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ABSTRACT Multiport power conversion topologies provide the capability of multiple independent convert-
ers with a single transformer having multiple windings (i.e., ports) potentially increasing power densities and
enabling flexible (and bidirectional) power routing. In automotive onboard charger (OBC), the multiport
approach combined with symmetrical series resonant circuits, the so-called multiport series resonant
converter (MSRC), allows for a galvanic isolated connection between all ports: the grid-side converter
(i.e., usually an AC/DC power factor correction (PFC) stage), vehicle’s main and the auxiliary low-voltage
(LV) battery. The variation of the battery voltage significantly affects the MSRC operation, particularly for
light loads at a low state-of-charge, and high losses can be experienced since zero-voltage-switching (ZVS)
conditions are lost. In addition to the conventional control approach of the MSRC, where the power flow
is set with a phase-shift between the individual full bridges or by changing the switching frequency, this
paper proposes a novel and coordinated approach, including the manipulation of both and the additional
modulation of the duty cycle as a function of the DC-link voltages, aiming to introduce a zero-voltage
interval on the full bridge output voltages. A full mathematical description of the adopted converter topology
is provided, including accurate simulation models that allow a comparison between the proposed duty cycle
mode and the conventional control strategy. A detailed description of achieving ZVS within the connected
full bridges is also included. Experimental results validate the proposal and demonstrate significant efficiency
improvements compared to standard control approaches.

INDEX TERMS Multiport series resonant converter, modulation scheme, light load efficiency, DC/DC
converter, battery chargers, energy and power routing, automotive converters.

I. INTRODUCTION
Transformers are common elements of modern power con-
verters as they offer the galvanic isolation needed to satisfy
safety and leakage current requirements in many commer-
cial applications, as well as a convenient passive voltage
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conversion via the turns ratio for applications with widely dif-
ferent input and output voltages [1], [2], [3], [4]. Despite the
space consumption and inevitable power losses introduced by
the transformer, it is still possible to build highly compact
and efficient converters by leveraging these inherent bene-
fits together with higher switching frequencies and effective
modelling of the transformer and surrounding power elec-
tronics during the design and control development phase [5],
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FIGURE 1. Topology for a single-phase on-board charger with an integrated DC/DC converter for supplying the high-voltage (HV) and the
auxiliary battery. The grid interface consists of an interleaved, bridgeless totem pole PFC connected to a three port series resonant converter
connected to a HV battery and an intermediate stage followed by interleaved buck converters connected to the auxiliary LV battery.

[6], [7]. Furthermore, converter topologies with a multiport
transformer can provide the functionality of multiple con-
verters but with just one magnetic structure via additional
coupled windings. Despite the more sophisticated magnetic
design needs, the multiport approach can often offer higher
power density in applications where several single (two-port)
transformers or parallel power converters would otherwise
be needed [8]. Indeed, each transformer port can be supple-
mented with a similarly dimensioned LC tank for a series
resonant converter (SRC) characterized by a high transformer
magnetizing inductancewith resonant energy storage concen-
trated in the LC tanks [6], which makes the MSRC approach
attractive for exploiting the benefits offered by a multiport
transformer since the physical design of the transformer is
simplified by not having a need for a low and precisely dimen-
sioned magnetizing inductance. Indeed the SRC topology has
already been shown to offer full multi-directional power flow
as an MSRC capable of high efficiency in certain operating
conditions [9]. Other topologies like an LLC or popular
multiport topologies such as a triple-active-bridge are typi-
cally made with comparatively low transformer magnetizing
inductance where ZVS can be achieved independently of
switching frequency and thus high efficiency can be achieved
in a wide range of operating conditions. However the typi-
cal triple-active-bridge does not have inherent DC-saturation
blocking (due to the lack of a series resonant capacitor) while
the LLC may not offer as complete multi-directional power
flow without a resonant tank and active switches on the
output side port(s) and the transformer design can be more
sensitive and complex [10], [11], [12]. An improved con-
trol/modulation approach for extending the high efficiency
range of theMSRC topology so it can compete with such rival
topologies, especially in light load conditions with varying
port DC-link voltages [13], is the subject of this paper.

