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Optimal Phase-Shift Control to Minimize Reactive
Power for a Dual Active Bridge DC–DC Converter
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Abstract—In a dual active bridge (DAB) dc–dc converter, mod-
ulating the phase-shift ratios can suppress reactive power and
increase the efficiency under non-unity voltage gain conditions.
Derivation of the optimal phase-shift ratios to achieve the mini-
mum reactive power is challenging because a DAB can operate in
four different scenarios (forward/backward, buck/boost) and each
scenario has five operating modes. This paper first introduces a
transformation in which different DAB operating scenarios (for-
ward/backward, buck/boost) can be equivalent to one another;
then optimization of only one scenario (forward/buck) is required.
Next, for the five modes in forward/buck scenario, based on a
graphical method, this paper proves that each operating point of
Modes 1, 2, and 5 can be mapped into that of Mode 3 with lower con-
duction losses, and only two modes require detailed analysis. The
optimization process of these two modes are derived step-by-step.
Global optimal phase-shift signals that minimize the reactive power
under four different DAB operating scenarios (forward/backward,
buck/boost) are presented. A simple table and control block dia-
gram are presented for practical implementation of global reactive-
power minimization control. Experimental comparison with other
modulation schemes verifies the efficiency improvement of the pro-
posed control method.

Index Terms—DC–DC converter, dual active bridge (DAB),
phase shift, reactive-power suppression.

I. INTRODUCTION

THE dual active bridge (DAB), first proposed by
Doncker et al. [1] and [2] in 1988, is a galvanic-isolated,

bi-directional dc–dc converter. As shown in Fig. 1(a), a typical
DAB consists of a transformer, and two H-bridges located on the
primary and secondary sides of the transformer. Each power de-
vice switches with 50% duty cycle and two square voltages, vab

and vcd , can be generated. The transformer provides isolation
and voltage matching between the two H-bridges. The trans-
former leakage inductance (or an additional inductor) serves
as the instantaneous energy storage element. Operation is bi-
directional, and either H-bridge can be considered the primary
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Fig. 1. DAB converter (a) topology and (b) its equivalent circuit.

TABLE I
DEFINITIONS OF PARAMETERS

or secondary depending on the power-flow direction [3]. A DAB
can be simplified, as in Fig. 1(b), assuming ideal power semi-
conductor devices and transformer. The parameters definitions
are presented in Table I.

DAB is ideal for energy storage systems (ESSs) and
power electronic transformers (PETs) because of the following
features.

1) Automatic seamless bi-directional power flow: It is ideal
for PETs and ESSs in microgrids that require fast power-
flow direction transition.

2) Wide voltage conversion gain range: It is ideal for inter-
facing ESSs such as batteries or super-capacitors, whose
voltages vary significantly under different state of charge.

3) Zero voltage switching (ZVS)-ON capability with proper
control: It is ideal to be able to achieve high efficiency.
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Fig. 2. (a) Typical waveforms of a DAB converter using SPS with d = 0.4,
and (b) the corresponding phasor diagram (fundamental components).

Despite aforementioned desirable features, a DAB suffers
from the reactive-power problem (also called circulating
current). Conventionally, a DAB is modulated using single
phase shift (SPS) modulation, and the reactive power can
decrease the efficiency significantly when the voltage gain is
not unity. Fig. 2(a) shows typical waveforms when using SPS
modulation, in which D1 = D2 = 1; only D3 is manipulated
to regulate the output voltage. In the case of Fig. 2(a) where
the voltage gain d = NV2/V1 = 0.4, the inductor current iL
involves a large portion of reverse current (orange shaded
area) that transmits power backward, and iL has to increase
its forwarding part (gray shaded area) to compensate for the
reverse portion as illustrated in Fig. 2(a). The orange- and
gray-shaded portion currents are called reactive currents in a
DAB. Similar to the one in power system, the reactive power
does not transfer any energy, but produces conduction losses in
power devices and copper loss in transformer.

The amount of DAB reactive power increases as the voltage
gain moves away from unity. This phenomenon can be explained
using the phasor diagram [2], [4] in Fig. 2(b). These phasors
satisfy {

�vL(1) = �vab(1) − �v′
cd(1)

�iL(1) = �vL(1)/jωL.
(1)

The angles between these phasors satisfy the law of sines as
follows: ⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

β + γ = π − α

sin γ

sin β
=

|�v′
cd(1) |

|�vab(1) | = d

θ =
π

2
− γ.

(2)

For a given α (α = D3π), a small d leads to a small γ and large
θ according to (2) and Fig. 2(b) when d < 1. A large θ [the

Fig. 3. (a) Waveforms of a DAB converter with an adjusted D1 , and (b) the
corresponding phasor diagram (fundamental components).

angle between �vab(1) and�iL(1)] results in a high percentage of
the reactive power. The reactive power will increase further as
d decreases.

