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Abstract: To solve the problems of large current stress, difficult soft-switching of all switches, and
slow dynamic response of dual active bridge converters, a multi-objective unified optimal control
strategy based on triple-phase-shift control was proposed. The forward power flow global modes of
triple-phase-shift control were analyzed, and three high-efficiency modes were selected to establish
the analytical models of current stress and soft-switching. Combined with these models, the optimal
solutions in different modes were derived by using the cost function-optimization equation to
overcome the limitation of the Lagrange multiplier method, such that the DAB converter achieved
the minimum current stress, and all switches operated in the soft-switching state over the entire
power range. At the same time, the virtual power component was introduced in the phase-shift
ratio combination, which improved the dynamic response of output voltage under the input voltage
or load steps changed by power control. The theoretical analysis and experimental results show
that the proposed control strategy can optimize the performance of the DAB converter from three
aspects, such as current stress, soft-switching, and dynamic response, which achieves multi-objective
optimization of the steady-state and dynamic performance of DAB converters.

Keywords: dual active bridge converter; triple-phase-shift control; current stress; soft-switching;
virtual direct power control

1. Introduction

In recent years, with the rapid development of DC conversion technology, dual active
bridge (DAB) converters have been widely used in flexible DC distribution networks,
power electronic transformers, and electric vehicles, because of their advantages, such
as wide voltage range regulation, double quadrant operation, and ease of realizing soft-
switching [1-3]. However, when the voltage conversion ratio does not match, the efficiency
of DAB converters is low, and the sudden change in system operating state has a great
influence on the dynamic response of output voltage. At present, the research on DAB
converters is mainly focused on single-performance optimization such as efficiency or
dynamic response [4], while the research taking into account high-efficiency and fast
dynamic response is not perfect.

To improve the efficiency and dynamic response of the DAB converter, multi-objective
optimization control strategies are proposed in some references. Based on dual-phase-shift
(DPS) control, ref. [5] introduces feedforward control into the output voltage discrete
model and combines current-stress optimization to improve the efficiency and dynamic
performance of DAB converters at the same time. In [6], the current stress is optimized
based on extended-phase-shift (EPS) control, and the transmission power is estimated
on-line by introducing a virtual voltage component to improve the response speed of the
converter. A direct power control scheme based on triple-phase-shift (TPS) control is pro-
posed in [7], which minimizes the current stress and improves the dynamic characteristics
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when load steps change. However, these studies only aim at the single-efficiency goal
of the DAB converter and cannot achieve the optimal efficiency. In fact, the efficiency of
the DAB converter is related to many factors, such as inductor current, reactive power,
soft-switching, and so on. Considering multiple efficiency objectives comprehensively,
the performance of the DAB converter can be improved to the greatest extent [8]. Refer-
ence [9] analyzes the minimum reactive power based on DPS control, which contradicts
with the zero-voltage-switching (ZVS) of all switches, that is, giving up ZVS can obtain
less reactive power and power loss of the converter. In [10], the Karush-Kuhn-Tucker
(KKT) condition is used to optimize the reactive power of DAB converters under EPS
control, and all switches can realize ZVS, resulting in the improvement of the converter
efficiency. Using the same analysis method, ref. [11] minimizes the current stress based
on TPS control, achieving all switches ZVS at the same time. However, studies [9-11]
have some shortcomings: in the modulation strategy, reactive power and soft-switching
under DPS control cannot be optimized at the same time, and DPS and EPS control are
special cases of TPS control. The efficiency optimization of the converter with DPS and EPS
control can only achieve local optimal solutions, such as it is difficult to achieve the optimal
efficiency over the entire power range [12]. In the solution method, the KKT condition is
an extended form of the Lagrange multiplier method (LMM), but the solution of minimum
efficiency objectives by LMM methods is not perfect [13].

In the aspect of the dynamic performance optimization of the DAB converter, the im-
provement effect of multi-objective optimization control strategy is also different, which
brings some difficulties to the selection of control strategies in practice. In the existing
research, different dynamic performance optimization control strategies are compared
in [14-16]. The results show that the dynamic performance of the DAB converter was
optimal under virtual direct power control (VDPC). The VDPC strategy was proposed
for the first time in [17], which realizes no obvious overshoot and fast dynamic response
of the output voltage in the case of step change in input voltage, load, and output volt-
age. The control strategy compensates for the power deviation caused by power loss and
voltage drop, and it also has good compatibility and portability. However, the dynamic
performance optimization control strategy is based on single-phase-shift (SPS) control,
which cannot optimize the efficiency of the DAB converter. Reference [6] combines VDPC
strategy with EPS control, but EPS control cannot achieve the optimal efficiency of the
DAB converter.

