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Abstract—In this paper, a variable-frequency modulation
method for a dual active bridge converter is introduced. The pro-
posed method ensures zero-voltage switching over a wide power
range with a minimal circulating current. Unlike previously pre-
sented modulation schemes, this modulation method can also be
used for half-bridge variants of a traditional dual active bridge
converter. The modulation method is given in a closed form, which
makes it easy to apply in practice. Further, the phase drift phe-
nomenon is discussed, and a simple phase drift compensation
scheme is presented. Finally, a detailed analysis of the proposed
modulation method is provided and its feasibility is verified by
measurements.

Index Terms—Current control, dc—dc power converters, error
correction, modeling, modulation, power system control, switched-
mode power supply.

I. INTRODUCTION

VER the recent years, the dual active bridge (DAB) con-
O verter topology has gained popularity because of its fa-
vorable zero-voltage switching (ZVS) properties, bidirectional
power transfer capabilities, and a low sensitivity to system par-
asitics. The DAB topology has been widely applied to various
energy storage [1] and solid state transformer [2] applications.
The DAB is a very attractive topology for applications where
bidirectional power flow, galvanic isolation, and a high power
density are required.

The DAB topology has been shown to be capable of pro-
viding a very high power conversion efficiency [3]. However,
the switching and conduction losses of the DAB are heavily
dependent on the input-output voltage conversion ratio and the
transferred power. When operated outside the nominal voltage
conversion ratio, the DAB converter suffers from circulating
currents, which significantly increase the conduction losses.
Moreover, at light loads, the energy stored in the leakage in-
ductance may not be large enough to discharge the drain-source
capacitances of the switching components. This results in a
hard-switching that can drastically reduce the power conversion
efficiency and increase the electromagnetic interference gener-
ated by the converter [4].
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Over the recent years, various modulation strategies have
been presented to extend the soft-switching region and reduce
the circulating current. The proposed methods have often based
on manipulation of the transformer current by introducing a
zero-voltage sequence either on the primary or secondary side
of the transformer. During this sequence, a zero-voltage is
applied to the winding. The zero-voltage sequence is achieved
by changing the phase shift between the switching legs of
an H-bridge. This gives an additional degree of freedom
for the control compared with the traditional phase shift
modulation (PSM), where only the phase shift between the
primary and secondary H-bridges is controlled. By using a
zero-voltage sequence, the soft-switching region of a DAB
can be extended and the conduction losses can be reduced.
According to the transformer current waveform, this type of
a modulation scheme is sometimes called a triangular current
mode modulation or a trapezoidal current mode modulation [5].
If a zero-voltage sequence is used in both full-bridges of the
DAB, the modulation is sometimes called a dual PSM [6], [7].

All of the aforementioned modulation methods are based on
the zero-voltage sequence produced by shorting the primary or
secondary winding of a transformer through an H-bridge. By
using only one modulation scheme, it is difficult to achieve the
best efficiency over the whole operating region. Therefore, dif-
ferent modulation methods are often combined to cover a larger
operating region. A hybrid modulation method that combines
several different modulation methods has been discussed in pub-
lications [8]-[10]. However, the hybrid modulation leads to a
complex implementation where the modulation strategy has to
be changed according to the operating point.

The use of the zero-voltage sequence can increase the overall
efficiency, especially in a low power range, where the hard-
switching would normally ruin the efficiency. However, the use
of the zero-voltage sequence will increase the transformer RMS
current by introducing an additional circulating current inside
the H-bridge. This additional current may reduce the efficiency
in applications where the transformer conduction losses are
dominating. Another limitation of the method is present when a
half-bridge variant of the DAB is used. In this case, there is no H-
bridge that could be used to generate the zero-voltage sequence.
Therefore, modulation methods based on the zero-voltage
sequence are not feasible for half-bridge-based converters.

Instead of using a zero-voltage sequence to extend the soft-
switching region, a variable switching frequency modulation
method can be used. This method is not limited to the full-
bridge topologies, but it can also be used for half-bridge topolo-
gies. The basic idea of using the variable switching frequency
modulation in a DAB converter has been proposed in [11]-[13].
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Fig. 1. Circuit diagram of a traditional DAB converter with full-bridges on
the primary and secondary side of the transformer.

In [11], a numerical optimization algorithm is used to optimize
the switching frequency along with other modulation param-
eters. This approach gives a freedom to the designer to op-
timize the modulation method for a specific application and
specific hardware. However, it leads to a complicated design
process that requires fine-tuning of the parameters. This method
also requires the use of a lookup table for implementation. The
variable-frequency modulation (VFM) method presented in [12]
uses a fixed ratio between the RMS and peak currents to extend
the soft-switching range. The method provides a very simple
closed-form implementation, but it may result in an unneces-
sary circulating current and switching at nonoptimal currents.

