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Abstract

This paper investigates the conducted Differential Mode Current (DMC) harmonic magnitudes and the
Power Factor (PF) produced by a Dual Active Bridge (DAB) converter operated under single phase-
shift modulation. Power factor and the first harmonic are modeled and analyzed though a dimensionless
plane of static gain versus output parametrized current. Itis shown that voltage and output current ranges
have a significant impact on the magnitude of the reactive power and DMC filter needs, which can
therefore compromise the performance of the DAB. Especially, the DMC should be considered in the
DAB converter design optimization to avoid EMI filter oversizing or non-compliance with respect to
EMC standards.

Introduction

Some of the future and trends of power electronic systems consists of multi-objective optimization
designs such as power density, overall or peak efficiency, technology and economic viability [1].
Looking for best performance over large output voltage and/or current ranges while keeping high
efficiency and power density requires a comprehensive mathematical modeling. For a power electronic
converter, as presented in [2], assuring optimum power density while keeping high efficiency for the
entire range of power is a challenging work as there is always a compromise between power density and
efficiency. Therefore, analyzing the converter over a frame of operating points: static gain, input and
output voltages and currents are fundamental for design optimization.

Particularly, itis known thatthe design ofa DAB under phase-shift modulation requires a careful choice
of the phase-shift, switching frequency and ac link inductance regarding reactive power [3], ZVS
operation [4] and high-efficiency. Commonly, in the literature, these issues are usually treated with
respect to output power [4], [5], making the analysis more specific to a single design. Besides output
power information does notdifferentiate low voltage and high current fromhigh voltage and low current
applications. As it is demonstrated through the paper, for a DAB converter, even at same output power
operating points, getting the input and output voltage and current information is essential to analyze its
performance characteristics. Similar to [6], the plane of the static gain versus an output parametrized
current will be used for the sake of a generic, dimensionless and still meaningful analysis. It is presented
the modeling in the frequency domain of the input DMC normalized current of a lossless DAB, in such
a way that the performance characteristic of power factor and DMC normalized harmonic impacts can
be observed through this suitable plane. As it is presented a lossless theory, the power factor will
represent the notion of efficiency, as the amount of reactive power impacts on both the efficiency [7]



and the power density, whereas the firstharmonic appearing in the lower limit of the frequency spectrum
representthe effort for filtering to comply with regulations. Therefore, both analysis of power factor and
DMC first harmonic represent how much the converter in a general way (filter, isolation, cooling, and
etc.) should be oversized for a given output voltage and current operating ranges. Giving the desired
input voltage, output voltage and current ranges, the designer will be able to find an optimum design
with respect to different parameters as well as to identify the critical regions and limitations found in a
DAB. To overcome these natural limitations or to enhance its performance and keeping same or similar
converter topology, different strategies can be implemented, such as different dual phase-shift
modulation[8], variable-tap transformer [9], frequency modulation[10] or evena combination of phase-
shift and frequency modulation [11].

Besides proposing a guideline to design a DAB and to characterize its performance, the methodology
proposed here can be used for other any converter in which analysis can be done using the same or
similar output parametrized current [12], [13]. The dimensionless analysis therefore allows actual
comparison among different power converters where tradeoffs become clearer to observe.

The assumptions made about the DAB presented throughout this paper are the following:
e The DAB is operated with classical single phase-shift modulation [14];
The input voltage is assumed to be a constant voltage source;
Only steady state operation is considered;
Non-idealities such as propagation delays, dead-times [15], series parasitic resistances [16],
magnetic and switching losses [17], [ 18] are not modeled;
The ac link capacitance is considered to be infinite and its effect [ 19] is neglected;
The magnetizing inductance is considered to be infinite and its effect [6] is also neglected
Profile charge (light load and heavy load) has equal importance for all operating points;
Even though bidirectional, only unidirectional power flow analysis are depicted;
A simple lossless theoretical analysis is presented, and therefore, it does not allow finding
separately the optimum switching frequency f; and ac link inductance L,., but rather its product

fiLae
Dual Active Bridge DMC Modeling in the Frequency Domain

The main waveforms of the DAB converter when operated under phase shift control are recalled. Fig. 1

(a) shows the topology of the DAB converter and the main voltage and current waveforms under phase-
shift operation. Voltage waveforms correspond to AC squared voltages produced by the two H-bridges
and appliedon the inputand outputsidesofthe AC link. A generic input currentofthe DAB is described
in Fig. 1 (b).
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Fig. 1: (a) Ideal electrical equivalent circuit of a DAB; (b) Main time domain waveforms ofa DAB.