The conduction loss related to current-stress characteristics and the switching loss
related to soft-switching characteristics account for the major total loss of DAB convert-
ers [18]. Therefore, the optimization of current stress and soft-switching is more conducive
to improve the efficiency of DAB converter. In view of this, to optimize the performance of
the DAB converter from three aspects, such as current stress, soft-switching, and dynamic
response, an MUOC strategy based on TPS control was proposed in this study. Overcoming
the limitation of the traditional LMM that it is difficult to obtain all the optimal solutions,
the cost function-optimization equation was used to solve the optimal solutions in three
high-efficiency modes of TPS control. As a result, the DAB converter achieved the mini-
mum current stress, and all switches operated in the soft-switching state over the entire
power range, thus improving the steady-state performance of the DAB converter. In addi-
tion, the virtual power component was constructed in the phase-shift ratio combinations,
and the dynamic performance of the DAB converter was improved by power control: the
output voltage of the DAB converter had almost no overshoot and regulation time when
the input voltage or load steps changed.

The remainder of this paper is organized as follows. Section 1 analyzes and selects
the high-efficiency modes of TPS control, and the analytical models of transmission power,
current stress, and soft-switching are established. In Section 2, the MUOC strategy is
proposed to optimize the performance of the DAB converter. The experimental results are
presented and discussed in Section 3. Finally, the paper is summarized in Section 4.
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2. Analytical Model of High-Efficiency Modes of TPS Control
2.1. High-Efficiency Modes Selection

The topology of a DAB converter is shown in Figure 1, where T is the transformer with
turn ratio n, C; and C; are the capacitors of full-bridge H; and Hj, respectively, L is the
sum of the transformer leakage inductance and auxiliary inductance, vy; and vy, are the
AC output voltages of Hy and Hj on the Vj side, respectively, and 7], is the inductor current.

Figure 1. Topology of a DAB converter.

D; and Dj are the phase-shift ratio of full-bridge H; and Hj, respectively, which is
called the internal phase-shift ratio, and D, is the phase-shift ratio between full-bridge H;
and Hj, which is called the external phase-shift ratio. According to Kirchhoff’s voltage law
UL = UH1 — UHp, a different inductor voltage v}, further forms a different inductor current
ip. Therefore, the operating mode of TPS control can be distinguished based on vy [19].
D1—-D3 is related to the order of rising and falling edges of vyy; and vpp. The waveform
of vy is only determined by D;, while the waveform of vy, is determined by D, and Ds.
Considering the forward power flow, that is, the power is transmitted from vy to vy,
Dy € [0,1] AD; € [0,1] A D3 € [0,2]. According to the relationship of the phase-shift ratio,
TPS control can be divided into six modes. The full-bridge AC output voltage waveforms
in different modes are shown in Figure 2, and the ranges of D1—D3 are shown in Table 1.
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Figure 2. AC output voltage waveforms in different modes of TPS control: (a) mode 1, (b) mode 2,
(c) mode 3, (d) mode 4, (e) mode 5, (f) mode 6.

Table 1. The ranges of phase-shift ratio under TPS control.

Mode The Ranges of Phase-Shift Ratio
mode 1 0§D1§D2§1,D1§D3S1
mode 2 0<D,<D;<1,D;<D3<1
mode 3 0SD2§D1S1,0§D3SD1
mode 4 0<D:1 <D, <1,1+D1 <D3<L2
mode 5 0<D1<D,<1,1<D3<1+D,

mode 6 0<D,<D;<1,1<D3<1+D
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Since 1 < D3 was satisfied in modes 4-6, before Q1 and Q4 are turned on (i.e., the
rising edge of vip), S; was turned off (i.e., the falling edge of viyy), and there was no
time period satisfying the same polarity of vg; and vy, that is, the power could not
be transferred directly from H; to Hp, resulting in a very large reactive power and a
significant increase in i; in modes 4-6. Therefore, modes 4-6 were no longer considered
when optimizing the converter efficiency. The current-stress optimization of modes 1-3 is
analyzed in detail below.

