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Abstract—Modular converter structures are state of the art
for fast charging, since high power and short charging times are
required. Multiwinding converter structures can bring several
positive advantages, like cost and space reduction. However,
the increased complexity due to the magnetically coupled ports
needs to be handled. This paper introduces a multiwinding
based Semidual-Active-Bridge converter with separated output
voltages. The related design challenges in terms of independent
charging voltage regulation are evaluated and design guidelines
for the medium frequency transformer are presented. The theo-
retical analysis is validated experimentally.

I. INTRODUCTION

Customers value the everyday applicability of electric vehi-
cles (EVs) by the ease of the charging process. Therefore, the
availability of chargers and charging duration are of paramount
importance. In order to reduce the charging duration, level
3 DC fast charging stations (FCS) have been developed. In
general, the basic structure of a FCS is shown in Fig. 1(a) and
consists of a 50 Hz transformer which steps down the medium
voltage (MV) to low voltage (LV). A central rectifier converts
the LV-AC to LV DC, followed by a modular dc-dc stage, in
which several isolated dc-dc converters are placed in parallel
[1].

The dc-dc stage is a key component in FCS since it is
responsible for isolation and voltage adaption. Especially,
the wide output voltage range during the battery voltage
charging process results in challenging requirements. In level
3 chargers, most of the energy is transferred in the constant
current (CC) mode considering the CC-CV charging mode [2].
During the CC charging mode the output voltage of the dc-dc
converter needs to change from the discharged battery voltage
to the nominal battery voltage.

To meet the challenging requirements in terms of wide volt-
age range adaption and efficiency, the soft switched converter
topologies are well suited as a building block [3]. The phase-
shifted-full bridge (PSFB) is a widely used unidirectional
topology [2]. The secondary side can be implemented with
diode rectifier or an active rectifier. However inherently with
the PSFB are the voltage spikes of the output diodes which
require additional snubber circuits, reducing the efficiency of
the converter [4]. Additionally , the large circulating currents

and the loosing of ZVS at light loads are drawbacks of the
PSFB [5].

In order to avoid the necessity for additional snubber circuits
on the secondary side, a frequency controlled LLC converter
is another solution [6] [7]. Especially operation points close
to the resonant frequency lead to high efficiencies. However,
the wide range of the battery voltage requires switching
frequencies far away from the resonant frequency, reducing
the converters efficiency. Additionally the filter design for a
wide switching frequency range becomes more complex. This
topology can be realized unidirectional or bidirectional.

Another widely used high efficient topology for battery
charging is the dual active bridge (DAB). The DAB operates
with a constant frequency and achieves ZVS conditions with
a simple single phase shift (SPS) control [8] [9]. A phase
shift between the primary and secondary side full bridges
is applied, in order to control the power flow. Inherently
with the DAB is the possibility of bidirectional operation.
However, the feature of bidirectionality may not required for
FCS and unidirectional power flow topologies are sufficient,
since the main objective of FCS is to charge the vehicle as
fast as possible, which excludes the necessity for vehicle
to grid (V2G) operation. Replacing two secondary side
switches with two diodes leads to the unidirectional semi-dual
active bridge (semi-DAB) [10] [11]. The semi-DAB features
the same positive characteristics like the DAB in terms of
soft switching and high efficiency operation. At the same
time the semi-DAB reduces the cost and the driver circuit
complexity on the secondary side. Therefore, the semi-DAB
is an excellent candidate as a building block for the dc-dc
stage in FCS.