With conventional modulation strategies, high efficiency
can be achieved with the MSRC when reactive power flow
is minimized - i.e. when the voltages on each port are equal
w.r.t. the turns ratio(s), and when the switching frequency is
above the resonant frequency for operation in the inductive
region of the resonant tank for zero-voltage-switching [14].
Power flow modelling and calculation of an MSRC using
phase shift control with constant switching frequency can be
found in [15] and [16] where, in effect, the amount of phase
shift determines the real power transferred from the leading
to the lagging port(s) with ubiquitous 50% duty cycle switch-
ing. Although such a simple control scheme is one benefit
of the MSRC, the lack of energy storage in a magnetizing
inductance leads to difficulty in maintaining ZVS in all load
cases because the phase angle needed for the power flowmay
not align with the direction of the resonant current required to
discharge the relevant switch parasitic output capacitance(s);
which depends on the resonant tank impedance and output
impedance [14]. However the control approach was expanded
in [17] where the switching frequency was also varied (in a
similar manner to an LLC, [18] or for a dual-active-bridge
(DAB), [19], [20]) while still using phase shift control with
a decoupling network to distribute power flow among the
output ports. This additional freedom gives two benefits: the
effective impedance of the resonant tank networks can be
varied to extend the ZVS region for lower loads, and the
control could continually ’’perturb and disturb’’ to find the
best balance of switching and magnetic losses by ensuring
that, as long as the port voltages were similar, ZVS was
achieved with the smallest switching frequency possible.

A recent application of this concept is given in [9] whereby
a 7 kW automotive OBC was made using the power topol-
ogy shown in Fig. 1 (a photo of the resulting hardware
design is shown in Fig. 2 and Fig. 3). This example uses a
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three-port SRC for its DC-DC stage; connecting the PFC to
both HV (400V) and integrated LV (12V, 2.4 kW) battery
outputs where galvanic isolation was required between all
ports and the possibility of an inherent voltage step down
via the multiport transformer turns-ratio was exploited for
the LV port. This led to a high power density (3.6 kW/L)
hardware demonstrator where a peak efficiency of 98.5%
was achieved in the three-port SRC DC-DC stage [9]. The
concept was expanded in [7] and shown to offer a reduction
of DC-link capacitance in three-phase AC applications [9]
using a five-port SRC where a power pulsation mode pro-
vides even higher power density (4.0 kW/L) compared to
the convectional approach [21]. However, although an OBC
with integrated LV output seems to benefit well from the
advantages of a MSRC (isolation, voltage/turns-ratio, power
density etc. . . ), the OBC application also reveals two com-
pounding weaknesses of the MSRC that are the main topics
of this paper:

1) low efficiency in light load operation, &
2) losing ZVS across a wide output voltage range.

Firstly, for bi-directional OBCs there are scenarios where low
power transfer is needed: for example, vehicle-to-grid (V2G)
where a small amount of power is used for stabilizing the grid
and more critically, in the case of an integrated LV output,
the power transfer for supplying a car’s LV systems while
driving (i.e. power from HV to LV batteries) is also much
less than the OBC’s rated power [22]. Such scenarios can
bring out poor performance from the switching frequency
control given in [17] since it operates the MSRC partly like
an LLC where low load power flow is achieved with higher
switching frequencies and thus generally lower efficiency due
to the risk of higher ACmagnetic component losses and other
switching related losses. Secondly, this poor light-load effi-
ciency due to high switching frequency is compounded when
port voltage ratios diverge from the transformer turns-ratio
and thus uniform ZVS is no longer achieved. For example,
in Fig. 1, while the PFC controller defines the voltage at the
DC-link on port 1 (where the voltage boundaries are given
by the sinusoidal grid voltage and the rating of the DC-link
capacitors), and an intermediate buck/boost converter stage
regulates the voltage on port 3, the port 2 voltage in contrast
is not actively controlled and is effectively determined by the
state-of-charge of the HV battery instead. This means that,
with state-of-the-art control schemes either all port voltages
would need to move with the voltage of the HV battery to
maintain symmetrical port voltages and ZVS, or efficiency
needs to be further sacrificed.

Clearly, these two compounding phenomena can occur
with anMSRC based OBC during low battery state-of-charge
and low load power flow as the switching frequency will be
high and ZVS will not be achieved.

To mitigate this effect while keeping all the advantages
offered by the MSRC, this paper proposes a further aug-
mentation of the switching-frequency and phase control
from [17]. Specifically, this paper shows how super-imposing
symmetrically aligned ‘‘duty cycle’’ modulation (later

FIGURE 2. Exploded view of the Tiny Power Box Automotive
demonstrator with annotated components but without housing and cold
plates. The illustration contains the topology given in Fig. 1.

FIGURE 3. Tiny Power Box automotive demonstrator with housing,
connected water cooling and HV and LV connectors containing the
hardware shown in Fig. 2.

referred to as duty cycle mode) together with the phase
angle and switching frequency control, can both improve
light load efficiency (via reduced switching frequency and
resonant currents) and widen the ZVS region for given power
flow conditions (thus reducing switching losses). The duty
cycle mode is achieved by adding a zero voltage time in
the switching period, the extent of which is related to the
extent of the voltage divergence from the lowest port voltage
aiming for a nearly equal voltage time area in each port w.r.t.
the transformer turns-ratios. For example, in the case of an
OBC with a HV battery charged to 250V, it’s respective
port full-bridge will hold 50% duty cycle while the other
ports reduce the duty cycle until the effective voltage time
area applied by each full bridge is similar w.r.t. the multiport
transformer turns-ratios.

