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Abstract: This paper proposes optimized control methods for global minimum backflow power
based on a triple-phase-shift (TPS) control strategy. Three global optimized methods are derived
to minimize the backflow power on the primary side, on the secondary side and on both sides,
respectively. Backflow power transmission is just a portion of non-active power transmission in
a dual active bridge (DAB) converter. Non-active power transmission time is proposed in this
paper, which unifies zero power transmission and backflow power transmission. Based on the
proposed index, an optimized control method is derived to achieve both the maximum effective
power transmission time and minimum current stress of DAB at the same time. A comparative
analysis is performed to show the limitations of the minimum backflow power optimization method.
Finally, a prototype is built to verify the effectiveness of our theoretical analysis and the proposed
control methods by experimental results.
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1. Introduction

In recent years, dual active bridge (DAB) dc-dc converter is an attractive application with the
advantages of bidirectional power flow, electrical isolation, high power density, and high transfer
efficiency. DAB converter is suitable for the applications in the areas of renewable energy power
generation and power electronics applications, such as the battery energy storage systems, and electric
vehicles, solid-state transformers [1-6].

The traditional single-phase-shift (SPS) control method [2] only uses one degree of freedom of
DAB. As a result, SPS control is easy to implement on-chip. However, SPS control only provides high
operation efficiency when the voltage conversion ratio d is close to 1. The current stress and current
rms for SPS control will increase a lot and the range of soft-switching will decrease when the voltage
conversion ratio 4 is far from 1. Therefore, SPS control is not highly efficient under wide voltage
variation conditions.

In order to improve the performance of DAB, various optimization methods have been proposed
based on the optimal objectives of current stress and current rms. In [7,8], the extended-phase-shift
(EPS) control and the dual-phase-shift control are proposed to reduce the current stress for DAB.
Two degrees of freedom are utilized for optimization in EPS and DPS control. In order to obtain the
minimum current stress for DAB, the global optimal method for current stress is derived in [9] based
on the triple-phase-shift (TPS) control method. Similar to the optimized methods for current stress,
a numerical method is used to find the optimal control parameters for minimum rms of transformer
current in [10]. In [11,12], the analytical expressions of the optimal control parameters are derived for
minimum rms of transformer current. As a result, the optimal control method can be implemented
by on-line and on-chip calculation. These optimal methods above all take the current as the optimal
objectives for DAB.
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In addition to current, many other optimal objectives also have been studied in the existing
literature. Like the definition of reactive power in sinusoidal ac circuit, the reactive power is defined
and minimized for a DAB converter in [13-15]. However, it is too complex to obtain the analytical
expressions of the control parameters based on the optimal objective of reactive power. Only numerical
solutions can be found for the optimal objective of reactive power in [13-15]. Furthermore, the physical
significance for the reactive power in DAB is not clear enough. Therefore, this kind of optimal method
has low practicability.

Minimization of backflow power is another common optimal objective for DAB. The delivery
direction of backflow power is contrary to the delivery direction of average power transmission in
DAB. Thus, the backflow power indeed reduces the power transmission efficiency in DAB. In [16,17],
a novel extended-single-phase shift (ESPS) control method and an easy-to-implement control method
are proposed, respectively. These two control methods can eliminate (to zero) the backflow power on
both sides of the DAB converter. However, these two references do not take all operation modes of
DARB into consideration and no global optimal results are derived for the whole load range. As a result,
these two control methods are just local optimal results and they can only be implemented under light
and medium load range conditions. Reference [18] derives the dual-phase-shift control method to
eliminate the backflow power in the input side of DAB. Reference [19] proposes a zero circulating
current (ZCC) control method to eliminate the backflow power on the output side of DAB. These two
control methods only use two degrees of freedom for optimization of backflow power, leading to local
optimal results rather than global optimal results. Moreover, these two control methods eliminate the
backflow power just on one side of DAB and the backflow power on both sides cannot be optimized at
the same time. In [20], the sum of backflow power on both sides is minimized, so the backflow power
on both sides can be reduced at the same time, however, the optimized control parameters are derived
just when the voltage conversion ratio is equal to 1. Therefore, no global and complete control methods
for backflow power are derived in existing research. Furthermore, the optimization performance of
various optimized objectives of backflow power mentioned above (i.e., the backflow power on the
primary side, the secondary side and on both sides) have not been compared to each other.

In [21,22], the circulating current is defined as the transformer current during the period of time
when no active power is transmitted on the output side of DAB. In [22], the circulating current is
the transformer current during the period of time when backflow power and zero power (caused by
vq = 0) are transmitted on the output side of DAB. The optimal objective in [21,22] is to minimize
the rms value of circulating current. Only the circulating current on the output side is considered
in [21,22]. In [23], the concept of non-active power which is proposed in [24] is utilized to define a new
optimization objective, i.e., non-active power loss. In [24], the non-active current is defined just for
the SPS control method to be the result of backflow power transmission. However, the non-active
current caused by zero power transmission is not considered in [23,24]. Similar to the optimized
methods in [7-12], these optimized control methods in [21-24] are essentially still for current. In fact,
the backflow power is just a portion of the non-active power transmission in DAB and the limitations
of the backflow power control method are not presented. The complete non-active power transmission
in DAB is supposed to be defined for the performance optimization.

Firstly, this paper proposes optimized control methods for global minimum backflow power
based on triple-phase-shift (TPS) control strategy. Three global optimized methods are derived
to minimize the backflow power on the primary side, on the secondary side and on both sides,
respectively. Compared to the existing backflow power optimization methods in the published
literature, the backflow power is minimized by the three proposed control methods. A comparative
analysis is carried out to evaluate the performance differences among these three control methods
and SPS control. The comparative analysis results show however that the power transmission
efficiency may not be improved in some cases by the backflow power optimization methods.
Therefore, the concept of maximum non-active power transmission time is proposed in this paper and
it unifies the zero power transmission and the backflow power transmission together. Then, a new
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optimal objective is defined as the maximization of the effective power transmission time ratio in the
DAB converter. The derived optimized control method achieves both the maximum effective power
transmission time and minimum current stress of DAB at the same time. A comparative analysis is
performed to show that the minimum non-active power optimization method has the best optimization
performance and also explain the limitations of the minimum backflow power optimization method.
Finally, a prototype is built to verify the effectiveness of the theoretical analysis and the proposed
control methods by experimental results.

2. Operation Principles

2.1. DAB Converter

The DAB converter is shown in Figure 1. A high-frequency transformer T connects the primary
H-bridge (Q1 to Q4) and the secondary H-bridge (Q5 to Q8). The inductance L is the value which
has been reflected to the primary side. L includes the leakage inductance of transformer T and the
additional complementary inductance. V; is the dc-bus voltage on the primary side (input voltage).
V3 is the dc-bus voltage on the secondary side (output voltage), respectively. The turns ratio # is set to
1 to simplify the analysis process. The electric quantities on the secondary side can be reflected to the
primary side when n # 1. As a result, the analysis process is similar to the situation when n = 1.
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Figure 1. Topology of the DAB converter.