2.2. Transmission Power and Current-Stress Characteristics

The analysis methods of TPS control include the numerical method and analytical
method [20]. As the analytical method can accurately describe the mathematical model
between the objective function and the control strategy, the piecewise analysis method
was used to derive the analytical models of transmission power and current stress in three
high-efficiency modes of TPS control. In this study, the voltage conversion ratio of the DAB
converter was defined as k = V; /nV;, and only the case of k > 1 was analyzed, but k <1
could be deduced using the same method. When k > 1, the full-bridge switching times and
steady-state operating waveforms under modes 1-3 of TPS control are shown in Figure 3.
Ty is the half switching cycle, and Ty, = 1/2fs.

A
P*Thsw \ﬂ—:—:Ths—m [ E‘L\‘s | r‘—ﬂﬁ:—’w‘ }\[_ P—lyl—pﬁ ﬂ—v—v—vThs—F\ 1
V i | Vo \\ [N [
Vi [ I | tVHl‘ }1 -~ t J 1 (I [ t
- - V -
o e T B, e T i T T
[ 1N\ [ I \ | [ \l\ nV2 | IH }}I\
V)
= el i R = S e vae
¢ > [ [ [
Defw AN 01 S G A R Palw S Ll
YT N IO I L L L, NNy
/ HHW ST T~ o Do Do
/o [ [ Il [Vl [ I [ I [ [ [ [ ]
S I el I b bl b b .y
Lt Gty t5 6 titg to tio h i, t3 g t7 tg totyo
@ ® ©

Figure 3. Switching times and steady-state waveform of different modes under TPS Control: (a) mode
1, (b) mode 2, (¢) mode 3.

Assuming that the DAB converter was at steady-state in mode 1, and t; was zero,
then each switching time could be expressed as: t| = DTy, t2 = DTy, t3 = D3aTh,
and t4 = Tjs. Therefore, the corresponding inductor current at each switching time was as
follows:

ir(t1) = ir(to) + "2 D1 T
iL(f2) = iL(t) + H72 (Dy — D1) T O
iL(ts) = it (t2) + - (Dg — D2) Ti
iL(ts) = iL(ts) + 72 (1 — D3) Tis
The inductor current satisfied iy (t9) = —ip(f4) in half a cycle because of the odd

symmetry, such that the inductor current could be further deduced as follows:

ir (ty) = 4L1fs [ViDy — nVaDy — nVa D3 — Vi + nVs]

ir(t) = 4L1fs [ViDy +2nV, Dy — nVaDy — nVo D3 — Vi + nVs]

ir(t) = 4L1fs [~ V1D1 + 2V Dy + nVaDy — nVaD3 — Vi + nVy) )
ir(t3) = 4L1f5 [~ViDy +nV3Dy 4 2Vi D3 — nVa D3 — Vi + nVs]

ir(ty) = 747 [~ViD1 + nVaDa + nVaDs + Vi — nVs]

s
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The calculation equations of transmission power and inductor current stress of the
DAB converter were as follows [4]:

P=q [ opi (£)dt (3)
G = max{|ir(to)],- -, |ir(ts)|}

Combining (2) and (3), the transmission power and current stress could be obtained
as follows:

p_ L ftgl om [iL(t) — i (to)]dt + fttlz om [ip(t) —ip(t)]dt+
Ths ftt; UH1 [iL(t) — iL(tz)]dt + ft:l UH1 [iL(t) — iL<t3)]dt @)
_ nVjVp(=D} — D} — D3 + D1D; + D1D3 — D1 + Dy + D3)
B 4Lfs
. nViWlk(1—D1) + Dy + D3 +1
G=iy(ty) = AV Z DU A Do+ Dy 1 5)

4Lf,

To simplify the analysis, the transmission power and the current stress were unified
as follows:

_ P _ 8LfP 2 2 2
{ P= P = nV{VZ =2(—D} — D5 — D5+ D1Dy + D1D3 — D1 + Dy + D3) ©)

G = puux = Slmax — o[k(1 — Dy) + Dy + D3 +1]

where p and G are unified transmission power and current stress, respectively; Ppas. and
Ihase are rated power and rated current of traditional SPS control, respectively.