In this paper, a simple closed-form solution for the VFEM is
introduced. The presented method is based on switching at a
predefined current value. The proposed modulation scheme al-
lows either a ZVS or a zero-current switching (ZCS) depending
on how the switching current level is chosen. The modulation
method also minimizes the transformer RMS current by limit-
ing the reactive current to some predefined value. The method
is most suitable for applications where a half-bridge variant of
the DAB converter is preferred over the traditional full-bridge.
The feasibility of the proposed modulation method is mainly
limited by the transformer ac resistance, turn-off losses, and the
gate driving losses.

In this paper, the effect of the phase drift phenomenon [14]
is also discussed. The phase drift can distort the phase-shift-to-
power relationship in the power flow analysis, which may lead
to the failure of the traditional DAB power equation. It can also
interfere with the proposed VFM method. The paper introduces
a simple phase drift compensation scheme that ensures a proper
operation of the variable-frequency modulation. Finally, the ef-
fectiveness of the modulation method is demonstrated with a
laboratory prototype.

The main contribution of the paper is a closed-form algorithm
for the VFM and a generalized power equation for the half-
bridge variants of the DAB. The paper demonstrates the effects
of the phase drift phenomenon and a method to compensate it.
Moreover, a back commutation phenomenon is explained.

II. DAB AND PSM

The DAB converter consists of two semiconductor bridges
linked together with a high-frequency transformer (see Fig. 1).
In the DAB, the leakage inductance of the transformer (L) is
used as an energy transfer element. The power flow through
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Fig. 2. Simplified operating model of a DAB converter. The model describes
the operation of a DAB converter with a sufficient accuracy when the losses are
low and the magnetizing inductance is large enough to be neglected.
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Fig. 3. Idealized operating waveforms of the DAB converter when Vj, <
Vout /n and the power flow is from Vi, to Vo

the leakage inductance is controlled by changing the phase shift
between the primary and secondary bridges as shown in Fig. 2.

If the losses of the DAB are omitted and the effect of the mag-
netizing inductance is neglected, the operation of the converter
can be simplified into an inductor connected to two equivalent
voltage sources (see Fig. 2). By this simplification, idealized
operating waveforms can be generated (see Fig. 3). By using
the mean-value theorem, the power equation for the converter
can be derived as

P _ ‘/;n‘/:)ut/n
fsw le

where f;,, is the switching frequency and Ly is the leakage
inductance of the transformer seen from the primary side. This
well-known equation was first presented in [15]. The power
equation (1) is sometimes presented in a slightly different form,
where the phase shift is presented in radians. However, in this
paper, the phase shift ¢ is represented as a percentage of the
switching period T, . If radians are preferred, the conversion
can be easily made by multiplying the phase shift by 2.

¢(1-29) e

III. HALF-BRIDGE VARIANTS OF THE TRADITIONAL
DAB ToPOLOGY

In some cases, it is beneficial to use a half-bridge structure
instead of a full-bridge (see Fig. 4). The half-bridge converter
can be a feasible solution in high-voltage and low-current ap-
plications when a low number of active components and a high
voltage conversion ratio are needed.

The use of the half-bridge inherently doubles the voltage of
the transformer winding. Therefore, the half-bridge can be used
to reduce the transformer turns ratio. The voltage doubling effect
of the half-bridge allows the use of a smaller leakage inductance
in the DAB for the same power. This is very useful for low-power
converters, where a high leakage inductance value is required to
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Fig. 4. Three variations of the DAB converter. (a) DAB with a full-bridge
primary and a full-bridge secondary. (b) DAB with a full-bridge primary and
a half-bridge secondary. (c) DAB with a half-bridge primary and a half-bridge
secondary.

limit the power to a desired level. Often, a high inductance value
has to be achieved by using an external inductor in series with
the transformer. This bulky external inductor may be avoided by
using the half-bridge variant of the DAB. The downside of the
half-bridge is that it doubles the transformer current compared
with an equivalent full-bridge design. Thereby, it increases the
conduction losses.

Another benefit gained by the half-bridge is the dc block-
ing capability. The capacitors used in the half-bridge act as a
dc blocking element. This prevents transformer saturation [16]
often considered a problem in the DAB converters [17]. The
half-bridge can also be used to simplify the converter design; it
reduces the number of semiconductor switches and thereby the
number of gate drivers and auxiliary components.

The usability of the half-bridge is limited by the increased
current stress on the transformer and the power switches.
Further, the additional losses in the half-bridge capacitors
may restrict the usability. It is often stated that the full-bridge
converter can provide a higher power density than the half-
bridge converter. However, with the modern ceramic and film
capacitors, a very good capacitance to volume ratio and a good
high-frequency performance can be achieved. In addition, space
and cost savings can be obtained as a result of the reduced
number of components. However, the selection between the
full-bridge and the half-bridge has to be made on a case-by-case
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basis, and for many applications, the full-bridge converter is
still the more attractive option.