2.2. Selected Operating Modes of Triple Phase Shift Control

Due to the symmetry of DAB, the analysis based on positive power flow is enough, and analysis
methods are similar to the situation when negative power flow is engaged. In [25], the operating
modes of TPS are divided into twelve types. Only eight operating modes have the ability for positive
power transmission, as presented in [25].The mode 1 and mode 1’ in [25] have the same transmission
power capability. However, the backflow power in mode 1’ is apparently larger than mode 1 due to
the opposite polarity between v,, and v,; in mode 1’. It means that the power cannot be transferred
from the primary side to the secondary side and from the secondary side to the load side at the same
time in mode 1’. Similar conclusions can be drawn for mode 2" and mode 4, respectively. The backflow
power in mode 2’ is obviously larger than in mode 2, while the backflow power in mode 4 is obviously
larger than in mode 5. The rest of the operating modes in [25], i.e., mode 3/, mode 4, mode 5/, and
mode 6/, can only transfer negative power. As a result, only five types of operating modes are selected
to achieve both positive transmission power from the primary side to the secondary side and small
backflow power. These five modes are depicted in Figure 2. Based on these five modes, an optimized
control strategy could be derived in Section 3 to minimize the backflow power in a DAB converter
when the transmission power is positive.
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Figure 2. Operating waveforms of selected modes with TPS control: (a) Definition of control parameters;
(b) Mode 1; (c) Mode 2; (d) Mode 3; () Mode 4; (f) Mode 5.

In Figure 2a, ¢ is defined as the outer phase shift ratio between the drive signals of Q1 (or Q2) and
Q5 (or Q6). When the drive signal of Q1 is ahead of Q5, ¢ is positive. Otherwise, when the drive signal
of Q1 lags behind Q5, ¢ is negative. D, is defined as the inner phase shift ratio in the primary H-bridge
between the drive signals of Q1 (or Q2) and Q3 (or Q4). D; is defined as the inner phase shift ratio in the
secondary H-bridge between the drive signals of Q5 (or Q6) and Q7 (or Q8). The operation constraints
and transmission power of these five modes are listed in Table 1. K is denoted as the normalized
transmission power to the reference value AV1V);, ie., k = Ppap/(AV1V3). A is the constant coefficient
Tys/(2L).The voltage conversion ratio d is defined as d = V,/ V. The maximum transmission power of
DABis k =0.5when Dy =1, D, =1 and ¢ = 0.5. As shown in Figure 2, understeady-state conditions,
the waveforms of v,,, vy and i, are symmetric in an adjacent half switching period. Therefore, the
following mathematical analysis is carried out only in half a switching period for simplification.

Table 1. Operation constraints and transmission power for selected modes.

Mode Constraints

Modes (Dy and D, < 1) Transmission Power k

Mode 1 D17D2S¢SO k:Dl(D27D1+2(P)

Mode 2 OS(PSDI*DZ k:Dz(D27D1+2(P)

Mode 3 D]S(PSl*DZ k=D1D2

Mode 4 max(D; — D,0) < ¢ < min(1 — D,,Dy) k=—-Dy? — ¢? + 2Dy + D1D,

Mode 5 1-Dy<¢ <D k=—D1% — Dy — 2¢? + 2¢ + 2D — 2D + D1Dy + 2D,y — 1

3. Global Minimum Backflow Power Control

3.1. Backflow Power Under SPS Control

Figure 3 shows the operation waveforms of DAB under a single-phase-shift (SPS) control strategy.
The phase shift time between the voltage v,, and v, is defined as ¢-T};, where Ty is a half switching
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period. The phase shift ratio between v,, and v,y is ¢. i;;, and i, are the input current on the primary
side and the output current on the secondary side, respectively.

P P O
Vab L < [ —

vt
£t bttt

Figure 3. Operating waveforms of SPS control.

For simplification, only the positive power flow from the primary side to the secondary side
is analyzed in this paper. As can be seen in Figure 3, the transmission power of DAB flows back
to the primary side (i.e., power supply) from the DAB during ty to ty;s and f; to t,3 while the
transmission power of the DAB flows back to the DAB from the load side during ¢y to t; and tyy
to t3. The transmission power during these periods is defined in this paper as the backflow power.
Backflow power is one type of the non-active power in DAB and it will reduce the power transmission
efficiency in DAB. In Figure 3, the backflow power on the primary side and secondary side are defined
by Equations (1) and (2), respectively.

1 st
= — v1lip|dt 1
Qp Ths/to 1]iL] 1)
1
Q= 7 [ oaliat @
hs Jty

where both Q) and Qs are positive values.

3.2. Minimum Backflow Power Conrtrol (MBPC) at Low Power Level

Mode 1 to mode 4 in Figure 2 are the operating modes at low power level. Moreover, both the
backflow power on the primary side (i.e., Q,) and these secondary side (i.e., Qs) can be eliminated
simultaneously to zero in mode 1 to mode 4. Therefore, these modes have the minimum backflow
power on both sides. Optimized control parameters in each operating mode can be derived as below
based on the optimal object Q, = Qs = 0.

MBPC in mode 1. In order to eliminate Qp, and Qs, the current conditions iy (tp) > 0, ir(t1) > 0,
ir.(t2) = 0 and iy (t3) = 0 should be satisfied to obtain:

D1 =dDy,¢ =0 3)
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Substituting Equation (3) into the expression of transmission power in Table 1, the optimized
control parameters with its constraints in mode 1 can be solved:

k k
— = —_— >
d(l—d)'D2 ,whenk>0andd <1 4)

Di=d d(1—d)

Based on the constraints of mode 1 in Table 1, the maximum transmission power is:
k1max = d(l — d), whenD; =d, D, =1 (5)

MBPC in mode 2. Solving the current conditions i (tg) =0, i.(t1) > 0, ir.(f2) > 0 and if(t3) = 0 for
the elimination of Q, and Qs we obtain:

Dl = dDz,(p = Dl — Dz (6)

Substituting Equation (6) into the expression of transmission power in Table 1, the optimized
control parameters with its constraints in mode 2 can be solved:

[k [k
= _ — - >
Dy =d d—l'Dz d_l,whenkioandd>1. 7)

According to the constraints of mode 2 in Table 1, the maximum transmission power is:

komax = %, whenD; =1, D, =1/d. (8)

MBPC in mode 3. Solving the current conditions iy (tg) = 0, i.(t1) > 0, ir(f2) > 0 and if (t3) = 0 for
the elimination of Q, and Qs we can obtain:

Dy =dD;,D1 <9 <1-Dy )

This indicates that the elimination of backflow power in mode 3 is only determined by D; and D5.
The outer phase shift ratio ¢ has no effect on it. However, in order to reduce the root-mean-square
(RMS) current of i, as much as possible, ¢ is supposed to be D; in this mode. Therefore, the period of
time #; to t; can be eliminated to zero and RMS current can be reduced, as shown in Figure 2d.