An intuitive way to suppress the reactive power is to adjust the
duty ratios of �vab(1) and �v′

cd(1) , such that amplitudes of �vab(1)

and �v′
cd(1) are similar. vab can be expressed using Fourier series

|�vab(n) | =
4sin (nπ/2) sin (D1nπ/2)

nπ
V1 , n = 1, 3, 5, . . . (3)

where |�vab(n) | denotes the amplitude of different frequency
component. Decreasing D1 can reduce amplitude �vab(1) as
shown in Fig. 3. With a smaller D1 , the angle between �vab(1)

and�iL(1) in Fig. 3(b) becomes smaller compared with Fig. 2(b),
and the reactive power of Fig. 3(a) is reduced. The phase-shift
ratios can be adjusted further to reduce the reactive power,
and how to choose proper values of D1 ,D2 , and D3 to mini-
mize the reactive power is an active topic of research on DAB
[5]–[20].

Based on the phase-shift ratios (D1 , D2 , and D3) that are ma-
nipulated, the modulation methods can be classified as follows.

1) SPS: D1 = D2 = 1, and only D3 is controlled for output
voltage regulation.

2) Dual phase shift (DPS): Besides D3 , another degree of
freedom is introduced to suppress the circulating current,
and there are two possible ways, the first way is to regulate
D1 or D2 depending on the voltage gain M [5]–[8], and
the second way is to regulate both D1 and D2 , but let
D1 = D2 [9]–[12].

3) Triple phase shift (TPS): D1 ,D2 , and D3 are controlled
independently [13]–[20].

Although the DPS can reduce DAB reactive power to some
extent, yet their phase-shift ratios (D1 , D2 , and D3) are only
locally optimized [18]. This is also the case for preliminary
TPS methods including triangular and trapezoidal modulation
methods, whose name comes from the shape of the inductor
current [21]–[23].

With different operating modes and three degrees of freedom,
it is challenging to obtain the global optimal parameters for a
DAB. The first way is to approximate square voltages and in-
ductor currents using fundamental components [13]–[15]. The
optimal values of D1 , D2 , and D3 are obtained by maximizing
fundamental power factor [13], minimizing the amplitudes of
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the fundamental components of iL [14], or minimizing the fun-
damental reactive power [15]. The derivation process of these
methods is straightforward; however, fundamental-component
approximation of the square voltages introduces error, espe-
cially, when either D1 or D2 is close to 0, in which case the
fundamental frequency component of vab (or vcd ) is not the
dominant frequency component any more according to (3).

In the time domain, to derive the global optimal values of D1 ,
D2 , and D3 in TPS, different operating modes have to be consid-
ered because the expressions of current and power are different
for each mode. Krismer et al. [16] has classified DAB operation
into 12 different modes, but some of those modes are not al-
lowed in practice to ensure monotonicity between output power
and phase shift. Jain et al. [17] has simplified DAB operation
(buck/forward) into five different operating modes and obtained
the optimal values of D1 ,D2 , and D3 , but the derivation process
is insufficient. On the basis of the mode classification in [17],
Huang et al. [18] rigorously derived the global optimal values of
D1 ,D2 , and D3 using the Karush–Kuhn–Tucker (KKT) method
and numerical comparisons. Hou et al. [19] also deduced the
optimal values of D1 ,D2 , and D3 using the Lagrange multiplier
method (LMM), though some of the operating modes are not
considered. Tong et al. [20] pointed out that the LMM used in
[18] and [19] (the KKT method is also an LMM method) lacks
sufficiency because of non-convex feasible region in some of the
operating modes. The optimal values of D1 ,D2 , and D3 in [20]
were derived on the basis of the minimized RMS value of in-
ductor current iL , and the resultant optimal parameters are the
same as in [18] and [19]. Although the global optimal values of
D1 , D2 , and D3 have been found in [18]–[20], yet the derivation
processes are complicated because of extensive optimization for
each mode. Besides, the negative output power condition is not
considered in these aforementioned papers.

This paper simplifies the derivation of the optimal phase-shift
ratios to minimize DAB reactive power compared to [18]–[20].
First, we introduce a transformation that different DAB oper-
ating scenarios (forward/backward, buck/boost) can be equiv-
alent to one another; then, only optimization of one scenario
(forward/buck) is required, and optimal phase-shift ratios of
other scenarios can be obtained using this equivalence. For the
forward/buck scenario, there are five different operating modes
(Modes 1–5). Employing a graphical method, this paper proves
that each operating point of Modes 1, 2, and 5 can be mapped
into that of Mode 3 with lower conduction losses, and that only
two modes require consideration. The optimization process of
these two modes is derived in a step-by-step manner. These
equivalences not only simplify the calculation but also provide a
better understanding of the operating principle of a DAB. Global
optimal phase-shift signals that minimize the reactive power un-
der four different DAB operating scenarios (forward/backward,
buck/boost) are presented. A table and control block diagram are
presented for practical implementation of global reactive-power
minimization control. Experimental results are obtained under
various voltage and load conditions to validate the proposed
control scheme.