In order to present an analysis that is generic, dimensionless and independent of the load resistance, a
parametrization of the output current is presented in (1). The reconstruction of the input current in the
time domain can then be normalized as presented in (4)-(7).
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Where:

e V;is the input voltage (V);

e V,is the output voltage (V);

e [, is the average output current (A);

e f.is the switching frequency (Hz);

e [, isthe AC link inductance (H);

e ais the phase-shift in degrees from 0°to 180°;
e ris the transformer turns ratio.
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Where:

e tis the time (s).
Applying Fourier series theory, the DM input current can be described in the frequency domain. The
normalized coefficients are shown in (8), (9) and the reconstruction of the normalized input current,
back to the time domain is then presented in (10). Notice that the frequency of the input current
corresponds in theory to the double of the switching frequency as illustrated in Fig. 1 (b). Finally, itis
presented the normalized values of the input harmonic currentin (11). From it, the RMS value of the
DMC and power factor are developed as presented in (12) and (13), respectively.
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The value of the phase-shift is not as significant, since in current controlled applications the feedback
control imposes the desired phase-shift value. Therefore, knowing that the parametrized output current
is given as in (14), the value of the phase-shift in equations (4) to (13) so far presented is substituted as
a function of the parametrized current presented in (15). Besides, from now on the Power factor and
DMC first harmonic analysis become dependent on only two variables: M and y. Notice that two



different values of the phase-shift are possible for the same output parametrized current. The domain of
the phase-shit is comprehended from 0° to 180° for delivering power. However, it is known that there
are no benefits in operating with phase-shit larger than 90°[3], thatis d larger than 0.5.

y=d(1-d) (14)
N [ V2 7 (15)
2 2

Asd is arealnumber,itcan be shown thatthe parametrized output current has a maximum value limited
by 0.25, shown in (16). This shows that the possible values of the product f;L,. are limited as presented
in(17).

7% (16)

, (17)
fL.< T

0

Asin [3], anecessary condition for achieving ZVS in the first and second H-bridges is that the currents

I, and I, to be larger than zero, respectively. Considering (15), ZVS conditions in the first and second
H-bridges follow as presented in (18) and (19), respectively.

Mlei_‘W ifM 21 (18)
M= 1-4y ifM <1 (19)

Power factor and DMC first harmonic analysis

With (13), it is possible to evaluate the power factor of the DAB converter under single phase-shift
modulation, as presented in Fig. 2 (a). Notice that even though a smaller y (e.g. 0.01) presents better
power factor, they become restricted to a unitary gain. Otherwise, the power factor is drastically
degraded for a non-unitary voltage gain. For larger values of y (e.g. 0.2) even though it allows larger
voltage variation without highly compromising power factor, the unitary voltage gain in a given
application would result in a power factor less than 0.8 usually. Therefore, it is advisable that the
intervals in the y axe [0 0.02] and [0.2 0.25] to be avoided if possible, while most optimum designs will
be found in the interval [0.02 0.2]. This means that a maximum phase-shift equal to approximately 50°
should be considered, while phase-shit as low as 3.7° will be very inefficient at non-unitary voltage
gains, and therefore, another strategy such as, different modulations as aforementioned should be
introduced when entering those regions. Considering this safe operation interval [0.02 0.2], it is already
possible to discriminate the limitation of a DAB converter operating with ordinary single phase-shift
modulation of being able to deliver safely, but not necessarily efficiently a minimum current of 10% of
maximum current.

The plotof the normalized firstharmonic distortion is presented in Fig. 2 (b). Notice that, as in the power
factor results, there is a similar region in which y and M should be prioritized; otherwise, the effort of
the filter design starts to increase significantly. Another important conclusion to be pointed out is that,
by inspection it is noticeable that the nommalized values are quite symmetrical over the unitary gain.
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Fig. 2: Characteristic of the M vs y output plane with respect to: (a) Power factor; (b) Normalized First
harmonic. Including ZV'S boundaries for primary and secondary H-Bridges.