Substituting Equation (9) into the expression of transmission power in Table 1, the optimized
control parameters of mode 3 can be calculated:

Dy, = Vdk, D, = \/E, when k > 0 (10)

The maximum transmission power in mode 3 is:

d
kamax = ————, when Dy =d/(1+d), D, =1/(1+4d) (11

(1+4d)

MBPC in mode 4. Solve the current conditions iy (ty) = 0, ir.(t1) > 0, ir.(t2) > 0 and i;(t3) = 0 to
eliminate Q, and Qs:

D1 = dDy,max(Dy — D,,0) < ¢ < min(1 — D5, Dq) (12)
Substituting Equation (12) into the expression of transmission power in Table 1 to obtain:

k= —(¢ —dD,)* + dD5? (13)



Energies 2017, 10, 1403 7 of 27

According to the quadratic curving relationship in Equation (13), it can be obtained that:

D;? d _
Ky — Tliwh?nOSD1 < mar;dgo—Dl , ; (14)
—(+5+1)D?+2(1+5)D; -1, when 147 < D; <landgp=1- 3
Therefore, the maximum transmission power in mode 4 is:
d d>+d d+1
Kippy = —~———— whenDy = ——— = Dy = -~ 15
e = gy VNN T 1 T T A (15

Figure 4 presents the curves of ky;x versus d for mode 1 to mode 4 according to Equations (5), (8),
(11) and (15). From Figure 4, we can conclude that ks, is larger than the other three modes under
different d. Especially when d is equal to 1, mode 1 and mode 2 will not be effective anymore while
kamax reaches its maximum value. This indicates that mode 4 has the widest power range for zero
backflow power on both the primary side and secondary side. As a result, mode 4 is the optimized
operating mode at low power level.
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kAmax

_0.20
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Figure 4. Maximum transmission power kj;;;y in mode 1 to mode 4 versus voltage conversion ratio d.
Similar to the backflow power in mode 3, the elimination of backflow power in mode 4 is only

dependent on D; and D,. The outer phase shift ratio ¢ has no effect on it. For simplicity, ¢ is designed
to be a linear relationship with D; or D, as shown below:

D1 =dDy, ¢ (16)

d
BV ESRE

The optimized control parameters of mode 4 can be solved as:

dk d+1 dk dk
Dl_(d+1)Vd2+d+1’D2_ d \/d2+d+1’¢_d 2 rd+1 17

3.3. Minimum Backflow Power Conrtrol at Medium Power Level

If the transmission power exceeds kg, the DAB converter will operate in mode 5. However, Q,
and Qs cannot be eliminated at the same time in mode 5 when k is larger than ky;,,,. Mode 5 can
be further subdivided into five operating modes based on the current conditions of i;.. Due to the
symmetry of v, v,y and i, in the adjacent half switching period, only the current values in a half
period are presented:

(1) Mode 5A. When ii(ty) > 0, iL(t1) > 0, iL(t2) > 0, and i (f3) > 0, Qp can be eliminated to zero,
while Qs cannot be eliminated, as shown in Figure 5a.
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(2) Mode 5B. When iy (tg) <0, ir.(t1) <0, ip(t2) > 0, and i1 (f3) > 0, Qs can be eliminated to zero, while
Qp cannot be eliminated, as shown in Figure 5b.

(3) Mode 5C. When i1 (tp) < 0, ir(t1) > 0, iL(t2) > 0, both Qp and Qs cannot be eliminated to zero.
However, it is the only operating mode to reach the maximum transmission power of DAB, i.e.,
k=0.5when D; =1, D, =1 and ¢ = 0.5, as shown in Figure 5c.

(4) Mode 5D. When it (t) > 0, ir.(t1) > 0, iL(t2) > 0, and i1 (t3) < 0, both Qp and Qs are larger than
that in mode 5A under certain k. Therefore, this mode is not selected to be optimized below.

(5) Mode 5E. When iy (tg) < 0,i.(t1) < 0, ir(t2)< 0, and i (t3) > 0, both Q, and Qs are larger than that
in mode 5B under certain k. Therefore, this mode is also not selected to be optimized below.
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Figure 5. Operating waveforms of selected modes in mode 5: (a) Mode 5A; (b) Mode 5B; (¢) Mode 5C.

As analyzed above, only mode 5A, mode 5B and mode 5C are selected to be optimized as below.
There are two common optimal objectives in mode 5, i.e., Qp = 0 or Qs = 0, to eliminate the backflow
power on the primary side and secondary side, respectively. Based on the two objectives, only two
control degrees of freedom are considered in [18,19].

In this section, the two optimized objectives are modified to obtain a smaller backflow power on
both sides with three control degrees of freedom. The optimized control parameters at medium power
level are derived based on two modified objectives respectively as below:

Objective 1: The objective 1 at medium power level is to eliminate the primary backflow power Q,,
with minimum secondary backflow power Qs:

Qp = 0and minQ; (18)

The optimized objective in Equation (18) not only achieves zero backflow on the primary
side, but also gives consideration to the reduction of backflow power on the secondary side.
Moreover, when i (t), iL(t1), iL(t2), and iL(t3) are not smaller than zero, Q, can be eliminated to
zero. Therefore, the optimized mode for objective 1 is mode 5A, as shown in Figure 5a. The secondary
backflow power Qs in this case is:

2
Qs =A[V1V2(Dz+¢71)z+w] (19)

where A is the constant coefficient Ty /(2L).

It can be seen from Equation (19) that Qs cannot be eliminated to zero when Q) is zero.
However, the value of Qs can still be minimized based on appropriate control parameters.
According to Equations (18), (19) and the transmission power in Table 1, the optimized control
parameters are derived in Equation (20) (the detailed derivation process is presented in Appendix A).

_d(2d+1)+dmy 1 _ dPHd(d+ 1)
Di=Zpmag De=1-m, 9= Sa5g 20)

d?+d—(2d2+2d+1)k
Where 0(] = \/%
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The optimized results indicate that the value of i1 (tp) is exactly equal to zero. That is to say,
the optimized control parameters in Equation (20) are actually located at the boundary of mode 5A
and mode 5C. The maximum transmission power is reached when a7 in Equation (20) is equal to zero:

dz+d 2d% +d

k -2 7% whenDj=-—— "% D,=1 21
SAmax = 5 g1 LT o o 1 2 1)

Objective 2: The objective 2 at medium power level is to eliminate the secondary backflow power
Qs with minimum primary backflow power Q,

Qs = 0and minQ), (22)

As long as the current conditions iy (fp) < 0, ip.(f1) <0, iL(t2) > 0, and i,(t3) > 0 are met, Qs can be
eliminated to zero, as shown in Figure 5b. The primary backflow power Q, in this case is:

Qp = AV(Ds + ¢~ 1)(D1 ~Da— (1= d) (9~ 1)) + 3 (D1~ (@ +2)D2 +2(1- 9)]  (23)

It can be seen from Equation (23) that Q, cannot be eliminated to zero when Qs is zero.
However, the value of Qs can still be minimized based on appropriate control parameters.
Based on Equations (22), (23) and the transmission power in Table 1, the optimized control parameters
can be derived as below:

_a _ d42+4day _ 14d+d?—(14+2d+d?)ay
Di=1-a, D= 50505 9= 212412 (24)
h _[d+1—(d?+2d+2)k
whereay =\ —aga

Under the optimized control parameters in Equation (24), the value of i (t;) is exactly equal to
zero. Therefore, the optimized control method by in Equation (24) is actually located at the boundary
of mode 5B and mode 5C.

