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Analysis and Optimal Modulation for
2/3-Level DAB Converters to Minimize Current
Stress With Five-Level Control
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Member, IEEE, Yiwei Pan, Student Member, IEEE, and Frede Blaabjerg, Fellow, IEEE

Abstract—Two-three (2/3)-level dual-active-bridge (DAB) DC-
DC converter has high potential to become a promising so-
lution for medium-voltage high-power applications. However,
its switching characteristics, modeling, and optimal modulation
schemes have not been comprehensively explored yet. In order
to avoid voltage and current distortions, and ensure reliable
operation, this paper analyzes the operating constraints for the
neutral-point-clamped (NPC)-based DAB converters. Based on
the obtained operating constraints, the transferred power and
current stress models under a five-level control scheme, which is
considered as one of the most advantageous control strategies for
the NPC-based DAB converters, are obtained with an equivalent-
wave modeling method. Generic control strategies based on
analytical solutions have not be fully explored for the multi-level
DAB converters due to the increased number of control variables.
With the above, this paper proposes a minimum-current-stress
control strategy employing analytical solutions in the entire
power range, which are obtained by combining the Karush-
Kuhn-Tucker (KKT) conditions and numerical-solution analysis.
With the proposed modulation scheme, the control variables
can be automatically modified online, instead of relying on
offline calculation of the numerical control variables. Therefore,
the control complexity can be reduced significantly, especially
when the operating parameters change in a wide range. Finally,
experimental tests verify the effectiveness of the analysis.

Index Terms—Multi-level DAB converters, modeling, current
stress, optimal modulation, efficiency.

I. INTRODUCTION

UAL-active-bridge (DAB) DC-DC converters were orig-

inally proposed in the 1990s for high-power-density
applications [1]. Due to the advantages including galvanic
isolation, inherent soft-switching capability, and high effi-
ciency, the DAB converters have been widely used in the
past decades [2], [3]. Tailor-made for various applications like
energy storage systems, distributed generation, and solid-state
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Fig. 1. A typical medium-voltage-DC (MVDC) structure to integrate large-
scale PV plants and energy storage systems into the grid.

transformers, different structures have been developed includ-
ing three-phase, current-fed, and multi-level DAB converters
[4]-[9]. Recently, due to the development of the medium-
voltage semiconductors, e.g., 3.3 kV and 6.5 kV MOSFET,
multi-level DAB converters, which are suitably applied to the
medium-voltage DC (MVDC) systems with DC bus voltage
of several thousand volts, e.g., large-scale photovoltaic (PV)
plants as shown in Fig. 1, have drawn more and more attention
[10]-[15]. Specially, a two-three (2/3)-level DAB converter,
as shown in Fig. 2, was proposed for the applications where
the input and output voltage ratings are considerably different
[6], [7]. A 2/3-level DAB converter is composed of a two-
level H-bridge at the primary side and a three-level neutral-
point-clamped (NPC) bridge at the secondary side. Compared
to the two-level DAB converter, the 2/3-level DAB converter
can achieve higher voltage blocking capability and step-up
ratios to improve the conversion efficiency. Moreover, it can
also provide more degrees of freedom (DoFs) to improve the
performance of the DAB converters, e.g., efficiency [8], [9].
In addition, compared to the cascaded converters which can
also be applied to MVDC systems, e.g., input-parallel-output-
series (IPOS) converter based on two-level DAB converters,
the single 2/3-level DAB converter can reduce the devices
such as semiconductors and transformers, and the issues like
uneven power sharing and circulating current between different
modules can be avoided, and thus, control is simplified.

The most popular control strategy for the DAB converters
is the single-phase-shift (SPS) control scheme, where the
magnitude and direction of the transferred power is con-
trolled by regulating a phase-shift angle between the two-



TABLE I
CURRENT-RELATED OPTIMAL CONTROL STRATEGIES FOR VARIOUS DAB CONVERTERS

DAB converters References Optimization objectives | Control schemes Optimization methods Solutions Sensors
[19] RMS current TPS GOC! method 2 VSs?
[26] Peak current TPS LMM? method 2 VSs
Two-level DAB [27] RMS current TPS PSO? and re-arranging power model | Analytical {2 VSs + 2 CSs®
[28] RMS current EPS Differential extremum method 2VSs+1CS
[29] Peak current TPS Differential extremum method 2 VSs + 2 CSs
[9] RMS current Five-level Numerical computation algorithms 2VSs+1CS
Multi-level DAB [30] Peak current T}?ree-level ' PSO metlllod . Numerical 2 VSs
[31] RMS current Five-level Numerical computation algorithms 2 VSs
Proposed modulation Peak current Five-level KKT and numerical-solution analysis | Analytical 2 VSs

1: Global optimal condition, 2: Lagrange multiplier method, 3: Particle swarm optimization, 4: voltage sensors, 5: current sensors
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Fig. 2. A two-three (2/3)-level dual-active-bridge (DAB) DC-DC converter:
V1 and V4 are the DC voltages, v, and v.q are the terminal voltages of the
isolated transformer with the turns-ratio being 1 : n, and ¢y, is the current of
the series inductor Ls.

side bridges. The SPS control is also the simplest control
strategy. However, when the two terminal voltages of the trans-
former are mismatched, the soft-switching operating range
of the DAB converters will be limited, and the peak value
and root-mean-square (RMS) of the inductor current will be
significantly increased [2], [3]. Consequently, the efficiency
and reliability of the DAB converters will be decreased. To
overcome these issues, several multi-phase-shift (MPS) control
schemes were proposed in the literature, e.g., extended-phase-
shift (EPS) control, dual-phase-shift (DPS) control, triple-
phase-shift (TPS) control, and five-level control [7]-[12]. In
addition to these symmetric control schemes, some asymmetric
modulation schemes (i.e., the waveforms of the transformer
terminal voltage vqp Or veq is asymmetric during each switch-
ing period by modifying the duty cycle) were also proposed
mainly to improve the light-load efficiency by achieving soft-
switching and reducing backflow power [16]-[18]. Among
them, five-level control is one of the most advantageous
strategies for the NPC-based DAB converters due to more
DoFs. Unfortunately, most relevant research about the five-
level control only focused on the capacitor voltage balancing
issue [7], [9]-[12]. The operating constraints, modeling, and
optimal modulation considering the efficiency indices, e.g.,
current stress and reactive power, have not been fully explored.

Nevertheless, the optimal control of the 2/3-level DAB
converters is achieved with three steps, i.e., operating con-
straints analysis, modeling, and optimal solutions calculation.
Above all, operating constraints should be analyzed to ensure

reliable operation of the DAB converters. Within the operating
constraints, the employed switching states should decouple the
voltage v.4 from the polarity of the inductor current ¢,. Other-
wise, the waveform of the voltage v.q4 will be distorted at the
zero-crossing point of the inductor current 77,. In addition, the
ranges of the control variables, i.e., phase-shift angles and duty
cycles, should also be limited to avoid damaged performance,
e.g., higher peak current. Subsequently, the modeling of the
transferred power and the optimal objectives, e.g., current
stress and power loss, needs to be developed, which is essential
for efficient control of the DAB converters. In most of the
state-of-the-art research for the DAB converters, the modeling
process is done by piecewise integration between voltage vqp
and current 7, since the slopes of the current waveform differ
during various intervals [19], [20]. This will, however, result
in heavy computational burdens when being applied to the
2/3-level DAB converters with the five-level control scheme,
due to the increased amount of intervals and operating modes.
As an alternative, an equivalent-wave modeling method can
be employed to simplify the modeling as discussed in [19],
[21], where the transferred power model can be obtained based
on the equivalent voltage waveforms without calculating the
inductor current. Nevertheless, this method was proposed for
the two-level DAB converters. When applying it to the 2/3-
level DAB converters, the equivalent waves and calculating
process should be reconsidered due to the increased voltage
levels in the NPC bridge.

