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Time Domain Analysis of Reactive Components and Optimal Modulation for
Isolated Dual Active Bridge DC/DC Converters

Shien Wang
Kui Wang

Abstract—This letter discusses the reactive components and the power
factor of dual-active-bridge converters under triple-phase-shift modula-
tion. Different from previous methods based on backflow power integral or
Fourier series expansion, this letter presents a straightforward analysis and
categories of reactive current through time domain analysis, and then gives
a unified time domain definition of reactive current, reactive power, and
power factor. Compared with all the previous definitions, the expressions
of reactive components and power factor are much more concise and of a
profound physical meaning. On this basis, specific calculations of reactive
power and power factor are derived for all practical voltage patterns and an
optimal global power factor phase shift modulation is proposed to improve
the power factor on both bridges. At last, the effectiveness of analysis and
proposed modulation were validated using a 500-W laboratory prototype.
The results showed efficiency improvements compared to other optimal
power factor modulation strategies.

Index Terms—DC-DC power conversion, time domain analysis, optimal
control, pulsewidth modulation.

1. INTRODUCTION

SOLATED dual active bridge (DAB) converters are gaining more
I attention for the merits of simple structure, easy to control, and high
power density. Single-phase-shift (SPS) modulation only utilizes the
outer phase shift between high frequency (HF) voltages as control vari-
able, and suffers huge HF current if the voltage gain is not matched with
the high frequency transformer (HFT) turns ratio [1]. Numerous modu-
lation strategies with more modulation parameters have been proposed
in literatures to deal with this problem, such as extended-phase-shift
(EPS) modulation in [2] and [3], dual-phase-shift (DPS) modulation
in [4], and triple-phase-shift (TPS) modulation strategies for different
optimization goals [5]-[8].

In order to study and quantify the effect of different modulation
strategies, many works focused on the reactive power or the power
factor in the HF link. Concept of reactive power was originally pro-
posed in [4]. Based on this definition, the reactive power equals the
flow back power and is generated by the phase different between the
HF voltage and the HF current on primary bridge. However, the phys-
ical significance is not clear as the HF components are nonsinusoidal.
The current stress was used to indicate the reactive power in [8], which
lacked direct linking. Authors in [9]-[11] defined the reactive power
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Fig. 1.  (a) Circuit configuration. (b) Equivalent circuit of DAB converter.

and the power factor based on Fourier series expansion. The reactive
power was generated by all the HF components and was expressed
in form of infinite series, whose summation was hard to be derived.
So [9] and [10] only came up with modulation strategies to minimize
the fundamental reactive power of the primary bridge. Besides, these
modulation strategies turned out to be special cases of EPS modulation
and failed to cover the whole power range. Further in [11], authors con-
sidered up to the seventh order harmonics and adopted particle swarm
optimization to obtain an optimized TPS modulation strategies. Still,
the higher frequency components were neglected and the optimization
procedure was complex. Therefore, previous researches were difficult
for practical use in the modulation parameters optimization and failed
to present the straightforward influences of modulation parameters on
reactive power and power factor. Moreover, the primary bridge and
the secondary bridge are equally important in the power transfer, but
previous studies only considered the reactive power of the primary
bridge.

To clearly address reactive current and reactive power in DAB con-
verters under TPS modulation, this letter presents a time domain anal-
ysis of HF current to derive unified analytical expressions of reactive
current, reactive power, and power factor. On this basis, an optimal
TPS modulation scheme is proposed to improve the power factor on
both bridges and increase converter efficiency.

II. TIME DOMAIN ANALYSIS OF REACTIVE COMPONENTS
A. Operation Principle of DAB With TPS Modulation Scheme

Fig. 1 shows the circuit configuration and the equivalent circuit of a
DAB converter. The converter consists of two full-bridges connected
through an HFT. Turns ratio of the HFT is n:1. L; and L, include
the leakage inductance of HFT and the additional inductance. The dc
voltages of the primary bridge and the secondary bridge are U; and Us,
respectively. The full bridges work at frequency f;, and their voltage
outputs are us g and ucp .

DAB can be equivalent to two square voltage sources connected
through the equivalent inductance, where all the parameters are referred
to the primary side.

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 2. Waveforms of HF voltages and HF currents for TPS modulation.

Fig. 2 shows the steady-state operation waveforms of TPS modu-
lation. Power transfers from primary bridge to secondary bridge and
equals P. The inner phase shift of the primary bridge is D;, and w4 p
is a square wave with duty cycle of (1 — D;)/2. Similarly, the inner
phase shift of the secondary bridge is D, and duty cycle of ucp is
(1 — D9)/2. Dy and D, are commonly limited within [0,1]. The outer
phase shift between u 4  and u¢ p is Dy, and is generally limited within
[—0.5, 0.5]. All the phase shift parameters have influences on the HF
current ¢;, and power transfer characteristics, but the magnitude and the
current stress of i;, can be reduced through appropriate combinations.
The voltage gain M and root-mean-square value of HF components are
defined as