The maximum transmission power is reached when &, in Equation (24) is equal to zero:

d+1 d+2

ksBmax = m/ whenD; =1, Dy = m (25)

3.4. Minimum Backflow Power Conrtrol at High Power Level

Along with the increase of transmission power, k will exceed ksyax OF kspyqy. In this case,
the current value of ir (tp) is smaller than zero while the current value of i1 (t;) is larger than zero.
The DAB converter will operate in mode 5C, as shown in Figure 5¢c. The backflow power on both sides
needs to be recalculated by Equations (26) and (27):

AVy

V; .
% = A 77 ) = g vy (i T VaD2 ~ 2Vag 200 -
1% . AV
Q= g v ) = gy @YD VDD~ 2V 2Ve) @)

Objective 1: Objective 1 at high power level is to eliminate the primary backflow power Q,:

minQ, (28)



Energies 2017, 10, 1403 10 of 27

Substituting the expression of transmission power in Table 1 into Equation (26) to eliminate the
variable ¢, the optimized control parameters can be derived:

9Q 9Q
ﬁ :0, ﬁ =0atk =

B 12 _ 1 1+2d [ 1.2
Dy =1-(1+d)\/32 D=1, 9=} - 1524, [ L2

Objective 2: Objective 2 at high power level is to eliminate the secondary backflow power Q:

(29)

minQq (30)

Similarly, the optimized control parameters can be derived as:

Qs _n 9Qs _
D, =0, D, =0atk =

31)
B _ 1-2k _ 1.4 1-2k (
D1—1,Dz—1—(1+d)\/%f¢—2+7\/%

As can be seen in Equations (28) to (31), whether objective 1 or objective 2 is selected to be
optimized, three control degrees of freedom are needed. It indicates that only single-side backflow
power (i.e., Qp or Qs) can be optimized at high power level.

Equations (17), (20) and (29) constitute the “global minimum primary backflow power control
method (GMPBPC)”, while the Equations (17), (24) and (31) constitute the “global minimum secondary
backflow power control method (GMSBPC)”.

3.5. Comparative Analysis of Global Minimum Backflow Power Control

3.5.1. Backflow Power

The backflow power of GMPBPC, GMSBPC and the traditional SPS control method are depicted
in Figure 6. It can be seen in Figure 6a,b that GMPBPC and GMSBPC achieve minimum Q, and
minimum Qs, respectively, as expected. Compared to the SPS control method, these two optimized
methods can reduce backflow power effectively, especially at lower power level. However, at higher
power level, the backflow power of optimized methods may be even larger than the backflow power
of the SPS control method.
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Figure 6. The backflow power of GMPBPC, GMSBPC, GMBPC and traditional SPS control method;
(a—c) are plotted for V1 =60V, V, =120 V; (d—f) are plotted for V; =120V, V, =60 V.
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Under the condition whend =2 (V1 =60V, V, =120 V), Qs of GMPBPC is much larger than Qs of
other methods at higher power level. The maximum difference of Qs between GMPBPC and GMSBPC
is about 240 W, as shown in Figure 6b. However, the maximum difference of Q, between GMSBPC
and GMPBPC is only about 40 W, as shown in Figure 6a. As a result, GMPBPC has worse optimized
results in comparison to GMSBPC when d is larger than 1. Similarly, GMSBPC has worse optimized
results in comparison to GMPBPC when d is smaller than 1, as shown in Figure 6d,e.

As analyzed above, the control method should be switched to GMPBPC when d is larger than 1
and switched to GMSBPC when d is smaller than 1, in order to ensure good optimized performance of
DAB under different voltage conversion ratio d. However, the mode switching increases the complexity
of the implementation in digital controller.

In order to optimize the backflow power in both sides under arbitrary voltage conversion ratio
d but without mode switching, an alternative optimal objective is to minimize the sum of backflow
power in both sides as below.

Objective 3: The objective 3 is to minimize the sum of primary and secondary backflow power,
i.e, Qsum:

minQsym, where Qsym = Qp + Qs (32)

At low power level, the optimized control parameters has been derived in Section 3.2, i.e., mode 4,
and Qg is reduced to zero. At medium power level, Equations (18) and (22) are essentially equivalent
to the optimal objectives “minimum Qs in mode 5A and mode 5B, respectively. The optimized
results are located at the boundary of mode 5C. At high power level, only mode 5C has the ability to
reach the maximum power transmission of DAB. As a consequence, the global minimum Qg can
only be derived in mode 5C when transmission power k is larger than ks,,,. The optimized control
parameters are derived based on Equations (26), (27) and (32) as shown below:

Wam — (), WQam — 0 gt =
1 2 ) (33)

The control method which consists of Equations (17) and (33), is called as “global minimum
backflow power control (GMBPC)” in this paper.

As can be seen in Figure 6a,b, the values of Q, and Qs in GMBPC are always between the values in
GMPBPC and GMSBPC. It indicates that the optimal objective in Equation (32) is essentially a tradeoff
between minimum Q, and minimum Qs. Moreover, as shown in Figure 6b, the optimized results
of GMBPC are closer to the optimized results of GMSBPC when d = 2. This is because Qs accounts
for the largest portion of Qsun (i-e., Qs >> Qp) at higher power level when d = 2, GMBPC is prone to
reduce Qs when d is larger than 1. Figure 6d—f show Qp, Qs, and Qs atd = 0.5 (V1 =120V, V, =60 V)
respectively. The optimized results in Figure 6d—f show the symmetry with respect to the optimized
results when d =2 (V; =60V, V, =120 V) in Figure 6a—c. Therefore, GMBPC is prone to reduce Q,
when 4 is smaller than 1. As a result, the optimized performance of GMBPC is similar to the optimized
performance of mode switching between GMPBPC and GMSBPC. The mode switching can be avoided.

In conclusion, GMBPC not only has nearly the same optimized performance as GMPBPC when d
is smaller than 1 or as GMSBPC when d is larger than 1 without mode switching, but also has smaller
Qsum than other methods. Therefore, GMBPC is supposed to have better performance than other two
optimized methods. The optimized control parameters and the power range of the three derived
methods above are listed in Table 2.
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Table 2. Control parameters and the power range of backflow power optimal control methods.

Modes GMPBPC GMSBPC GMBPC
D, — dk _ d+1 dk _ dk
Low Power Level Mode4: Dy = (d+1)\/ zigg, D2 = &l Prart ? = prara
d
Power Range 0<k< g
Mode5A : Mode5B : Mode5C :
_d(2d+1)+day Di=1— _1_ 1-2k
D, = &4t )tan 1 o Dy =1 T
Medium Power Level ! 242+2d+1 D, — d+2+d 1 4d?
Dy =1—-m 2= 212442 D,=1-— 42 1-2k
_ A 4d(d+1)my _ 14d4dP—(12d+d) 1+d2+d*
= aPi2drl ¢ = 7r2dv2 — 1, Pod1 [ 1%k
i Pid d d+1 v=2 : T+dtedt
Power Range 7rar Sk S apan a1 S k< 2+2d+2
Mode5C : Mode5C :
Dy =1—(1+d)\/sp5 Dy=1
: T2d+1 —
High PowerLevel Dy =1 Dy=1-(1+4d) /d21+2§}:r2
_1_ 142 12k _1.,.d [_1-2%
=37 \oarrara P=z2t2 \/%
d*+d 1 d+1 1 d 1
Power Range wiair1 <K= Tioda Sk< 3 mra Sk<a

3.5.2. Control Parameters

According to Table 2, the optimized control parameters Dy, D, and ¢ versus k are depicted
in Figure 7 whend =2 (V1 =60V, V; = 120 V). As can be seen in Figure 7, the control parameters of all
these three control methods are piecewise continuous function of k. Only two subsections (i.e., low and
high power level) exist in GMBPC, while three subsections (i.e., low, medium and high power level) are
in GMPBPC and GMSBPC. Moreover, D1 and D, change monotonically in GMBPC. Therefore, GMBPC
is easier to be implemented compared to other two methods.
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(a) (b) (c)
Figure 7. Control Parameters of optimized control methods under V; =60V, V; =120 V; (a) GMPBPC;
(b) GMSBPC; (c) GMBPC.

