductor current. Furthermore, it can
be easily observed that the currents at the ends of the circled
intervals are identical in the 2L and Q2L case.

Hence, the soft-switching characteristics of ML-DAB can be
modeled with the inductor current of 2L DAB, i, greatly reduc-
ing the complexity of optimization control for the ML-DAB and
making it independent of the number of levels. The expression
for iz, can be written as (20) shown at the bottom of this
page, and it takes different forms depending on the relationship
between Dy, D1, and Do, which has been studied extensively for
the 2L DAB [25].

To illustrate more clearly, take the mode IV case shown in
Fig. 9 as an example with D1 < Dy & D1 < Do + D2 < 0.5,
and similar analysis can be conducted for the other power modes.
The soft-switching constraint of ML-DAB can be described as
(21), assuming AT; 4 =AT; g =ATax(i=1,2,...,2(n — 2))
for the toughest situation, which means that any AT < ATy«
in mode IV can achieve soft switching of ML-DAB with (21)
satisfied

22 ATnax) < 0
to+ T + 252 ATax) <0

to+T +DiT — "52ATax) <0
to+ T+ DT + %52 AThax) <0
to+ 2L — ”‘QATmaX) >0

to + 32T + 252 ATax) > 0

3L+ DiT — 252 ATwax) > 0
t0+£+D T + 252 ATppax) > 0.

21

S L Y B B B B N |
~+
o

S S R SR S

Substituting the expression of 2L current iz, into (21), the
soft-switching constraint can be expressed as (22). It can be
observed that the soft-switching performance of the ML-DAB
is influenced by three phase-shifting ratios, the matching degree
of voltages at the primary and secondary sides, and the dwell
time of Q2L modulation, in addition to the number of voltage
levels. Importantly, the soft-switching characteristics exhibits a
linear relationship with n, the number of voltage levels. This
implies that the complexity of analysis does not increase with a
higher number of voltage levels

2 1
Vi (D\T T | n-2
L ( 2 1t 73 ATmax)

kVy (2Dg—2D1+D T —2
— i (BT — 7 - B2 ATax) <0

Vi (BT _ Ty BV (2DodDap T n2 AT, ) <0
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B. Full-Range Soft-Switching Optimization Control

With Q2L modulation and MPS control as the premise, the
soft-switching characteristics of ML-DAB can be modeled simi-
larly to the 2L case, as discussed previously. Just as the 2L DAB
can achieve full-range soft switching by selecting appropriate
power modes, it is also feasible for the ML-DAB. This can be
achieved with the benefit of tiny AT of Q2L modulation, the six
power modes under MPS control and the corresponding power
characteristics given in Section II.

The power ranges in each power mode with the soft-switching
constraint added can be determined through the optimization
model, as shown in

max /min P* = f(Dy, D1, D2)

{Constralnt of Mode i 23)

Constraint of soft switching in Mode i

where the specific optimization model for mode IV is shown as
follows:

max /min P* = f(Dy, D1, D2)

D1 < Dy
Dy < Do+ Dy <05
Dy 1) _kVa M_l_@%
(3 4) Vi ( 1 oS ) <0
&_7 n—2 ATy
¢ (2 + 73 Tax)
S-b. _kV2 (2D0 2D1+Dy 1 n-2 ATmax) <0
Vi 2 1 2 T
1 D1\ _ kVs (1 _ 2Dg+Ds | n-2 ATpmay
(4 2) A (4 5 T3 T )>0
(l _ Dy L2ATxnzLx)
1772 2 1
_EVp (1 | 2D1=2Dg=D3 | n=2 ATyax
Vi (1+ 2 + 152 S5pex) > 0.

(24)

It can be observed that the model in (24) is identical to the 2L
case if AT,ax = 0. Considering that the 2L-DAB can achieve
full-range soft switching with TPS, the major factor influencing
the power range of soft switching for the ML-DAB is the ratio of
ATax to T Hence, benefiting from the tiny dwell time of Q2L
modulation and the redundant freedom of MPS control, the ML-
DAB can also achieve full-range soft switching, which can be
facilitated by the proposed control strategy and implementation
process shown in Fig. 14.