Then, optimal modulation solutions can be developed to
improve the performance of the DAB converters. Several
efficient modulation strategies have been proposed to reduce
the power losses of the traditional two-level DAB converters
based on the entire efficiency model or power loss model
[22], [23]. However, the obtained optimal solutions from those
methods are numerical since their models are dependent on
various factors, e.g., conduction and switching losses of the
semiconductors, copper and core losses of the transformer and
auxiliary inductor. Thus, those optimal solutions should be
calculated offline and pre-stored in a look-up table in micro-
controllers. To reduce the control complexity, some current-
related optimal control strategies, where the RMS current and
peak current were applied as the optimization objectives, have
been proposed since the current-related models are simpler
than the power loss or efficiency models [19], [24]-[31], as



shown in Table I. It can be seen from Table I that analytical
solutions were generally applied to two-level DAB converter
while numerical solutions were applied to the multi-level DAB
converters. That is because with the increased number of
control variables (i.e., DoFs), the optimization methods used in
two-level DAB converter are challenging to be applied to the
multi-level DAB converters. For instance, the expressions of
two phase-shift angles were obtained based on the numerical
solutions in the TPS control for the two-level DAB converter
in [27], and the last phase-shift angle can be directly obtained
by substituting the two phase-shift angles into the power
model. However, this method cannot be extended to the
NPC-based DAB converters with five-level control due to the
increased number of control variables. The control strategies
with numerical solutions have some limitations in practice as:
(1) the control strategies with numerical solutions require pre-
calculation of the optimal control variables offline and look-up
tables in the microcontroller. When the parameters (e.g., input
and output voltages) change, the optimal control variables
should be re-calculated, which results in heavy calculation
burdens; (2) the continuity of the control variables along
with the transferred power may not be achieved when using
numerical solutions, which will affect the dynamics (e.g., large
output voltage and current fluctuation) of the converter when
the transferred power changes in a closed-loop control system.

In light of the above, the three steps for optimal control are
comprehensively analyzed in this paper. Firstly, the operating
constraints for the 2/3-level DAB converters are derived based
on the switching characteristics analysis in Section II. With
the constraints, the power model and current stress model
under different operating modes are obtained in Section III by
using the equivalent-wave method to reduce the computational
burdens and simplify the modeling process. Subsequently,
in Section IV, a minimum-current-stress (MCS) modulation
scheme is proposed, in which the optimal analytical solutions
for the control variables are derived by combining the Karush-
Kuhn-Tucker (KKT) conditions and the numerical-solution
analysis. Furthermore, a closed-loop control system is de-
signed to modify the control variables along with the reference
transferred power/output voltage. In the closed-loop control
system, the input and output current sensors can be avoided.
Therefore, the hardware cost and the control complexity for
the 2/3-level DAB converters can be reduced. Experimental
results are given in Section V to verify the effectiveness of
the theoretical analysis. Finally, a conclusion is provided in
Section VI. The novelty of this paper can be summarized as:

o Operating constraints for the NPC-based DAB converters
are first discussed, which are applied to the control
strategies to avoid voltage and current distortions and
overshoots.

o An optimization method by combining the numerical-
solution analysis with the KKT conditions is proposed
to obtain the analytical solutions. In this method, the
numerical solutions are applied to determine certain oper-
ating modes where the optimal solutions are located and
simplify the constraints in the KKT conditions. By doing
so, the analytical solutions can be easily obtained.
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Fig. 3. A typical modulation scheme where the waveforms are dependent of
the current polarity. (a) Switching sequence for the NPC bridge. (b) Current
conduction path when ¢y, is positive during [A, B]. (¢) Current conduction
path when 4y, is negative during [A, B].

e A generic optimal control strategy is proposed to min-
imize the current stress and to improve the efficiency,
where the control variables can be automatically regulated
online and the optimum operation can be ensured even
when the operating parameters vary in a wide range. This
cannot be achieved in the previous control strategies for
the multi-level DAB converters based on the numerical
solutions [9], [30], [31], where the control parameters
should be pre-calculated.

This paper is extended from [32], where the operating con-
straints and power modeling were analyzed for the 2/3-
level DAB converters. Compared to [32], the proposed MCS
modulation scheme, and the experimental verification for the
operating constraints and the MCS modulation are presented
in this paper.

II. OPERATING CONSTRAINTS FOR 2/3-LEVEL DAB
A. Universal Operating Constraint for NPC-Based DAB

For the 2/3-level DAB converters, the terminal voltage v.q
of the NPC bridge can be two-level (v.q € {£V2}) [33], three-
level (veq € {0,£Va}) [8], four-level (veq € {£0.5Va, £V5})
[34], and five-level (v.q € {0,20.5V2, £V5}) [9], [10] de-
pending on the applied modulation strategies. Regardless of
the modulation strategies, the voltage v.; should not be
affected by the polarity of the inductor current 7y,. Otherwise,
the waveforms of v.4 and 77, will be distorted. For instance,
a modulation strategy with the switching sequence shown in
Fig. 3 (a) was proposed for capacitor voltage balancing [7]. It
can be seen that during the interval [A, B], the ON switches
are {Sa3, Sog }. If the inductor current 77, during this interval is
positive (from the primary side to secondary side), the current



TABLE 11
SWITCHING STATES FOR NPC BRIDGE

Switching state|ON switches (first arm)|ON switches (second arm)|{vey, /Vgn
[P] {S21,S22} {S25,S26} Va
[O] {S22,S23} {S26,S27} 0.5V2
[N] {S23,S24} {S27,S28} 0

will flow through D3, Sog, So3 and Do, as shown in Fig. 3 (b).
Thus, the voltage v.q during this interval is 0. On the other
hand, if the inductor current during this interval is negative,
the current will flow through Doy, D23, Dog and D5, as shown
in Fig. 3 (c), and the voltage v.q is —V5. Therefore, although
the switching sequence keeps constant, the voltage v.q will
change with different inductor current polarity. The polarity
of the inductor current is difficult to be determined online,
because it is affected by the phase-shift angles, duty cycles
of the gate-driving signals, two-side DC voltages, and so on.
Thus, the voltage distortion can easily occur when applying the
modulation scheme in [7], especially when the zero-crossing
point of the inductor current 77, changes during the interval [A,
B]. In addition, the inductor current will be further affected
by the change in the voltage v.4 according to the expression
of iy, i.e.,

diL(t) - ’Uab(t) — vcd(t)/n

a L

Moreover,the transferred power of DAB converters is ex-
pressed as

(D

1 Ths
T / Vap(t)ig (t)dt 2
s JO

which will also be affected by the polarity of the inductor
current, and thus, it will significantly increase the complexity
of power modeling and reduce the reliability of the modulation
scheme.

To avoid the above issues, the employed switching states
should ensure that the voltage v.; is independent of the
inductor current polarity. Therefore, the possible switching
states which satisfy the above description are summarized
in Table II, where v.,/vg, denotes the voltage between the
midpoint c¢/d of each arm and the negative pole n in Fig. 2.
Thus, the switching sequence should be the combinations of
the switching states in the first and second arms shown in Table
II (e.g., [PP]), i.e., the ON switches should be {Sa;, So(i11)}
(i =1, 2, 3 for the first arm, and ¢ = 5, 6, 7 for the second arm)
during any interval. This principle is defined as the universal
operating constraint for the NPC-based DAB converters with
all phase-shift control strategies.