Fig. 4. Symmetrical transformation from forward/boost to forward/buck
scenarios.

Fig. 5. Generic waveforms of a DAB.

II. EQUIVALENCE OF DIFFERENT SCENARIOS

Depending on the power (P ) flow direction and voltage gain
d, a DAB can operate in the following four different scenarios:

1) forward/buck (P > 0, d < 1);
2) forward/boost(P > 0, d > 1);
3) backward/buck (P < 0, d < 1);
4) backward/boost (P < 0, d > 1).
It is possible to transform Scenarios 2)–4) to 1) to simplify

the analysis.
Consider the forward/boost case whose typical waveforms are

shown in Fig. 4(a). We can construct a forward/buck scenario
shown in Fig. 4(b) with the following parameters:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

d̂ = 1/d

v̂ab = v′
cd

v̂′
cd = vab

D̂1 = D2

D̂2 = D1

D̂3 = D2 + D3 − D1 .

(4)

The square voltages and inductor currents of Fig. 4(a) and (b)
are mirror-symmetrical to each other, with the exact same out-
put power and circulating power. Similar transformation can
also be performed for Scenarios 3) and 4). Therefore, only the
forward/buck case requires a detailed analysis to obtain the min-
imal reactive-power conditions, and the optimal conditions of
other scenarios can be derived using this simple equivalence.

III. OPERATING MODES IN FORWARD/BUCK CASE

Fig. 5 shows generic waveforms of a DAB in forward/buck
case, where the parameters are presented in Table I. Df is the
phase shift between the fundamental components of vab and
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Fig. 6. Mode 1, Modes 2–4, and Mode 5 are differentiated by the rising edge
position of v ′

cd (t/Th is the horizontal axis).

Fig. 7. Modes 2–4 are differentiated by the falling edge position of v ′
cd (t/Th

is the horizontal axis).

vcd [13], [18], and can be expressed as:

Df =
D2

2
− D1

2
+ D3 . (5)

According to [13] and [18], the output power can be expressed
using Fourier series:

P =
∑

k=1,3,5,...

4NV1V2Ts sin α sin β sin γ

(kπ)3L
(6)

where α = kD1π/2, β = kD2π/2, and γ = kDf π. According
to (6), Df must in range of [−1/2, 1/2] to ensure monotonicity
between P and Df .

For the forward/buck scenario (P > 0, d < 1), the constraints
on D1 ,D2and Df are: D1 ,D2 ∈ (0, 1] and Df ∈ (0, 1/2].
Then, on the basis of the relative positions of vab and v′

cd , there
are only five possible operating modes, as shown in Figs. 6 and
7. For a given vab , the rising edge of v′

cd can only be in the
following three possible positions:

1) Mode 1 [see Fig. 6(a)]: The rising edge of v′
cd leads that of

vab , where D3 ≤ 0. On the basis of the constraint Df > 0,
we derive D2 + D3 > D1 according to (5), which means
the falling edge of v′

cd must lag that of vab .
2) Modes 2–4 [see Fig. 6(b)]: The rising edge of v′

cd is
located between the rising and fall edges of vab , where
0 ≤ D3 ≤ D1 .

3) Mode 5 [see Fig. 6(c)]: The rising edge of v′
cd lags behind

the falling edge of vab , where D3 ≥ D1 . On the basis of
the constraint Df ≤ 1/2, we derive D2 + D3 ≤ 1 accord-
ing to (5), which means the falling edge of v′

cd is within
the same half cycle as its rising edge.

The difference between Modes 2, 3, and 4 is the position of
the falling edge of v′

cd (determined by D2 + D3), as shown in
Fig. 7:

1) Mode 2 [see Fig. 7(a)]: The falling edge of v′
cd is ahead

of the falling edge of vab , i.e., D2 + D3 ≤ D1 .
2) Mode 3 [see Fig. 7(b)]: The falling edge of v′

cd lags behind
that of vab , and is within the first half cycle, i.e., D1 ≤
D2 + D3 ≤ 1.

3) Mode 4 [see Fig. 7(c)]: The falling edge of v′
cd is located

at the second half cycle, i.e., D2 + D3 ≥ 1.
On the basis of the aforementioned analysis, Fig. 8 sum-

marizes the five different modes when a DAB operates in
buck/forward scenario. In the next section, we will simplify
the analysis by proving that the minimal reactive-power points
must lie in Modes 3 and 4.