The detailed implementation processes are outlined as fol-
lows.

1) Determining the appropriate ATy, .« To achieve full-range
soft switching, the value of AT}, is first required to be deter-
mined by the margin of MPS control and six power modes,
which needs to make the optimization model (23) satisfied with
maximum value of 1 and minimum value of 0, i.e., ensuring that
the per-unit power flow P ranges from 0 to 1. This is associated
with the given voltage matching of the primary and secondary

hI_DlT _M I—MT—F A71mx O
vaﬁ%_D%T)_nzA(i% ) -
1 ) p) max
M (T 4 23 DaT 4 22AT, ) > 0.
(22)
- 1

<V1 {us( ) — fig(t — g - DlT)} — kVy {ﬁs(t — DoT) — it (t — DoT — % - DQT)D .

(20)
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J

Proposed full-range soft-switching optimization control of ML-DAB.

sides (kV4/ V1), voltage levels (n), and switching period (7), and
can be done by solving the (23) with certain AT}, iteratively.

2) Setting up the look-up table for power flow: By solving
the model in (25), which is exactly the model (18) along with
the soft-switching constraint, the solution of (D07D1,D2)T
required to transfer power of Prcquired in different voltage match-
ing cases can be obtained and stored as a look-up table offline

min  (P* — Pyiven)”

i P* = fi(Do, D1, D5)
" | Const. of Mode i

(i=1,2,3,4,5,6). (25)

3) Closed-loop control with soft-switching optimization: To
compensate the impact of Q2L modulation and nonideal pa-
rameters on the power flow of ML-DAB, a closed-loop control
of voltage [or power, as shown in Fig. 11(b)] is adopted. The
output of the PI controller provides the compensated power flow,
which is based on the principle shown in Fig. 5. However, the
three phase-shifting ratios are generated by the look-up table
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Fig. 15.

Topology of 4L-ANPC-DAB.

established in 2), ensuring compliance with the optimization
model and satisfying the requirement of soft switching. Hence,
the adjustments from the PI controller do not affect the soft-
switching performance.

As illustrated in Fig. 14, the control strategy primarily re-
lies on the expressions derived for the 2L.-DAB, such as the
inductor current 77, shown in (20) and power flow P shown in
Table II. With the proposed Q2L modulation and MPS control
method, the multilevel DAB can operate in a way more like
the conventional 2L.-DAB, and the characteristics of 2L-DAB
can be migrated to nL-DAB as the square-wave component P.
However, the migratation should be properly implemented and
consider that if taking into account the little impact of the dwell
time of Q2L modulation, which can be quantified as (10) and
compensated by closed-loop control, as classified in Section II.
In a word, the migration of 2L-DAB expressions significantly
reduces the complexity of the ML.-DAB and demonstrates good
feasibility.

IV. EXPERIMENTAL VERIFICATIONS AND COMPARISON WITH
THE EXISTING METHODS

To verify the effectiveness of the proposed Q2L modulation
and MPS control for multilevel DAB, and validate the soft-
switching optimization control strategy, a specific 4L-ANPC-
topology shown in Fig. 15 has been studied for clearer clarifica-
tion, including the detailed example of implementing process,
experimental results with efficiency, and the theoretical compar-
ison between the proposed method and existing method.

A. Detailed Example of Design and Implementation Process

The design and implementation process for 4L-ANPC-DAB
is mainly same as the process shown in Fig. 14.

By combining the inductor current of 2L.-DAB in (20) with
the soft-switching requirements of multilevel DAB in (21),
the detailed constraints of soft switching for 4L-ANPC-DAB
(n = 4) can be derived. The detailed calculation example of
soft-switching constraint of Mode I is attached as follows.