P:

B. Operating Constraints for the Five-Level Control

Based on the above analysis, a five-level control scheme
shown in Fig. 4 is employed for the 2/3-level DAB converters,
in which T} is half of a switching cycle, véd = Ueq/n
denotes the secondary-side voltage v.q after being converted
to the primary side. The transferred power of the converters
is controlled by the four control variables Dy, D1, D, and
D, where Dy, D;, and D, are the phase-shift ratios between
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Fig. 4. Waveforms for 2/3-level DAB converters with the five-level control.

S14 and Si1, Se7 and Sip, and Soo and Sip, respectively,
and D is the duty-cycle ratio of the gate-driving signals for
the secondary-side switches. The ranges of the four control
variables are defined between 0 and 1. It should be noted that
whether D5 is larger or less than Dy, the waveforms of vy,
Ved, and 77, remain unchanged, which means the performances
of the converters will be the same with different relationships
between Dy and Dy. A similar condition applies also for the
relationship between Do and Dy + D. Therefore, to simplify
the modeling, only the condition Dy < Dy < Dy + D is
considered.

Moreover, as shown in Fig. 4, Ds + D is the largest phase-
shift ratio, whose maximum value should be further discussed.
Fig. 5 shows the waveforms under the condition Dy+D > 1+
Dy, from which, it can be seen that the highest voltage levels
+V5 will not appear. That is because the switching state which
can achieve the positive highest voltage level, i.e., v.q = V5, is
[PN], and which can achieve the negative highest voltage level,
i.e., veqg = — Vo, is [NP]. However, if Do+ D > 1+ Dy, the two
switching states [PN] and [NP] will not be utilized. As a result,
the voltage waveform with the five-level control scheme will
in fact be limited to three levels, and the power transmission
capability will also be reduced. Based on the above analysis,
the operating constraints for the five-level control scheme can
be summarized as

0<D <1
3)
0<Dyg< Dy <(Dy+D)<(D2+ D)< (14 Dy)

III. MODELING OF 2/3-LEVEL DAB CONVERTERS
A. Unified Transferred Power Model

From Fig. 4, it can be seen that the voltages vy, and v.q
are three-level and five-level symmetric square waves, respec-
tively. Therefore, the waveform of the inductor current 7y, is
divided into various intervals with different slopes according
to (1). In the traditional modeling, to calculate the transferred
power, the current slopes and values during different intervals
should be calculated separately, and then integrated piece by
piece according to (2). Thus, the traditional method will lead
to a heavy computational burden when being applied to 2/3-
level DAB converters.
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Fig. 6. Equivalent waves for the terminal voltages v, and v.q4. (a) Equivalent
waves for v,p. (b) Equivalent waves for v.q.

In the equivalent-wave modeling method, the waveforms of
vap and v.q can be decomposed into two and four square waves
with 50% duty cycle, respectively, as shown in Fig. 6. S(t)
denotes the basic wave whose period is equal to the switching
period 2T}, and the amplitude is 0.5. The other waves are
obtained by phase shifting S(¢), and denoted as S(t — xTys),
where x is the phase-shift ratios. For the primary-side voltage
Vgap, the phase-shift ratios are 0 and D;, and thus, it can be
equivalent to two square waves S(t) and S(¢t — D1Tps). On
the other hand, four different phase-shift ratios appear in the
secondary-side voltage v.4, i.e., Do, D2, Do + D, and Dy +
D. Therefore, the waveform of v.4 can be decomposed into
four equivalent waves: S(t — DoThs), S(t — D2Ths), S(t —
DoThs — DThS), and S(t — DTy — DThS). In this way,
the equivalent circuit of the 2/3-level DAB converter can be
depicted as shown in Fig. 7.

According to (1) and Fig. 7, the inductor current ¢;, can be
expressed as

1 2 4
i) =7V ;Tr(t — 2Ths) — ;/—Z ;Tr(t — 2 Ths)
“)
where z; € {0, D1} (i = 1,2) denotes the phase-shift ratios
in the primary side, and z; € {Dy, D2, Do+ D, Dy + D}
(J =1,2,3,4) denotes the phase-shift ratios in the secondary
side. T}-(t) is the integration of S(t), whose expression during

+ ([U) 0.5V:S(-D T,/
(L)) 0.5V38(-DTi-DT 1)/
@) 0.5V35@-D:Tiyin
_ () 0.5V28(-D:T,-D T/

vea(t)/n
ViS(t-D1Tjs)

Fig. 7. Equivalent circuit of the 2/3-level DAB converter by using the
equivalent-wave method.
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A=DiT) B=xT,, A=DiTy B=xTi ~
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Fig. 8. Two conditions for calculating the transferred power: (a) D1 < z;,
and (b) D1 > z;.

one switching cycle can be given as

0.5t — 0.25T},, 0<1t<Ths
T,(t) = &)
—0.5t + 0.75Ts, Ths <t < 2Ths
Combining (2) and (4), the unified expression of the trans-
ferred power can be obtained as

4

—V]_‘/Q /T}Lc
pPp=__"-< T.(t — x;Ths)dt (6)
2L, Ths “ I, (¢~ 2iThe)

B. Transferred Power and Current Stress Expressions During
Each Operating Mode

From (6), it can be seen that two conditions should be
discussed when calculating

Ths
/ T, (t — a;Ths)dt )
D1 Ths

ie, D; < x; and D; > x;, as shown in Fig. 8. Under
the condition D; < z;, two intervals [D1T},, x;Ths] and
[2;Ths, Ths] should be considered due to the piecewise expres-
sion of T,.(t — z;), as shown in Fig. 8 (a). On the other hand,
under the condition Dy > x;, only one interval [D;T},,, T},]
should be considered, as shown in Fig. 8 (b). Based on (5),
the integration of the two conditions can be calculated as

Ths
/ Tr(t — ijhs)dt =
D1Ths

0.25(227 + D} — 22;D1 — 2x; + D1)Ty,, D1 < =;
0.25(—D3 + 2x; D1 — 22, + D1)Tj,,

(®)
Dy > Z;

Therefore, with different relationships between D; and the
four phase-shift ratios x; (7 = 1,2, 3,4) in the secondary side,
the power expressions will change, and the DAB converter
operates at different modes. According to the operating con-
straints of the control variables (i.e., Eq. (3)), the relationships
among the four phase-shift ratios in the secondary side is



TABLE III
NORMALIZED PEAK CURRENT MODEL FOR 2/3-LEVEL DAB CONVERTERS WITH THE FIVE-LEVEL CONTROL

Modes Normalized peak current model ig
0<k<05 05<Ek<1 k>1
Mode 1
Mode 2 | 2[—kD1+2kDo+ (2k—1)D —k+1] | 2[-kD1+ (2k—1)Da+ Do+ (2k—1)D—k+1] | 2[-kD1+ D2+ Do+ D + k —1]
Mode 3
Mode 4
Moda 5 | 2|kD1 — D — k+1] 2|kD1 — D — k+1] 2[—kD1+ D2+ Do + D + k — 1]

determined as Dy < Dy < (Dg+ D) < (D3 + D). Therefore,
under different relationships between D; and x;, five operating
modes can be divided as