Expanding the ZVS region with the duty cycle mode has
already been shown using a multiport triple-active-bridge
topology in [23] and more recently in [24] for an EV onboard
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charger application, where a closed loop control ensured
constant voltage-time integrals for all ports. No literature
has been found where all three control parameters (phase
angle, switching frequency, duty cycle) have been used to
both reduce reactive power and provide additional ZVS space
forming, while simultaneously allowing the frequency related
power losses to be minimized. Such a control strategy truly
expands the applicability of the MSRC into applications
where light load operation and wide port voltage ranges
are needed, without the addition of any power hardware or
control sensors.

The analytic justification and explanation of the cir-
cuit modelling for this proposed concept will be given in
Section II, including an expansion of the MSRC admittance
model given in [17] for a general N-port MSRC, plus an
alternative state-space model of the converter. These models
will be used to predict power flow for the range of control
parameters and Section III will explain how the state-space
model is used to predict if ZVS is possible for any given
operating condition and modulation strategy, resulting in the
‘‘ZVS maps’’ for the example application of the 7kW OBC
shown in Fig. 1. Section IV will explain the proposed duty
cycle mode control in detail, including both simulation based
analysis and laboratory measurements made using the hard-
ware demonstrator shown in Fig. 2 and Fig. 3. The exact
efficiency gain from the proposed modulation scheme will
be given along with examples of ZVS maps for both the
conventional and proposed control methods in Section IV-C.
Finally, discussion on the benefits and practical limits of the
concept will be given in Section V followed by an outlook for
further work.

II. ANALYTICAL MODELLING OF THE MSRC
To analyze the widest relevant parameter space possi-
ble, mathematical models of the MSRC were developed
whereby the modulation scheme variables could be quickly
yet thoroughly assessed. These models have been used to
calculate power flow and current waveforms in order to
investigate the impact of the state-of-the-art frequency-phase
based MSRC modulation approach compared to when fur-
ther super-imposing the proposed duty cycle mode. The
end-purpose of the models is then to compare the modulation
schemes on switching related losses across the whole load
range, but in particular in the light-load conditions with vary-
ing port DC-link voltages.

For evaluating any given discrete operating point (defined
as an unique combination of DC-link voltages and control
parameters), two approaches for analytically modelling the
MSRC have been considered in this paper: firstly an admit-
tance model that combines with a Fourier decomposition
of the square-wave switch node voltages, and secondly a
differential equation based state space model. These two
methods offer mirrored pros and cons for analyzing different
modulation schemes: the admittance model offers fast evalu-
ation of any given operating point but accuracy is lost during
the Fourier decomposition of the voltage excitation and the

model only gets more complex when adding a higher number
of harmonics. However this admittance model approach has
been shown to be sufficiently accurate for reliable closed loop
power flow control of a three port SRC in [17] and the average
power flow estimation generally corresponds well with more
accurate methods like the state space model. In contrast, the
state space model is computationally more demanding but
yields more precise transient waveform evaluation such as
the shape of the resonant current waveforms. Although this
added precision does not yield any benefits when predicting
the overall power flow for a given operating point, more
detailed insight into the switching transients is key when
predicting ZVS and other switching related loss mechanisms.
In this paper, the state space model is primarily used in
order to generate ZVS maps of the whole space of operating
points for each modulation scheme. However the authors
use the admittance approach for quickly generating power
flow for operating points and for closed loop control. This
section explains the principles of the mathematics behind
both approaches and contrasts the predictions made to mea-
surements from the laboratory.

A. ADMITTANCE MODEL
An admittance matrix model combining resonant tanks and
mutual inductances on each winding of the N-port trans-
former is used to determine the power flow in a MSRC.
A Fourier series decomposition of the rectangular port volt-
ages, imposed by the full-bridges, as derived in [17] has been
considered. The Fourier coefficients bx,k of the fundamental
and its harmonics are based on Eq. (1) where x refers to an
individual port and k to the harmonic order of the Fourier
coefficient. For the MSRC the fundamental and harmonics
of the port voltages are combined to the voltage vector cor-
responding to Eq. (3) where j is the imaginary unit, fs is the
switching frequency of the whole system whereas ϕx refers
to each port’s phase angle relative to one another, and VDC,x
is each port’s independent DC-link voltage. The formula for
calculating the Fourier coefficient is

bx,k =
1
π

∫ π

ωt=0
VDC,x · sin(kωt)dt

−
1
π

∫ 2π

π

VDC,x · sin(kωt)dt =
4
kπ

VDC,x. (1)