For the design of a half-bridge DAB, a power equation is
needed. Unfortunately, the traditional power flow (1) of the
DAB has to be modified for the half-bridge converter. This can
be done by assuming that the half-bridge capacitors are large
enough to be considered constant voltage sources. In addition,
the additional voltage conversion ratio caused by the half-bridge
has to be taken into account.

The power equation for the half-bridge converter can be de-
rived from (1) by replacing the voltages Vi, and V,,; /n with the
equivalent voltages V; and V5. These equivalent voltages can be
calculated by reducing the transformer winding voltages (V.

and Vj..) to the same side of the transformer. This yields
Vi = hpri‘/;n
(2)
‘/2 = hsec V;ut /n

where hy,,; is a variable describing the structure of the primary-
side bridge and hg.. represents the structure of the secondary-
side bridge. The variables h,,; and hg.. are valued either 1 or
0.5 depending on the bridge type

0.5 |for half bridge
hpri7 hsec = (3)
1 |for full bridge.

By using the previous definitions, a generalized power equa-
tion for the DAB converter and all of its variants can be written as

ViVa
1-2 4)
f SW le ¢ ( ¢)
where Ly is the leakage inductance of the transformer seen
from the primary side (V) side). As mentioned, the phase shift
¢ is represented in percentage of the switching period.

P =

IV. ZVS OF THE DAB

In traditional phase-shift modulation there is always some
amount of circulating reactive current between the H-bridge
and the dc link capacitors (see Fig. 5). In the zero-voltage-
sequence-based modulation [6], [8] there is a circulating current
inside the H-bridge in addition to the circulating between the
H-bridge and the dc link capacitors. While the circulating
current is an inevitable by-product of the ZVS, it will also in-
crease the conduction losses [5]. Therefore, it is desirable to
reduce the circulating current to the minimum amount neces-
sary for the zero-voltage switching.

A. Minimum Requirement for the Discharge Energy

When a switching event is taking place in the DAB, the energy
stored in the leakage inductance is used to discharge the output
capacitances of the semiconductor switches. This stored energy
has to be large enough to enable zero-voltage switching. In order
to ensure zero-voltage operation, a sufficient amount of inductor
current and a dead time has to be applied.

The amount of current needed to discharge the output capac-
itances can be calculated as shown in several publications [15],
[18]. For zero-voltage switching, the following inequality must
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Fig. 5. Idealized operating waveforms of the DAB for two cases. (a) Equiva-
lent secondary voltage (V2 ) is higher than the equivalent primary voltage (V7).
The primary-side bridge is zero-voltage switched if the current I, is large
enough and of the right polarity. The secondary-side bridge is switched at the
current Ij,¢,1 and is zero-voltage switched whenever the primary-side bridge is
zero-voltage switched (similar switches are assumed for both sides). (b) Equiv-
alent primary voltage (V7 ) is higher than the equivalent secondary voltage (V2 ).
The secondary-side bridge is zero-voltage switched if the current I, is large
enough and of the right polarity. The primary-side bridge is switched at the
Ipeak current, and it is zero-voltage switched whenever the secondary-side
bridge is zero-voltage switched (similar switches are assumed for both sides).

be true:
1 2 1 2
§L1klzvs 2 k§CO‘/bridge )

where k is the number of switching devices, I, is the trans-
former current at the switching instance, and C, is the effective
output capacitance of the switching device.

B. Back Commutation and the Dead Time

In the case of hard-switching, a dead time between the com-
plementary switching devices is needed to prevent a destructive
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shoot-through. In a ZVS application, a dead time is needed to
complete the zero-voltage transition. If the chosen dead time
is too short with respect to the zero-voltage transition time, a
hard-switching or a partial ZVS will result. The zero-voltage
transition time is the time that is needed for the inductor current
to charge or discharge the capacitances of the switching devices.
The minimum dead time needed for the zero-voltage transition
can be estimated as

Q (V:is) _ 2‘/:isco.tr (V:is)
Isw Isw

where Q is the charge of the switching leg, C, , is the equiv-
alent time-related capacitance of the switching device, and Iy,
is the current of the switching leg at the switching instance. The
current Iy, is equal to I, or I, depending on the voltages
on the primary and secondary sides (see Fig. 5). The charge Q
and the equivalent time-related capacitance C,, ;, are functions
of drain-source voltage. The capacitance C,, ;, is usually given
in the datasheet for some fixed value of the drain-source volt-
age. It must be noted that (6) assumes the current Iy, and the
voltage V5 to remain constant during the switching transition.
In practice, these values change during the transition because
of the LC oscillation between the leakage inductance and the
power switches.