Apart from the conventional solutions for the isolated dc-
dc converter with one input- and one output port (1 to 1),
isolated multiport converters (x to x) are a promising solution.
Potentials have been demonstrated in several application fields
[12] [13] [14]. Especially, the 1x2 configuration reveals great
potential for FCS. Two output ports are magnetically coupled
with the input bridge by a multiwinding transformer (Fig.1(b)).
This configuration reduces the number of necessary cells and
leads to size and cost advantages, which is of particular interest



Figure 1. Fast charging station architectures; (a) Conventional solution with of the dc-dc stage [1], (b) Proposed solution with multiport converter (1x2) as
basic building block for the dc-dc stage

from industry perspective. The realization of an unidirectional
multiport converter structure with independently control of the
output voltages requires a controllable rectifier. The semi-DAB
meets these requirement for the proposed charging application.
However, the combination of the wide output voltage range
and the magnetic coupling of the output ports leads to certain
design challenges for the semi-triple active bridge (semi-TAB)
architecture.

Therefore, the paper proposes the MW semi-TAB con-
verter and derives design challenges of the semi-TAB in MW
configuration and present in particular the peculiarities of
the medium frequency transformer (MFT) design. Section II
describes the proposed ideal converter operation and derives
requirements for decoupling the power flow. In Section III
the effects of non-decoupled power flow are presented. Based
on the previous analysis Section IV derives optimized design
guidelines for the MFT design. The experimental verification
is presented in Section V followed by the conclusion in Section
VI.

II. OPERATION OF PROPOSED SEMI-TAB WITH
SEPERATED OUTPUTS

The proposed converter consists of one full bridge inverter,
a multiport MFT and the two secondary sides are composed by
two semi active full bridge rectifiers with one switch and one
diode leg (Fig.2(a)). Compared to the conventional investigated
triple active-bridge (TAB) [15] [16], the total number of active
devices is reduced by 4. Each bridge has an inductance in the
MF AC-Link, which can be realized by the leakage inductance
of the MFT or by external inductors.

All ports are operated with symmetrical square wave mod-
ulation. The input bridge voltage is fixed or used as reference.
In order to regulate the output voltages, independent phase
shift control is applied. An amplitude of nVin is considered
for the source (VT), which is the reflected primary voltage to
the secondary side of the transformer. This is valid under the
assumption that Lp � L1 = L2; The voltages VT1 and VT2 have
an amplitude of VC1 and VC2 respectively. Applying a phase
shift (ϕ1,ϕ2), the effective voltage across the inductance L1 and
L2 between the ports will change and the transferred power

can be controlled. The idealized waveforms of the converter
are shown in the Fig.2(b).

The operation principle can be divided into 5 states, which
repeat with opposite sign in the next half period.

Period 1 (to− t1):
In this period the primary side switches S1 and S4
are turned on and the primary transformer voltage vp
becomes Vin. The negative primary current iLP starts
to commutate. On the secondary side both switches
S5 and S7 are on and the transformer secondary
sides vT 1 and vT 2 are clamped to the negative output
voltages VC1 and VC2.

Period 2 (t1− t2):
At the beginning of this period, the transformer
current of the bridge with the larger phase shift ϕ2
has reached the zero crossing. Hence the secondary
side transformer voltage vT 2 becomes zero. At the
end of this period, the transformer current iL1 of the
bridge with the smaller phase shift ϕ1 has reached the
zero crossing. Hence the secondary side transformer
voltage vT 1 becomes zero.

Period 3 (t2− t3):
In this period, both secondary side transformer volt-
ages vT 1 and vT 2 are zero. The primary side input
voltage is shared among the inductances Lp, L1 and
L2.

Period 4 (t3− t4):
In the beginning of period the phase shift ϕ1 is
reached and the switch S5 is turned off and S6 is
turned on. The transformer secondary side output
voltage vT 1 is clamped to the output voltage VC1. At
the end of this period, the phase shift ϕ2 is reached
and the switch S7 is turned off and S8 is turned on.
The transformer secondary side output voltage vT 2 is
clamped to the output voltage VC2.

Period 5 (t4− t5):
In this period the primary side switches S1 and S4 are
on. On the secondary side the power is transferred
through the switches S6 and S8 and the diodes D5
and D7 are on.

