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Abstract: The Dual Active Bridge (DAB) converter is known for its advantageous characteristics,
including bidirectionality, galvanic isolation, and soft-switching operation. However, achieving Zero
Voltage Switching (ZVS) across the complete operation range is not guaranteed, particularly through
a wide input-output voltage ratio. This paper explores the integration of the switching frequency
as a control variable in the DAB converter to ensure ZVS operation across a wide voltage range,
employing Single Phase Shift (SPS) modulation. The study evaluated the RMS and reactive currents
under variable switching frequency, presenting the advantages of this approach. Moreover, it includes
a design-oriented analysis of the ZVS limits and their relationship with the switching frequency,
aiming to ensure ZVS at any operating point. Experimental results validated the theoretical analysis,
while presenting the main advantages of variable switching frequency implementation.

Keywords: dual active bridge; frequency modulation; soft-switching; zero-voltage switching

1. Introduction

The Dual Active Bridge (DAB) converter is widely utilized for several applications,
including grid power transmission and automotive applications. Despite having been stud-
ied for several decades [1-6], the DAB converter remains popular today and is extensively
employed in diverse applications, including battery chargers for electric vehicles. It offers
several attractive characteristics, including bidirectional power transfer, galvanic isolation,
high power density, and soft-switching capability.

The DAB converter consists of two Full Bridges (FB) connected through an inductor
and a transformer that provides galvanic isolation. Its electrical schematic is described in
Figure 1, where the sum of inductor and the transformer leakage inductance is represented
by L, Vq and V; are the input and output DC voltages, respectively, and v; and v, are the
AC voltages at their respective FB. In this analysis, Single Phase Shift (SPS) modulation is
utilized, which is widely employed in industry due to its simplicity and ease of implemen-
tation. It consists in controlling the power flow with a phase shift between both FBs, and it
is further discussed in the next section.

There have been numerous studies with the objective of expanding the soft-switching
operation range of the DAB converter. Among these studies, several modulation strategies
have been proposed using the Pulse Width Modulations (PWMs) of the FBs as an additional
control variable. One such strategy is the Double Phase Shift (DPS) modulation [7], which
consists in varying the phase shift between the branches of one FB, as well as the phase
shift between both FBs. Additionally, it is possible to vary the phase shift of the branches in
both FBs, along with the phase shift between the FBs, adding additional degrees of freedom
and resulting in more complex modulation known in some literature as Triple Phase Shift
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(TPS) [8,9]. Some studies combine all the previously mentioned modulation techniques
along an operation profile [10,11]. Also, these techniques may be employed to optimize the
performance of the converter, e.g., for minimizing conduction losses [12]. All of these are
modulation methods which can be easily adapted to any design of the converter and any
change in the operating point. One of the main drawbacks is the increased complexity in
the implementation.

Figure 1. DAB converter electrical schematic.

Besides modulation strategies for the DAB converter and soft switching may also be
extended by hardware methods. Some literature includes the use of the transformer mag-
netizing current to provide the energy for the parasitic capacitances. Others consider using
several inductors controlled through additional switches to modify the inductance [13], or
directly modify the inductance value using a variable inductor [14]. These solutions have
some drawbacks including the need for additional components or the adaptability of the
design to work in other operating conditions.

The control strategies based on varying the switching frequency in DAB can be clas-
sified into three categories [6]: those which employ the switching frequency as a control
variable for regulating the power; those which adopt the switching frequency for extending
the maximum power of DAB; and those which use the switching frequency for expand-
ing the soft-switching operational range. All of them share its relative simplicity as the
main benefit. In all the cases, the resulting control law is a linear relationship, which is
advantageous compared to phase-shift modulations. However, there are some limitations
to highlight. These techniques have in common the main disadvantages already reported
when the control varies the frequency: increase in the current harmonic content (and there-
fore, more complex design of EMI filters which leads to bulkier stages); more complex
design in general for estimating the power loss (and hence, for getting an optimum design);
and practical limitations in the frequency range (the lowest frequency is limited by the
audible frequency, i.e., 8 kHz, and the highest frequency is restricted by the switching
characteristics of the power transistor technology used).