Substitute the inductor current expression (20) into the first
inequation of (21), and we obtain (26) with n = 4, t; = 0 and
the mode constraint of Mode I (Dy<D1 & Dy+Do<D1)

gL (T - AT‘Inax) <0

Vl [ﬂb (T - Aﬂnax) - '&s (% -
_kV2 ['EL@ (T - AT'max - DOT)
—tis (3 = ATax — DoT — DoT)]

Aﬂrlax - DIT)]
<0
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T DT
V1<4 ; max>

— KV (_Z + DT + ATmax + D;T> <0.  (26)

Similar calculation process can be conducted for another 7
inequations of (21). And it should be noted that the first four ex-
pressions and the last four expressions in (21) have half-periodic
symmetry with opposite polarity. Hence, the soft-switching
constraint of Mode I can be summarized as follows:

(<% + B + M)

_kv‘/f <_% + DOT + AT|maux + DST

) <0
(=5 +%5) = 52 (% + Dol — AToax + 5%) <0

2 Vi
(-7 +55)

sz ( % DT — DoT — AT'max - D2T) <0
—T+ %)
—B2 (LT 4 DT — DT + AT — 2%) < 0.
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Furthermore, the soft-switching constraints of other power
modes can be obtained with the same way.

1) Determining the appropriate ATy« It should be noted
that the smaller the AT, iS, the more similar with the 2L-DAB
the characteristics of ML-DAB is, and thus, much easier to
achieve full-range soft switching. Hence, the determining of
the AT . can be illustrated as follows. With an initial ATy, ax
selected according to the practical switching frequency and
switching speed of devices, the power ranges of each mode are
calculated by (23). If the power range meets the requirement,
the selected ATy, is appropriate. Otherwise, the smaller one
is needed to be verified iteratively.

The switching cycle of designed 4L.-ANPC-DAB is 50 us, and
thus, the ATy,.x selected is 1 us. And then the according power
ranges of each mode are calculated by (23) in consideration
of the soft-switching constraints. And (28) gives the detailed
example of calculation for Mode I, with kV5/V; of 1, 4/3, and
1/3, to verify the soft-switching characteristics under different
voltage matching degrees. Actually, it can achieve full-range soft
switching under any voltage matching degrees with the freedom
provided by six power modes.

max / min P* = f; (Do, D1, D2)

Dy < Dy
Do+ Dy < Dy

o, (_411""21""50)_%(_'4'1)0"' +DT) 0
(1+3) -5 (-1 +Do— g +3) <0
(-3+32) -5 (- z+D1 Dy~ 55— %) <0
(*%+%)*kll( 1+D1— D0+50 Dz)<0

(28)
Finally, it can be calculated and proved that the ATy
=1 ps is appropriate for the designed 4L-ANPC-DAB.

2) Setting up the look-up table for power flow: With the model
in (18), the operating points of transferring Pgjyer, under certain
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TABLE III
LOOK-UP TABLE FOR THE EXPERIMENTS OF 4L.-ANPC-DAB

Vol V)
1/3 1 4/3
Pgiven

. [Do,D1,Ds) o

0.34 [0.17,0.22,0.37]
045 [0.02,0.13,0.3]

0.6 e . . [0.28,0.16,0.22]
0.81 [0.2,0.05,0]

Fig. 16.

4L-ANPC-DAB prototype.

kV5/V can be solved and the feasible solution of Dy,D1,D5 can
be stored as the look-up table. For the 4L-ANPC-DAB, alook-up
table is established, as shown in Table III.

3) Closed-loop control with soft-switching optimization: With
the look-up table shown in Table III, both the open-loop and
closed-loop experiments are conducted for 4L-ANPC-DAB.
The closed-loop control diagram adopted for 4L-ANPC-DAB
is shown in Fig. 14, and a dynamic transition from V, = 90 V
to Vo = 120 V is set to verify the effect and performance of
closed-loop control.

B. Experimental Results of 4L-ANPC-DAB

A 4L-ANPC-DAB experimental prototype is set up utilizing
Wolfspeed SiC MOSFETS, CPM2-1700-0045, and CPM3-0900-
0030A, as shown in Fig. 16. And the parameters of prototype
are shown in Table IV.