Based on the waveforms, expressions for the currents can



Figure 2. (a) Investigated topology; semi-TAB with separated outputs forming the charging ports of an EV-charger, (b) Operation waveforms for decoupled
outputs assuming Lp � L1 = L2

be derived :

iL1(θ) =



nVin +VC1

ωL1
θ− I01 0≤ θ≤ δ1

nVin

ωL1
θ δ1 ≤ θ≤ ϕ1

nVin−VC1

ωL1
θ+ Iϕ1 ϕ1 ≤ θ≤ π

(1)

iL2(θ) =



nVin +VC2

ωL2
θ− I02 0≤ θ≤ δ2

nVin

ωL2
θ δ2 ≤ θ≤ ϕ2

nVin−VC2

ωL2
θ+ Iϕ2 ϕ2 ≤ θ≤ π

(2)

I01, I02, Iϕ1 and Iϕ1 can be calculated as:

Iϕ1 =
Vin

2π fsL
(ϕ1−δ) (3)

Iπ =
Vin−Vout

2π fsL
(π−ϕ1)+ Iϕ1 (4)

With Iπ = I0 and inserting (3) in (5) follows for

I0 =
1

1+ Vin
Vin+Vout

(
Vin

2π fsL
ϕ+

Vin−Vout

2π fsL
(π−ϕ1)) (5)

Equation (1) and (2) describing the current through the
output bridges. Each output bridge of the MW SDAB is
behaving like the conventional 1x1 SDAB described in [10].
For deriving the power transfer one half period is evaluated:

P1,2 =
2Vin

Ts

∫
π

0
vp(t)iLdt (6)

With the previous derived expressions for the current fol-
lows:

P1,2 =
VinVoutAϕ2 +4πBϕ+π2C

4π2 fsL(Vout +2Vin)2 (7)

With the constants: A = Vout + 2VoutVin + 2V 2
in, B = Vout +

2VoutVin +V 2
in and C = (2Vout + 2Vin)(Vin−Vout). Solving this

equation to L leads to the required inductance between two
bridges in order to achieve the desired power flow at a desired
phase shift ϕnom.

In general three different operating modes for the semi-DAB
are possible, which are also valid for the semi-TAB. The first
mode is the standard operation mode which can occur in buck
or boost mode (Fig.2(b)). Another operation mode can occur
during buck mode. This mode occurs when the phase shift
is small or the chosen bridge inductance is large. Operation
mode 3 only occurs in boost mode. It is desired to operate
the converter in mode 1 since the secondary side switches are
loosing the ZVS range in mode 2 and mode 3 shows higher
current stresses for the devices [11].

III. EFFECT OF NON-DECOUPLED OUTPUTS

The previous assumption Lp � L1 = L2 is difficult to
realize, due to the leakage inductance of the primary side.
Therefore, the design procedure becomes more challenging
for the MW approach. Especially the choice of each external



Figure 3. Effect of different inductance distribution between primary and
secondary side (a) Symmetrical phase shift ϕ1=ϕ2 and hence no deviations
in waveforms(b) Characteristic waveforms for ϕ1 6= ϕ2 with Lp � L1 = L2
showing decoupling, (c) Characteristic waveforms for ϕ1 6= ϕ2 with Lp = L1
= L2 showing coupling at output ports

bridge inductance is important in order to allow independent
regulation of the output voltages (VC1,VC2).

Fig 3 (a) shows a scenario in which both bridges have
the same load requirement and hence ϕ1=ϕ2. The choice
of the inductance ratio between secondary side inductance
and primary side inductance lr = ls

lp
has no influence on the

waveforms.
However, for individual output voltages, the condition ϕ1 6=

ϕ2 is likely due to the different load requirements. As a
consequence, a relative phase shift ∆ϕ = ϕ1−ϕ2 between the
output bridges arises (Fig. 3(b)-(c)). Under this condition, the
choice of the inductance ratio influences the behavior on the
load regulation.

Fig 3 (b) shows the characteristic waveforms in case that ϕ1
is increased and Lp � L1 = L2. It can be seen that changes of
ϕ1 have no effects on the current iL2 of bridge 2. The output
ports are decoupled.