In the case of those solutions which use the switching frequency for extending the
soft-switching operational range, there have been several studies with different approaches
applied to the DAB. In [15], variable frequency is employed for the DAB converter operating
at a fixed input—output voltage ratio. It calculates the optimum switching frequency for
different output power based on a power loss model. In [16], variable frequency is used to
improve the efficiency at light loads, although it is used in combination with a particular
transformer, denominated dual leakage transformer. In [17], switching frequency is used
in a control algorithm to increase power range and extend Zero-Voltage Switching (ZVS).
It consists of using two switching frequencies, the lower frequency to increase the power
of the converter, and at the higher frequency to maintain ZVS at low power. In [18],
an optimal, full-operating-range ZVS modulation scheme is presented, which includes
variable frequency, although the DAB converter is part of a two-stage ac—dc converter.
In [19], variable frequency is employed in SPS modulation, at low power to keep the
converter working with ZCS. A power loss analysis is performed using variable frequency
and compared to constant frequency. In [20], a modulation strategy which includes variable
frequency is presented. It considers three modulation strategies, for low-, medium-, and
high-power levels, oriented to minimize conduction losses. The switching frequency varies
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at medium power, transitioning from maximum frequency at low power, to minimum
frequency at high power. In [21] a variable frequency control is presented which includes
a Maximum Power Point Tracking (MPPT) using the perturb and observe technique to
minimize the RMS currents. It develops a generalized state space average model to obtain a
new small-signal model between the switching frequency and the output voltage. In [22], a
Variable Frequency Modulation (VEM) is presented, with a closed-form algorithm to allow
the converter to operate with ZVS over a wide power range with minimum reactive currents.
It discusses the phase drift phenomenon, presenting a compensation scheme to ensure the
operation of the VFM. In [23], an optimization technique is presented, where the converter
works at an optimal constant phase shift, defined by the voltage ratio, to obtain minimum
RMS currents. It proposes varying the switching frequency to modulate the power. In [24], a
full ZVS control is proposed for a single-stage semi-DAB ac—dc converter, in which variable
frequency control is implemented to extend ZVS operation. In [25], The primary side
works at half the switching frequency of the secondary side using a modulation method
denominated in the article as asymmetric half-frequency modulation (AHFM). In [26],
the EMI in the DAB converter using variable switching frequency modulation (VSFM) is
analyzed, and an improved VSFM is proposed. There are studies that combine variable
frequency with modulation techniques such as Extended Phase Shift (EPS) [27-29].

As the main contribution, this paper presents a design-oriented analysis of the DAB
converter, with the aim of ensuring ZVS operation in any operating point over a wide
voltage range. This is done by including the switching frequency as a control variable.
Moreover, it presents the behavior of the RMS and the reactive currents analyzed at constant
power and variable switching frequency. Analyzing the converter at a constant power
operation facilitates the understanding of working with variable switching frequency,
emphasizing the dependance between the input-output voltage ratio and the phase-shift
angle. This is a general analysis that can be applied to any operating point and extended to
any application. This paper is organized as follows: In Section 2, a brief description of the
operation principles of the DAB converter is presented. In Section 3, the RMS and reactive
currents are discussed, along with the ZVS limits. The experimental results are discussed
in Section 4, and the conclusions are presented in Section 5.

2. DAB Converter Operating Principles

One of the main advantages of this topology is its ability to achieve soft-switching
operation, either with ZVS or Zero Current Switching (ZCS). ZVS is achieved using reactive
currents, which enable a soft turn-on of the MOSFETs during the dead time interval. ZCS
can be achieved by implementing modulation methods (DPS, TPS, etc.), that allow the
converter to switch the devices when the inductor current is zero. It is well known that ZVS
is not guaranteed for every operating point, as it depends mainly on the power managed
and on the input-output voltage ratio, M = V2 Note that the definition of M in this paper
is the voltage ratio, regardless of the power transfer direction and is not to be confused
with the converter gain.