3.5.3. Current Stress and Current rms

In order to further study the performance differences of the three optimized methods, the current
stress and the current rms value of i}, are compared in Figure 8. Compared to the traditional SPS
control method, the current stress and current rms can be reduced effectively by all the three optimized
methods especially at lower power level. However, as shown in Figure 8a, the current stress of
GMPBPC becomes larger than with other control methods (even than SPS control method) at higher
power level when d is larger than 1. Similar situations can also be seen in Figure 8b where the current
stress of GMSBPC becomes larger than other methods when d is smaller than 1. A similar phenomenon
has been seen and analyzed in Figure 6 in regard to backflow power Q, and Qs. As a result, the same
conclusion can be drawn that GMPBPC has worse performance when d is larger than 1 while GMSBPC
has worse performance when d is smaller than 1.
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Figure 8. Current stress and current RMS of optimized control methods; (a) Current stress under
V1=60V, V, =120 V; (b) Current stress under V1 =120V, V, =60 V; (¢) Current RMS under V; =60V,
V, =120V; (d) Current RMS under V; =120V, V, =60 V.

As shown in Figure 8c,d, the differences of current rms are smaller than the differences of current
stress among the three optimized methods. However, current rms of the three optimized methods all
becomes slightly larger than with the SPS control method at higher power level, which means larger
conduction losses arise in a higher power operation range by the optimized methods.

In general, GMBPC has the best current performance compared to the other two optimized
control methods.

3.5.4. Switching Characteristics

Neglecting the resonance process during switching transition, the soft-switching is generally
determined by the polarity of the current at the switching moment. At low power level, all the
optimized methods operate in mode 4 and the current satisfies the condition when 7 (tg) = 0, ir.(t1) > 0,
iL(t2) > 0 and i (t3) = 0. Therefore, Q3, Q4, Q5 and Q6 are turned on at zero-voltage-switching (ZVS)
while Q1, Q2, Q7 and Q8 are turned off at zero-current-switching (ZCS) in mode 4. All the switching
devices can achieve soft-switching at low power level.

At medium power level, the GMPBPC method requires that iy (fy) = 0, ip(t1) > 0, ir.(f2) > 0 and
ir (t3) > 0. Therefore, Q3, Q4, Q5, Q6, Q7 and Q8 are turned on at ZVS while Q1 and Q2 are turned
off at ZCS in mode 5. Similarly, Q1, Q2, Q3, Q4, Q5 and Q6 are turned on at ZVS while Q7 and Q8
are turned off at ZCS in mode 5 for the GMSBPC method. Thus, all the switching devices can achieve
soft-switching at medium power level.

At high power level, all three optimized control methods operate in mode 5C under the conditions
when 71 (fg) <0, i .(f1) > 0, iL(f2) > 0 and 71 (f3) > 0. As a result, all the switching devices can be turned
on at ZVS at high power level.

In conclusion, based on the comparative analysis above, GMBPC is a preferable choice to be
a tradeoff between min Q, by GMPBPC and min Qs by GMSBPC. Compared to GMPBPC and GMSBPC,
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GMBPC allows smaller current stress, smaller current rms value, easier implementation method and
wider ZVS range.

4. Non-Active Power Transmission in DAB Converter

4.1. Non-Active Power Transmission Time in DAB Converter

The global minimum backflow power optimization methods are derived in Section 3.
However, the backflow power transmission is just a portion of the non-active power transmission in
a DAB converter. The ideal maximum power transmission efficiency in DAB occurs when positive
power is transmitted from the primary side to the secondary side while positive power is also
transmitted from the secondary side to the load side at the same time, e.g., the period of ¢, to t3
in Figure 9. However, as shown in Figure 9a, the practical situation on the primary side of DAB
is that transmission power flows back to the primary side during ty to ¢, and transmission power
is zero on the primary side during f3 to t4. Therefore, non-active power transmission time on the
primary side contains two portions during ty to ¢, (i.e., the backflow power) and t3 to t4 (i.e., the zero
power) respectively. A similar situation can also be seen on the secondary side of the DAB, as shown
in Figure 9b.
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Figure 9. Non-active power transmission time in (a) Primary side; (b) Secondary side.

However, the factor of zero power transmission is not considered in Section 3 with the optimal
objective of backflow power. Although backflow power is minimized by the methods derived in
Section 3, the time of zero power transmission may increase. As a result, the power transmission
efficiency may not be improved by the optimization of backflow power.

In order to optimize the non-active power transmission in DAB, the concept of maximum
non-active power transmission time is proposed in this section. Taking the operation mode in Figure 9
as an example, zero power transmission on the primary side occurs during t3 to t4. The duration of t3
to t, is denoted as t,. The backflow power Qj is transmitted back to the primary side during ¢, to ;.
The same amount of power which is also equal to Q, can be transmitted from the primary side to the
secondary side during ¢, to t,. Therefore, the average power during ¢, to t; is zero. The period of tj to
ty can be called the equivalent zero power transmission time, just like the zero power transmission
during t3 to t;. However, the same amount of power which is equal to Qp, can also be transmitted
from the primary side to the secondary side during other different time intervals, e.g., during t,’ to
t’ in Figure 9a. The duration of ¢, to t; is longer than the duration of t," to t,/ due to the smaller
average current during f, to t,. Therefore, t( to t; is the maximum equivalent zero power transmission
time on the primary side caused by backflow power Q,. The duration of ¢ to t; is denoted as tp...
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As a consequence, the maximum non-active power transmission time on the primary side, i.e., tpna,
can be defined to be the sum of t,; and ty,; as given below:

tpna = tpez + tpz (34)

The non-active power transmission time ratio (NTR) on the primary side is defined as y,. 7y
is the percentage of ty,, to Tj,s. Therefore, the effective power transmission time ratio (ETR) on the
primary side can be defined as 6, =1 — ;:

=01~ t]’iﬂ) X 100% =1 —p (35)
hs

Similarly, as shown in Figure 9b, the non-active power transmission time ratio on the secondary
side, i.e., vs, is the percentage of ts, to Tjs. The ETR on the secondary side can be defined as ds =1 — .
Nonactive power transmission time unifies the zero power transmission and the backflow power
transmission together. The backflow power is converted to zero power transmission time equivalently.
Therefore, 6, indicates the active power transmission time efficiency on the primary side while Js
indicates the active power transmission time efficiency on the secondary side. The active power
transmission time efficiency for DAB is limited by the minimum transmission time efficiency either
on the primary side ¢, or on the secondary side Js, i.e., min (Jp, J5). As a result, the active power
transmission time efficiency for a DAB converter on both sides cannot be just denoted as the tradeoff
between §, and Js, e.g., the summation of 6, and J;.

The effective power transmission time f, for a DAB converter can be denoted as the time during
which no non-active power on the primary side or on the secondary side is transmitted. In Figure 9,
the period of t, to t3 is the effective power transmission time. Therefore, it makes sense for ¢, to indicate
the power transmission time efficiency for DAB. For the purpose of minimizing the non-active power
transmission time on both sides for DAB, a new optimal objective can be constructed in Equation (36)
to maximize the effective power transmission time ratio (6, = ¢,/ T};):

max J, (36)

4.2. Minimum Non-Active Power Transmission Time Control (MNPC) at Low Power Level

Atlow power level, GMPBPC, GMSBPC and GMBPC are all in mode 4 with the control parameters
shown in Table 2. The time t,p,, tsus and t, can be calculated as:

tpna = Tps(1 — D1), tsna = Tys(1 — D2), te = Tps(D1 — @) = Tjs/D1D2 — k (37)

In this case, when Dy and D, are selected to be their maximum values, 7, and ys can be minimized.
Moreover, as can be seen in Equation (37), the optimal objective “max J.” is equivalent to the
objectives “min 7,” and “min <" at the same time. Therefore, the effective power transmission
time £, can be maximized while the non-active power transmission time can be minimized in the
meantime. The maximum values of D; and D, can be obtained based on the limitation condition of ¢
in Equation (12). Optimized results show that the MNPC method in mode 4 is located at the boundary
of mode 1 and mode 4 when d < 1 or the boundary of mode 2 and mode 4 when d > 1. Moreover, it
can be demonstrated that the control parameters of MNPC in mode 1 and mode 2 are the same as the
results in Equations (4) and (7), respectively.