For the case that Lp � L1 = L2 is not fulfilled, changes
in ϕ1 influences the current iL2 of bridge 2 (Fig 3 (c)). A
phase shift adaption of ϕ2 is required in order to maintain
the voltage constant, leading to higher current stresses on the
devices, degrading the efficiency. The output ports are coupled.

The coupling effect during ∆ϕ depends on the lr ratio.
In the time interval from t2 − t3 (Fig. 2), both transformer
output voltages are clamped to zero. The voltage across the
inductances vL1 and vL2 in this period depends on the lr ratio.
The higher the lr ratio, the higher the voltage across the
secondary side inductances L1 and L2. The primary side input
voltage is shared among the primary and secondary inductance
as follows:

Vin =
VLP

lr
+

VL2

2lr
(8)

After the bridge with the smaller phase shift has reached
the phase shift ϕ2, the voltage of VT 2 is equal to the output
voltage VC2 . V1 is still zero. The current iL2 goes into buck

mode operation (the output voltage is lower than the input
voltage and a negative slop results), until the phase shift ϕ1 of
the other bridge is reached. In this period the voltage across
each bridge inductance can be expressed as follows:

VLP =
VL1,2

lr
(9)

VL1 =Vin−
VL2

lr
(10)

VL2 =−
VL2

lr
(11)

The negative applied voltage across the inductance L2 leads
to the above described buck operation. It can be seen, that
a higher lr ratio leads to less negative voltage applied to L2
in this period. This reduces the current dip shown in Fig. 3
(c) and hence the coupling effect between the two output ports.

In order to investigate the effect of different transformer
inductance ratios, the output voltage VC1 of bridge 1 is
increased to a desired level, while the output voltage VC2
of the other port should remain constant at a lower level.
For this scenario a CC-CV charging curve is assumed (Fig.
4(a)), in which VC1 is located at the end of the CC-stage
and VC2 at the beginning of the CC-stage. The evaluation is
performed for different secondary (LS = L1 = L2) to primary
side inductance ratios (lr =

LS
LP

), while the total inductance for
all cases is the same. The simulation parameters are shown
in table I. Fig. 4(b)-(d) show the current waveforms for the
investigated cases. The higher the lr ratio, the better is the
decoupling between the two output bridges. Furthermore,
it can be seen that for smaller values of lr the current of
the bridge with the higher phase shift (ϕ1) goes into DCM
operation.

For a more general consideration, Figure 5(a) and (b) show
the required phase shifts for ϕ1 and ϕ2 in order to achieve a
desired voltage difference ∆V = VC1−VC2 of the two output
ports in dependency of different lr ratios. The total range of
∆V is derived from the CC-CV charging curve (Fig. 4(a)) for
the worst case scenario, in which VC1 is located at the end of
the CC-Stage and VC2 at the beginning of the CC-Stage. Based

Table I
SIMULATION SPECIFICATIONS

Input voltage Vin = 300 V
Output voltage 1 VC1 = [300,310, ....400] V
Output voltage 2 VC2 = 300 V
Charger Power Punit = 20 kW

Switching frequency fs = 20 kHz
Nominal PS angle ϕnom = 30◦

Transformer turns ratio n = 1
Inductance ratio Scenario 1 lr = 0.5
Inductance ratio Scenario 2 lr = 1
Inductance ratio Scenario 3 lr = 10



Figure 4. (a) Topology with SoC curve showing investigated operation points on charging curve for both outputs; Simulated normalized transformer current
waveforms for different lr ratios (Order from top: Pri. transformer current iLp, Sec. 1 transformer current iL1, Sec. 2 transformer current iL2): (b) lr = 5 (c),
lr = 1, (d) lr = 0.5

on equation (7), the nominal phase shift for VC1 =VC2 = 320V
and hence ∆V = 0 is designed to be ϕ1nom = ϕ2nom = 30◦.