Before proceeding, it is necessary to choose a proper variable
to indicate the amount of reactive power. In literature, the reac-
tive power has been indicated using total power losses [7], [11],
reverse power [8], [17], RMS value of iL [20], [23], and current
stress (peak current) of iL [8], [12], [18], [19]. Among these
variables, the RMS value minimization is the most reasonable
target because the conduction losses of power devices, inductor
and transformers are proportional to this value. However, the
RMS value itself requires an intensive calculation, which will
complicate the optimization. A simpler and effective way is the
current stress of iL , i.e., Is shown in Fig. 5. For the same output
power, increment in the reactive power (orange area of Fig. 5)
will increase the current stress of iL . In this paper, the inductor-
current stress is used to indicate the reactive power, and the aim
of this paper is to obtain the optimal combination of the values
of D1 , D2 , and D3 for given P and d such that current stress of
inductor current iL is minimum.

IV. MODES 1, 2, AND 5

In this section, on the basis of a graphical method, we will
prove that each operating point of Modes 1, 2, and 5 can be
mapped into that of Mode 3 with lower conduction losses.

Mode 2 (D3 ≥ 0,D2 + D3 ≤ D1 ) is considered first. As
shown in Fig. 9, for any operating point in Mode 2, shrink of vab

at the rising and falling edges with a period (D1 − D2 − D3)Th

can let the DAB operate in Mode 3. This transformation does not
change the output power because the gray areas of iL in Fig. 9(a)
and (b) are exactly the same. Meanwhile, the RMS value of iL
in Fig. 9(b) is reduced. For any operating point in Mode 2, there
always exists a corresponding point in Mode 3 with the same
output power and current stress, but with lower power losses. A
similar equivalence can be established for Mode 5 by reducing
D3 by D1 − D3 as shown in Fig. 10. Thus, no further analysis
is required for Modes 2 and 5.

For Mode 1, there are three possible cases: 1) iL (0) > 0;
2) iL (0) = 0; and 3) iL (0) < 0, as shown in Fig. 11, where
iL (0) represents the iL value at the time 0. In this mode, the
DAB output power can be expressed as:

P =
1
Th

∫ Th

0
(vab · iL )dt =

V1

Th

∫ D1 Th

0
iLdt (7)

where Th = Ts/2 and
∫ D1 Th

0 iLdt is the gray area in Fig. 11.
Consider the same output power, these gray areas are compared
in Fig. 12, and the case in Fig. 11(b) has the minimum current
stress. For any operating points in Mode 1 when iL (0) > 0
or iL (0) < 0, there always exists a corresponding case with
iL (0) = 0 to output the same power but with lower current
stress. Therefore, the optimal operating condition in Mode 1
must be the case with iL (0) = 0 in Fig. 11(b).
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Fig. 8. Five different operation modes in the forward/buck scenario. (a) Mode 1: D3 ≤ 0. (b) Mode 2: 0 ≤ D3 ≤ D1 , D2 + D3 ≤ D1 . (c) Mode 3: 0 ≤ D3 ≤
D1 , D2 + D3 ≥ D1 . (d) Mode 4: 0 ≤ D3 ≤ D1 , D2 + D3 ≥ 1. (e) Mode 5: D3 ≥ D1 .

Fig. 9. Equivalence of Mode 2 to Mode 3.

Fig. 10. Equivalence of Mode 5 to Mode 3.

Fig. 11. Three different cases in Mode 1.
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Fig. 12. Current-stress comparison of Mode 1 in different cases (the same
output power).

Shrink of v′
cd at the rising and falling edges of v′

cd in Fig. 11(b)
with a period |D3Th | can let the DAB operate in Mode 3, as
shown Fig. 13. This transformation does not change the output
power and current stress, but the RMS value of iL is reduced,
and, hence, resulting in lower power losses. For the same reason
as that in Modes 2 and 5, no further analysis is required for
Mode 1.

From the aforementioned analysis, each operating point of
Modes 1, 2, and 5 can be mapped into that of Mode 3 with a
lower iL RMS value; hence, the optimal operating conditions
must not in Modes 1, 2, or 5, and detailed analysis of only Modes
3 and 4 is required.

V. OPTIMAL VALUES OF D1 ,D2 , AND D3 IN MODE 3

This section first derives the output power P and current stress
Is3 of a DAB operating in Mode 3, then obtains the optimal
operating conditions.

Fig. 14 depicts representative waveforms for vab , v′
cd , and

iL , where 0 ≤ D3 ≤ D1 ,D2 + D3 ≥ D1 , −Io3 is the current
at time 0, and Is3 is the current stress. Because of symmetrical
operation, iL changes from −Io3 to Io3 over half a switching
cycle

−Io3 +
V1D1Th − dV1D2Th

L
= Io3 . (8)

The current stress Is3 can be calculated as

Is3 = Io3 +
dV1

L
(D2 + D3 − D1)Th

=
V1

4fL
((1 − 2d)D1 + dD2 + 2dD3) (9)

where the switching frequency f = 1/Ts . The output power of
the DAB in Mode 3 can be calculated as

P = V1

∫ D1 Th

0
iLdt =

dV 2
1

4fL
(D1D2 + 2D1D3 − D2

1 − D2
3 ).