A Usp = RMS (us5) = U1 Dy
1

I, =RMS (i),

M =

U(‘D:RI\AS(UCD):UQ 1—D2 (1)

B. Time Domain Analysis of Reactive Current

In Fig. 2, the instant power is negative between #; and f, or between
t¢ and t7, so ¢; during this time interval was usually defined as the
circling current and the power during this time interval was defined as
the reactive power in [4] and [5]. However, this definition is narrow to
depict the influence of voltage mismatch and phase shift modulation,
so a new analysis of the reactive current is proposed.

u 4 p keeps zero from #, to #5, and the primary bridge cannot provide
any active power during this time interval. However, i, is not always
equal to zero from 4 to #5. Thus, 77, does not transfer any power from
primary bridge but still causes conduction losses. So this part of i, is
defined as the freewheeling reactive current.

u4p equals U; from 7, to t4, and the primary bridge transfers power
during this time interval. The average value of ¢, between #; and ?, is

P

aA-D)0, @

Iavel =
If iy, isideally even and equals /.1 between #; and t,, the converter
can transfer the same amount of power with the minimum current stress
and current rms value. The rest part of ij, during this interval fluctuates
around zero and does not transfer active power but increases both
conduction and switching losses. Thus, it is defined as the fluctuant
reactive current. It is worth mentioning that the circling current is
included in the fluctuant reactive current.
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Based on analysis above, the ideal current for primary bridge should
have the same shape as w4, as 7,1 shown in Fig. 2. Generally, i,
transfers the same amount of power as i, but with the minimum rms
value and current stress, and is defined as the active part of ¢;,. The
expression of 7,,; and its rms value are

. P . P
p1 = muAB7 Ipl = RMS (Zpl) = m (3)

The rest part of 7, contains freewheeling reactive current and fluc-
tuate reactive current, and is the overall reactive current of the primary
bridge

iq] == iL 72’,,], Iq] == Rl\/IS (iql): IE 7]51 (4)

ip1 and 4, are orthogonal in the switching period

1 (7 1 /7
T/o imiqldt:f/o ipr (i —dp1)dt

P g )

= uapipdt — I

(1_D1)U12T/0 UAplr G pl
PZ P2

=Dy G-pyoE - ©

Similar analysis can be done to obtain the active current and the
reactive current of the secondary bridge with variables referred to the
primary side

P
nU, cD

@UC‘D, [pg = RI\IS (’ipz) =

igy = ir —ips, Ijp = RMS (igo) =\/I2 — IZ,. )

C. Definition of Reactive Power and Power Factor

(6)

Iy =

Since 7,; and i,; are orthogonal, the reactive power, the apparent
power, and the power factor of primary bridge are

Q1 =Uip-In (®)

Si=\P2+ Q" =Uip I}, + 1}, =Usp -1y (9
P P

M=—7—=—7—. 10

'S Uap It (10

Note that (8)—(10) are the same as the summations of infinite se-
ries from frequency domain analysis in [9]-[11] and accord with the
definitions for nonsinusoidal single-phase systems [12]. However, the
physical meaning and expressions are much more straightforward with
the concept of reactive current through time domain analysis. Similar
analysis can be done to obtain the power factor of the secondary bridge
as

h = P P
T SQ o ’flUCD 'IL-
Since the primary bridge and the secondary bridge are equally im-
portant in the power transfer, the global power factor is defined to
quantify the effectiveness of modulation strategies

an

PZ
12 142 nUABUCDI%
P2
- . (12)
nUlUQIE (1—D1)(1—D2)
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Fig. 4. Modulation curves of OGPF for (a) M = 1.2 and (b) M = 0.6.

III. OPTIMAL MODULATION SCHEME

In this section, specific expression of A, is derived for different
voltage patterns. Then an optimal global power factor (OGPF) modu-
lation is proposed to operate DAB with the maximal A;2. To simplify
the analysis, only modulation parameters for forward power flow is
calculated.

A. Optimization Based on Voltage Patterns

According to [5], the operation of DAB converter can be classified
into 12 voltage patterns depend on the relationships between mod-
ulation parameters, but only four of them are practical for forward
power flow [7]. The following base values are used to normalize state
variables:

nU; Uy nU, 8sts
ZB = .

U =U,,Ps = =
B 1, 4B 8stS:B 8sts’ M

13)

Asstudiedin [5] and [7], normalized I; and normalized P are derived
for each voltage pattern, as listed in (A.1) and Table I in the appendix.
Take (A.1) and Table I into (12), expression of A;, for each voltage
patterns can be obtained. Then for certain P and M, the optimization
problem to maximize 1,5 can be solved within constraints determined
by voltage pattern conditions and transferred power. Compare and
synthesize the results of all the voltage patterns, the optimal modulation
parameters for OGPF modulation can be derived.

Fig. 3 presents the optimization results of the voltage pattern opera-
tion area. As proved in [8], Patterns I and II can be mapped into Pattern
IIT with smaller I}, so they disappear in the optimized operation area.
Pattern III is adopted for light load conditions and Pattern IV is used
for heavy load conditions.