The dead time given by (6) is optimal from the efficiency point
of view because it minimizes the conduction time of the body
diode. In practice, however, a slightly longer dead time is often
required to overcome the inaccuracies in the modulator and the
gate driving circuitry. If the dead time is too long, the leakage
inductor current can change polarity during the dead time. This
will cause the switching leg to back commutate (see Fig. 6),
which will lead to increased switching losses. The efficiency in
the back commutation case was 92%, while it was 93.7% in the
case of Fig. 6(b). The upper limit for the dead time to prevent
back commutation can be estimated by assuming linear behavior
of the transformer current during the zero-voltage transition.
This leads to an inequality

(6)

tdcad,min =

Isw le

tdead,max = m (7)
1 2

In practice, the transformer current cannot change linearly
until the ZVS transition has been completed. Therefore, (7) does
not give a fully accurate result and can easily underestimate the
maximum dead time. For a better estimation the sum of the
zero-voltage transition time (6) and the back commutation time
(7) can be used.

In order to achieve an optimal switching transition, a vari-
able length for the dead time is required. Moreover, the dead
time should be independently adjusted for both the primary
and secondary bridges. In many real-world applications, a fixed
dead time is preferred because of the simplicity of the imple-
mentation. This may require a tradeoff between the ZVS and
the back commutation phenomenon. However, if the current
of the switching instance is known and the output capacitance
of the switching device is nearly linear within the operating re-
gion, a fixed dead time value can be used to achieve sufficient
results. Therefore, it would be beneficial if we could force the
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Fig. 6. Three dead time lengths and their effects on the switching waveforms.

(a) Dead time is too short to complete full zero-voltage transition. The delivered
charge is not enough to fully charge and discharge the capacitances of the
switching devices during the dead time. This results in a partial hard-switching
that can be seen as current spikes in the figure. (b) Dead time is of the right
length, the zero-voltage transition is completed, and the back commutation is
prevented. The voltage and current waveforms are smooth without additional
overshoots. (¢) Dead time is too long. The zero-voltage transition is completed
but the inductor current changes polarity and starts to recharge the drain-source
capacitances. This results in a back commutation, which can be seen as a voltage
sag in the drain-source voltage. The back commutation phenomenon increases
the switching losses and the EMI.

switching at a predefined current. The modulation scheme to
force switching at a predefined current value is presented in the
following.

V. VEFM OF THE DAB

In the DAB, the switching frequency together with the leakage
inductance defines the maximum power rating of the converter.
The selection of the switching frequency is often related to
the design process of the magnetic components. Decreasing the
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switching frequency from its design value would increase the
power transfer capability, but is not often possible because of
the risk of saturating the magnetic components. Unlike decreas-
ing the switching frequency, increasing the switching frequency
limits the power transfer capability of the DAB and reduces the
magnetization current of the magnetic cores. While an increase
in the switching frequency reduces the power transfer capabil-
ity, it also extends the soft-switching capability to lower power
levels. This makes manipulation of the switching frequency a
useful tool for applications where a large soft-switching region
is preferred.

A high switching frequency is often undesirable because of
the increased switching and gate driving losses. A high switch-
ing frequency can also increase the conduction losses as a result
of the increased ac resistance. However, a high switching fre-
quency can in some cases provide soft-switching that can com-
pensate for the drawbacks of the increased frequency. Therefore,
changing the switching frequency as a function of operating
conditions makes sense in cases where the traditional zero-
voltage-sequence-based modulation cannot be used to extend
the soft-switching region. Altering the switching frequency can
be particularly useful in applications where the turn-on losses
are dominating over the conduction and turn-off losses. In some
cases, the increased switching frequency can also be justified
by the side benefits of the soft-switching such as reduced EMI
radiation and reduced peak currents.

If we assume that the turn-on losses are dominating over the
turn-off losses and all the other losses are considered negligible,
it can be argued that the optimal switching frequency would
be the lowest switching frequency that provides soft-switching
in that specific operating point. This minimum switching fre-
quency can be found by setting the current of the switching
instance to the minimum value needed for the zero-voltage
switching.

By looking at the power (1) and the idealized operating wave-
forms in Fig. 3, we can see that the transformer current can be
set to a desired value by controlling the switching frequency
and the phase shift. By choosing this current value (/) large
enough, a ZVS can be achieved. Correspondingly, by setting
this current to zero, a ZCS can be achieved.