Dy < Dy < Dy < (Dg+ D) < (Dy + D), Mode 1
Dy < Dy < Dy < (Dg+ D) < (Ds + D), Mode 2
Dy < Dy < Dy < (Dg+ D) < (Dy+ D), Mode 3 (9)
Dy < Dy < (Dg+ D) < Dy < (Dy+ D), Mode 4
Dy < Dy < (Do + D) < (Dy + D) < Dy, Mode 5

The voltages and current waveforms under the five operating
modes are shown in Fig. 9. Note that these five modes are
obtained under the constraint that all of the phase-shift ratios
are no larger than 1. Without this constraint, there will be
more modes, e.g., Mode 6 and Mode 7 in Fig. 10. However,
these modes will not broaden the power-transfer range, and the
performance of the DAB converter will be decreased, e.g., the
peak current will be increased. Therefore, Modes 1 to 5 are
discussed for minimizing the current stress. Subsequently, the
transferred power of each mode can be calculated according
to (6) and (8). For instance, D1 < x; (j = 1,2, 3,4) for Mode
1, the transferred power is obtained as

4
2%
r= ﬁ Z 0'25(23:? + D} — 22D — 2z + Dy)T7,
T S ]:1

Vi VaThs
= %Lh(fpf — D2 - D2 - D?+ DDy + DDy
+ D1D — DD — DyD — Dy + Dy + Dy + D)
(10)

In a similar way, the transferred power for other modes
can be obtained as shown in (11). The normalized power is
defined as Py = P/Py, where Py = ViVoT)s/(4nLy) is
the maximum transferred power of the DAB converters. In
this way, the relationship between D; and z; is the only
factor to be considered for calculating the power expressions
in different operating modes instead of the current slopes and
values during various intervals as in the traditional modeling
method.

Furthermore, the peak value of the inductor current 7y, for
the 2/3-level DAB converters can be calculated according to
(4) and (5). It can be seen from (1) that the peak current will
appear at different time in a switching cycle under various
relationships between v,;, and v, (i.e., vcq/n). For instance,
the peak current for Mode 1 appears at: 1) t = (Do + D)Ths
when 0 < k < 0.5, 2) ¢t = (Dy + D)Ths when 0.5 < k < 1,
and 3) ¢t = T},s when k > 1, where k is the voltage conversion

I
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Fig. 9. Waveforms of the 2/3-level DAB converters under: (a) Mode 1, (b)
Mode 2, (¢) Mode 3, (d) Mode 4, and (¢) Mode 5.
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Fig. 10. Waveforms of the 2/3-level DAB converters under: (a) Mode 6:
D1 < Dg < Dy <1< (Do+ D) < (D2 + D), and (b) Mode 7:

D1 < Do <1< D2 <(Do+ D) <(D2+ D).

ratio, which is defined as £ = nV;/V,. The normalized
peak current of each mode under different ranges of the
voltage conversion ratio k£ is shown in Table III. Note that
the normalized peak current is defined as 79 = i,,/In, where
ip is the peak current, and Iy = VoT},s/(4nLy).

IV. PROPOSED OPTIMAL MODULATION TO MINIMIZE THE
CURRENT STRESS

From the transferred power model in (11), it can be seen
that to achieve a certain reference transferred power, different
combinations of the control variables D1, D5, Dg, and D can
be employed. However, with these variables, the current stress
will be different (see Table III). Therefore, it is necessary to



2(—D — D2 — D?>+ DDy + DDy + D1 D — DyD — DoD — Dy + Dy + Do + D), Mode 1
2(— 05D2 D2 0.5D2 — D* 4+ DDy + D1D — DoD — DyD — Dy + Dy + Do+ D),  Mode 2
Py =1{2(-0.5D3 — 0.5D3 — D*> 4+ D1D — DyD — DyD — Dy + Dy + Dy + D), Mode 3 (11)
2(0.5D7 — 0.5D3 — 0.5D* — D1 Dy — DyD — Dy + Dy + Dy + D), Mode 4
2(D? — D1Dy — D1Dy — DD — Dy + Doy + Dy + D), Mode 5
tomatically when the operating conditions change. Therefore,
the analytical solutions are more suitable in practice.
1 The KKT conditions are popular for acquiring the analyt-
o ical solutions for the optimization problems, which can be
% 0.8 described as
% m
o . *
B 06+ E(X, A i) = io(X) + MPo(X) = P) + > pifi(X)
N i=1
§04 oL =0,u: fi(X*) =0, fi( X*) <0,AN#0,u; >0
= 8XX:X*_’MZZ — Yy Je = Y, muz,
08" 1 (13)
' 04 where E(X, A\ p;) denotes the Lagrangian, X* =
Do 0 0 0 D (D3, D3, D, D*) denotes the optimal solutions, A and p; are
the KKT multipliers.
Fig. 11. Normalized transferred power range for Mode 1 (D1 = 0.1, D =

0.2) and Mode 2 (D1 = 0.2, D = 0.3).
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Fig. 12. Calculating process for the analytical optimal solutions.

discuss the optimal combinations of the control variables to
minimize the current stress during the entire power range.

A. Optimal Solutions for Minimizing the Current Stress

The optimization problem for minimizing the current stress
can be described as

min  io(X)
fi(X)<0,i=1,2,---m

where X = (D1, Dy, Dy, D) indicates the set of the control
variables, Pj is the reference transferred power, and f;(X) is
the set of the operating constraints. Analytical solutions and
numerical solutions are two types of solutions for such an
optimization problem. The numerical solutions are generally
employed in the applications where the reference transferred
power/output voltage varies in a narrow range. Otherwise,
a heavy computational burden and extra memory of the
microcontroller for pre-storing the numerical solutions will be
required. On the other hand, the analytical solutions, which
are expressed by the transferred power F, and the voltage
conversion ratio k, can realize the online optimal control au-

The transferred power ranges during different operating
modes may coincide, i.e., for a certain transferred power,
different combinations of the control variables can be applied,
and the DAB converters will operate under different modes
according to (9). For instance, Fig. 11 shows the ranges of
the normalized transferred power Py for Mode 1 and Mode 2,
where the control variables D; = 0.1, D = 0.2 is applied in
Mode 1, and D; = 0.2, D = 0.3 is applied in Mode 2. It can
be seen from Fig. 11 that various control variables in the two
modes can realize identical transferred power in certain ranges.
Thus, there will be two steps to obtain the optimal solutions
for minimizing the current stress: 1) the optimal solutions
(D3, D3, D, D*) and the corresponding peak current during
each operating mode should be obtained, which are defined
as local optimal solutions and local minimum peak current;
2) the local minimum peak current should be compared
among different operating modes to obtain the global optimal
solutions. Furthermore, obtaining the analytical solutions by
directly utilizing the KKT conditions will be challenging, due
to four control variables and various operating constraints
((3) and (9)). To simplify the calculating process, at first, the
numerical solutions are employed to compare the local optimal
solutions in each operating mode. In this way, the global
optimal solutions in different power ranges can be located in
certain operating modes. In all, the steps for obtaining the
analytical optimal solutions is summarized in Fig. 12. The
calculating process for the condition 0 < k < 0.5 will be
detailed, while that of the other conditions 0.5 < k < 1 and
k > 1 can be analyzed similarly.