Parametrized output load plane

The analysis of the power factor and first harmonic will be observed over the parametrized output plane
shown in Fig. 2. On it, it will be placed a rectangular region formed by the intervals [M, M/] (y axe) and
[7, 77] (x axe) as presentedin Fig3 (a). The domain in whichthe output parametrized current will operate
is directly related to the percentage of minimum output current allowed, as presented in (20). Therefore,
from (16), the maximum value of y, as a function of /,,; is presented in (21). For convenience, the
parameter M, is definedin (22).

Yo=Low?, (20)
[n% 21
7, <2 (21)
M,, =M,-M, (22)
Where:

e M, is the minimum static gain desired,

M is the maximum static gain desired;

v, is the initial parametrized output current;

yr1s the initial parametrized output current;

1,0, 1s the minimum current desired in percentage of the rated current;
M., is output voltage variation in percentage.
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Fig. 3: Characteristic of the output plane M vs y for M,.,=0.4 and 7,.,,=0.5 with respect to: (a) Power
factor (one single design); (b) Normalized DMC first harmonic (different designs).

Then, the power factor and the first harmonic contained in this region will be analyzed and discussed
further. It is important to know that, depending on the choice of the parameters, this rectangular region
can be wider or not, and not symmetrical over the unitary gain. For example, y varying [0.1 0.2] and M
varying [0.8 1.2] allows minimum load of 50% ofrated current and 40% of voltage variation, while y
varying [0.050.1] and M varying [1.4 1.8] allows the same 50% and 40% of variation, as presented in
Fig. 2 (b), even though the area of the later region on the output plane is halved and shifted on the plane.
A directconsequencefromitisthata smallery, allows designinga converter capable of delivering more
range of output current variation more easily than larger ones. However, it should be noted that direct
consequences with respect to ZVS region, power factor and first harmonic should be taken into ac count.

The parametrized plane underlines important observations in a straightforward way. For example:

e Since same output power can be expressed for different values of M, I, and V;, it is important to
differentiate each scenario as they canresult in completely different power factor or harmonic
distortion;

e Besides, still considering same output power, high input voltage and low output current
applications will necessarily require an increase of the product f;L,. to keep the same
performance of low input voltage and high output current applications;

e To maintain the same power factor and DMC harmonics (i.c. to keep the same performance)
insensitive to input voltage variations, a simple frequency modulation proportional to the input
voltage variation appears to be very suitable.



Characterization and performance optimization of the DAB converter

As it can be seen for a given output current variation /., and voltage gain variation M, there is a set of
[7, 77] and [M, M,], to be chosen that will result in an optimized design either with respect to power
factorand/or firstharmonic distortion. In this paper,a charge profile is related to this rectangular frame,
but any other one, with different geometric formats, such as a battery charger could be analyzed and
optimized through the presented methodology.

Power factor evaluation

To cover the entire rectangular region, a parameter Pf,,, is proposed as the integration in volume of the
power factor divided by the volume of'a cubethat containssuchregion, as presented in (2 3) and depicted
in Fig. 4 (a). By sweeping the values of M, and y, for /,,,=0.5 and M,,, = 0.4, it is possible to notice that
there is a global maximum at M, =0.922 and y,=0.148, resulting in Pf,,,= 0.9 as presented in Fig. 4 (b).
However, considering that the gain is around the unitary gain, e.g. M, =0.8 and M, = 1.2, equation (23)
is adapted into (24), and it is observed a maximum point at y,= 0.128, resulting in Pf,,,= 0.88. An
important conclusion is that these values mean that the turns ratio » can beused as an optimizing variable
to produce such gains, and that symmetry over the unitary gain does not necessarily brings the best
results with respect to this parameter Pf,,,.
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Fig. 4: (a) The volume of the power factor over a given range in the output plane; (b) The results of the
parameter defined in (23) for /,,, = 0.5 and M,,,=0.4.