Similarly, the analytical models of the other two modes could be deduced in the same
way, which will not be repeated here. Therefore, the expressions of transmission power
and current stress of the three high-efficiency modes were as follows:

2(—=D? — D} — D+ DD, + D1D3 — Dy + D, + D3) mode 1
p= 2(—D§—D1D2+D1D3—D1+D2+D3) mode 2 (7)
2(D? — D1D; — D1D3 — Dy + D, + D3) mode 3

2[k(1—D1)+D2—|—D3+1] mode 1, 2

2[(1 —k)Dy + kD5 ®)
max 2[(1 — k)Dl + 2Dy + (k — 2)D3 mode 3

2[(k —1)D, +2D; — kDj]

G:

From (7), the transmission power range of mode 1 was p; = [0,1] , the transmission
power range of mode 2 was pp = [0,2/3], and the transmission power range of mode 3
was p3 = [—1/2,1/2]. As can be seen, the transmission power range of mode 1 was the
largest, covering the whole operating area, and mode 3 could realize bidirectional power
transmission. It can be seen from (8) that the current stress of mode 1 was the same as that
of mode 2; as the inductor current of mode 3 was not monotonous, the current stress may
have occurred at a specific switching time, and the magnitude was determined by both
D1-Dj3 and k.

2.3. Soft-Switching Characteristics

In practice, the transformer turn ratio of the DAB converter is fixed. When the input
or output voltage changes, that is, the voltage conversion ratio does not match, it cannot
guarantee that every switch can achieve ZVS. Since each switch of the DAB converter
has an anti-parallel diode, the anti-parallel diode must be turned on before the switch to
achieve ZVS. Therefore, the ZVS range of the DAB converter could be obtained from the
polarity of the inductor current at different times [21], as shown in Table 2.
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Table 2. ZVS range of modes 1-3 of TPS control.

Mode ZVS Range

YRR /G )20
e 2o /G i) =0
e 6 RORAREY

From the above analysis, the soft-switching ranges of the three modes are shown in
(9)-(11) as follows:
{ (k4+2)D;— Dy —D3—k+1<0 ©)
kD1 — (2k+1)Dy+D3+k—1<0

{kD1+D2—D3—k—|—1§0 (10)

kDi+Dy—D3—k+1>0

kD1 —D,—D3—k+1<0
kDi+Dy;—D3—k+12>0 (11)
(k—2)D1+D2+D3—k+1§0

3. The MUOC Strategy and Performance Analysis
3.1. The MUOC Strategy

The optimization of the MUOC strategy was divided into two parts. The steady-state
part took the current stress and soft-switching as the optimization goals, minimized the
current stress, and made all the switches achieve ZVS; the dynamic part was to construct
the virtual power component, and improve the dynamic performance of the DAB converter
through power control.

LMM is generally used to solve the minimum current stress [5-7,11,12]. However,
there are two problems in constructing the mathematical model of LMM: (1) considering
the constraints of transmission power and phase-shift ratio, its feasible region may not be a
convex set; (2) there is overlap in the power transmission range under different operating
modes, and there may be different optimal phase-shift ratio combinations corresponding
to specific power transmission points. Therefore, it is difficult to find the optimal solution
of current stress by LMM [13].

To overcome the limitation of the LMM analysis, the cost function was considered to
solve the current-stress optimization problem of TPS control under specific transmission
power. The cost function A is defined as:

A j) = 251, 9D
aD;  ob; (12)
s.t. Di,zmin < Di,opt < Di,zmax

where i represents the control variable, that is, D; represents the different phase-shift
ratios, D; opt represents the optimized phase-shift ratio, D; zmin and D; zmax represent the
maximum phase-shift ratio and minimum phase-shift ratio that satisfy the ZVS constraint
range, respectively; j represents the operating mode, that is, G; and P; represent the current
stress and transmission power in different modes, respectively. The values of i and j are 1,
2, and 3. The cost function A represents the change between cost and gain based on the
disturbance in the control variable.
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If the three cost functions are not equal, the current stress can be further reduced by
adjusting one of the cost functions. Therefore, to realize the current-stress optimization, it
was necessary to make the three cost functions equal, as shown in (13).

AL J) = M2 j) = AB,)) (13)

Equation (13) is defined as a cost function-optimization (CFO) equation, which con-
tains equality constraints of two cost functions. Combined with the specific transmission
power constraints, the unique optimal phase-shift ratio combination of current stress under
the power stage could be solved.