It can be seen that the lower the lr =
LS
LP

ratio, the higher
are the required phase shifts ϕ1 and ϕ2 for both bridges. Only
large lrinductance ratios lead to almost decoupled outputs. For
example a lr value of lr = 10 leads only to a minimal required
phase shift increase of ϕ2 from ϕ2 = 30◦ to ϕ2 = 32◦ in order
to maintain VC2 = 300V while VC1 is increased to VC1 = 400V .
Fig. 5 shows the sum of the transformer winding rms currents
in dependency for the voltage difference ∆V = VC1 −VC2
of the two output ports. The higher current stresses can be
explained by the higher required phase shifts for small values
of lr. Furthermore the above described operation in DCM-
mode for small lr values lead to higher current stresses on the
components, which reduces the efficiency of the semi-TAB.

From the analysis, it can be concluded that a higher lr ratio
between secondary and primary side inductance is beneficial

for decoupling the output ports. As a consequence the current
stresses on the components are reduced and hence the con-
verter efficiency is increased. However, in order to reach the
desired lr ratio, additional external inductances are required,
which increase the sum of total inductance in the circuit.
From equation (7) it can be seen that a larger total inductance
requires a higher nominal phase shift which leads to higher
current stresses on the devices.

The higher the total leakage inductance, the less beneficial
becomes a high lr ratio, since the positive effects of the de-
coupling are compensated by the higher reactive currents due
to the high value of inductance in the circuit. For small values
of transformer inductance, the efficiency can be increased by
realizing a high lr ratio.

The trade-off between reduced current stresses for the de-
coupled case with a high lr ratio and the higher current stresses
due to higher values of external inductance for reaching the

Figure 5. Effect of different lr ratios on the required phase shift for different voltages at the output ports and resulting current stresses. VC1 is increased from
300V to 400V while VC2 is kept constant at VC2 = 300V ; (a) Required phase shift ϕ1, (b) Required phase shift ϕ2, (c) Normalized sum of the rms currents
through the transformer windings



Figure 6. Different investigated transformer winding structures with E-Core and practical realization; (a) stacked structure , (b) interleaved stacked structure,
(c) separated structure

desired lr ratio needs to be considered when designing the
MFT.

IV. MAGNETIC DESIGN CONSIDERATION

The previous analysis revealed that a high ratio between sec-
ondary and primary inductance is beneficial for the proposed
topology in terms of independent output voltage regulation and
current stresses. Additionally, the total inductance should not
be too large in order to avoid unnecessary reactive currents,
which downsizes the efficiency. The total inductance in each
port is the sum of external inductance and leakage inductance
by the MFT. Selecting a proper transformer design enables the
realization of a high lr ration, while minimizing the required
external inductance. The leakage inductance of a MFT depends
on the winding architecture and in particular on the distance
between the windings [17].

One commonly used winding structure is the layered struc-
ture, in which the primary winding is followed by the first
secondary winding and afterward by the second secondary
winding. However, this structure is not further considered
because of the deviations between L1 and L2.

Three possible winding structures (Fig. 6(a)-(c)) are in-
vestigated, in order to achieve decoupling between the sec-
ondary side windings. The first one is a stacked configuration
(Fig. 6(a)), in which the secondary side windings have a
stacked arrangement above the primary winding. Interleaving
the windigs of the stacked configuration leads to the second
configuration (Fig. 6(b)). In general interleaving the windings
improves further the primary to secondary side coupling,

which reduces the total leakage inductance. Another possible
configuration is the separate winding structure (Fig. 6(c)).
Each winding is wound on separately on the limbs of the
E-core. The maximum distance between the two secondary
windings ensures high values of L1 and L2.