Nevertheless, still considering this symmetry over the unitary static gain as in (24), for each M, varying
from 0 to 1 and /,,, varying from O to 1, it is possible to take the optimum y, that will deliver the
maximum value of Pf,,;, as presented in in (25) and depicted in Fig. 5 (a). For every optimum y,(25),
and substituting its value in (24), it is possible to observe the results with respect to Pf,,; in which plot
results is presented in Fig. 5 (b).
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Fig. 5: (a) Values of y, (25) that results in the maximum value of the parameter Pf,,, for both M., and
1,0; varying from 0 to 1; (b) Maximum value of Pf,,;considering (25).
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Besides providing an optimization process, these plots show the natural limitation found in a DAB
converter with simple phase-shit modulation regarding voltage and current range extension. Again, to
overcome these issues, different techniques should be performed when entering in critical areas.

DMC first harmonic evaluation

From Fig. 6 (a), it is possible to realize that the worst-case normalized values are always located in the
extreme coordinates (M,, y,), (M,, yy), (M y,) and (M}, y,). In order to identify more precisely, the first
harmonicis verified for each voltage gain as presented in Fig 6 (a). Notice that, considering voltage
variation over the unitary gain, the step-down mode results in equal or larger values than the step-up
mode. Forexample, amongthe static gains varying from0.8 to 1.2,the valueof0.8 is the one thatresults
the highest value. Considering M = 0.8, the value of y that returns the least value for first harmonic is
0.138 resulting in Hy, = 0.45. Once the value of y, has been chosen, the parameter in (26) allows to
identify the consequences of decreasing current variation /,.;, at a given voltage gain M. In Fig. 6 (b), it
is presented the plot results of (26) for M=0.8 and a set of different y;.
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Fig. 6: (a) The value of the normalized DMC first harmonic for different static gains; (b) The effect of
decreasing current for M =0.8 and different y,.

It is possible to demonstrate that lower currents will never affect more than the maximum designed
current, and therefore, the filter design shall be designed consideringthe rated current as well as its worst
voltage gain scenario, that is (M,, y,). By inspection, notice that there is an interval where most y, should
be designed contained in the interval from 0.1 to 0.2. Indeed, in this interval, the normalized DMC first
harmonic is quite constant, especially for M =0.8.

DMC filter design

In this section, it is assumed that the frequency of the first harmonic will be larger than 150 kHz, that is,
the lower limit of frequency band defined by CISPR class A and B. Therefore, if lower switching
frequencies than 75 kHz are applied, it is necessary to consider the next highest harmonic order # larger
than 150 kHz in the equations so farpresented. Equation (11) will be brought to its absolute value and
transformed into dBuV in 50 Q system for better visualization when designing the filter to meet CISPR
emission limits, as presented in (27). The filter should be calculated for its worst-case condition, e.g M,
=0.8.Then, itshould bechosenthe value of y,, e.g.,0.14 resultingin H;,, =0.45 as presented in previous
section. Finally, the filter becomes a function of the attenuation required to comply with the EMC
standards, approximately 60 dBuV, as presented in (28). Asan example, [, =5 A, M, =0.8 and y,=0.14
results in an attenuation required of about 100 dB.

Then, as in [2], the attenuation value is used to calculate the filter that could be e.g., 1- or 2- LC filter
structures, as depicted in Fig. 7 (a). The compromise of choosing each structure is related to the cutoff



frequency and its required total realization effort, as shown in Fig. 7 (b). In general, higher filter orders
enable designinga filter with a higher cutoff frequency, resulting in structures with smaller total volume.
However, a careful study regarding parasitic resonances and loss effects in a filter should be taken into
account for the sake of precisely optimization.

dBuV, (M,,y.1)=20log(H, (M,y,1))+20log(1,10°)+20log(50) 27)
Filter,, =dBuV,, (M,,y,1)—60dBuV (28)
................ 1, \
LC-12, LC-1 @ '

— Y\

= LC-12 (-80dB/Dec.)
LC-1 (-40dB/Dec.)
f"LC—/ fCLIC»IZ JHz

(a) (b)
Fig. 7: (a) An example of filter design with 1 - or 2 - LC structures; (b) Filter attenuation per decade and
the cutoff frequency for 1- and 2 - LC structures.
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Considering careful designs, the value of ﬁlincan be roughly be approximate as worst cases equal to

one, as in db such value does not impact more than 6 db if even deviated by twice as much the real
value. This also means that the output current is the one that interferes the most in the filtering design.