According to (13), the CFO equation under mode 1 could be obtained as follows:

—k 1
—2D1+Dy+ D3 —1 T —2Dy+Dy A1

—k _ 1
—2D1+ Dy + D3 -1 T —2Ds+Dri+l

(14)

Solving (14), we could get:

k—2 1
DZ,opt = ok — 2D1,opt + E (15)
D3,opt = D2,opt

where D1 opt that all switches of DAB converter that realized ZVS in mode 1 meet:

k—1
0 S Dl,opt S T (16)

Similarly, the CFO equation in mode 2 could be obtained as follows:

—k _ 1
_ _ 1 —Di+1
P2t bs—1 7 (17)

1
_D2 + D3 -1 — —2D3+D;+1

Furthermore, (18) could be obtained by solving (17) as follows:

D3,opt = Dl,opt

where D1 opt that all switches of the DAB converter that realized ZVS in mode 2 meet:
0<Dyopt <1 (19)

For mode 3, due to the uncertainty of current stress in the analytical model, it was
difficult to directly solve the optimized phase-shift combination in this mode. However,
after determining the transmission power, voltage conversion ratio and phase-shift ratio,
the current stress could be determined accordingly. In addition, it could be seen from (18)
that the phase-shift ratio combination solved by mode 2 was at the domain boundary of
modes 2 and 3, so the optimal solution of mode 3 was the same as that of mode 2.

Moreover, because the phase-shift ratios of the non-power control mode were di-
rectly output by PI control, its dynamic performance could not meet the needs of actual
projects. To improve the output dynamic performance, this study optimized the dynamic
performance of the DAB converter based on the idea of virtual direct power control.
The construction of the virtual power component [18] was as follows:

ER VAT
* _ V‘UVZZZ

p= 20)
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where V) is defined as the virtual voltage component, which is the output value of the
PI controller; V7' is the expected output voltage; V, and i, are the actual sampled output
voltage and output current, respectively. By constructing the virtual power component,
the power deviation caused by the voltage drop of switches, the power loss, and the
internal converter parameters could be compensated, and the internal parameters of the
system (inductance L, switching frequency f;, and transformer turn ratio 7, etc.) were not
involved in the calculation process, which reduced the parameter sensitivity of the system
and increased the compatibility and portability of the control strategy.

Combining (7), (15), and (20), the optimized phase-shift ratio combination with respect

to k and p* was derived as follows:
k=DVe—z2
k-2
2
k-2
2

D lopt —

(21)

N—=

_1=p
K
1—p*
D2opt = Vie—aksa '
1—p*
Vie—akr2 "

Similarly, the optimized phase-shift ratio combination of modes 2 and 3 were as

follows:
P
Propt =153
Dy, opt = (k—1),/2kp_2 (22)
P
1 2k—2

From the above analysis, an MUOC strategy based on TPS control was proposed,
as shown in Figure 4. In the MUOC strategy, the system needed to sample input voltage V7,
output voltage V», and output current 7. Secondly, the virtual voltage component V; was
output by the output voltage PI controller to compensate for the power deviation, and the
operating mode of the DAB converter was judged and selected by calculating the values of
k and p*. Next, based on the relationship of the phase-shift ratio combination, k, and p*,
that is, (21) and (22), the three optimal phase-shift ratios of TPS control were calculated.
Finally, the pulse signal of the DAB converter was generated by the PWM signal generator
to drive the turn-on and turn-off of switches.

DlLSB-| K} Ds ]
\V“\ %‘%
D, S4-| K} D, " Qz—l K} M2Q4‘| G M,

Triple-phase-shift control modulation

N =

D 3,0pt —

DB, opt —

,—(Vl—..— =C;

Phase-shift ratio relationship of
optimal control

Selection of working Virtual power
mode calculation

Voltage conversion
ratio calculation controller

\

Figure 4. The MUOC strategy.
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3.2. Minimum Current Stress and ZV'S Analysis

By substituting the phase-shift ratios in (21) into the current stress expression, the min-
imum current stress in mode 1 could be obtained as follows:

Gunin = 2k — 2/ (1 — p) (K2 — 2Kk +2) (23)

where the range of the phase-shift ratio D opt and transmission power p* is:

22 < (24)

k-1

{ 0 < Diopt < 7

Similarly, the minimum current stress and range of the phase-shift ratio Dj pt and
transmission power p* in modes 2 and 3 are:

Gmin = 21/2p*(k— 1) (25)

k-1
{ -+ < Dloit < DBopt

0% p < (26)

To better compare the performance of the SPS control strategy, the current-stress
optimization control strategy under DPS control [5], and the current-stress optimization
control strategy under TPS control, Table 3 shows the minimum current stress of the
DAB converter in various ranges of transmission power under different control strategies,
and the comparison curves were shown in Figure 5. As can be seen from Figure 5, the TPS
control had the minimum current stress, which made the DAB converter achieve the highest
efficiency over the entire power range.