The single entries of the vector are derived by

Vx(ωk) = bx,kejkϕx (2)

which results in

V (ωk) =



4
kπ

VDC,1 · ejkϕ1

4
kπ

VDC,2 · ejkϕ2

...
4
kπ

VDC,N · ejkϕN


,

ωk = 2πkfs (3)
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If a pulse width overlap of two converter-legs (resulting in
a ‘‘zero voltage time’’ t0 across the switch nodes) is to be
considered, a factor of cos(ωkt0/2) can be added to Eq. (2),
which decreases the effective magnitude; this can be seen in
Fig. 10b and c.1

The power transfer between the ports can be calculated by
multiplying the voltage and current vectors as

S = P+ jQ =
V · I ′

2
=

∞∑
k=1

1
2
V (ωk)TYk

′V ′(ωk) (4)

Yk is the admittance matrix for the k–th harmonic of the
MSRC transformer ports and resonant tank(s), S is the appar-
ent power, P real power, Q the reactive power and symbol
′ represents the conjugate complex operator. The admittance
matrices have the following shape: (the matrix entries can be
read like this: Yk,xy, where k is the order of the harmonic and
x and y represents the row and column in the matrix)

Yk =


Yk,11 Yk,12 · · · Yk,1N
Yk,21 Yk,22 · · · Yk,2N

...
. . .

...

Yk,N1 Yk,N2 · · · Yk,NN

 (5)

For calculating the admittance matrix, the impedance of
the mutual inductance and the resonant tanks have to be
calculated before. The transfer ratio between the mutual
inductances Lm,x is defined as

uxy =

√
Lm,x

Lm,y
=
Nx

Ny
(6)

with Nx denoting the number of turns. The impedance of the
resonant tank is given by

Zr,x,k = jωkLr,x +
1

jωkCr,x
+ Rr,x (7)

whereby Lr,x represents the sum of external and leakage
inductance, Rr,x the sum of ohmic components within the
circuit and the corresponding mutual impedance can be
expressed as

Zm,x,k =
jωkLm,xRm,x

jωkLm,x + Rm,x
(8)

which is a parallel connection of the magnetizing inductance
Lm,x and the resistance Rm,x representing the iron core losses.
If the assumption Rm,x ≫ ωkLm,x is used, then the mutual
impedance is almost equal to

Zm,x,k = jωkLm,x (9)

1Alternatively, to regard a zero voltage time, cosine terms with corre-
sponding coefficients ax,k could be introduced. To minimize computational
effort this was avoided in this paper but is a point for future work.

FIGURE 4. Admittance Y1,11 versus switching frequency fs with the
highlighted regions for capacitive, inductive behaviour and the switching
frequency range typically used for SRC. At the resonance frequency fr,1
the ohmic component of the port is defining the peak value of the
admittance.

The admittance matrix Yk for a MSRC with its elements can
be written as

1
Zr,1

−
1

Z2
r,1ζ1

−
1

Zr,1Zr,2ζ1u12
· · · −

1
Zr,1Zr,Nζ1u1N

−
1

Zr,2Zr,1ζ2u21

1
Zr,2

−
1

Z2
r,2ζ2

· · · −
1

Zr,2Zr,Nζ2u2N
...

. . .
...

−
1

Zr,NZr,1ζNuN1
−

1
Zr,NZr,2ζNuN2

· · ·
1
Zr,N

−
1

Z2
r,NζN


(10)

(due to space limitations, k was neglected) whereby the coef-
ficients ζx are

ζ1,k =
1

Zm,1,k
+

N∑
i=1

1

Zr,i,ku21i

ζ2,k =
1

Zm,2,k
+

N∑
i=1

1

Zr,i,ku22i
...

ζN,k =
1

Zm,N,k
+

N∑
i=1

1

Zr,i,ku2Ni
(11)

A demonstration of how the admittance values of one port
typically varies over frequency is given in Fig. 4. It can be
seen, that the admittance is highly dependent on the fre-
quency. Above the resonance frequency the resonant circuit
is behaving like an inductor and below like a capacitor. The
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shown resonance frequency can be calculated by

fr,x =
1
2π

1√
Lr,xCr,x

(12)

B. STATE-SPACE MODEL
An alternative mathematical representation of the MSRC can
be obtained by developing the differential equations of the
system. From this, a state-space model can be derived, which
is commonly used for simulation or for the direct develop-
ment of an appropriate control strategy.

The inductances in one port can be summed up to

Lx = Lr,x + Lm,x (13)

The basic differential equations for one port x in a MSRC are

dir,x
dt

Lx +

N∑
y=1,y̸=x

dir,y
dt

Mxy + ir,xRx + Vc,x = Vx

dVc,x
dt

Cr,x = ir,x (14)

whereby ir,x denote the port currents and Vx are the applied
port voltages. The mutual inductanceMxy is defined as

Mxy = kxy
√
LxLy =

√
Lm,xLm,y (15)

and kxy is themagnetic coupling factor between the individual
mutual inductances. The equations for aMSRC can bewritten
as:

i̇r,1L1 + i̇r,2M12 + · · · + i̇r,NM1N = V1 − ir,1R1 − Vc,1
...

i̇r,NLN + i̇r,1MN1 + · · · + i̇r,NMN(N−1)=VN−ir,NRN−Vc,N
(16)

and

V̇c,1Cr,1 = ir,1
...