Modeling the three port MFT with the commonly used T-
model can lead to negative values for the leakage inductance
while extracting the parameters from terminal measurement
[17]. Although the model represents the system in a correct
way [18], it is not convenient to make any statements about
the suitability of the investigated winding configuration. There-
fore, the rating is based on the coupling factors kp = k12 ≈ k13
, ks = k23 and the total inductance LPSC seen by the primary
side during a short circuit of the output windings.

kp =

√
1− LLK12

L11
≈
√

1− LLK13

L11
(12)

ks =

√
1− LLK23

L22
≈
√

1− LLK23

L33
(13)

Where LLK12, LLK13 and LLK23 represents the measured
leakage inductance between each of the bridges. L11 represent
the primary self inductance, L22 and L33 the secondary.

Based on the terminal measurement (Table 1), it can be seen
that the separated structure shows the lowest coupling of the
secondary sides. However, the low value of kp indicates a high
total leakage inductance LPSC, which would lead to higher
required phase shifts. The interleaved stacked configuration
(Fig. 6(c)) is most promising due to the low coupling ks of



the secondary while minimizing the total leakage inductance
LPSC.

Table II
DIFFERENT INVESTIGATED WINDING STRUCTURES

Stacked Interleaved Stacked Separated
LPSC[µH] 12 4 123

kP 0.93 0.95 0.43
kS 0.8 0.81 0.36

V. EXPERIMENTAL RESULTS

Fig. 7(a) shows the lab set up and the specifications are
given in table III. Basic waveforms of the semi-TAB without
differences in the output voltage are shown in Fig 7(b). The
transformer output voltages VT 1 and VT 2 are equal. In order to
prove the influence of the inductance ratio lr on the coupling

Table III
EXPERIMENTAL SPECIFICATIONS

Input voltage Vin = 250 V
Output voltage 1 VC1 = [250,310, ....350] V
Output voltage 2 VC2 = 250 V

Switching frequency fs = 20 kHz
Nominal PS angle ϕnom = 30◦

Transformer turns ratio n = 1
Primary side switches C2M0025120D

Secondary side switches C2M0040120D
Secodary side diodes C4D40120D

of the output ports, different inductance ratios lr have been
tested with the stacked interleaved winding configuration.
Based on the results on the analysis of Section IV, additional
external inductance have been added to reach the desired lr
ratios. In the following the output voltage VT 1 of port one

Figure 7. Experimental verification and investigation of different operating modes of semi-TAB depending on lr ratio, realized with interleaved stacked
structure:(a) Primary side and secondary side bridges, (b) semi-TAB operation with same output voltages; Output voltage VT 1 of port 1 is increased for
different lr (c)lr = 5 CCM, (d) lr = 2 CCM, (e) lr = 1 Boundary mode (f) lr = 0.5 DCM operation (blue curve: Pri. transformer voltage, light blue curve:
Sec. transformer voltage of port 2, pink curve: Sec. transformer voltage of port 1, green curve: Transformer current of port 1)



is increased from 250V to 350V while the voltage VT 2 of the
other port is kept constant. Fig.7 (c) shows the case for a nearly
decoupled case (lr = 5). Reducing the ratios show higher
couplings between the output ports (Fig. 7(d)-(f)). Therefore
the phase shift ϕ1 and ϕ2 needs to be increased. In Fig. 7(f)
the low inductance ratio lr = 0.5 leads to DCM operation. This
complies with the theoretical analysis in Fig. 4. The ringing
of the transformer output voltage VT 2 during the zero current
interval is due to the output capacitance of the devices which
resonate with the leakage inductance of the transformer [11].

VI. CONCLUSION

The paper introduced the semi-TAB topology as a promising
architecture for the dc-dc stage of a FCS. It has been shown
that for the semi-TAB, the transformer design is of crucial
importance. The ratio between the secondary and primary
inductance should be large in order to avoid circulating current
for different load conditions in the output bridges. However,
the total external inductance should not be to high, since it
increases the required phase shifts (ϕ1,ϕ2) and therefore the
reactive power flow. Hence a transformer winding architecture
which increases lr ratio while at the same time minimizing
the total leakage inductance is the preferred structure for
the considered application field. Especially the interleaved
stacked winding structure fulfills this target. Different oper-
ation modes, depending on the lr ratio have been derived and
experimentally validated.
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