Table 3. Minimum current stress of the DAB converter under different control strategies.

Control Strategy The Range of Transmission Power Minimum Current Stress
SPS control 0<p <1 2= )
05y S W23/ (2) 2y 1)+ 3
DPS control
contro (K2 +2k—3)/(2k?) < p* <1 2k — /(1= p) (2K =4k £6)
2
TPS control 0<p" (22k 2)/k 225 (= 1)
(2k—2)/K2 < p* <1 2k —2 /(1= p*) (% — 2k +2)
12 .
S T -
10—~ |
sPskss I
g e — T
2, T
> = TPS Kb A
g sPsket DFTT‘»? w o 2N
R DPS#=5 TPSAE '
g _ S
< S S Nt (vt —TPEISS
os plmimmmm T T .

Figure 5. Comparison curves of current stress under different control strategies.
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Equation (27) could be obtained by substituting the phase-shift ratio extremum combi-
nation into the ZVS range in mode 1, and the ZVS power constraint range was exactly the
same as the power range satisfied by the current-stress extreme value, that is, the switches
could achieve ZVS in the whole operating range of mode 1.

2 /
k 2k+2 —k <0 (27)

By substituting (22) into the ZVS range, we could obtain (28). Since the value of one of
the inequalities was equal to zero, that is, the inequality was critical, such that all switches
in the operating range of modes 2 and 3 achieved ZVS critically.

_2(k—1)\/%§ 0 o8
—1) s+ k=1 (1-/555) —k+1=0

To sum up, all switches in mode 1 could achieve ZVS within the operating range,
and all switches in modes 2 and 3 were critical to achieve ZVS. Compared with SPS and
DPS control, the optimization of TPS control not only minimized the current stress over
the entire power range, but also ensured all switches ZVS, which could effectively reduce
the conduction loss and switching loss of the converter.

4. Experimental Results and Analysis

To verify the correctness of theoretical analysis and the effectiveness of the proposed
control strategy, the hardware experimental platform of the DAB converter was built with
TMS320F28335. The experimental platform is shown in Figure 6, and the main parameters
of the experimental platform are shown in Table 4.

Figure 6. Experiment platform.

Table 4. Experimental platform parameters.

Parameters Value
Input voltage Vi =130V
Output voltage Vo =50V
Switching frequency f =50kHz
Turn ratio of transformer n=26/15
Input DC capacitor Cy =510uF
Output DC capacitor Cy =510 uF
Series inductor L =30uH

4.1. Steady-State Experimental Analysis

To verify the steady-state performance improvement of the DAB converter under
the MUOC strategy in a wide voltage-regulation range, the input voltage V; = 130V,
the output voltage V, = 50V, the transformer turn ratio n = 26/15, and the voltage
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conversion ratio k = 1.5 could be obtained. When the load R = 5(), Figure 7 shows
the AC output voltage and inductor current steady-state experimental waveforms of the
traditional SPS control strategy, current-stress optimization control strategy of DPS control,
and MUOC strategy under heavy load, respectively. The current stress was 9.6 A under
the traditional SPS control strategy; the current stress was 9.3 A under the current-stress
optimization control strategy of DPS control; the current-stress optimization result was
8.8 A under the MUOC strategy. Therefore, it can be seen that the current stress of the
MUOQOC strategy was the lowest under the three control strategies.
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Figure 7. Steady-state waveforms of different control strategies under heavy load: (a) the SPS control
strategy, (b) the current-stress optimization control strategy of DPS control, (c) the MUOC strategy.