The power flow in the DAB converter has been widely studied and it depends on
several parameters, some of which can be used as control variables. The average power
flow using SPS can be described by the following:

_ Whane(r—¢)

P= 272 fo Ly M

where V1, V,, and Ly, can be considered as constant for a given operating point, leaving
the switching frequency, fs, and the phase shift, ¢, as the control variables. It could be
possible to control the voltages, e.g., by adding additional converters stages connected
through a dc-link. The inductor can also become a control variable, either by using more
than one inductor connected through switches [13], or by using a variable inductor [14], as
is exposed in the previous section.
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The simplest modulation method is the SPS, which consists of controlling the power
transfer by modifying the phase shift between both FBs, while their PWMs are kept constant
at a duty cycle of 50%. This modulation technique has several advantages, such as its
simplicity, low computational demand, and its capability to achieve full power, while other
modulation methods limit the converter maximum power. In Figure 2, the SPS modulation
waveforms are presented considering a positive power transfer, from FB; to FBy. The
phase-shift angle, ¢, between v; and v, generates the inductor current iy;. The current
value at the switching instants of FB1 and FB, power devices, i1 and i, respectively, are
shown in the figure and can be defined as follows:

) 1

= grpp (V29 =)+ Vanm). ®
Vi —
nvy

>
NN

N

-
]

Figure 2. The converter waveforms from top to bottom: voltages V; and V5, the current through the
inductor, i1, the input current, i;, and the output current, i,. The waveforms are referred to as FB;.

The output and input current waveforms, i, and i;, respectively, are shown in Figure 2,
where the shaded area represents the reactive currents, with its value at the switching
instant of the corresponding FB shown in its respective color. The reactive currents are
discussed in the next section.

This modulation technique achieves the maximum power transfer at a phase-shift
angle of 7, although a lower phase-shift angle is usually chosen for achieving the maximum
rated power at the design stage of the converter. This is due to the loss of linearity around
angles greater than %, making it harder to control, as well as a lower increment in the power
transfer with respect to the phase shift. It is also important to note that this modulation has
high reactive currents, and the fact that they increase with the phase-shift angle implies
that lower phase-shift angles are to be preferred, as it benefits the converter regarding
conduction losses. However, as it is explained in the next section, for operating points
where M # 1, there is a minimum phase shift that limits the ZVS operation of the converter.
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3. Variable Switching Frequency
3.1. RMS and Reactive Currents

ZVS operation in the DAB converter working with SPS modulation depends on the
inductor current at a switching instant being high enough to charge/discharge the parasitic
capacitances on the MOSFETs. The inductor current value at the switching instants, i; and
ip from Figure 2, must be positive to guarantee ZVS in its respective FB. These current
values are also shown for the output and input currents in the last two waveforms from top
to bottom. These are the reactive currents that flow through the body diode of the MOSFET
during the dead time, allowing ZVS operation in their respective FBs.

The RMS current through the inductor, iy, ., can be calculated using (2) and (3) and
is defined as [30]:

. () (i® + 2 = iniz) + (0 — ) (i® + i + iz

Considering a constant power operation, it is possible to vary the switching frequency
as a function of the phase shift and obtain ify,, .. Figure 3 shows the normalized ify,,,
for different values of M, as a function of the phase shift and the normalized switching
frequency, with the latter shown in red and referred to the right y-axis. The dashed lines
represent the ZVS limit for each case in their corresponding color. These ZVS limits are
obtained using (8). The figures presented in this paper are generated using Matlab R2022b.
Note that as the phase shift tends to zero, so does the switching frequency. Therefore, it
is important to define a minimum switching frequency, which is limited by the magnetic
devices, as low frequencies may increase the magnetic flux density in the core, causing
high power losses and potentially the saturation of the core. The currents are normalized
with respect to the average input current, given by the power and the input voltage for
each value of M, and can be described as follows:

. irk
ZLkRMS [pu] = % (5)

Vi
The switching frequency is normalized with respect to the maximum switching frequency
for each value of M, and can be described as follows:

fs

fsmax ’

where fgpqx is the switching frequency at the maximum phase shift for a constant power
operation. The minimum iy, . is marked with an ‘X’ for each curve in their respective
colors. The figure shows that for M = 1, the RMS current always increases with the phase
shift, and the lowest value is at the lowest possible phase shift. However, for M # 1, the
minimum current value happens at higher phase-shift angles.

An important observation is that the minimum iy, ., for a given value of M, occurs at
the same phase-shift angle, regardless of the power, and will depend only on M. This means
that for any power, the minimum RMS current can be achieved by using variable switching
frequency. This is an advantage, as it makes it possible to know the phase-shift angle at
which the lowest value of ij,, . occurs, only by knowing the voltages. This facilitates a
possible control algorithm oriented to minimize conduction losses, in which the phase shift
is set as a function of M to work with minimum iy, ., and the frequency may be used to
modulate the power transfer. Another observation is that the minimum iy, . is always
inside the ZVS limit.

fslpu] = (6)
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RMS Currents (Constant Power, Variable Frequency)
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Figure 3. DAB converter normalized RMS currents (left y-axis) and normalized switching frequency
(right y-axis), at different operating points: M = 0.75 (blue), M = 1 (yellow), M = 1.25 (purple), and
M =1.5 (green). Ideal ZVS limits are shown in vertical dashed lines in their respective operating
point colors.

Reactive currents in the DAB converter are necessary for ZVS operation, as they
provide the energy for soft-switching. During the dead time, the reactive currents flow
through the body diode of the MOSFET. These currents need to be big enough to provide
the energy to charge and discharge the parasitic capacitances of the MOSFETs and turn
on the device with ZVS. The minimum currents needed for ZVS, iy,,;,, and i»,,;;, can be
defined as follows [10,31]:

. Cossg Vl2
Hmin 2 # @)
. Cosse V22
Dmin > %};r (8)

where COSSqu and Coss, 2 are the total parasitic capacitances at FBy and F By, respectively. Ly
and Ly, represent the inductance L from Figure 1 referred to FB; and F By, respectively. The
currents i1, and iy, are also referred to their respective FBs. It is possible to estimate the
MOSFET C,ss at a certain operating point [32,33]. However, for simplicity, in this analysis
it is considered constant, and its value is approximated using the Coss value given by the
datasheet. These currents define the ZVS limits, which are discussed in the next subsection.

Figure 4 shows the normalized reactive currents for different values of M. The average
reactive currents can be obtained from the shadowed area in Figure 2, and can be described
as follows:

— LS S 9
1 Vi 4+ Von ©)
. fsLyin

= 10
lq2 V1 + Vzi’l ( )

where i;1 and ijp correspond to the reactive current in FBy and FBjy, respectively. The
normalization is done using the average input current as the base value. The reactive
currents in FB; and FB, are shown in blue and orange, respectively, while the ideal ZVS
limits are marked with a vertical dashed line. It is evident that the reactive current becomes
zero at the ZVS limit in its respective FB, as it can also be deduced from Figure 2. Both
reactive currents are minimum at this point. Like the RMS currents, for M = 1, the reactive
currents increase with the phase shift, and as M gets farther away from 1, the phase shift at
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which they are at minimum increases. For M = 1, the currents in both FBs are equivalent.
It can be concluded that operating the converter with phase-shift angles close to the ZVS
limit will have the lower reactive current values. Note that Figure 4 shows reactive currents
at the left of the ideal ZVS limit, however, they do not provide ZVS operation, as they flow
through the device after it has been turned on.