(10)

The aforementioned calculations can be easily performed with
the assistance of Mathematica or any other similar software. To
simplify the analysis, Is3 in (9) and P in (10) are normalized as⎧⎪⎨

⎪⎩
In3 = Is3/Ib , Ib =

V1

4fL

Pn = P/Pb, Pb =
dV 2

1

2fL
.

(11)

On the basis of (9) and (10), we will express the current stress
In3 in terms of Pn . D2 can be expressed as follows according

to (10) and (11):

D2 =
(D1 − D3)

2 + 2Pn

D1
. (12)

Substituting (12) into (9) and considering (11), one obtains

In3 = (1 − d)D1 +
2dPn

D1
+

dD2
3

D1
(13)

where D1 and D3 are constrained as shown in Fig. 8(c). The
problem is to find the optimal values of D1 and D3 for a given
Pn .

The partial derivative of In3 with respect to D3 can be
expressed as ⎧⎪⎪⎨

⎪⎪⎩
∂In3

∂D3
=

2dD3

D1
∂2In3

∂D2
3

=
2d

D1
> 0.

(14)

Is3 is a convex function of D3 ; hence, ∂In3/∂D3 = 0 can
achieve a minimum Is3 , and we can obtain D3 = 0. Then, (13)
is simplified as

Is3 = (1 − d)D1 +
2dPn

D1
. (15)

There is a certain range for D1 under different Pn . Substitut-
ing D3 = 0 into (12) and considering 0 < D2 ≤ 0, the range of
D1 in Mode 3 can be calculated as

1 −√
1 − 8Pn

2
≤ D1 ≤ 1 +

√
1 − 8Pn

2
. (16)

We now can get the value of D1 to achieve the minimum Is3 .
Let ∂In3/∂D1 = 0, we obtain

D1 =

√
2dPn

1 − d

Δ= D̂1 c . (17)

When D̂1 c is within the range of (16), i.e.,

1 −√
1 − 8Pn

2
≤ D̂1 c ≤ 1 +

√
1 − 8Pn

2
⇒ Pn ≤ d(1 − d)

2
(18)

the minimum current stress is achieved when D1 = D̂1 c , and
D2 can be calculated as D2 = D1/d according to (12). Fig. 15
shows typical waveforms satisfy this condition, which is actually
the so-called triangular operating mode.

While D̂1 c is out of the range of (16), i.e., Pn > d(1 − d)/2,
the lowest stress is achieved when D1 equals to the boundary
value shown in (16). According to (15), when 0 < d ≤ 0.5,
D̂1 c ≥ (1 −√

1 − 8Pn )/2; while 0.5 ≤ d < 1, D̂1 c > (1 −√
1 − 8Pn )/2. To get the minimum value for Is3 , we should

choose a D1 close to D̂1 c as follows:

D1 =

⎧⎪⎨
⎪⎩

1
2

(
1 −

√
1 − 8Pn

)
, d ∈ (0, 0.5]

1
2

(
1 +

√
1 − 8Pn

)
, d ∈ (0.5, 1).

(19)

In both cases, we can calculate that D2 = 1.
Table II summarizes the conditions to achieve the minimum

current stress for a DAB operating in Mode 3.
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Fig. 13. Equivalence of Mode 1 to Mode 3.

Fig. 14. Typical waveforms of the DAB in Mode 3.

Fig. 15. Triangular operating mode.

TABLE II
CONDITIONS TO ACHIEVE THE MINIMUM iL STRESS IN MODE 3

VI. OPTIMAL VALUES OF D1 ,D2 , AND D3 IN MODE 4

This section derives the conditions to achieve the minimum
stress of iL for a DAB operating in Mode 4 shown in Fig. 16.
The normalized output power Pn and current stress In4 can be

Fig. 16. Typical waveforms of the DAB in Mode 4.

derived similarly as for Mode 3 as follows:

Pn =
4Df − 4D2

f − (1 − D1)
2 − (1 − D2)

2

4
(20)

In4 = (1 − 2d)D1 + dD2 + 2dD3 = (1 − d)D1 + 2dDf .
(21)

The relation between the output power, voltage gain, and
current stress in Mode 4 can be obtained on the basis of (20)
and (21). We can rewrite (20) as

Df =
1
2

(
1 −

√
1 − (1 − D1)

2 − (1 − D2)
2 − 4Pn

)
. (22)

Substituting Df from (22) into (21) yields

In4 = d + (1 − d)D1

− d

√
1 − (1 − D1)