Fig. 17 shows the experimental waveforms of 4L-DAB and
21.-DAB with identical phase-shifting ratios, Dy = 0.2, D1 =
0.05, D5 = 0, which is in mode IV. The unified power flow in this
case is 0.81, namely heavy load. First, it can be observed from
Fig. 17 that with identical phase-shifting ratios, the power flow of
4L and 2L cases is same, which means that the Q2L modulation
has little impact on the power flow of ML-DAB in heavy load.
And they share same identical soft-switching performance.

Fig. 18 gives the comparison of 2L-DAB and 4L-DAB with
light load, which is P* = 0.45. Fig. 18(a) and (b) adopt identical
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TABLE IV
PARAMETERS OF THE 4L-ANPC-DAB PROTOTYPE

Parameters Values
Transformer turns ratio 1:1
Phase-shifting inductor 165 uH

Primary Voltage 90 V
Switching frequency 20 kHz
AT 1us
Prase (V=90 V) 306.8 W
Prase (V=120 V) 409.1 W
Prase (Vo=30 V) 102.3 W
u,(20V/div)
u,s(40V/div) Sus/div
S —— -+ S ——
0 -
0— |
_u_.;(«i(i\'/lli\ ) ’
i,(116. \m}/ﬁ
0—
/' Soft-switching

F./

0 40

’ u,(20V/div)

uAp(40V/div) Sus/div
-

0-
0—

w(HOV/div)

\\‘\\@)ﬂ-s\\ itching / ﬁ\

40
(b)

Soft-switching

80us

Fig. 17.  Waveforms of 4L-DAB and 2L-DAB under P = 248 W (P* = 0.81).
(a) 2L-DAB (soft-switching). (b) 4L-DAB (soft-switching). (a) Do = 0.2,D1 =
0.05,D2 =0,P =248.1 W. (b) Dg = 0.2,D1 = 0.05,D5 =0, P =248 W.

phase-shifting ratios of Dy = 0.1, D; = 0.05, Dy = 0, in mode
IV. And it is clear to observe that the 2L-DAB can achieve soft-
switching while the 4L-DAB loses the soft-switching. Hence, in
light load, the impact of Q2L modulation cannot be ignored.
Based on the soft-switching optimization control strategy in
Section 111, the 4L-DAB adopts Dy = 0.02, D; = 0.13, Dy =
0.3 of mode II, as shown in Fig. 18(c). Under thus circumstance,
the 4L-DAB achieves soft-switching and transfers power flow
identical with 2L-DAB in Fig. 18(a), which proves that the
proposed closed-loop power flow control and soft-switching
optimization corporate very well.

The experimental results of dynamic test for the proposed
closed-loop control of 4L-DAB are given in Fig. 19. The tran-
sient process is with constant load R = 62 €2, from V, = 90 V
to V, = 120 V. The steady state of the dynamic test is set to
be the state shown in Fig. 18(c) (Mode II). And Fig. 20 shows
the steady-state results after the dynamic process, which is in
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Fig. 18.  Waveforms of 4L-DAB and 2L-DAB under

(P* = 045). (a) 2L-DAB, P = 137 W (soft-switching).

(b) 4L-DAB, P = 131 W (hard-switching). (c) 4L-DAB, P = 137 W
(soft-switching). (a) Dg = 0.1,D1 = 0.05,D2 = 0. (b) Do = 0.1,D1 = 0.05,D2
=0.(c) Dp =0.02,D; =0.13,D3 = 0.3.
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Fig. 19.
62 9.

Dynamic test results from Vo =90 V to V, = 120 V with load R =

mode V with Dy = 0.28, D; = 0.16, D> = 0.22. It can be seen
that the proposed control strategy maintains the achieving of
soft-switching during closed-loop control process.