Figure 10a,b show the simulation waveforms of MNPC and GMBPC at low power level
respectively when d = 2. Although the backflow power in these two control methods is zero,
the non-active power transmission time is different. Under certain transmission power k = 0.2, 8, Js,
and 6, of MNPC are 89.4%, 44.7%, and 44.7%, respectively, while 4, ds, and J. of GMBPC are 71.7%,
35.9%, and 23.9%, respectively. Apparently, the effective power transmission time ratio J,, s, and
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d. of MNPC are all larger than that of GMBPC. As a result, the optimized performance of MNPC is
supposed to be better than optimized performance of GMBPC at low power level.
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t(10us/div) hs S t(10us/div) hs s
(a) (b)
Figure 10. Simulation waveforms of MNPC and GMBPC at low power level under V; =60V, V, =120V;
(a) MNPC; (b) GMBPC.

4.3. Minimum Non-Active Power Transmission Time Control at High Power Level

At high power level, the optimized control strategy will work in mode 5C. Based on the numerical
optimization results in Appendix B, the minimum non-active power transmission time is always
reached in mode 5Ca when d > 1 or in mode 5Cd when d < 1.

In mode 5Ca, the tyy,, tsu, and t, can be calculated as:

2V 2, VoVi. o2
, L\/il it (to)*+ v in(t)
. Lip (¢ Vi+v, Vi+V,
tpna = 7V12+LV21L(t0)’ tsna = VzL*(‘gl) + V,—Wq + @Ths, te = Ths — tsna (38)

As shown in Figure Ala, ts, is larger than t,,, in mode 5Ca. Therefore, the ETR on the
secondary side (i.e., Js) is smaller than the ETR on the primary side (i.e., 6,). Moreover, as can
be seen in Equation (38), the maximization of &, is equivalent to the minimization of 5. Therefore,
the minimization of min (6, J5) and the maximization of é, can be reached at the same time. The
optimized control parameters are derived as below:

atSHll J—
B o =07 (39)
Dy =1,Dy=1-(d-1)\/55%5, ¢ = 3+ 5%/ 7555 whend > 1
In mode 5Cd, the tpy, tsu, and t, can be calculated as:
L L\ v i (0 + s (to)? ,
tpna = VL11£<‘2) + \/ (A ViV, (A + (1 - D+ ¢)Thsr tsna = ﬁ%(tl)/ te = Tps — tpna (40)

Similar to the derivation process in mode 5Ca, the optimized control parameters in mode 5Cd can
be derived as below:

atpmz
=0=
D1 |p,—1 (41)

— [ 1-2k _ _1 1 /_1-2k

Figure 11a,b show the simulation waveforms of MNPC and GMBPC at high power level,
respectively, when d = 2. Under certain transmission power k = 0.4, J,, J5, and J. of MNPC are
87.8%, 42.4%, and 42.4%, respectively, while J,, Js, and J. of GMBPC are 79.7%, 39.3%, and 35.4%,
respectively. Both the zero power transmission time and the equivalent zero power transmission time
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caused by backflow power of MNPC are smaller than that of GMBPC. As a result, power is transmitted
more efficiently in MNPC than in GMBPC at high power level.
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Figure 11. Simulation waveforms of MNPC and GMBPC at high power level under V; = 60V,
V, =120 V; (a) MNPC; (b) GMBPC.

Equations (4) and (41) constitute the control parameters of MNPC when d is smaller than 1 while
Equations (7) and (39) constitute the control parameters of MNPC when d is larger than 1. Similar to
the GMBPC, MNPC also has only two subsections (i.e., low and high power level). The control
parameters are piecewise continuous function with k. More than that, according to the optimized
control parameters in Equations (4), (7), (39) and (41), MNPC method is exactly the same as the UTPS
control method to minimize the current stress in whole load range in [9]. In other words, the minimum
current stress and the minimum non-active transmission time can be reached at the same time.

4.4. Comparative Analysis of Minimum Nonactive Power Transmission Time Control

The overall performance of MNPC, GMBPC and SPS is compared as follows.

4.4.1. Backflow Power

The backflow power of MNPC, GMBPC and SPS versus k is plotted in Figure 12. The backflow
power in MNPC is slightly larger than that in GMBPC. Moreover, the backflow power of MNPC and
GMBPC is much smaller than the backflow power of SPS control especially at lower power level.
In general, GMBPC has a better performance than MNPC on the reduction of backflow power.
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Figure 12. Backflow power of MNPC, GMBPC and SPS versus k under V1 =60V, V, =120 V; (a) Qp;
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4.4.2. Effective Power Transmission Time Ratio

As shown in Figure 13, the maximum ¢, and 65 in MNPC and GMBPC occur at the boundary
between low power mode and high power mode. As shown in Figure 13a, §, in SPS is even larger than
dp in MNPC and GMBPC at higher power level. However, Js in SPS is much smaller than §, in SPS.
The operation performance is mostly determined by ¢, and the minimum value of 6, and ;. Therefore,
the performance of SPS is worse than that of MNPC and GMBPC.
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Figure 13. Effective power transmission time ratio of MNPC, GMBPC and SPS versus k under V1 =60V,
V5 =120V; (a) 3y; (b) 6s; (c) 6, and V1 =80V, V, =120 V; (d) Jp; (e) s; (£) de-

When d =2(V; =60V, V, =120 V), the maximum values of 6y, s and J. of MNPC are 100%,
50% and 50%, respectively, while the maximum values of J,, s and J. of GMBPC are 86%, 43%
and 43%, respectively. Moreover, the ¢, s and é, in MNPC are always larger than that in GMBPC.
Especially, the 6, in MNPC is much larger than the J, in GMBPC and SPS. As a result, MNPC has
a better performance than GMBPC on the reduction of non-active power transmission.When d reduces
to 1.5(V1 =80V, V, =120 V), the J, in GMBPC, MNPC and SPS increases when d approaches to 1.
However, the increase rate of J, in GMBPC is smaller than that of MNPC and SPS control. Therefore, §,
in GMBPC is even smaller than J. in SPS control. It indicates that the performance of DAB may not be
improved by GMBPC when 4 is close to 1.

4.4.3. Current Stress and Current rms

As shown in Figure 14a,b, the current stress and current rms of MNPC and GMBPC are reduced
efficiently compared to that of SPS control when d = 2. Moreover, MNPC has the minimum current
stress and minimum current RMS compared to other two methods. As a result, MNPC has a better
performance of current than GMBPC. However, as can be seen in Figure 14c,d, when the voltage
conversion ratio d is reduced to 1.5, the current stress and current rms of GMBPC are even larger than
that of SPS control. The same conclusion can be drawn that the optimization of backflow power may
not ensure the high-efficiency operation of DAB when d is close to 1.
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Figure 14. Current stress and current rms of MNPC, GMBPC and SPS control method. (a) Current stress
under V; =60V, V, =120 V; (b) Current rms under V1 =60V, V, = 120 V; (¢) Current stress under
V1=80V,V,=120V; (d) Current rms under V1 =80V, V, =120 V.