2 − (1 − D2)
2 − 4Pn . (23)

For a given output power Pn , we can choose D1 and D2
to minimize the current stress In4 . Because ∂In4/∂D2 < 0 for
D2 ∈ (0, 1], to get the minimum In4 we should let D2 = 1.
Then, (23) can be simplified as

In4 = d + (1 − d)D1 − d

√
1 − (1 − D1)

2 − 4Pn . (24)

There is a certain constraint on D1 under different Pn . Com-
bining (5) and (22) and considering D2 = 1 and D3 ≥ 0, we
obtain

D2
1 − D1 + 2Pn ≥ 0. (25)



10200 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 10, OCTOBER 2019

TABLE III
CONDITIONS TO ACHIEVE THE MINIMUM STRESS OF iL IN MODE 4

When Pn ≥ 1/8, the condition (25) is satisfied for all D1 ; when
0 ≤ Pn < 1/8, the range of D1 is calculated as

D1 ∈
(

0,
1
2

(
1 −

√
1 − 8Pn

)]
∪
[
1
2

(
1 +

√
1 − 8Pn

)
, 1
]

.

(26)

To obtain the minimum stress of iL in Mode 4, let
dIn4/dD1 = 0. We can obtain the extrema of In4 in (24) as

D1 = 1 − (1 − d)

√
1 − 4Pn

1 − 2d + 2d2
Δ= D̂1 d (27)

In4 is a convex function because of the following:

∂2In4

dD2
1

=
d(1 − D1)

2

(2D1 − D2
1 − 4Pn )3/2

+
d√

2D1 − D2
1 − 4Pn

> 0. (28)

When D̂1 d is within the range obtained in (26), where Pn ≥
d(1 − d)/2, the condition to achieve the minimum stress of iL
is D1 = D̂1 d , and D3 can be calculated as

D3 =
1
2

(
1 −

√
1 − 4Pn

1 − 2d + 2d2

)
=

D1 − d.

2(1 − d)
. (29)

When D1o is out of the range obtained in (26), in which case
0 < Pn ≤ d(1 − d)/2, the minimum current stress is achieved
when D1 = (1 −

√
1 − 8Pn )/2 or (1 +

√
1 − 8Pn )/2, be-

cause In4 with respect to D1 is a convex function calculated
in (28). In both cases, we obtain

D2
1 − D1 + 2Pn = 0. (30)

Substituting Pn from (30) into (24) yields

In4 = d + (1 − 2d)D1 . (31)

Thus, to achieve the minimum value of In4 , we should have

D1 =

⎧⎪⎨
⎪⎩

1
2

(
1 −

√
1 − 8Pn

)
, d ∈ (0, 0.5]

1
2

(
1 +

√
1 − 8Pn

)
, d ∈ (0.5, 1)

(32)

which is the same as that obtained in (19). In both cases, we
can calculate D3 = 0. Considering D2 = 1, this condition is a
boundary condition for Modes 3 and 4. Table III has summarized
the minimum stress condition for Mode 4.

TABLE IV
OPTIMAL PHASE-SHIFT RATIOS IN FORWARD/BUCK SCENARIO

TABLE V
OPTIMAL PHASE-SHIFT RATIOS WHEN P > 0 (FORWARD)

VII. GLOBAL OPTIMAL PHASE-SHIFT RATIOS

A. Optimal Phase-Shift Ratios in Forward/Buck Scenario

According to Section IV, for any operating points in Modes 1,
2, or 5, there always exists a corresponding point in Mode 3 with
the same output power and current stress, but with lower power
losses; thus, the optimal operating points must lie in Mode(s)
3 or/and 4. In Sections V and VI, we have derived the optimal
values of D1 , D2 , and D3 for Modes 3 and 4 listed in Tables II
and III, respectively.

Consider a DAB with output power Pn ≤ d(1 − d)/2; it can
operate in either Mode 3 or 4 on the basis of the aforementioned
analysis. If it operates in Mode 4, the optimal phase-shift ratios
are shown in the gray column of Table III where D2 = 1,D3 =
0, and this condition is also in Mode 3 according to Fig. 8(c).
Therefore, when Pn ≤ d(1 − d)/2, the optimal condition must
be in Mode 3. Similarly, when d(1 − d)/2 < Pn ≤ 1/4, the op-
timal condition must be in Mode 4. Combine the white column
of Tables II and III, we obtain the conditions to achieve the min-
imum stress of iL when Pn > 0, d < 1, as shown in Table IV.