Reactive Currents

0.4

0.3

0.2

M=1.5

0.4 |

0.3 0.3 :
0.2 0.2 ‘
0.1 0.1 I
|

0 0
0 /8 w/4  3w/8 w2 0 w/8 w/4 3w/8 w/2

Phase Shift [rad]

Figure 4. DAB converter normalized reactive currents in FB; (blue) and FB; (orange), for different
operating points. The ideal ZVS limit is shown in vertical dashed line (black).

3.2. ZVS Boundaries

The limits for ZVS operation depend on the reactive current as mentioned previously.
Considering the SPS modulation, and defining a minimum current that will provide the
energy for the parasitic capacitances, it is evident that by using (5) and (6) to solve (2) and
(3), the minimum angle that guarantees ZVS can be defined as below:

n(4stk<i1$’—lm)+M—l>

, for M >1

Pmin = (11)

ntSLk(%)H_M) , for M < 1.
The effect of the parasitic capacitance modifies the ZVS limits as it can be seen from
(5) and (6) [2]. The switching frequency as well as the voltages also affect the ZVS limits,
as can be seen from (7). Figure 5 shows the modification of ZVS limits when f; varies
from 20 kHz (left) to 120 kHz (right). As it was previously highlighted, (11) stabilizes the
minimum phase-shift to obtain ZVS. This value varies linearly with the switching frequency.
Therefore, the higher f;, the higher is the minimum phase shift. Hence, the ZVS limits the
moves towards higher values of phase shift when f; increases. The resulting phase shift
can become significant enough to be non-negligible. Even so, if we consider the effect of
the frequency when plotting the ZVS limits, every operating point will have its own ZVS
limit. Therefore, for simplification purposes in presenting this analysis, these effects are
neglected and the ZVS limits are considered ideal. This implies that the ZVS operation is
true when i; > 0 and i, > 0. Thus, (7) can be simplified and rewritten as below:
ML M > 1
Pmin = (12)
M) M < 1.
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ZVS Limits
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Figure 5. The influence of the switching frequency considering a variation from 20 kHz to 120 kHz.
The ideal ZVS limits are shown in solid black line.

Note that now the ZVS limits are independent of the voltage values and depend only
on their ratio, M. This simplification is beneficial for the converter design process, allowing
the inclusion of other parameters at later design stages.

Having simplified the equations for calculating the ZVS limits, it is easier to plot
different curves on the same plane using the ideal ZVS limits as a reference. To visualize
the converter operation at different frequencies, it is useful to represent a constant power
curve, ‘M vs. phase shift’, as it provides insight into the relationship between the M and
the ZVS limits. This curve can be obtained from (1) and it is described as follows:

_ WPnPe(n —¢)

’ 13
27T2stchonst (13)

where Proyust is the constant power. Note that the curve must be referred to one of the
voltages, which is selected arbitrarily, as it determines the ‘slope’ of the curve. For this
analysis, each value of V;, will have its own curve and M will vary as a function of V;.

Figure 6 shows the converter operating at constant power, evaluated at two different
switching frequencies. The power curves are presented for three different values of V5.
Solid lines represent the converter working at an arbitrary switching frequency, f,;, and the
dashed line curves represent it working at 2f;,. The colored areas represent the variation
of the voltage range V; for each power curve in its respective color. The voltages are
normalized. The figure shows the power curves in red, blue, and green, for V, =0.75, 1,
and 1.25, respectively. The voltage V; ranges from 0.8 to 1. From this figure, the influence
of the switching frequency regarding the converter operating points with respect to the
ZVS limits is clearly appreciated, as at 2f,, the converter operates within the ZVS limits
throughout the whole voltage range. That is not the case for the switching frequency f,,
as it can be seen that for V, = 1.25, the whole operation range is outside the ZVS limits,
and for V, = 0.75, it partially operates within the limits. It is observed that as M grows
farther away from 1, higher frequencies are needed to keep the converter operating within
the ZVS limits.
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Constant Power Curves
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Figure 6. M vs phase shift constant power curves. Power curves are referred to V; values: 0.75 (red),
1 (blue) and 1.25 V (green). The colored areas represent the variation of V; from 0.8 to 1. Solid lines
and dashed lines correspond to a switching frequency of f, and 2. f;;, respectively. The ideal ZVS
limits are shown in black dotted lines.