Fig. 13 depicts the curves of the local minimum current
stress in each mode, which are calculated by Mathematica.
As shown in Fig. 13, two power boundaries P4 and Pp
divide the entire transferred power into three ranges. When
Pp < Py < 1, the local minimum current stress of Mode 1
is lower than that of any other mode, which means the global



optimal solutions during this power range are located in Mode
1. Similarly, when P4 < Py < P and 0 < Py < Py,
the global optimal solutions are located in Mode 2 and
Mode 3, respectively. Furthermore, the local optimal numerical
solutions corresponding to the minimum current stress in
Mode 1, 2, and 3 under the three power ranges are shown
in Fig. 14, which is also the global optimal solutions during
the entire range. The process to obtain the analytical solutions
can be further simplified according to the characteristics of the
numerical solutions. For instance, it can be seen from Fig. 14
that with different voltage conversion ratio k, D} = 0 can be
satisfied during P < Fy < 1. Therefore, when calculating
the analytical solutions of Mode 1 by using KKT conditions,
D7} = 0 can be substituted to (13). Similarly, Dg = 0 holds
when calculating the analytical solutions of Mode 2 and Mode
3 during P4 < Py < Pg and 0 < Py < Py, respectively. It
should be noted that the numerical solutions are only utilized
to locate the optimal solutions and simplify the calculating
process. Ultimately, the 2/3-level DAB converters will operate
with the analytical solutions.

With the above analysis, the KKT conditions for Mode 1
are expressed as

E =2[2kDo+ (2k — 1)D — k4 1] + A\[2(-D3 — D?
—D? — DyD — DyD + Dy + Dy + D) — Py)]
+p1(Do — D2) 4 po(D2 — Do — D)
+p3(Dy + D — 1) + pa(—Do)

OF OF OF

3b: =% 35 =% 5p =0

N0, >0,i=1,2,3,4

p1(Do — D2) = 0, p2(Dy — Do — D) = 0,

p3(D2 + D —1) =0, pa(—=Dg) = 0, Dy — Dy <0,

Dy—Dy—D<0,Dy+D—1<0,—Dy <0

(14)

Furthermore, from the numerical solutions shown in Fig. 14,

it can be seen that the constraints f;(X*) < 0 (i.e., Dg—D3 <

0, Do —Dy—D <0,Dy4+D—1<0,and —Dy < 0) are

satisfied during Pg < P < 1. Due to u;f;(X*) = 0, it can

be derived that y; = 0 (z = 1,2,3,4). Thus, (14) can be
simplified as

OF

— =2X\(-2Dy—D+1)=0

8D2 ( 2 +) ’

OF

—— =4k +2X(-2Dy— D +1)=0 15
8D0 + ( 0 +) 3 ( )
OF

55 = 22k —1)+2X(=D2 = Dy —2D +1) = 0,

from which, the relationships among the optimal control
variables can be obtained as

. ., 1=D 1  k+1
D1:0,D2:T,DO:*+

71)*
2 2(k—1)

(16)

Combining (16) with the power of Mode 1 in (11), the optimal
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Fig. 13. Curves of the local minimum current stress in each mode with
different voltage conversion ratios. (a) K = 0.2. (b) £k = 0.4.
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Fig. 14. Curves of the global optimal numerical solutions with different
voltage conversion ratios. (a) k = 0.2. (b) k = 0.4.

analytical solutions of Mode 1 can be obtained as

Dr =0,
1 1-k 1- P
D;:** 0 )
2 2 V3 —2k+1
Mode 1 : D L 1+ [ 1-PR (17)
079 2 3k2 —2k+ 1’
1- P
D*=(1—k)/ =
( ) 3k2 — 2k + 1

In addition, the obtained analytical solutions should satisfy the
operating constraints of Mode 1, i.e., 0 < D; < Dy < Dy <
(Do + D) < (D2 + D) < 1. Accordingly, the power range for
the optimal analytical solutions in Mode 1 can be calculated
as

2k(2 — k) “p <1

e ST0E 4

In a similar way, the relationships among the optimal control
variables in Mode 2 can be calculated as

14k :
pi=-"Cp _1p;= " ppr=o

1
1-k 1-k (19)

Combining (19) with the power expression (i.e.,(11)) and the
operating constraints (i.e.,(9)) of Mode 2, the optimal solutions
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Fig. 15. Comparative curves between the numerical solutions and the
analytical solutions with different voltage conversion ratios. (a) k = 0.2.
(b) k =0.4.

and power range can be obtained as

N 1-F
Pi=0+ Ry g —op 1 b

D; =k 252 oL L1 S = 0,
Mode 2 Sk — 2k * 1P (20)
D" =(1—k))—" "0
( ) V 3k2 —2k + 1
2k(2 — k)
k(2—-3k)< Py < ——
2=3k) <P s 773
Furthermore, for Mode 3, the relationships among the

optimal control variables are obtained as
v« 2k—1+(1—Fk)D*
e k
Similarly, the optimal solutions and the corresponding power
range can be obtained as

2y

,D;:]_—D*7D8:0

Py
Di=1—-(1-k
N kP, .
Mode 3: ¢ D2 =/ 57—, Do =0, (22)
kP,
D*=1-—
2 — 3k’
0< Py < k(2—3k)

From the power ranges in (18), (20), and (22), it can be
seen that the optimal solutions of the three modes can cover
the entire power range (i.e., 0 < Py < 1), and the power
ranges between different modes are seamless. Therefore, the
two power boundaries in Fig. 14 can be obtained as

2k(2 — k)
(k+1)2

To verify the effectiveness of the optimal analytical solu-
tions, the comparative curves between the numerical solutions
and the analytical solutions are illustrated in Fig. 15. It
can be seen that the curves of the analytical solutions and
the numerical solutions are well aligned, which means the
obtained analytical solutions are global optimal solutions for
minimizing the current stress. In addition, Fig. 16 shows
the comparative curves of the power boundaries P4 and Pg

Pa=k(2—3k),Pp = (23)

0.7
o 0.6
.
gos
204
=}
o3
= — Pa (analytical)
£ 0.2 — Pg (analytical)
So1 * Py (numerical)
-+~ Pg (numerical)
0 0.1 0.2 0.3 0.4 05

Voltage conversion ratio k

Fig. 16. Comparative curves of the power boundaries P4 and Pp between
the numerical solutions and analytical solutions.
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Fig. 17. Closed-loop control system for minimizing the current stress during
0<k<0.5.

between the numerical and analytical solutions, where it can
be seen that the two curves are also well aligned, and the
expressions of P4 and Pp in (23) are the boundaries which
divide the three operating modes under different power ranges.
Furthermore, it can be seen from Fig. 15 that at the two power
boundaries P4 and Ppg, the control variables can transfer
from one operating mode to another seamlessly, which means
the converters can transfer between different power ranges
smoothly by using the proposed analytical solutions.

The optimal analytical solutions during 0.5 < £ < 1 and
k > 1 can be obtained with the similar analysis, which
are summarized in Table IV. Note that although the optimal
modulation is proposed based on the five-level control scheme,
in some conditions, the voltage levels of the voltage v.q will be
less than five. For example, it can be seen from Table IV that
during k > 1 and 2(k — 1)/k? < Py < 1, the duty-cycle ratio
D is 0, and the phase-shift ratio D5 is equal to Dy. In such
a condition, the voltage v.q4 is a two-level square waveform,
which is similar to that in the SPS and EPS control strategies.

B. Closed-Loop Control

With the obtained analytical solutions as shown in Table IV,
the optimal combination of the control variables to minimize
the current stress can be determined under any transferred
power. However, if the transferred power P, is directly utilized
to calculate the control variables, the online regulation of the
control variables along with the operating conditions is still
difficult to be achieved, due to the nonlinearity of the analytical
solutions. Therefore, the closed-loop control system should be
further simplified.