Fig. 4 shows the OGPF modulation curves for different M. D, in-
creases from O to 0.5 while D; and D, decrease from 1 to 0 with
increase in active power. When M > 1, D, is always smaller than D,,
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Fig. 5. Comparison of power factor. (a) i; of different modulation

strategies. (b) A2 of different modulation strategies. (c) A12 of different modu-
lation strategies. (d) A12 of OGPF modulation with different M.

whereas D, is smaller when M < 1. With a greater voltage mismatch
(i.e., M = 0.6), larger inner phase shifts are required to improve the
global power factor.

Fig. 5(a)—(c) presents the power factor of different modulation strate-
gies, including SPS modulation, optimal fundamental power factor
(OFPF) modulation in [9], optimal fundamental reactive power (OFRP)
modulation in [10], and OGPF modulation. SPS modulation provides
the lowest global power factor under most load conditions, but is able
to cover the whole power range. OFPF modulation operates high X
at light load conditions but covers the least power range. OFRP mod-
ulation provides high A; under heavy load and covers larger power
range than OFPF modulation. OFPF modulation and OFRP modula-
tion are special cases of EPS modulation, where the duty ratio of the
low voltage bridge is kept 50% even under light loads. So there is great
fluctuant reactive current under light load condition and results in near
zero power factor. OGPF modulation does not possess the highest 1;
under all load conditions, but owns the highest A, and ;5. With OGPF
modulation, the duty cycles of HF voltages are close to zero when the
output power approaches zero, thus, ¢, is reduced and the power factor
is still kept high. Fig. 5(d) shows the power factor of OGPF modulation
for different M. The power factor is always lower with larger voltage
mismatches, especially under light loads.

B. Experiment Results

A prototype was built to verify the theoretical analysis. The equiv-
alent inductance was 27.4 H, the turns ratio of HFT was 1:1, and f;
was 40 kHz. The input dc voltage varied between 60-90 V, and the
reference output voltage was set 75 V.

For digital implementation of OGPF modulation, D; and D, with
different Dy and M were precalculated and stored in a look up table.
The input dc voltage and the output dc voltage were sampled, and a PI
regulator took the output error to obtain Dy. Then linear interpolation
was used to derive Dy and D, from the look up table with output Dy
and instant M.

Figs. 6 and 7 show the experimental waveforms of OGPF modula-
tion. The inner phase shift of high voltage bridge was larger to improve
the power factor.

Fig. 8 shows the measured efficiency of different modulation strate-
gies. OGPF modulation provided the highest efficiency for most power
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TABLE 1
NORMALIZED ACTIVE POWER AND THE REMAINDER TERM OF DIFFERENT VOLTAGE PATTERNS
No. Conditions Normalized active power P, and e,,,4 Range of P,
I 0< D, <(D,-D,)/2 B, =4(1-D,)D,. ¢,,, =(1-D,)(2-12D} ~3D? - D> +2D,) [0,0.5]
11 0<D,<(D ~D,)/2 P,,=4(1-D)D,, e,,, =(1-D)(2-12D} -3D,’ - D} +2D,) [0,0.5]
2 2
111 ‘Dz*D]‘<Dl,<min|:D'+D2,1—D‘+DZ} By, =—2D, +4D0_2D0(D1+D2)_0'5'(D1_Dz) [0’§:|
2 2 2 ey =0.5-(2D, + D, + D,)’ =12D,D,D, —12D,” =3D] =3D;> +2
v P, =4D,(1-D,)-D}’-D,’
(D, +D,)/2< D, <1-(D, +D,)/2 v =4Do(1=Dy) =D’ =D, [0.1]
e =(1-2D,)(2-4D, 3D =3D,’ +4D,)
APPENDIX
[M:( I(II‘h\]‘ il M=
Sk L _‘J / The normalized I;, and P for different voltage patterns are derived,
T~ i ' where e,,q is the remainder term and is different for each voltage
D'—“"IS Viis] D—" — pattern. Detailed derivation can be found in [5] and [7]
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Fig. 6.  Waveforms with U; = 90 V and Uy = 75 V. (a) P = 100 W.
(b) P =500 W.
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Fig. 8. Measured efficiency with Uy = 75 V. (a) U1 =60 V. (b) U; =90 V.

load. Compared to OFRP modulation, efficiency of OFPF modula-
tion was higher under light loads but lower under heavy loads, which
accords to the tendency of power factor in Fig. 5.

IV. CONCLUSION

With time domain analysis, reactive current can be divided into
freewheeling reactive current and fluctuant reactive current. With that,
reactive power and power factor are defined in time domain with a
profound physical meaning, and their specific expressions are derived
with a concise form. An optimal global power factor modulation strat-
egy is proposed, which can provide the highest global power factor
and cover the whole power range. This method can also be adopted for
other isolated DC-DC converters to achieve high power factor power
transfer.

[L,77,

4 o 4 4
= \/3M2 (1—3D12+2D15)+§(1—3D22+2D23)—Wermd.

(A.1)
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