3.3. Minimum Switching Frequency

When working at a certain power, the phase shift is a consequence of the given operat-
ing point, making it necessary to consider the switching frequency as a variable to modify
the phase shift. This allows the power curve to move in any direction, making it possible to
work at any given value of M without losing ZVS. According to the analysis presented in
the previous subsection, it becomes necessary to define the minimum frequency needed to
operate within the ZVS limits for any given operating point. From Figure 6, it is stated that
higher frequencies are needed to move the power curves inside the ZVS limits. However,
increasing the switching frequency too much may lead to higher conduction and switching
losses. Therefore, it is beneficial to work at low phase-shift angles, close to the ZVS limits,
where the RMS currents are low, as well as the switching frequency.

The minimum switching frequency needed to guarantee ZVS at any operating point
can be found by evaluating the ¢,,;, from (12) into (13) resulting in the following:

Vy2n?(M2-1)
8LkpconstM3
meir\ (Vl’ VZ) = (14)

V52n2(1-M?)
8Ly Peonst M

, forM>1

, for M <1,

noting that the equation must also be referred to one of the voltages, V in this case. The
minimum frequency for the entire range of operation can be found by substituting the
variables V, and M with V; ;5 and My, respectively, for M > 1, and with V, ,;,, and
M., respectively, for M < 1.

Figure 7 shows three power curves at 10 kW referred to a voltage V, = 500 V. The
curves have a switching frequency of 50 kHz (blue), 41 kHz (green), and 30 kHz (red). It is
evident that by modifying the switching frequency, the converter is able also to modify the
phase shift, and thus work with the minimum phase shift, staying within the ZVS operation
limits. The switching frequency must be increased when the operating point is outside
the ZVS limits (red operating point) and decreased to obtain lower reactive currents (blue
operating point). The green operating point is on the ZVS limits, where it operates at the
minimum switching frequency and minimum phase shift.
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5 M vs Phase Shift (P=10kW, V2=500)
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Figure 7. The converter curves operating at 10 kW, referred to V, =500 V at M = 1.5, are shown at
different switching frequencies: 50 kHz (blue), 41 kHz (green), 30 kHz (red). The ideal ZVS limits are
shown in dashed black lines.

4. Experimental Results

This section contains two main objectives: to validate the theoretical analysis regarding
the RMS currents and to assess the implementation of the switching frequency as a control
variable to ensure ZVS operation over a wide voltage range. The validation process is
performed with a DAB converter prototype shown in Figure 8, and whose characteristics
are described in Table 1. The converter maximum power, at 20 kHz and maximum voltages,
is 43 kW, although the switching devices are designed to operate at a nominal power of
20 kW. The tests and analysis are performed at a constant power of 10 kW. This value
is selected to allow the converter to work throughout the voltage and frequency ranges,
maintaining the operating points around the ZVS limits. The switching frequency, f;,
ranges from 20 kHz to 70 kHz. The input voltage, V1, ranges from 300 V to 500 V and the
output voltage, V;, ranges from 650 V to 800 V.

Figure 8. The DAB converter prototype.

Table 1. DAB converter parameters.

Parameter Value
Vi [V] 650-800
Vs [V] 300-500
Lk [uH] 114
Pn [kW] 10
£, [kHz] 20-70
n 2

MOSFET FF11IMR12W1M1_B11
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The converter is tested using two different bidirectional voltage sources connected
to the converter ports. The switching devices are SiC MOSFETs on both FBs, and the
transformer turns ratio is n = 2. The converter is controlled by a Microcontroller Unit
(MCU), Texas LaunchPad F28379D.