4.4.4. Switching Characteristics

As analyzed in Section 3.5.4, all switching devices can achieve soft-switching in GMBPC. At high
power level, all the switching devices can be turned on at ZVS for MNPC in mode 5C. At low power
level, Q3 and Q4 are turned on at ZVS while Q1, Q2, Q5, Q6, Q7 and Q8 are turned off at ZCS for
MNPC when d is smaller than 1. A similar situation can be seen when d is larger than 1. As a result,
all the switching devices can achieve soft-switching at both low power level and high power level by
MNPC and GMBPC.

4.4.5. Limitations of Backflow Power Optimization Methods

Unlike the SPS control, both MNPC and GMBPC can ensure soft-switching operation for all
switching devices with arbitrary d. However, the effective power transmission time of GMBPC reduces
a lot when d approaches to 1. This is because that the optimization of GMBPC does not take the zero
power transmission into consideration. Minimum backflow power is obtained at the cost of increasing
zero power transmission time when d is close to 1. It indicates that the current stress and rms value
of GMBPC become larger than SPS control when d is close to 1. As a result, the advantage of full
soft-switching in GMBPC may be counteracted by increasing current. In spite of this, GMBPC is still
effective to improve the performance of DAB when d is far from 1.

5. Results

5.1. Implementation Method for GMBPC

The implementation method of MNPC is presented in [9]. Therefore, only the implementation of
GMBPC is introduced in this section. Replacing the “d” in (17) and (33) by 1/4, the expressions of D
and D, can be interchangeable. Therefore, an implementation method is developed for GMBPC. As
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shown in Figure 7c, D1 and D, changes monotonically with transmission power k. Therefore, the output
of PI controller, i.e., m, can be used to denote D; or D; directly.

When d is larger than 1:

Di=dm,Dy=m,p = dL—f—lDl’ when0 < m < dzc—ii—;dlﬂ 42)
Dlzl—%—l—%m,Dz:m,(p: 1_d+(d_'2—1)D1_D2,whendz‘i%lH§m§1 (43)
When d is smaller than 1:

Dlzm,Dzzg,(p:dLHDl, when0 < m < m (44)

D =m, Dzzl—dz—i—mdz,q): 1_d+(d;1)Dl_D2,whencmgm§1 (45)

The control structure for the GMBPC method is illustrated in Figure 15.

D
Varet 4. o LM, [d>1 (2@ 5> pas | Ve
A d—> d<1(44)45)|_2 ,| Converter

\

Figure 15. Control structure for the GMBPC method.

5.2. Experimental Results

An experimental prototype is built to verify the effectiveness of the proposed control method
and theoretical analysis. Figure 16 is a photo of experimental prototype. The transformer turns
ratio n is 1. Switching frequency f;s is 20 kHz. The inductance L is 64 pH. All switching devices in
both the primary H-bridge and secondary H-bridge are IXFX160N30TMOSFETs (IXYS, Lampertheim,
Germany). The control system is based on the EP4ACE15E22C8N FPGA (Altera, San Jose, CA, USA).
The current waveforms are recorded by a Tektronix A622current probe (Tektronix, Beaverton, OR,
USA). The current waveforms lag behind the voltage waveforms about 2 ps.

MOSFET
Secondary

1

FPGA Transformer _
controller

Figure 16. Experimental prototype.

Figure 17 illustrates the operating waveforms when V; = 120 V, V, = 60 V while Figure 18
illustrates the operating waveforms when V; =60V, V, =120 V. At low power level, i.e., P, = 144 W
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and k = 0.1, both MNPC and GMBPC have good effect on the reduction on the current stress and
rms value.
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Figure 17. Operating waveforms under V1 =120V, V, =60V, P, = 144 W; (a) SPS; (b) GMBPC; (c) MNPC
and P, = 500 W; (d) SPS; (e) GMBPC; (f) MNPC (v,, =50 V/div, v,y =50 V/div, ip. =10 A/div).
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Figure 18. Operating waveforms under V; =60V, V, =120V, P, = 144 W; (a) SPS; (b) GMBPC; (c) MNPC
and P, = 500 W; (d) SPS; (e) GMBPC; (f) MNPC (v,, =50 V/div, v,y =50 V/div, ip, =10 A/div).
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In Figure 17a—c, the current stress is about 14 A with SPS, 9 A with GMBPC and 8 A with MNPC.
MNPC has the minimum current stress. At high power level, i.e., P, =500 W and k = 0.35, the difference
of current stress and rms value between SPS and optimized methods is smaller than the difference at
low power level. At low power level, Q5 to Q8 suffer the hard-switching operation with SPS control as
shown in Figure 17a while Q1 to Q4 suffer the hard-switching operation with SPS control as shown
in Figure 18a. As can be seen in Figure 17b,c and Figure 1b,c, all switching devices in GMBPC and
MNPC can achieve soft-switching (ZVS or ZCS), leading to smaller voltage spikes for v,, and v, at
switching moments. At high power level, the soft-switching cannot still be achieved in SPS control,
as shown in Figures 17d and 18d. However, the GMBPC and MNPC operate in mode 5C at high
power level, so ZVS is guaranteed for all the switching devices. Experimental results verify the full
soft-switching operation in whole load range by GMBPC and MNPC. Figure 19 shows the operating
waveforms under V1 =95V, V, =120 V and P, = 230 W (k = 0.1). Because the voltage conversion ratio
d is close to 1, the current stress in MNPC has little difference from the current stress in SPS control.
However, as shown in Figure 19b, the current stress with GMPBC is larger than that with SPS control
and MNPC. Based on the theoretical analysis, the current rms value with GMPBC is also larger than
that with SPS control and MINPC in this case. Compared to SPS control, although the switching loss
can be reduced with soft-switching in GMPBC, the conduction loss is increased with increasing current
in this case. Therefore, the efficiency may not be improved by GMBPC when d is close to 1.
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Figure 19. Operating waveforms under V1 =95V, V, =120 V, P, = 230 W; (a) SPS; (b) GMBPC;
(c) MNPC.

Figure 20a,b show the efficiency 7 varied with output power P,. The efficiency is improved a lot
by GMBPC and MNPC especially at lower power level. At most of the operation points, MNPC has
the highest efficiency than other two control methods.

98 T 95 ,
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Figure 20. Efficiency varied with output power P,; (a) V1 =120V, V, =60 V; (b) V1 =60V, V, =120 V.
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In Figure 20a, the efficiency of GMBPC is lower than the efficiency of SPS control at higher power
level. In Figure 20b, both GMBPC and MNPC has larger efficiency than SPS control. In general,
GMBPC and MNPC are two effective methods to improve the performance of DAB especially when d
is far from 1.

6. Conclusions

This paper proposes three optimized control methods for global minimum backflow power on
the primary side, on the secondary side and on both sides, respectively. The comparative analysis
results show that GMBPC has better performance than the other two optimized methods. GMBPC can
reduce backflow power in both sides at the same time. The concept of maximum non-active power
transmission time is proposed in this paper. The effective power transmission time ratio is maximized
to improve the performance of DAB. The derived optimized control method, i.e., MNPC, achieves
both the maximum effective power transmission time and minimum current stress of DAB at the
same time. Comparative analysis shows that effective power transmission time ratio J, in GMBPC
decreases when d approaches to 1 while J, in MNPC and SPS increases when d approaches to 1.
The conclusion can be drawn that performance of DAB may not be improved by GMBPC when d is
close to 1.Finally, a prototype is built to verify the effectiveness of theoretical analysis and the proposed
control methods by experimental results.
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Parameter List

41 dc-bus voltage on the primary side.