Fig. 21 shows the experimental results for V, <V, (V, = 30
V = 1/3V},), and it can be seen that the soft-switching can also
be achieved at thus voltage-mismatched condition. However, it
should be pointed that the operating state in Fig. 21 incurs high
current stress while transferring low power flow, which can be
optimized by further-optimized selection of operating point of
ML-DAB.
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Fig. 20.  Steady-state waveforms of above dynamic test for 4L-DAB. (V, =
120 V with load R = 62 2, Dg = 0.28,D; = 0.16,D3 = 0.22, P* = 0.6).
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Fig.21. Waveforms of 4L-DAB under P* = 0.34. (V, = 30V with load R =
243 Q, Dg = 0.17,D1 = 0.22,D5 = 0.37).

TABLE V
EFFICIENCY RESULTS OF THE 4L-ANPC-DAB EXPERIMENTS

P* [Do,D1,D5) Mode VNV Po/W  PodW n

1 081 2-Level 2592 24811  95.72%
[0.2,0.05,0] 90

2 081 v 256.8  247.74  96.47%

3045 2-Level 150.36  136.59  90.84%
[0.1,0.05,0]

4 045 v 90 15732 130.55  82.98%

5 045  [0.02,0.13,0.3] | 14934 137.1  91.80%

6 0.6 [0.280.16,0.22] v 120 2604 24459  93.93%

7034 [0.17,0.22,0.37] 1 30 41.4 33.67 81.33%

Table V summarizes the details of above experimental con-
dition, together with the efficiency results. From the efficiency
results, it can be seen that the proposed soft-switching perfor-
mance optimization method based on Q2L modulation and MPS
control works well in different condition and can improve the
efficiency of multilevel DAB effectively.

C. Comparison With the Existing N-L Method

The comparison between proposed method and the conven-
tional nLL modulation method is given in Table VI, including
the aspect of complexity, capacitor voltage balancing control,
soft-switching range, advantages, disadvantages, and practical
feasibility. The existing nL. modulation and control method
possesses more degrees of freedom, usually 2n-1 variables for
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TABLE VI
COMPARISON BETWEEN PROPOSED METHOD AND CONVENTIONAL NL
MODULATION
Proposed Q2L .
(For nL-DAB) modulation and MPS Conventlor}al Ak
modulation
control
Complexity(number
of variables for 3 2(n-1)
DAB control)
capacitor voltage Decoupled with the ~ Coupled with the DAB

balancing control DAB control control
Soft-switching Full-range Full-range
range
Sufficient degrees of More flexible degrees
freedom for control and
Advantages P of freedom for
easily implemented for I
arbitrary n-level DAB mult?ob'Ject'lve
optimization
Not enough degrees of Ci?nmﬁels;:t)eze
Disadvantages freedom for multi- P :

objective optimization

especially for the
DAB of more levels

High, especially for
cases of 4L, 5L and nL.
DAB

moderate for the case

Practical feasibility of 3L-DAB

nL-DAB. The abundant variables take more flexibility for con-
trol, however, make the control of DAB much more complex
meanwhile. And it is well-known that the TPS control provides
enough degrees of freedom for 2L.-DAB to control the power
flow and optimize the operating performance, for example, the
full-range soft-switching. Hence, it is possible to control the
power flow and operating performance of nL-DAB, only using
the three phase-shifting ratios of MPS method with the basis of
Q2L modulation. And the proposed Q2L modulation and MPS
control method can reduce the complexity of multilevel DAB
and improve the feasibility of implementing multilevel DAB
practically.

V. CONCLUSION

To improve the performance of multilevel DAB with feasible
complexity, the Q2L modulation and MPS control suitable for ar-
bitrary nL-DAB are proposed in this article. The characteristics
of power flow, inductor current, and soft switching for ML-DAB
are analyzed by migrating the 2L-DAB characteristics properly.
And the control of ML-DAB converters is simplified as conven-
tional 2L-DAB. Furthermore, an optimization control strategy to
achieve full-range soft-switching is proposed. Experimental re-
sults of 4L-DAB prove that the proposed Q2L modulation, MPS
control, and full-range soft-switching optimization strategy are
of high effectiveness.
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