Figure 9 shows the experimental validation of the theoretical i, . normalized curves.
The curves show the theoretical values, and the operation points from the experimental
results are marked with ‘X’ in its respective color. The ideal ZVS limits are shown in dashed
vertical lines for each value of M, in their respective color. Each operating point varies the
phase shift along with the switching frequency to maintain a constat power of 10 kW. The
results match the theoretical curves, validating the presented analysis regarding the RMS
currents. The operating points in Figure 9, are described in Table 2, showing the voltages,
the phase shift, the switching frequency, and the RMS current for each operating point.
The table is sorted from smallest to largest phase shift for each value of M. The efficiencies
shown in Table 2 are for reference, as the converter is not optimized, and there are several
factors that may impact the power losses. The currents in Figure 9 are normalized as
'Lkr s

Py
2

follows: iy, [Pu] =

19 RMS Currents at Constant Power, Variable Frequency

7
— M=0.75

1.8} e
—M=1.25

17 ——M-=15

/4 37/8 /2
Phase Shift [rad]

0 /8

Figure 9. Experimental results. Normalized iy, at different operating points at constant power
of 10 kW and variable switching frequency. The operating points from the experimental results are
marked with an ‘x” in its respective color. The vertical dashed lines represent the ideal ZVS limits for
each value of M in their respective color.

Table 2. Constant power operating points.

M Vi [V] V, [V] @ [rad] fs [kHz] ks [A] 7 [%] Power [kW]
0.33 20 21.12 97.25 10.006
0.75 800 300 0.74 38 189 96.86 10.012
11 50 20.68 95.83 10.002
0.25 20 13.58 98.28 10.009
1 800 400 0.69 50 14.84 96.60 10.002
700 350 1.03 50 19.09 96.14 10.012
0.19 20 17.68 95.54 10.032
1.25 800 500 0.39 38 14.2 94.21 10.016
0.55 50 13.63 95.88 10.002
0.22 20 26.63 93.99 9.999
1.54 650 500 0.74 51.5 17.08 94.55 10.000

1.05 66.2 17.69 93.99 10.000
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Figure 10 shows constant power curves for two different cases. Each case compares
two different operating points. Figure 10a,c,e corresponds to the first case, operating at
10kW, V1 =750V, V, =500V, at two different switching frequencies: 20 kHz and 42.5 kHz.
Figure 10a shows both operating points marked with an asterisk and their corresponding
efficiencies. The first operating point switches at 20 kHz (blue) outside the ZVS limits, and
the second switches at 42.5 kHz inside the ZVS limits. As expected, the operating point
moves within the ZVS limits by increasing the switching frequency. Figure 10b,d,f shows
the second case where the converter is operating at 10 kW, V; =800V, V, =300V, and
at two different switching frequencies: 20 kHz and 38 kHz. Like the first case, Figure 10b
shows both operating points marked with an asterisk and their corresponding efficiencies.
The first operating point switches at 20 kHz (blue) outside the ZVS limits, and the second
switches at 38 kHz inside the ZVS limits. In the same manner as the previous case,
increasing the frequency allows the operating point to move within the ZVS limits. This
can also be appreciated from the converter current waveforms. Figure 10c—f shows the
following waveforms for 20 kHz, 42.5 kHz, 20 kHz, 38 kHz, respectively: the AC voltages
v1, vz, the inductor current izy, and the current values at the switching instant i; and i,.
For both cases, it can be appreciated from the inductor current at the switching instant
that for the lower frequencies, the value is negative, therefore it is not operating with ZVS.
According to (3), the current value needs to be positive to be in ZVS operation. At higher
frequencies, the value of the current at the switching instants becomes positive, implying
the converter is soft-switching.