V̇c,NCr,N1 = ir,N. (17)

In Fig. 5 the equivalent circuit model for a three port SRC
is given.
The differential equations in Eqs. (16) and (17) can be

represented as descriptor model, which is in general shaped
as

Fẋ = Ax + Bu (18)

FIGURE 5. Equivalent circuit model for the 3-port SRC shown in Fig. 1.

The vectors andmatrices fromEqs. (16) and (17) in descriptor
representation are

F =



L1 M12 · · · M1N 0 0 · · · 0
M21 L2 · · · M2N 0 0 · · · 0

...
. . .

...
...

. . .
...

MN1 MN2 · · · LN 0 0 · · · 0
0 0 · · · 0 1 0 · · · 0
0 0 · · · 0 0 1 · · · 0
...

. . .
...

...
. . .

...

0 0 · · · 0 0 0 · · · 1


(19)

A =



−R1 0 · · · 0 − 1 0 · · · 0
0 − R2 · · · 0 0 − 1 · · · 0
...

. . .
...

...
. . .

...

0 0 · · · − RN 0 0 · · · − 1
1
Cr,1

0 · · · 0 0 0 · · · 0

0
1
Cr,2

· · · 0 0 0 · · · 0

...
. . .

...
...

. . .
...

0 0 · · ·
1

Cr,N
0 0 · · · 0


(20)

B =



1 0 · · · 0
0 1 · · · 0
...

. . .
...

0 0 · · · 1
0 0 · · · 0
0 0 · · · 0
...

. . .
...

0 0 · · · 0


; x =



ir,1
ir,2
...

ir,N
Vc,1

...

Vc,N


; u =


V1
V2
...

VN

 .

(21)

If the matrix F is not singular, then the descriptor system
can be transformed to a state space model with the transfor-
mation by

ẋ = F−1Ax + F−1Bu (22)
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C. PRELIMINARY VALIDATION AND COMPARISON
Preliminary validation and comparison of admittance and
state-space models have been done in simulation, the results
being reported in Fig. 6. The time waveforms are generated
by numerical integration and in case of the admittance model
the superposition of the calculated waveforms for the funda-
mental up to the 7–th harmonic have been considered. The
used circuit parameters are listed in Tab. 1 which correspond
to the hardware demonstrator shown in Fig. 2.
The different modelling approaches show similar average

power in the considered operating conditions, as detailed
in the figure caption. The maximum absolute difference
between average powers in the two models, i.e., Fig. 6a.iii
and Fig. 6b.iii, is about 250W. The admittance model is
more efficient regarding calculation, which of course reduces
with increasing number of added harmonics or added terms
for ax,k, whereby the state-space model shows better time
resolution for the waveforms. Due to the importance of bet-
ter time resolution, the state-space model was used for all
further investigations. As a simplification, the bride output
voltage during a switching period’s interlock or dead-time
was assumed to be 0V for the state-space model in order
to minimize computation time, even though in reality the
direction of the current flow during the dead-time would
define the value of the bride output voltages. The authors
believe that to incorporate this into the calculation would
introduce significant computational effort but with negligible
benefit toward the objectives of this paper: i.e. to show the
relative improvement to the ZVS region possible with ‘‘duty
cycle’’ modulation, rather than the exact precise boundaries
of the ZVS region. Similarly, the dead-time duration is typi-
cally order(s) of magnitude smaller than switching period and
therefore negligible when calculating overall power flow.2

Shouldmore precise estimation of the ZVS region boundaries
be needed, a more accurate modelling approach could be used
whereby the calculations are split into more time intervals
each with a dedicated state space models as shown in [25].

D. EXPERIMENTAL VALIDATION
Using the measured hardware parameters given in Tab. 1,
validation of the state-space model was done by comparing
simulated waveforms to corresponding measured waveforms
using the same operating conditions (frequency and phase
angles etc. . . ).3 An example of this is shown via side-by-side
plots in Fig. 7 where significant agreement of the waveforms
in a and b can be seen with only a small mismatch for the
magnitude of the measured current. This mismatch is due to
the aforementioned assumption of 0V full-bridge output volt-
age during the dead-time. b reveals the effect of the current
direction during the dead time; non-zero voltage caused by
body diode conduction shifting the potential towards that of
the DC-link voltage. This results in an effective phase shift

2The dead time used for calculations in this paper was 200ns.
3The verification was performed at half of the rated voltage.