Practical results

A DAB converter, designed for low voltage and power applications [20],[21],[22] (10 V to 20 V and
100 W) presented in Fig. 8 (a), was used to conduct practical results with respect to power factor.
Considering its AC link inductor of 700 nH, an output current of 3 A and 1.5 A and input voltage of 10
V, the switching frequency were calculated as 330 kHz, in such a way that the parameter y; is set at 0.14
and y, is at 0.07. In Fig. 7 (b) it is presented the waveform of current measured in the AC link when 1,
=1.5 Aand M,=0.8 in whichideally presents the same RMS value ofthe input current. Once the average
values of the input and output currents are measured, it is possible to derive the power factor and
efficiency of the converter, as presented in Table 1.

(b)
Fig. 8:(a) Low voltage and power DAB used for practical results; (b) Waveform of the current in the
AC link inductor (light blue color) for /,=1.5 A and M,=0.8.

Table I: Practical results

L=15A IL=15A Ib=30A Ib=30A
M,=0.8 M,=12 M,=0.8 My=12
Iin (A) 1.38 1.2 2.15 1.8 291 24 4.4 3.6
Trac_rus (A) 1.78 1.88 2.68 2.14 3.51 3.27 4.95 392
& (Degree®) 1040 |13.44 |20.70 |13.44 |33.60 [29.83 (4140 |[29.83




Pf 0.78 0.64 0.80 0.84 0.83 0.73 0.89 0.92
Efficiency (%) 85.8 100 84.7 100 83.1 100 81.1 100

At each operating point, it is presented both the practical and theoretical results of the lossless modeling
here proposed for comparison purposed. The difference between theoretical and practical results is
clearly related to AC series resistance, since voltage drop across this AC resistance sums up with the
needed output voltage. This will cause a shifting in the static gain in such a way that step-down modes
will approach the unitary gains improving its features, while step-up modes will move up further away,
harming its characteristics. This means that, due to AC resistance and other non-idealities, the power
factor and harmonics might present different results from the lossless theory.

Nonetheless, it is possible to notice that indeed the step-up mode presented better results than the step-
down modewith respect to power factor, whereas with respect to efficiency, step-down modes presented
better results. This shows that power factor and efficiency doesnot maintain a proportional or linear
relation. Besides, regarding error between practical and theoretical results, non-idealities seems to effect
more deeply low phase-shift intervals than high phase-shift ones. Therefore, a modeling accounting for
at least AC series resistance is crucial for the performance characterization and design o ptimization of
the DAB.

Conclusion

The methodology here proposed can be used to easily characterize in a generic way the performance of
a DAB converter operating with sing phase-shift modulation; to optimize, identify or limit voltage and
current ranges with respect to power factor parameters and DMC filter needs. Straightforward and
meaningful converter design and optimization can be carried out with the parametrized plane, as the
consequences of varying input voltage, static gain, output current, switching frequency and transformer
turns ratio; and how those variable effects the performance of the DAB converter becomes well visible.
Similar analysis could be performed in another converter topology. Besides, since dimensionless
investigation is performed, actual comparison among different converter could be a possibility.

In this paper, the rectangular region is placed without weighting the importance of the current values.
Therefore, it is suggested the developing of new parameters to consider such factor. As before
mentioned, the charge profile, of a given application e.g., battery charger can be used over the output
plane for optimization purposes.

As it could be noticed, a lossless theory does not allow identification of the parameter f;L,. separately
nor does the efficiency, while large errors of matching theoretical with practical results are susceptible.
Therefore, future studies include the AC series resistive, parallel transformer and commutation losses
as well as filter losses and parasitic, in such a way that the parameter of efficiency can be well analyzed
in the same way as with power factor and harmonic distortion. At the end, for future studies, it is
expected to have a methodology where any given optimum criteria can be evaluated: overall efficiency
in a given output voltage and current ranges (profile charge), power density and EMC compliance.
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