Fig. 17 shows the simplified closed-loop control structure
for the minimum-current-stress (MCS) control scheme during
0 < k£ < 0.5, in which Vy,..y denotes the reference output



TABLE IV
OPTIMAL SOLUTIONS FOR THE MINIMUM-CURRENT-STRESS (MCS) CONTROL SCHEME WITH DIFFERENT VOLTAGE CONVERSION RATIOS

Optimal control variables
Ranges of k Transferred power ranges
D} D} D D*
k k
1— (1 — k) tew \/ 2o 0 1— /220 0< Py < k(2—3k)
<o0. _1-Pp _1-Pg _ __1-Pg _ 2k(2=k)
0<k<05 | (14k))/gmrir VT 0 (- k) gt k(2 = 3k) < Pp < 2205
1_1-k [ 1-Py 1 _ 14k [ 1-Pg _ _1-Py 2k(2—k)
0 2 2 3K2 2kt 2 2 362 —2kt1 (1—Fk) 3K2 —2k11 et D)2 <P <1
P, (1—Fk) P, P,
1 —ky/ oo V/ S2pe 0 1 - by a=meeen 0<P<(1-FEBk—1)
X 1— P 1—P, i—P 2
05<ksl] 2-hygmam -t | O-kM/seaus 0 -k | A-REk—1) <P < F055)
1_k [ 1=Po | 1, k=2 [ 1-Py _ k). /—2=Po 201-k%)
0 2~ 2\ 3K2_ak+t2 2t 5 3k2_dk+2 (1-Fk) 3k2—4k+t2 Gom? < Pos<1
P, (k—1) P, (k—1) P, X P, 2(k—1)
> 1 - Vaen == V&P 1 —ky/ 5521y 0<Po< =7
_ 1—Pg k—2 1—Pg 1 k—2 1—Pg 1 2(k—1)
k=D 7oz 2 W22k T2 2 W2 —oni2 T2 0 w2 <fos1
voltage, and x denotes the output signal of the proportional- TABLE V
integral (PI) controller. Above all, the ranges of the voltage MCS SOLUTIONS WITH SPS AND TPS CONTROL STRATEGIES
conversion ratio k should be determined by detecting the
input and output voltages. However, during the start-up, the ControlRanges of k Optimal control variables Power ranges
P . . . 1—/1—P,
initial output voltage is O, and thus, the voltage conversion SPS | whole Dy = —5—= 0<P <1
. . N . A - —
ratio k w1111 be Vmﬁmte. 1In c(;r(lljer tlcl) aV(;ld this m;pac%,/ the Df=1- /m 0 < P < 206 — k)
F)utput vo tage V5 is replace by t e reference value Varef Di=0,D; = kD — k41
in practice. Subsequently, the signal x is utilized to realize the k<1 Py =
optimal control under different power ranges. For instance, 0Tz 2h% —2k+1 2k —k®) <Py <1
during 0 < k < 0.5, it can be seen from Fig. 14 that D*  [pg Di=0,D;=@k—-1)D5 —k+1
is monotonically decreased along with the transferred power D} =1— /502y 0< Py < 20
Py during the entire power range. Therefore, D* is expressed ot D = (k—1)(1— D}),D} = D} -
by 1 — x to realize the closed-loop control. According to the > . _ TP,
. . . . . Df =(k—1) k2 _2k+2 2(k—1)
relationships among the optimal control variables as shown in s ! S <P <1
. D =D3=+=2Dr 41
(16), (19), and (21), the other three control variables D}, D3 9 2 2k-2 71 2

and D§ can be obtained. Furthermore, the boundaries of x
should be addressed corresponding to the power boundaries.
For the two power boundaries during 0 < k£ < 0.5 as shown
in (23), the corresponding values of D* can be calculated as
D*=1—kand D* = (1 —k)/(1 + k) at the two power
boundaries. Therefore, the two boundaries of x can be obtained
asz = k and z = 2k/(1+k) due to D* = 1—z. With a similar
analysis, the closed-loop control system during 0.5 < k£ < 1
and k£ > 1 can be obtained.

In conclusion, the expressions of the control variables can
be simplified compared to the original expressions shown in
Table IV. In addition, the ranges of the signal x can indicate
the power ranges, which means the load-current sensor for
detecting the transferred power is not required. Therefore, the
hardware cost and the modulation complexity can be reduced
by employing this closed-loop control system.

C. Current Stress Comparison Among Various Strategies

In addition to the five-level control strategy, the MCS
modulation have also been discussed based on other multi-
phase-shift control strategies, e.g., EPS, DPS, and TPS control.
It has been verified that among these multi-phase-shift control
strategies, the optimal modulation scheme based on TPS con-
trol can achieve the best performance, e.g., minimum current
stress, and highest efficiency [2], [26]. Thus, the comparison of

the peak current under TPS control, traditional SPS control,
and five-level control are performed. The waveforms of the
voltages and inductor current, and the control variables under
SPS and TPS control are given in Fig. 18. With a similar
optimal process, the optimal solutions for the MCS modulation
under the SPS and TPS control are obtained as shown in
Table V. Furthermore, the current stress with the SPS control,
TPS control, and five-level control can be obtained based on
the optimal solutions and peak current expressions, as shown
in Table VI, where the power ranges correspond to those in
Tables IV and V. It can be seen from Table VI that during
k > 1, the peak current with the TPS control and five-level
control strategies is identical. The comparison of the current
stress with various control strategies is illustrated in Fig. 19,
where it can be seen that the MCS modulation with the five-
level control can achieve the lowest current stress during the
whole power range under various k.

D. ZVS Discussion

To investigate the ZVS regions of the 2/3-level DAB con-
verter under the proposed control strategy, the ZVS constraints
of all switches should be explored. In order to achieve ZVS
operation, the inductor current should be larger than a certain



TABLE VI
CURRENT STRESS COMPARISON AMONG VARIOUS STRATEGIES
Strategies | Ranges of k£ | Power ranges Current stress ¢
SPS k<1 whole 2(1 — k1 — Py)
k>1 whole 2(k — /1 - Py)
low 2/2k(1 — k)P,
k<1 ( ) Po
high 2(1 — /(2k2 =2k + 1)(1 — P
1ps g (1= V1 0= 7))
low 2+/2(k — 1)P
k> 1 V2( )Po
high 2(k — /(K2 =2k +2)(1 — P))
low 2k(2 — 3k) P
k<0.5 medium | 2(1 — /(3k2 — 2k + 1)(1 — Pp))
high 2(1 - /(3k2 — 2k + 1)(1 — Py))
low 2+/(—3k? + 4k — 1) Py
Five-level
05<k<1| medium |2(1—+/(3k2—4k+2)(1— P))
high 2(1 — \/(3k2 — 4k + 2)(1 — Py))
low 2+/2(k — 1) P
k> 1 V2( ) Po
high 2(k — +/(2k% — 2k + 2)(1 — Po))
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Fig. 18. Typical waveforms with: (a) SPS control, and (b) TPS control.
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Fig. 19. Current stress comparison with different control strategies: (a) 3-D
comparison with various k and Pp. (b) 2-D comparison with various Py under
fixed k.

value to ensure the parasitic capacitors of the switches can be
fully discharged before the switches are turned on, i.e.,

1 1

5LSI%1 >2- §CPV127 primary side

1 1 Vs (24)
§LSI%2 >4 iCp(?)z, secondary side

where I71 and [, are the inductor currents at the switching
instance, and C), is the parasitic capacitance of the switches