TABLE 1. Component values for the hardware demonstrator.

TABLE 2. Power semiconductors and its characteristic values.

of V2 in contrast to simulation where the port voltages are
perfectly aligned with 0V in the switching transition.

III. DETERMINATION OF SWITCHING LOSSES
For ensuring most efficient operation of the MSRC for a
wide HV battery range, investigations about the losses have
to be performed.While the conduction losses could be simply
determined by adding the on-resistance to the used calcu-
lation model, the switching losses have to be calculated
differently due to the influence on the overall losses of the
SRC. The switches placed at the individual ports are listed
in Tab. 2 and show that Si and SiC based semiconductors
are used simultaneously in the LV and HV ports respectively,
making an individual loss calculation necessary.

To improve themodel detail and accuracy it ismandatory to
determine how the commutation of the switched currents will
be done, because this is influencing the losses of the individ-
ual switches. Especially the energy dissipated during a forced
commutation of the current during turn-on sequence (hard
switching/commutation) is higher compared to a turn-off
sequence with natural commutation to the opposing switch.
Therefore, implementing ZVS turn-on switching is the pre-
ferred choice to reduce switching losses in total [26]. Note:
Although full ZVS could be reached, still a small amount of
switching losses is still present (Coss related + gating losses),
described in [27].

A. TURN-OFF SWITCHING LOSSES CALCULATION
Considering that the SRC will be operated at ZVS only, the
turn-off losses can be calculated using a lookup table or an
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FIGURE 6. Comparison of voltage, current and power waveforms between the state-space model and the admittance model generated waveforms for a
used switching frequency of fs = 100 KHz and DC-link voltages of Vdc,1 = 400 V, Vdc,2 = 400 V and Vdc,3 = 80 V and phase shifts (ϕ1 serves as reference
and is always 0) ϕ2 = 15◦ and ϕ3 = 10◦. Simulated waveforms based on the admittance model showing a.i voltage waveforms a.ii current waveforms
and a.iii power waveforms. The state space model based waveforms showing b.i voltage waveforms, b.ii current waveforms and b.iii power waveforms.
The dashed lines in a are the equivalent waveforms of the first port from b. The admittance model uses the fundamental up to the 7–th harmonic for this
comparison.

FIGURE 7. State-space model based simulated waveforms and corresponding hardware measurements for a switching frequency of fs = 100 KHz, phase
angles ϕ1 = ϕ2 = ϕ3 = 0, and DC-link voltages of Vdc,1 = 175 V, Vdc,2 = 100 V and Vdc,3 = 35 V. Simulated waveforms show the port voltages in a.i and
resonant circuit currents of each port in a.ii. Measured waveforms in b show the three port voltages and the current flowing from port 1 into its resonant
circuit with its peak current highlighted. The peak value of the resonant current from port 1 is annotated for both simulation and measurement.

equation which correlates the turned off current to energy
dissipation during this event. To make the loss calculation
model independent from actual device parameters a linear
representation of the losses as a function of the commuted
current divided by the nominal peak current could be used.
To improve accuracy a more sophisticated method is shown
in [27] for SiC devices including a comprehensive analysis.
This paper is giving an indication of the turn-off current
behaviour and the improvement one can get from the pro-
posed modulation strategy shown in Section IV, even though
a detailed model is not considered but could be considered in
future investigations.

The results reported in Fig. 8 are aimed at showing the
effect of the modulation strategy on the turn-off current for
given operating conditions of the three port converter; specif-
ically, a low battery state-of-charge (low voltage) on port 2
of the converter and light load. The bridge output voltages,
resonant currents and powers are provided in a and c diagrams
for standard control and the proposed duty cycle control (as
presented and discussed in Section IV), respectively. Dia-
grams b and d show the corresponding turn-off currents for
the full-bridge on port 2 (constant current contours) as a
function of the power in port 2 and 3 (yellow star marker).
The representation of the switched turn-off current is given in
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FIGURE 8. Illustration of the different turn-off currents for the full-bridge on port 2, which is connected to the HV battery and shown for Vdc,1 = 400 V,
Vdc,2 = 250 V and Vdc,3 = 80 V, which corresponds to a low state-of-charge of the HV battery. The corresponding waveforms for the normal operation
with its a.i voltages a.ii currents and a.iii power. In b the map for the turn-off currents over the whole operation range in normal operation is given. The
corresponding waveforms for the duty cycle mode operation with its c.i voltages c.ii currents and c.iii power. In d the map for the turn-off currents over
the whole operation range in duty cycle operation is given. The waveforms in a and c are given for a transferred power of P2 = −1 kW and P3 = −250 W.

per unit form, i.e., its absolute value is divided by the nominal
peak current of the individual ports4 The comparison between
b and d shows that, although the modulation is aiming at ZVS
at turn-on, the turn-off current can be decreased at light load
operation, which is also beneficial for the efficiency of the
converter.