For the derivation of the VFM algorithm, an equation for the
switching current (I,5) and the phase shift (¢) is needed. By
using simple algebra and the idealized operational model (see
Fig. 2), the equation for the turn-off current can be written as

@l -1 Va+ Vi

<
4fslek |‘/1 o ‘/2
=Y gl - v 4 v ®
- 1+ Vo
4fslek |‘/1 - ‘/2 '

By selecting the primary-side input current (/;,,) as the control
variable, the relation between the phase shift and the current
reference (I,.r) can be derived from (4) as

8fsw le Iref /hpri

1 1
¢ = sign (Lrer) 1 + 1 1 — sign (Ler) v

(€)]
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By solving (8) and (9) simultaneously, the algorithm for the
VEM can be written as

1
¢ = H <Y — Lot + Sign (Iref) \/Ol?lfef - QIref’Yﬂ + 72)

hpri‘/Q
sw =012
fou = 6 (1= 2 0]
(10)
where
1 Vi <Va
a= <, (an
T Mi>n
n Vi < Vi
g={" Vi<V (12)
1 Vi >V,
and
Y= Sign(lref)IZVShpri- (13)

This algorithm ensures switching of the low-voltage-side
switches at an arbitrary current value (/,.5). In this context,
the low-voltage side refers to the side having the lowest value
of the equivalent primary and secondary voltages (V; and V53).
If we assume similar semiconductor devices for both bridges,
the high-voltage side is automatically zero-voltage switched if
the low-voltage side is zero-voltage switched.

VI. LIMITATIONS OF THE VFM

The proposed variable frequency modulation ensures switch-
ing at a predefined current value and thereby ZVS virtually
over the whole region. By selecting the value of the switching
current and dead time appropriately, the excess circulating cur-
rent can be limited. However, when the equivalent primary and
secondary voltages deviate considerably from each other, the
proposed algorithm gives very high switching frequencies. Cor-
respondingly, a very low switching frequency is obtained when
these voltages are close to each other. Because of the hardware
limitations, the switching frequency has to be limited to remain
within certain predefined limits.

Limiting the switching frequency to a certain minimum value
will not affect the zero-voltage switching. This is true because
the switching frequency proposed by the algorithm ensures
the selected I,,s current. If a frequency below its minimum
value is obtained, the minimum frequency will be used. This
leads to switching at a higher current value than the selected
I,s. Therefore, the ZVS is achieved but the circulating current
is increased.

Limiting the maximum switching frequency will result in the
loss of zero-voltage switching. However, the maximum switch-
ing frequency limit can often be set so high that it is achieved
only in very special occasions (a very low power or a large
difference in the equivalent voltages).

The effect of frequency limitation is illustrated in Fig. 7. A
schematic diagram of the implementation is presented in Fig. 8.
Fig. 7 shows that the region of the minimum switching frequency
is large when the reference current is high compared with the
required I,,s and small when the reference current is low in
comparison. It can also be seen that the switching frequency
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Fig. 7. Switching frequency and phase shift given by the modulation algo-

rithm. In this example, a full-bridge primary, half-bridge secondary converter
with a 1:1 transformer is used. The leakage inductance is 26.4 pH and the
switching current [, is set to 3.5 A.

VFM algorithm

v yn

Frequency limiter
if (fy < S ) PSM (/)
if(fy > frw )™ PSM(f,,0)

else — no effect

v v~

Fig. 8.  Switching frequency limitation scheme. When the minimum or max-
imum frequency level is reached, the traditional PSM is used to continue the
operation. The switching frequency limitation is used to prevent extremely high
or low frequency values that could damage the hardware.

is related to the transferred power. For a high power, a low
switching frequency can be used, but for a low power, a high
frequency is needed.
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VII. FEEDBACK CONTROL AND COMPENSATION
OF THE PHASE DRIFT

In the derivation of the proposed VFM scheme, an ideal con-
verter was assumed. However, an ideal converter does not exist
in reality. Instead, nonidealities in the system will cause an error
between the actual system and the power flow (1). The VFM
algorithm is derived by taking the same assumption of an ideal
converter as in the power flow equation. Therefore, the nonide-
alities will affect this algorithm also.

In most cases, the voltage and current measurement errors are
very small and they do not have a significant effect on the actual
algorithm. Further, the leakage inductance (L), the turns ratio
(n), and the switching frequency (fsy ) are usually well known.
Relying on the previous reasoning, it can be stated that the main
part of the modeling error of the power flow (1) has to originate
from the phase shift (¢).

The phase-shift-related error is reported in several publica-
tions [14], [19], and it is typically referred to as the phase drift
phenomenon. In the previous publications, the phase drift is ex-
plained by the effects of the dead time and the power losses of the
converter. According to our simulations and measurements, the
phase drift is mainly caused by the switching delays of the pri-
mary and secondary bridges. Based on our measurements, this
is true when the dead time is chosen to match the actual zero-
voltage transition time, the converter is zero-voltage switched,
and the converter losses are low. In the case of hard-switching
and a poorly chosen dead time, the phase drift may behave dif-
ferently. Owing to the limitations of this paper, the latter case is
omitted, and it will be discussed in future publications.