Similarly, when the voltage state of the system was constant and the load R = 10 (),
Figure 8 shows the AC output voltage and inductor current steady-state experimental
waveforms of the traditional SPS control strategy, current-stress optimization control
strategy of DPS control, and MUOC strategy under light load, respectively. As can be seen
from Figure 8, the current stress of the SPS control strategy was 6.0 A; the current stress
was 5.8 A under the current-stress optimization control strategy of DPS control; while
the current stress was 5.6 A under the MUOC strategy. Therefore, the current stress of
the MUOC strategy was also lower than that of the other two control strategies under

light load.
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Figure 8. Steady-state waveforms of different control strategies under light load: (a) the SPS control
strategy, (b) the current-stress optimization control strategy of DPS control, (c) the MUOC strategy.
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In addition, in the steady-state waveform of the MUOC strategy, the rising edge and
the falling edge of full-bridge AC output voltage represent the turn-on and turn-off time of
switches, respectively. In the case of the heavy load, the polarity of the inductor current
corresponding to the switching time satisfied ZVS; in the case of the light load, the polarity
of the inductor current corresponding to the switching time satisfied critical ZVS, which
was consistent with the theoretical analysis, and proved that the MUOC strategy could
optimize the switching loss of the DAB converter.

4.2. Dynamic Experimental Analysis

To verify the effectiveness of the MUOC strategy on improving the dynamic per-
formance of the DAB converter, the proposed control strategy was compared with the
traditional voltage closed-loop control strategy based on SPS control.

When the output voltage V, = 50V, the load R = 5(), and the input voltage V; was
switched from 130 V to 120 V, Figure 9 shows the dynamic response waveforms of the
DAB converter under the two control strategies. As can be seen from Figure 9a, after the
input voltage fluctuation, the transient fluctuation amplitude of the output voltage under
the traditional voltage closed-loop control strategy based on SPS control was about 4 V
(8%), and the adjustment time was about 470 ms. Figure 9b shows the dynamic response
waveform of the MUOC strategy under the step changes of input voltage. As can be seen
from Figure 9b, even if the input voltage changed, the output voltage was almost constant.
Compared with the traditional control strategy, the MUOC strategy could restrain the
disturbance of input voltage.
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Figure 9. Transient waveform of different control strategies when the input voltage steps change:
(a) the traditional voltage closed-loop control strategy based on SPS control, (b) the MUOC strategy.

In the case where the input voltage V; = 130V, the output voltage V, = 50V, and the
load R was set as 5 (2 and 3.79 (), Figure 10a,b show the experimental waveforms of input
voltage, output voltage, output current, and inductance current of the DAB converter under
the traditional voltage closed-loop control strategy based on SPS control under the load
steps change. As can be seen from Figure 10, the output voltage dropped by about 10 V
(20%) and was stable again after about 320 ms when the load was decreased; the output
voltage suddenly increased by about 13 V (26%), and the system was also stable after about
320 ms when the load was increased.

Vi
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Figure 10. Transient waveform of the traditional voltage closed-loop control strategy when the load
steps change: (a) the load steps from 5 to 3.79 (), (b) the load steps from 3.79 to 5 ().

When the input and output state and load of the system remained constant, Figure 11
showed the experimental waveforms of the input voltage, output voltage, output current,
and inductor current of the DAB converter based on the MUOC strategy under the load
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References

steps change. As can be seen from Figure 11, whether the load increased or decreased,
the output voltage almost did not change, and the adjustment time was close to zero,
which verifies the effectiveness of the proposed control strategy for improving the dynamic
performance of the DAB converter.

le
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Figure 11. Transient operating waveform of the MUOC strategy when the load steps change: (a) the
load steps from 5 to 3.79 ), (b) the load steps from 3.79 to 5 Q).

5. Conclusions

To achieve current-stress reduction, the soft-switching operation of all switches,
and the fast dynamic response of the DAB converter at the same time, an MUOC strategy
based on TPS control was proposed in this study. Combined with the analytical model
of current stress and soft-switching under three high-efficiency modes of TPS control,
the current stress was optimized by CFO equation, and all switches could achieve ZVS;
the virtual power component was constructed simultaneously, and the power control was
used to improve the dynamic response of the DAB converter. Through theoretical analysis
and comparative experiments, the following conclusions can be drawn as:

(1) The MUOC strategy minimizes the current stress over the entire power range,
and makes all switches achieve ZVS, reducing the conduction loss and switching loss of
the DAB converter at the same time.

(2) In the process of efficiency optimization, the MUOC strategy improves the dynamic
response of the output voltage of the DAB converter in the case of step change in input
voltage or load.
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