B. IDENTIFYING ZVS CONDITION AT TURN-ON
ZVS condition at turn-on requires that the output capaci-
tance seen from each leg output node has to be discharged
before switching. The dominant component is due to the out-
put capacitance of the power semiconductors, being highly
non-linear with respect to the switched voltage. The corre-
spondingQoss charge and the linearized capacitance Coss,x,lin
are used for calculating the equivalent capacitance Coss,x,eq.
adopted in the simulation model. The considered equation is

Coss,x,eq = (Qoss,x,eq + (Vdc,x − Vlin)Coss,x,lin)/Vdc,x (23)

4Maximum current ratings for the components within the resonant circuit:
Ir,1,max = 45A, Ir,2,max = 45A and Ir,3,max = 55A.

The adopted power devices from Infineon with its corre-
sponding data is given in Tab. 2. It is worth noticing that two
devices are always connected in parallel at port 3 for ensur-
ing the proper current and power capabilities. The adopted
linearization voltages Vlin for the port 1, 2 and 3 are 400V,
400V and 50V, respectively.
The method for identifying if ZVS condition at turn-on is

achieved or not is based on the charge stored in the output
capacitance of the power semiconductors devices of the indi-
vidual legs, as calculated with the following equation:

Qoss,x = 2Coss,x,eqVdc,x (24)

It is worth noticing that if both legs are switched at the
same time, then a factor of 4 can be applied instead of 2 to
calculate the charge of the whole full-bridge. At the turn-
off instant of the opposite switch within each individual leg,
the current in the resonant circuit is integrated over the dead
time interval tdead, as given in Eq. (25). The obtained charge
value is compared to the one stored in the considered leg and
their ratio Qind,x/Qoss,x is calculated. Based on the resulting
value the commutation condition is estimated, i.e., if ≥ 1 or
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FIGURE 9. The three port series resonant converter with a its highlighted power flow directions for charging, vehicle-to-grid and drive mode.
b The ZVS map given with the corresponding areas for charging and V2G including the drive mode for a low state of charge of the HV battery with
the DC-link voltages of Vdc,1 = 400 V, Vdc,2 = 250 V and Vdc,3 = 80 V.

between 1 and 0 full or partial ZVS is attained, respectively,
whilst if below 0 hard commutation is experienced.5

Qind,x =

∫ τ+tdead

τ

ir,x(t)dt (25)

Due to the operation above the resonance frequency the
energy is stored in the resonant inductor, which explains the
labelling for the given charge as Qind.

C. ZVS MAPS FOR TURN-ON
Main operation modes of the converter are based on the
direction of the power flow, i.e., the charging, V2G and drive
mode, this last being a sub mode of the V2G mode whereby
no power is transferred to port 1 (i.e., power is drawn from the
HV battery to feed the LV stage). The situation is graphically
resumed in Fig. 9a. The maximum (absolute value) power
of port 1 and 2 is P1,max = 7 kW and P2,max = 7 kW, whilst
port 3 is limited by P3,max = 2.4 kW. A constraint is however
needed, given by the following equation

3∑
x=1

Px + Ploss = 0 (26)

e.g., in the charging mode the LV stage has to be supplied
with 2.4 kW, then the HV battery can only be charged with
4.6 kW due to the power limit of port 1, being also valid for
the V2G operation.

All other modes, as highlighted in Fig. 9b are not relevant
for a permanent operation. An example for another operation
mode is the pre-charging of the DC-link capacitors, mainly
interesting for the DC-link capacitor connected to port 1.
Due to the SRCs full bi-bidirectionallity pre-charing from the

5Note: the relation in case of hard commutation is not regarding the reverse
recovery charge Qrr, which might lead to an error [30].

HV or LV battery could be implemented as shown in [22]
and [31].
Evaluation of the area where ZVS turn-on is achieved or

not is of paramount importance to understand the feasible
operating range of the converter and any room to widen it
and/or to improve the efficiency by a proper control strategy
within certain operating regions.
An example is reported in Fig. 9b, where the operating

point Vdc,1 = 400V, Vdc,2 = 250V and Vdc,3 = 80V (which
corresponds to a low state-of-charge of the HV battery) and
light load operation have been considered, as previously
highlighted. The different modes are reported in the top
left diagram as a function of the port power levels. The
ZVS maps have been drawn at two switching frequencies,
namely 120 kHz and 150 kHz, as shown in the two additional
diagrams. The red polygon encircles the operating range,
limited by the ports maximum power capability of 7 kW. It is
easy to verify that with a smaller switching frequency (i.e.,
close to the resonant frequency) the ZVS region is pushed
to the outside allowing a higher power transfer region, and
with increasing switching frequency the ZVS region shrinks,
leading to a lower power transfer region. The trade-off for the
control for achieving best efficiency is to decrease the switch-
ing frequency and linked to that decreasing the frequency
dependent losses within the magnetic components while still
maintaining ZVS for all full bridges, which was introduced
in [17] but without investigations into ZVS operation. The
determination if full, partly or no ZVS is achieved is done by
evaluating Qind,x/Qoss,x, as already mentioned.