The switching delay of a phase leg is related to the capac-
itances of the power switches and to the switching current.
These capacitances are nonlinear functions of the drain-source
voltage [20]. Therefore, the phase drift is severest when the
difference between the equivalent primary and the secondary
voltage is high, and when the switching currents on the primary
and secondary sides deviate considerably from each other. When
the equivalent voltages and the switching currents are similar,
the phase drift is nearly zero. The magnitude of the phase drift
can be estimated by calculating the difference of the switching
delays

P— Qpri (V:lb) _ Qsec (‘/ds)
it Isw,pri Isw,scc )

4

The effect of the phase drift phenomenon is demonstrated in
Fig. 9.

The phase drift problem is severe for converters that are oper-
ated outside the nominal operating point with high-capacitance
switches, nonsymmetric bridge configurations (full-bridge pri-
mary, half-bridge secondary, or vice versa) and a high voltage
conversion ratio. In modern wide band-gap devices (SiC and
GaN), the parasitic capacitance is usually so small that the phase
drift may not cause similar problems as with the Si devices. The
phase drift phenomenon in the case of hard-switching is not cov-
ered in this paper because of its minor effect on the proposed
modulation scheme. The phase drift caused by power losses is
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Fig. 9. Measured phase drifts for a DAB converter with a full-bridge pri-
mary, half-bridge secondary, and a transformer with a 1:1 turns ratio. For the
measurements, STWA88N65M5 MOSFETs were used. (a) Primary-side volt-
age is smaller than the secondary-side voltage referred to the primary side.
The higher voltage and the higher discharging current on the secondary side
result in a smaller phase drift on the secondary side. (b) Primary-side voltage
is similar to the secondary-side voltage referred to the primary side. The dis-
charging currents are also similar, which results in similar phase drifts on both
sides. (c) Secondary-side voltage referred to the primary side is lower than the
primary-side voltage. The higher voltage and the higher discharging current on
the primary side result in a smaller phase drift on the primary side.

also omitted in this context as it has only a minor effect on this
modulation scheme.

The error caused by the phase drift phenomenon can lead
to a failure of the power equation and the VFM algorithm.
The phase drift phenomenon can cause severe problems when
the modulation algorithm is used in series with the current
controller. The current controller will force the error term to
zero, which leads to a very different phase shift than is given by
the traditional power flow equation. With the VFM algorithm
this causes the switching current to drift from its set point
(I,vs)- The phase drift phenomenon can be avoided by using
the VFM algorithm as a feedforward term and by compensating
the phase drift with a feedback control as shown in Fig. 10.
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Fig. 10. Phase drift compensation scheme. The VFM algorithm is used as
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values over the switching period. I, ¢ is the desired input current of the converter
and I, is the desired current value at the switching instant.
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Fig. 11.  Schematic diagram of the DAB prototype. Full-bridge on the primary
side and half-bridge on the secondary side.
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Fig. 12. DAB laboratory prototype. The prototype consists of two printed
circuit boards. The bottom one is the main PCB carrying the load current, and
the upper one is a control PCB containing the digital signal processor and the
measurement electronics. These two PCBs are stacked together by pin headers
and mounted on a heat sink.
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VIII. EXPERIMENTAL RESULTS

In order to verify the feasibility of the proposed modulation
algorithm, a 1-kW prototype was built. The prototype is a variant
of the traditional DAB converter with a full-bridge primary and
a half-bridge secondary as shown in Fig. 11. The prototype
was built on a printed circuit board by using STWA88N65M5
MOSFETs and ADUM3224 gate drivers as shown in Fig. 12.
A list of the components and their values is given in Table I.

TABLE I

COMPONENT VALUES FOR THE DAB PROTOTYPE

Symbol Quantity Value

SwW Power MOSFETs 6 x STWA8BN65M5

TF Transformer ETD54 N87

n Turns ratio 1

nl Primary winding 25 turns 1050 x AWG44 litz
n2 Secondary winding 25 turns 420 x AWG46 litz

Lk Leakage inductance 26.4 ;1H (internal)

Cin Input capacitor 28 x 1 pF/450V ceramic cap.
Caci Voltage doubler capacitor 14 x 1 F/450V ceramic cap.
Caeo Voltage doubler capacitor 14 x 1 F/450V ceramic cap.
Chyi Dc-blocking capacitor 10 x 10 pF/25V ceramic cap.
L Input choke 63 pH, KoolMu 77930/125

Ly Input filter damping choke 31 pH, KoolMu 77930/1254
Ry Input filter damping resistor 22Q

Lo Output choke 63 1 H, KoolMu 77930/1251

Lyo Output filter damping choke 31 pH, KoolMu 77930/1254

Ry Output filter damping resistor 220Q

Leakage inductance and resistance of the transformer

14 I T 7.1
—¥— Resistance

12H —©~ Leakage 27
1 /‘(.26.9
£ =
=08 26.8 =
] o
= g
s ]
2 0.6 @ 267 g
3 —
o~

04 26.6

0.2 26.5

26.4
0 100 200 300 400 500 600
Frequency [kHz]
Fig. 13. Leakage inductance and resistance of the transformer as a function of

frequency. The measurements are carried out on the primary side with a shorted
secondary winding.