B. Optimal Phase-Shift Ratios When d = 1

The optimal values of D1 , D2 , and D3 when d = 1 can
be derived from Table IV. Considering the case in which
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TABLE VI
OPTIMAL PHASE-SHIFT RATIOS WHEN P < 0 (BACKWARD)

TABLE VII
GLOBAL OPTIMAL PHASE-SHIFT RATIOS

Pn > 0, d = 1, we obtain d(1 − d)/2 = 0; therefore, the op-
timal phase-shift ratios must be the second column of Table IV:
For Pn > 0, D1 = 1, D2 = 1, and D3 can be calculated accord-
ing to (29) to yield

D3 = 1 −
√

1 − 4Pn/2. (33)

C. Global Optimal Phase-Shift Ratios

On the basis of the results in Table IV and (33), the opti-
mal phase-shift ratios of other scenarios such as forward/boost,
backward/buck, and backward/boost can be obtained using the
equivalence introduced in Section II. For example, the opti-
mal values of D1 ,D2 , and D3 of forward/boost scenario can be
derived by substituting (4) into Table IV. The global optimal
phase-shift ratios are presented in Tables V and VI.

Fig. 17. Control scheme to achieve the minimum stress of the inductor current
[18].

TABLE VIII
CIRCUIT PARAMETERS USED IN THE EXPERIMENTS

Fig. 18. DAB prototype.

VIII. CONTROL FOR GLOBAL MINIMUM REACTIVE POWER

This section presents a DAB control scheme to regulate the
output voltage with minimum reactive power.

Df is chosen to regulate the output voltage because Df

is always positively correlated to the output power when
Df ∈ [−1/2, 1/2] according to (6), and this is not the case
for D1 , D2 , or D3 : D1 ,D2 ∈ [0, 1], and D3 is always 0 in
Mode 3.

In steady state, the optimal operating modes can be indicated
using Df and d. Consider the case in which Pn > 0, d < 1 in
Table V. When Pn ∈ (0, d(1 − d)/2], on the basis of (5) and
Table V, Df and D1 can be re-written as⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Df =

√
(1 − d)Pn

2d
∈
(

0,
1 − d

2

]
D1 =

2dDf

1 − d

D1 =
2Df

1 − d
.

(34)
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Fig. 19. Experimental waveforms of the prototype modulated using the proposed TPS when d = 0.75.

Fig. 20. Experimental waveforms using SPS, FDM, and TPS, when d = 0.75 and P = 850 W.

Similarly, while Pn ∈ (d(1 − d)/2, 1/4], Df and D1 can be
expressed as

⎧⎪⎪⎨
⎪⎪⎩

Df =
1
2

(
1 − d

√
1 − 4Pn

1 − 2d + 2d2

)
∈
(

1 − d

2
,
1
2

]

D1 = 1 − (1 − d)(1 − 2Df )
d

,D2 = 1.

(35)

Being monotonically related to Pn , Df can be used to dif-
ferentiate between the modes. When Df ∈ (0, (1 − d)/2] and
((1 − d)/2, 1/2], the optimal values of D1 and D2 can be cal-
culated using Df and d according to (34) and (35), which is
convenient for control implementation. Similar calculations can
be performed for other conditions based on Tables V and VI,
and the results are presented in Table VII, where the operating
modes are differentiated using Df and d.

In Table VII, when d is close to 1, the boundary Df including
(1 − d)/2 and (d − 1)/(2d) will be close to 0. As a result, the
DAB may frequently transit between different modes, thereby
affecting stability. To circumvent this difficulty, the DAB is
modulated using SPS when d is close to 1, and in this paper
when d ∈ (0.95, 1.05), SPS is employed, as shown in Table VII
(other range of d can also be used). Within this range, the reactive
power is small anyway as vab and v′

cd have similar amplitudes.
Fig. 17 shows the control scheme [18]. The secondary side

dc-bus voltage V2 is compared with its reference V ∗
2 to generate

the voltage error, and Df is obtained using a PI compensator. Df

is limited in the range [−0.5, 0.5] to ensure a monotonic relation
between Df and output power. V1 and V2 are used to calculate
the voltage gain. Df and d together decide D∗

1 and D∗
2 according

to Table VII, where D∗
1 and D∗

2 are the reference values of D1
and D2 , respectively. Slow loops are used to generate actual D1

and D2 to avoid influence of the mode-selection on dynamic
response. D3 is calculated on the basis of (5). Finally, gate
signals g1 ∼ g8 are generated from D1 , D2 , and D3 .

IX. EXPERIMENTAL RESULTS

A DAB prototype with parameters listed in Table VIII, is
used to confirm the presented analysis. A TI LAUNCHXL-
F28377S kit is employed to control the DAB. Fig. 18 shows the
photograph of the prototype.