Figure 11a,c,e shows a case for M = 1, in which ZVS operation should apply throughout
the whole operation range (considering ideal ZVS limits). The operating points are defined
by V; =700V, V, =350V, at two different switching frequencies: 20 kHz and 50 kHz. In
Figure 11a, both operating points are marked with an asterisk and their efficiency is shown
in their respective colors. The following waveforms are shown in Figure 11c,e for 20 kHz
and 50 kHz, respectively: the AC voltages v1, v, the inductor current ijx, and the current
values at the switching instant iy and i,. Both operating points in Figure 11a are within the
limits as the current values i1 and ip are both positive in Figure 11c,e.

Figure 11b,d,f shows the operation point at 10 kW, V; = 800 V, V, = 500 V. For this
figure, the real ZVS limits are estimated for FB; using (7), where (5) is as follows:

4Cosqul Vl2

k1

> = 2.48A. (15)

Nmin
This operating point is analyzed with two different frequencies, 38 kHz (blue) and
48 kHz (green). The ZVS limits are shown for both frequencies in their respective colors.
Figure 11d,f, shows the waveforms for the operating points switching at 38 and 48 kHz,
respectively. It can be seen that both currents i; and i, are positive in both (d) and (f),
however in (d), i; is approximately 2.5 A, while in (f) it is approximately 6 A. In (d), the
value of i is close to i,,;,, and the converter is operating at the ZVS limit, as can also be
seen in (b), where the operating point of 38 kHz (blue) is at the ZVS limit. The efficiency
measured at these operating points is 94.21% and 95.61% for 38 and 48 kHz, respectively.
Regarding the ZVS limits, the minimum current needed for ZVS from (7) will be around
the same (assuming constant Coss ), leaving the frequency as the main factor affecting them
in a relevant way.
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Figure 10. Converter operating at constant power and variable switching frequency at different
operating points: (a) 20 kHz (blue) and 42.5 kHz (green); (b) 20 kHz (blue) and 38 kHz (green); (c) and
(e) correspond to the operating point of (a) at 20 kHz and 42.5 kHz, respectively. (d,f) correspond to
the operating point of (b) at 20 kHz and 38 kHz, respectively. (c—f) show the inductor current, iy, in
red. The current values at the switching instants are indicated in black as i; and i; and the voltages
v1 and v; are shown in green and blue, respectively.
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200 V/div 10 A/div 200 V/div 10 A/div
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50 kHz

Sus/div » fs= 48 kHz Sus/div
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Figure 11. Converter operating at constant power and variable switching frequency at different
operating points: (a) 20 kHz (blue) and 50 kHz (green); (b) 38 kHz (blue) and 48 kHz (green);
(c,e) correspond to the operating point of (a) at 20 kHz and 50 kHz, respectively. (d,f) correspond to
the operating point of (b) at 38 kHz and 48 kHz, respectively. (c—f), show the inductor current, iy, in
red. The current values at the switching instants are indicated in black as i; and i, and the voltages
v1 and v, are shown in green and blue, respectively.

5. Conclusions

This study analyzed the DAB converter, incorporating the switching frequency as
an additional control variable. The influence of the switching frequency on the converter
operating points is clearly presented, considering constant power operation. The RMS,
reactive currents, and ZVS limits were analyzed, showing the impact of the switching
frequency on them, as well as their dependance on M. Furthermore, a DAB prototype was
used for validating the analysis.
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In conclusion, implementing the switching frequency as a control variable provides
an additional degree of freedom to the converter. It makes it possible to vary the phase
shift while maintaining a constant power operation. This allows the converter to work
within the ZVS limits at any operating point throughout a wide voltage range. Moreover, it
provides the ability to reduce the RMS and reactive currents.

The study reveals that the minimum i, ., for a given value of M, occurs at a specific
phase-shift angle, determined by M and independent of the power. Importantly, this value
is always within the ideal ZVS limits. These findings offer valuable insights for both the
converter design and the control algorithms.
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