Vs dc-bus voltage on the secondary side.

L The inductance reflected to the primary side consist of leakage inductance and the additional
complementary inductance.

n Turns ratio.

¢ The outer phase shift ratio between the drive signals of Q1 (or Q2) and Q5 (or Q6).

Dy The inner phase shift ratio in primary H-bridge between the drive signals of Q1 (or Q2) and Q3 (or Q4).

D, The inner phase shift ratio in secondary H-bridge between the drive signals of Q5 (or Q6) and Q7 (or Q8).

Ths Half switching period.

A The constant coefficient T}/ (2L).

k Normalized transmission power to reference value AV V5.

d The voltage conversion ratio V,/ V7.

Vg The output voltage in primary H-bridge.

(2 The output voltage in secondary H-bridge.

i, The transformer current.

Qp The backflow power in primary side.

Qs The backflow power in secondary side.

Qsum The sum of backflow power in primary side and secondary side.

Kimax The maximum transmission power inmodei (i=1,2,3,4... ).

tpz The zero power transmission time in primary side.

tsz The zero power transmission time in secondary side.

tpez The maximum equivalent zero power transmission time in primary side.

tsez The maximum equivalent zero power transmission time in secondary side.
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tpna The maximum nonactive power transmission time in primary side.
tsna The maximum nonactive power transmission time in secondary side.
te The effective power transmission time.

Tp The non-active power transmission time ratio (NTR) in primary side.
s The nonactive power transmission time ratio (NTR) in secondary side.
Op The effective power transmission time ratio (ETR) in primary side.

s The effective power transmission time ratio (ETR) in secondary side.
Oe The effective power transmission time ratio.

m The output of PI controller.

Appendix A. Derivation Process for Objective 1 at Medium Power Level

Objective 1: Elimination of primary backflow power Q, with minimum secondary backflow power Qs:
Qp = 0Oand min(Qs) (A1)

The backflow power Qs in mode 5A is:

ViD; — VaD,)?
Qs = A Va(Dy + g —1)2 + APLZ V2P (A2)
According to the expression of iy (t), the following relationship can be obtained:
1 1 i (to)
=——D;—-Dy+1 hereC = — A
o 3P 5 b+ 1+ C, whereC 2,4 (A3)
The optimized control parameters for minimum Qs are derived as:
_ 2(14C)d*+(142C)d d
9 — 0, Di=""gpmaa ik
a%s 0 = ( D)22: 1=k
oD, — _ (142C)d*+Cd d?+d
: P = oroain T aPTaarike (Ad)

wherek, — \/(172C2)d2+(<1;_25)_:1;)(2d2+2d+1)k

It can be derived that current conditions for mode 54, i.e., ir (fg) > 0, i;.(t1) > 0, ir.(t2) > 0, and if (t3) > 0, are
satisfied in (A4) so long as C < 0. Taking derivative of Qs with respect to variable C, we can obtain:

dQs
dcC

<0, whenC < 0and k > kypax (A5)

Equation (A5) indicates that Qs reaches its minimum value exactly when C = 0, i.e., if (tg) = 0. The optimized
control parameters can be solved by substituting C = 0 into (A4), as shown in (20).
Appendix B. Derivation Process for MNPC at High Power Level

At high power level, the optimized control strategy will work in mode 5C. Six modes are distinguished in
mode 5C with different non-active power transmission time, as shown in Figure A1. The constraint conditions in
these modes are listed in Table AT.

Table Al. Constraint conditions in Mode 5C.align equation in table.

Mode Constraints te
Mode 5Ca iL(t[)> + iL(t1) >0,D;=1,D,<1 te = Tys — tsna
Mode 5Cb ip(to) +ip(t1) >0,D1 <1,D7 <1, (1 — D1+ ¢)Tps < tsna < Tps te = Tys — tsna
Mode 5Cc iL(tO) + iL(tl) >0,D1 <1,D3 <1, 9Tjs < tona < (1 —Di1+ (P)Ths te = (Dl - q))Ths
Mode 5Cd iL(t0> +iL(t1) <0,D;<1,D,=1 te = Tps — tprm
Mode 5Ce ir(tg) +ir(t1) <0,D1 <1,D,<1,(1—Dy+ (P)Ths < tpna < T te = Ty — tpna
Mode 5Cf iL(tO) + iL<t1) <0,D1<1,D<1, (Dz — D1+ ?)Ths < tpna < (1 — D1+ (P)Ths te = (Dl — q’)Ths

Non-active power transmission time fpna, tsna and effective power transmission time f, in these modes are
listed in Table A2. Similar to [10,26], a numerical method is used to help to find the optimized operation mode.
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Table A2. Nonactive power transmission time in mode 5C.

Nonactive Power Transmission Time ¢y, tsus and Effective Power Transmission

Mode Time t,
v 7 V. 7

) Lis (t Ly/ gin (to) "+ 2t i (h)
Mode 5Ca tpna = - Vlzi\/2 1L(t0)/ tspa = VIZL,(\(}I) + \/v1+v2 Vz,vlvﬁv2 + (PThS/ te = Ths — tsna

tpna = — v iL(t) + (1= D1) Ty, te = (D1 — @) s
Mode 5Cb Lt 4\/ Phin (15— P i ()~ Pt in (10)?

tsnag = ViV, + Vi—V; +(17D1+(P)Thsf
_ 2L - _

Mode 5Ce tpna = —yryiL(to) + (1 — D1)Tys, te = (D1 — @) Tps

. Vi - 2 v, 2
tsna = iL(to) + %\/Vlflvz%(fo) + vnin(t)” + ¢Ths,
—Lip(h)+Ly/ 22 i (1) 2+ A2, (1)?
Mode 5Cd tpna = \/Vﬁvszvz e +(1—D1+¢)Tps,
tsna = V]TLVZI'L(tl)/ te = Tps — tpnﬂ

s L¢%£‘L(tz)z+ szvrvzili(h)z*“ 2 (1)
Mode 5Ce tona = g + ey — + (1-D1+ )Ty,
tsna = ﬁ&(h) + (1 - DZ)ThS/ te = Tpys — tpna
—Lip(h)+L/ 72z i1 (1) 2+ o i (f0)
Mode 5Cf tpna — - \/‘/1+V2Vl Vi+Va + (Dz _ D1 + (P)Thsr
tsna = WlL(tl) + (1= D2)Tps, te = (D1 — @) Tps

The values of t, in mode 5C under different transmission power k are depicted in Figure A2. As shown
in Figure A2, A, B and C are the optimized operation points under certain k with maximum t,. The numerical
optimization results indicate that the maximum ¢, occurs only when Dy =1andd > 1 orwhen D, =1landd < 1.
The optimized control parameters can be derived just in these two operation modes. As a result, the derivation
process can be simpler with the help of numerical optimization results.

A V, A V
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vab .
I
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Figure A1. Six operating modes in mode 5C; (a) mode 5Ca; (b) mode 5Cb; (c) mode 5Cc; (d) mode 5Cd;
(e) mode 5Ce; (f) mode 5Cf.
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