The leakage inductance was integrated into the transformer. The
transformer was wound on an ETD54 core by using litz wire.
The behavior of the leakage inductance and resistance of the
transformer is presented in Fig. 13. The winding configuration
and the leakage inductance value were not rigorously optimized
for the application.

The effectiveness of the proposed modulation method was
demonstrated by a set of measurements at various input to output
voltage ratios (Vi, / Vot from 0.3 to 0.7) with a fixed dead time of
200 ns. An efficiency comparison of the traditional PSM and the
VEM is presented in Figs. 14 and 16. Fig. 14 shows a significant
efficiency improvement over the traditional PSM while Fig. 15
shows the efficiency improvement in different load conditions.
Fig. 16 illustrates how the VFM scheme forces the switching
current to a fixed value by increasing the switching frequency,
while the PSM scheme uses a fixed switching frequency that
leads to hard switching when operated far outside the nominal
voltage conversion ratio.
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Efficiency as a function of voltage conversion ratio
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Fig. 14.  Measured efficiency for the traditional PSM and for the proposed
VEM scheme. During the measurements, the secondary voltage was kept con-
stant at 250 V and the switching current (I,ys) at 3.5 A, and the primary-side
current (/i ) was controlled to 5 A by using a feedback control to compensate for
the phase drift. The VFM algorithm is dynamically seeking the minimum switch-
ing frequency that ensures zero-voltage switching. Therefore, it can provide a
better efficiency over the operating range than the traditional PSM modulation
with a fixed switching frequency.
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Fig. 15. Measured efficiency curves for the traditional PSM and the VFM at
different input current levels (Z,¢ ). Efficiencies measured at a 250-V secondary-
side voltage and with a fixed 200-ns dead time. For the VFM, a fixed 3.5-A
switching current (/,ys) was used.

The loss distributions in various load conditions and voltage
conversion ratios are given in Tables II-V. From Tables II-V, it
can be seen that the VFM scheme reduces the switching losses as
well as the conduction and core losses. However, the auxiliary
power consumption is slightly increased due to the increased
gate driving power. Despite the significant 50%—65% decrease
in the switching losses shown in Tables II-V, the switching
losses are higher than would be expected in the case of a com-
plete zero-voltage switching. Thus, we may conclude that the
fixed dead time length was not long enough to allow a complete
discharge of the output capacitances. Better results could proba-
bly be achieved by using a longer dead time or adjusting its value
dynamically. The effect of the chosen switching current value
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Switching frequency as a function of voltage conversion ratio
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Fig. 16. Switching frequency as a function of voltage conversion ratio for
various input current reference values. The switching frequency was measured
from the gate transformer primary-side voltage. The effect of the phase drift
and slight parameter inaccuracies lead to a slight difference in the frequencies
compared with Fig. 7. The measurements were carried out with a fixed switching
current of 3.5 A while the secondary voltage was kept constant at 250 V.

TABLE II
L0SS BREAKDOWN AT A VOLTAGE CONVERSION RATIO OF 0.3 AND INPUT
CURRENT OF 4 A (VFM Fyy, = 141 KHz, I,vs = 3.0 A)

Loss type Loss with PSM [W] Loss with VEM [W]
Transformer winding 33 2.8
Transformer core 0.4 0.1
Input filter winding 1.3 1.4
Output filter winding 0.1 0.1
Primary conduction 24 1.1
Secondary conduction 0.9 0.5
Primary switching 59.4 21.2
Secondary switching 0.3 0.2
Control and gate drive 5.9 7.8
TABLE III

L0osS BREAKDOWN AT A VOLTAGE CONVERSION RATIO OF 0.7 AND INPUT
CURRENT OF 4 A (VFM Fy, = 126 KHZ, I,y = 4 A)

Loss type Loss with PSM [W] Loss with VFM [W]
Transformer winding 4.6 5.6
Transformer core 23 0.6

Input filter winding 13 1.4

Output filter winding 0.4 0.6
Primary conduction 2.6 2.1
Secondary conduction 1.6 1.1
Primary switching 0.5 0.1
Secondary switching 71.7 35.2
Control and gate drive 5.9 75

(I,ys) on the efficiency is demonstrated in Fig. 17. For optimal
efficiency, the switching current value (/,s) or the dead time
should be adjusted dynamically for different voltage conversion
ratios. However, this improvement is beyond the scope of this
paper and is thus omitted.