Fig. 19 shows the experimental waveforms of the prototype
modulated using the proposed TPS when d = 0.75. In Fig. 19(a)
and (b) where the power is smaller than d(1 − d)Pb/2 = 1 kW
[see Table IV and (11)], the DAB operates in triangular mode
with D2 ≈ dD1 ,D3 = 0, as predicted by the first column of
Table IV; in Fig. 19(c) where P > 1 kW, the waveforms follow
the prediction of the second column of Table IV with D2 =
1. Note that in Fig. 19(b), during the period marked by the
dotted circle, iL �= 0, which is different from Fig. 15, and this
difference is caused by the phase drift [24]: iL (t1) is greater than
iL (t2); at t2 , it takes longer time to charge and discharge the
capacitance of power switches, as a result, the actual D2 > dD1 .

For comparison, the DAB modulated using SPS and
frequency-division multiplexing (FDM) [14] are also tested.
FDM is a representative control scheme derived using frequency
domain analysis with detailed implementation guidance and is
therefore chosen to compare with the proposed TPS derived
using the time domain analysis.

Fig. 20 shows the experimental waveforms using three differ-
ent modulation methods when d = 0.75, P = 850 W, where the
current stresses of iL using SPS, FDM, and TPS are 8.75, 8.04,
and 7.84 A, respectively. In Fig. 20(c), iL becomes triangular in
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Fig. 21. Experimental waveforms using SPS, FDM, and TPS, when d = 1.25, and P = 250 W.

Fig. 22. Current stress of the DAB prototype using SPS, FDM, and TPS.

Fig. 23. Efficiency comparison of the DAB prototype using SPS, FDM, and
TPS.

shape, indicating D3 = 0, D1 = dD2 , which is in accordance
with Table II. Fig. 21 shows the experimental waveforms under
d = 1.25, P = 0.25 kW, where the current stresses using SPS,
FDM, and TPS are 4.22, 3.56, and 3.45 A, respectively. In
Fig. 21(c), D2 = 1, which is in accordance with Table III.
Fig. 22 plots the current stress when d = 0.75 and 1.25; the DAB
modulated using the proposed TPS has the minimum current
stress (hence the minimum reactive power) under different load
conditions. These experimental results verify that D1 ,
D2 , and D3 given in Table VII can achieve minimum reactive
power.

Fig. 23 compares the efficiency of the DAB prototype modu-
lated using SPS, FDM, and TPS, where V2 is regulated at 120 V,
and V1 = 320 V when d = 0.75, and V1 = 192 when d = 1.25.
TPS can achieve the highest efficiency in the load range of 33%
to 100% both when d = 0.75 and 1.25. Under light load con-
ditions (<33% load), the efficiency of TPS is lower than that
of FDM. In this load range, when using FDM modulation, all

Fig. 24. (a) Calculated power losses’ breakdown when d = 0.75. (b) Calcu-
lated and measured efficiency.

Fig. 25. Mode-Transition-Test waveforms.

the power devices can achieve ZVS-ON as shown in Fig. 21(b);
while using the proposed TPS shown in Fig. 21(c), only two
devices achieve ZVS and other six devices switch when iL = 0.
Although the crossover losses in the MOSFET (vds and iL over-
lap) and diode’s reverse-recovery losses have been avoided, yet
the energy stored in Cds in these devices is dissipated (similar
to the critical current mode). This is verified by the breakdown
of power losses in Fig. 24, where switching loss is the main
contributor to the overall losses under light conditions. For this
reason, the proposed method is more suitable for the high-power
applications where the major power loss is conduction loss such
as a PET. To achieve both optimal switching and conduction
losses, the phase-shift ratios can be slightly adjusted on the basis
of this paper, such that the inductor current is equal to a pre-
defined value at the switching instant that can charge/discharge
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the parasitic capacitance of switches during dead time, similar
to [25].

Experiments have been performed to test mode-transition per-
formance. Fig. 25 shows the experimental waveforms when d
changes from 1.14 to 1, then to 0.89. The output voltages V2
have some overshoot during the transition, which are however
acceptable.

X. CONCLUSION

This paper presented a simplified derivation of optimal phase-
shift ratios to achieve the global minimum reactive power
and minimum current stress in a DAB. We first introduced
a transformation that different DAB operating scenarios (for-
ward/backward, buck/boost) can be equivalent to one another,
then only optimization of one scenario (forward/buck) is re-
quired, and the optimal phase-shift ratios of other scenarios can
be obtained using this equivalence. For the forward/buck sce-
nario, there are five different operating modes (Modes 1–5).
Using a graphical method, this paper proves that each operating
point of Modes 1, 2, and 5 can be mapped into that of Mode 3
with lower conduction losses, and that only two modes require
consideration. The optimization process of these two modes is
derived in a step-by-step manner. These equivalences not only
simplify the calculation but also provide better understanding for
the DAB operating principle. Global optimal phase-shift ratios
that minimize the reactive power under four different DAB oper-
ating scenarios (forward/backward, buck/boost) are presented.
A table (see Table VII) and a control diagram are presented for
the practical implementation to minimize DAB reactive power.
Experimental results substantiated the analysis.
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