[30]. Therefore, the ZVS constraints for various switches can
be obtained as

S11&S12 i (t = 0) < —/2C,V32/ L,
S15&S14 s in(t = DiThs) < —\/20,V2/L,
S91&S24 iz (t = (Do + D)Ths) > \/CyV2/ Ly
S20&Sa3 1 ir,(t = DoThs) > 1/ CpVE/Ls
So6&Sa7 ir(t = DaThs) > \/CpVE/Ls
So5&Sas :ir(t = (Do + D)Ths) > 1/C,VE/Ls

The inductor current at the switching instance can be
calculated according to (4) and the control variables (as shown
in Table IV). For instance, under the condition 0 < k£ < 0.5
and 2k(2 — k)/(k + 1) < Py < 1, the inductor current can
be obtained as

T
ip(t=0) =ip(t = DiThs) = ’”LVQ (kM — k)
Ths Vi
ir(t = (Do + D)Tys) = 2’; 2 ((—3k> 42k — 1)M + 1)
. o _ Ths‘/2
ir(t= DoThs) = SnL. (—(K*+k+1)M +1)
. ThsVQ 2
= DyTp) = (K= 1)M +1
’LL(t 2 hb) onL, ((k ) + )
Ths‘/Q

iL(t = (DQ —+ D)Ths) =

1—- Py
M=\ —ar+1

(26)
Combining (25) and (26), the ZVS constraints for all switches
under the condition 0 < k < 0.5 and 2k(2 — k)/(k + 1)2
Py < 1 can be verified, and then, the ZVS conditions can
be obtained as: 1) during 2k(2 — k)/(k+ 1)2 < Py < 1 —
(3k% — 2k + 1)/(k®> + k + 1)?, the ZVS constraint for Soo
and So3 in (25) cannot be fulfilled, and thus, Sso and Sz
cannot operate in ZVS, while the other switches can work in
ZVS since their ZVS constraints can be fulfilled; 2) during
1—(3k* =2k +1)/(k* +k+1)? < Py < 1, all switches can
operate in ZVS. In a similar way, the ZVS constraints for all
operating conditions under the proposed control strategy can
be obtained, as summarized in Table VII.

As the main aim of this paper is to propose a generic
and simplified control strategy for the applications where the
operating conditions/parameters vary in a wide range, the ZVS
constraints are not considered during the optimization. That is
because it will be very challenging to obtain the analytical
solutions if both the ZVS and minimum current stress are
applied as the optimization objectives for the multi-level DAB
converters with five-level control (i.e., increased number of
control variables and more complex constraints). As is to say,
the efficiency of the DAB converter and control complexity
are compromised in the proposed modulation strategy to suit
the applications where the operating parameters vary in a
wide range. If the two optimization objectives are required
to be achieved for the multi-level DAB converters in certain

(K 4+ k—1)M+1)

2nL




TABLE VII
ZVS CONDITIONS FOR ALL OPERATING CONDITIONS UNDER THE PROPOSED CONTROL STRATEGY
Ranges of & Ranges of Py ZVS conditions
2
0<Ph<1-— % S13, S14, S22, and S23 operate in non-ZVS; the others operate in ZVS
T 3
0< k<05 1_ % <Py<1- % S22 and So3 operate in non-ZVS; the others operate in ZVS
1-— Bk2-_2k+1 <Py <1 all switches operate in ZVS
(k:2+k+1)2 0> p
2
0< Py < 7_11éfk1)02k+1 S13, S14, S22, and S23 operate in non-ZVS; the others operate in ZVS
2 _ 1.2
05<k<1 % < Py < % S22 and Sa3 operate in non-ZVS; the others operate in ZVS
2
2((21::); <P <1 all switches operate in ZVS
k> 1 0< Py < % S13, S14, S21— S2g operate in non-ZVS; the others operate in ZVS
>
2(127;1) <P <1 all switches operate in ZVS

TABLE VIII

MAIN PARAMETERS OF THE EXPERIMENTS
Parameters Values
Rated power P 2.5 kW

Transformer turns ratio n 2
Series inductor Lg 100 uH
Input DC-link capacitors C 680 uF
Output DC-link capacitors C, C'3 680 uF
Switching frequency f 10 kHz

Power switches (IGBT) Semikron SK35GB12T4

" _DC source

Fig. 20. Experimental setup of a 2/3-level DAB converter.

applications, there are two potential solutions, i.e., 1) the
numerical solutions can be pre-calculated and then stored in
a look-up table in microcontrollers. However, this method
is mainly suitable for the applications where the operating
parameters vary in a limited range; 2) the curve fitting can be
used to obtain the analytical solutions based on the numerical
solutions. Yet, the accuracy of the optimum control may be
affected with the fitting curves. The above is of interest to
further improve the efficiency of the 2/3-level DAB converter.

V. EXPERIMENTAL RESULTS

To validate the above analysis and the effectiveness of the
proposed MCS control scheme, a hardware setup is developed
as shown in Fig. 20, which is controlled by a dSPACE
MicroLabBox. The main parameters of the prototype are
shown in Table VIIIL.
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A. Operating Constraints Verification

Fig. 21 shows the experimental results for the example
in [7], whose switching sequence was shown in Fig. 3 (a).
According to the aforementioned analysis, during the interval
[A, B], the switching state fails to meet the universal operating
constraint. Therefore, we mainly focus on the performance of
the DAB converter during this interval. In Fig. 21 (a), the
input voltage is 100 V, the DC load is 78 €2, and the control
variables are: D1 = 0.05, Dy =0.15, and D = 0.2 (three control
variables are employed in this modulation). As shown in Fig.
21 (a), the zero-crossing point of the inductor current ¢, occurs
before point A. In this condition, the voltage v.4 changes from
—V5 to —0.5V; at the falling edge of the gate-driving signal
for So4 (i.e., point A). Therefore, the voltage waveform is only
determined by the switching sequence without being affected
by the zero-crossing point of the inductor current. On the



other hand, in Fig. 21 (b), the primary-side inner phase-shift
ratio D; increases to 0.2, and the secondary-side switching
sequence keeps constant. In this condition, the zero-crossing
point changes along with the transferred power, and occurs
during the interval [A, B]. As a result, the voltage v.q4 changes
from —V, to —0.5V; at the zero-crossing point instead of
point A, which means the voltage waveform is affected by the
current polarity. This example indicates that, since the switch-
ing state fails to satisfy the universal operating constraint, the
waveforms may be affected by the inductor current polarity
although with the same secondary-side switching sequence. As
a result, the operating state analysis and power modeling will
be very complex. Therefore, the proposed operating constraint
should be satisfied to decouple the voltage waveform from the
current polarity in practice.

Another example indicating the operating constraint Dy +
D < 14Dy (i.e., Eq. (3)) is shown in Fig. 22, where the input
voltage is 150 V, the output voltage is 300 V, and the DC load
is 115 Q. In Fig. 22 (a), the control variables are Dy = 0.25, D5
=0.15,Dy=0.1,and D =0.25 (Dy+D < 14 Dy is satisfied).
It can be seen from Fig. 22 (a) that the waveform of the voltage
veq 18 five-level. On the other hand, when Dy + D > 1+ Dy,
the experimental waveforms are shown in Fig. 22 (b), where
D1 =025, Dy =05, Dy =0.1, and D = 0.7. As shown in
Fig. 22 (b), the waveform of the voltage v.q4 becomes three-
level, whose highest voltage levels V5 are replaced by O,
which corresponds to the theoretical analysis in Section II.
In addition, the peak current increases from 9.4 A in Fig. 22
(a) to 27 A in Fig. 22 (b), which means the current stress
under the condition Dy + D > 1 4 Dy will be significantly
increased with the same transferred power. Furthermore, the
power modeling is different between the three-level voltage
and five-level voltage. Therefore, in order to improve the
performances, such as reducing the current stress, and simplify
the modeling, the operating constraint Do+ D < 1+ Dg should
be satisfied.