The effect of the variable switching frequency modulation
on the switching waveforms and the transformer current stress
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TABLE IV
L0SS BREAKDOWN AT A VOLTAGE CONVERSION RATIO OF 0.3 AND INPUT
CURRENT OF 6 A (VFM Fy, = 101 KHZ, I,vs = 3.0 A)

Loss type Loss with PSM [W] Loss with VFM [W]
Transformer winding 4.8 4.7
Transformer core 0.4 0.2
Input filter winding 29 3.0
Output filter winding 0.2 0.3
Primary conduction 3.0 24
Secondary conduction 1.4 1.2
Primary switching 42.5 15.4
Secondary switching 0.6 0.3
Control and gate drive 5.9 7.0
TABLE V

L0SS BREAKDOWN AT A VOLTAGE CONVERSION RATIO OF 0.7 AND INPUT
CURRENT OF 6 A (VFM Fgy, = 76 KHZ, I, = 5 A)

Loss type Loss with PSM [W] Loss with VEM [W]
Transformer winding 7.8 8.6
Transformer core 2.3 1.3
Input filter winding 3.1 3.1
Output filter winding 1.2 1.3
Primary conduction 4.5 4.4
Secondary conduction 24 22
Primary switching 0.9 0.8
Secondary switching 42.0 17.1
Control and gate drive 5.9 6.4

is demonstrated in Fig. 18. We can see that in addition to the
efficiency improvement, the proposed modulation method can
reduce voltage and current spikes and lower the peak and RMS
current of the transformer.

IX. CONCLUSION AND FUTURE STUDY

In this paper, the use of half-bridge variants of the tradi-
tional DAB converter was discussed. The paper introduced a
generalized power flow equation covering all the combinations
of half-bridge and full-bridge variants of the traditional DAB
converter. By using the generalized power equation, a VFM al-
gorithm was derived. The proposed algorithm can be used to
ensure ZVS or ZCS over the whole operating range. The effects
of the phase drift phenomenon were discussed, and a simple
compensation scheme was provided to reduce the effect of the
phase drift. Finally, the feasibility of the proposed modulation
scheme was demonstrated by a laboratory prototype.

It is emphasized that the proposed phase drift compensation
is an essential part of the modulation algorithm. The use of
the algorithm without the compensation may lead to a wrong
switching current and to an error between the control variable
and the reference. By using this algorithm in series with a PI
controller, the control error, and consequently, the switching
current will drift from its set point. This can lead to undesired
hard-switching. It is still unverified whether the presented mod-
ulation method can be used without any phase drift compensa-
tion when using low-capacitance power switches such as wide
band-gap MOSFETs.
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Efficiency as a function of voltage conversion ratio
with different 7 values
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Fig. 17.  Measured efficiency for different switching current values. During
the measurements, the secondary voltage was kept constant at 250 V, and the
primary-side current (/i) was controlled to 6 A by using a feedback control
to compensate for the phase drift. The current required for a complete Cgs
discharge is higher on the secondary side than on the primary side. Therefore,
the larger I,vs values improve the efficiency at higher Vi, /Voy¢ ratios, while
the primary side is already zero voltage switched with smaller I, values.
If the I, reference is larger than the current at which the output capacitances
are completely discharged, the increasing switching frequency is only causing
additional losses in the converter without bringing any further benefits to the
ZVS process.
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Fig. 18. Measured waveforms for the DAB prototype in the operating point
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The primary-side current is controlled to match the 4-A reference by using a
feedback control to compensate for the phase drift. A fixed dead time of 200 ns
is used for both the primary and secondary bridges. (a) Switching waveforms
for the fixed-frequency PSM at 50 kHz. (b) Switching waveforms for the VFM
at 141 kHz. The measured efficiency for the PSM is 78.5% in this operating
point. Correspondingly, the efficiency for the VFM is 91.5%. The VFM also
has lower current and voltage peak values and a lower transformer RMS current
than the PSM.
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Benefits of the proposed modulation scheme:

D
2)

3)
4)

5)
6)

ensures zero-voltage turn-on for all the switches;
reduces the EMI by allowing soft-switching in the region
where hard-switching would normally be present;
removes the excess circulating current from the low-
voltage side, which tends to reduce the conduction losses;
can reduce the turn-off losses;

reduces the current spikes;

can reduce the core losses of magnetic components.

Disadvantages of the modulation scheme:

1)
2)

3)

increases the switching frequency, which can lead to in-
creased conduction losses as a result of the ac resistance;
increases the number of switching events, which can lead
to increased losses in some converter designs;

increases gate driving losses.

The use of phase drift compensation for zero-sequence-based
modulation schemes and the option of combining the VFM with
the traditional zero-voltage-sequence-based modulation were
not discussed.
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