B. Modeling Accuracy

In order to verify the accuracy of the obtained power model,
simulation (by PLECS) and experimental tests have been
performed with an open-loop control system to compare with
the theoretical results, as shown in Fig. 23, where the input
voltage is 150 V, the output load is 57.5 €2, and the reference
output voltage (e.g., theoretical output voltage) changes from
200 V to 340 V. It can be seen from Fig. 23 that the simulation
and experimental results are well aligned, and also close to
the theoretical results. The difference between the theoretical
results and the experimental results mainly caused by the
power losses, which are not considered during the modeling
process. The power losses were also not considered in the
traditional power modeling methods [25]-[27], unless power
losses are the optimization objective. Note that the transferred
power models obtained by using the equivalent-wave method
are the same as the power models by using the traditional
piecewise integration method. However, the modeling can be
simplified by using the equivalent-wave method.
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Fig. 22. Experimental waveforms with the five-level control scheme under
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Fig. 23. Comparative curves of the transferred power among theoretical,
simulation, and experimental results.

C. Current Stress and Efficiency Comparison

To validate the performance of the proposed MCS control
scheme, experimental tests under various control strategies
are performed, i.e., SPS control, MCS modulation based
on TPS (MCS-TPS) control, Five-level control in [31], and
the proposed MCS modulation based on five-level (MCS-
Five-level) control. Figs. 24 and 25 show the experimental
waveforms with the above four control strategies. In Fig. 24,
the input voltage is 70 V, the output voltage is 300 V (i.e., k
= 0.47), and the transferred power is 580 W. It can be seen
from Fig. 24 that the peak current can be reduced from 28.4 A
with the SPS control to 18.8 A with the MCS-TPS control and
18.4 A with the Five-level control in [31], and further to 16.4
A with the proposed MCS-Five-level control. Meanwhile, the
efficiency of the 2/3-level DAB converter can be increased
from 84.5% with SPS control to 90.8% with the proposed
control strategy. On the other hand, the input voltage is 200 V,
the output voltage is 300 V (i.e., k = 1.33), and the transferred
power increases to 1153 W in Fig. 25. It can be seen from
Fig. 25 that the experimental waveforms, the peak current, and
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Fig. 24. Experimental waveforms of the 2/3-level DAB converter with various
modulation schemes under V; =70V, Vo =300 V, and P = 580 W.

the efficiency are identical by applying the MCS-TPS control
and the proposed MCS control strategy, which corresponds
to the theoretical analysis about the current stress comparison
during £ > 1 in Section IV. Moreover, the peak current with
the proposed strategy can be reduced compared to the SPS
control and the Five-level control in [31], and the efficiency
can be increased at the same time.

Furthermore, the power losses distribution with various
control strategies under V3 = 70 V, Vo = 300 V, and P
= 580 W is shown in Fig. 26, where it can be seen that
with the reduced current stress, various power losses including
conduction, switching, and magnetic losses (the losses on the
transformer and the auxiliary inductor) will be reduced with
the proposed MCS-Five-level control strategy.

The experimental curves of the peak current with respect to
the transferred power with various control strategies are shown
in Fig. 27, where NS denotes the modulation strategy with
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optimal numerical solutions obtained by using Mathematica.
Under different voltage conversion ratio k, the proposed MCS-
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Fig. 27. Peak current curves of the DAB converters with varying power under:
(a) V1 =70V, and V2 =300 V. (b) V1 =120 V, and V2 =300 V.

Five-level control strategy can achieve the lowest current
stress during the entire power range compared to the SPS
control, MCS-TPS control, and the Five-level control in [31].
Meanwhile, the efficiency of the DAB converter can also
be improved by applying the proposed strategy, as shown
in Fig. 28. In addition, the performance (i.e., current stress
and efficiency) of the proposed MCS-Five-level control strat-
egy is similar to that of the NS control strategy. However,
this strategy and the Five-level control in [31] are based
on numerical solutions, which depend on pre-calculation of
the control variables offline, and if the operating parameters
(e.g., DC-link voltages) change, the optimal solutions should
be re-calculated and then updated to a look-up table in
the microcontroller. Compared to them, the proposed control
strategy based on analytical solutions can achieve similar
performance with numerical solutions, while simplifying the
control complexity significantly, especially when the DC-link
voltages and transferred power change in a wide range.
Furthermore, the comparative experimental results with var-
ious control strategies under different voltage conversion ratio
k are shown in Fig. 29, where the output voltage V» is 300
V, the transferred power P is 1000 W, and the input voltage
V1 changes from 70 V to 210 V, i.e., the voltage conversion
ratio k changes from 0.46 to 1.4. As shown in Fig. 29, the
proposed MCS control strategy can minimize the current stress
and improve the efficiency under various voltage conversion
ratios, especially when k is away from unity (V3 = 150 V).

D. Dynamics of the Proposed Closed-Loop Control

In the proposed closed-loop control system (i.e., Fig. 17),
the relationships between the control variables and the output
signal of the PI controller (i.e., ) will change during different
power ranges. Therefore, it is crucial to ensure smooth transi-
tion during the transferred power changes, especially between
light-load and heavy-load transition. Fig. 30 illustrates the
dynamics when the transferred power changes between 577
W and 1363 W (i.e., the DC load changes between 156 (2
and 66 (2), where the input voltage is 120 V and the output
voltage is 300 V. It can be seen from Fig. 30 that by applying
the proposed closed-loop control scheme, the 2/3-level DAB
converters can change the transferred power between light load
and heavy load seamlessly.

Fig. 28. Efficiency curves of the DAB converters with varying power under:
(a) V1 =70V, and Vo =300 V. (b) V1 =120 V, and Vo =300 V.
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In addition, during different ranges of the voltage conversion
ratio k, the analytical solutions will also be different. Thus,
reliable transition between different voltage conversion ratios
should also be realized. Fig. 31 illustrates the dynamics of the
proposed method when a step change in the output voltage
from 280 V to 320 V is applied, i.e., the voltage conversion



ration k changes from 1.07 to 0.94, while the input voltage
remains at 150 V. Although the control variables are expressed
differently under the conditions k£ < 1 and k£ > 1, the transition
between the two conditions can be completed smoothly with
the proposed closed-loop control system.

VI. CONCLUSION

This paper has discussed the modulation scheme for the
2/3-level DAB converters comprehensively. Accordingly, the
operating constraints have been revealed to ensure stable and
reliable operation of the DAB converters without voltage dis-
tortions. Subsequently, the transferred power and current stress
models have been developed by utilizing the equivalent-wave
method to simplify the modeling and reduce the computation
burdens. Based on the developed models, a generic optimal
modulation scheme has been proposed to minimize the current
stress and improve the efficiency. The analytical solutions,
obtained by using the KKT conditions and numerical-solution
analysis, were employed in the proposed modulation scheme.
Furthermore, a simplified closed-loop control system has been
designed, which enables online regulation for the optimal
control variables when the operating conditions change. With
the proposed control strategy, current sensor is not required to
determine the transferred power. Therefore, the hardware cost
and control complexity can be reduced. Extensive experimen-
tal tests have verified that the current stress of the 2/3-level
DAB converters can be reduced by the proposed MCS control
scheme, along with a higher efficiency over the entire power
range and various voltage conversion ratios.
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