IV. DUTY CYCLE MODE
A substantial amount of circulating reactive power can occur
in a MSRC (and thus poor efficiency) when the required volt-
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FIGURE 10. Comparison of the different modulation schemes and the possible combinations for the normal mode and the duty-cylce mode shown for
the full bridge of port 1. a Pulse pattern for normal operation, whereby the duty cycle of the port voltage is fixed to 50%. b Pattern generated by a duty
cycle change of the individual half bridges. The port voltage shows an example for a duty cycle of 25%. In c the pattern for the full bridge is shown
maintained by a phase shift of the individual half bridges resulting again in a duty cycle of 25% for the port voltage. Note: The influence of the dead time
is neglected in these illustrations.

FIGURE 11. State-space model based simulated waveforms for the proposed duty cycle modulation using a switching frequency of f s = 100 KHz and
DC-link voltages of Vdc,1 = 200 V, Vdc,2 = 125 V and Vdc,3 = 45 V, showing a.i the port voltages and a.ii port currents, flowing in the resonant circuit.
Indicated is the peak value of the resonant current from port 1 b shows the corresponding verification measurement of the three port voltages and the
current flowing from port 1 into its resonant circuit with its highlighted peak current.

age gain between any two ports is unfavorable, i.e., widely
diverging from the turns ratio of the transformer. Addition-
ally, when using ‘‘normal mode’’ modulation in light load
operation, a high switching frequency fs is needed which
can compound the poor efficiency with higher switching
(frequency) related losses, especially if ZVS is not achieved.
The method proposed in this paper to improve the efficiency
of the converter in such operating conditions is to modify
the full-bridge output waveform by introducing zero voltage
intervals, thus reducing the peak value of the fundamental
of the fed voltage to the resonant network of each port.
This is achieved by manipulating the effective duty cycle of
ports with higher DC-link voltages in order to equalize the
voltage-time-area on all ports,6 on top of the frequency and
phase angle control given in recent MSRC literature. The
advantage of the proposed method is that the modulation can
be implemented without any additional sensing or measuring
electronics. Furthermore, the applied switching frequency
can be lower compared to the normal mode operation in the

6For a safety-margin and to maximize the ZVS region, the duty cycle on
the ports with higher DC-link voltage (w.r.t the turns-ratios) was decreased
slightly beyond what is theoretically needed; resulting in a smaller voltage
time area than the other ports.

same operating conditions thus reducing the higher switching
(frequency) related losses incurred with conventional normal
mode operation in light load conditions. For the example
application used in this paper (and described in Section I),
the proposed superposition of duty cycle control is shown
to improve efficiency up to 30% rated load (approx. 2 kW)
before the normal mode modulation gets more efficient.
In the next sub-sections the duty cycle mode is introduced

andmain implementation strategies shortly presented and dis-
cussed. The preliminary validation of the simulation model
against the experimental system is also reported. Detailed
comparison of the two modes in the simulation model is then
considered, demonstrating that ZVS operating conditions can
be achieved with the proposed modulation strategy in the low
power range. Finally, experimental validations are reported
by showing the efficiency gain that can be attained.

A. MODULATION AND MODEL VALIDATION
The normal mode operation of the full-bridge driving signals
and the corresponding output voltage are shown in Fig. 10a.
50% duty cycle is adopted in both legs and rectangular volt-
age is therefore obtained at the output. Reduction of the peak
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FIGURE 12. ZVS maps comparison for the normal (left) and the duty cycle (right) mode operations: maps for port 1, 2 and 3 in a, b, c
respectively; superposition of all ports in d.

value of the fundamental voltage can be achieved by reducing
the active intervals, i.e., introducing zero voltage intervals.
This can be accomplished in two ways, i.e., by either mod-
ifying the duty cycle of each leg, Fig. 10b, or introducing
a phase shift between them (as normally done with triple
phase shift control of DAB, [19], [20]), Fig. 10c. It is clearly
visible that they lead to the same shape of the output voltage
waveform. The duty cycle of the individual ports is defined
as dx = thigh,x/Ts and the resulting port voltage time area is

∫ τ+Ts/2

τ

|Vx(t)|dt = VDC,xdx (27)

(neglecting tdead). The Fourier coefficient for (as calculated
in Eq. (1) for normal mode operation) could be applied also

for duty cycle mode, which yield in

bx,k =
4
kπ

VDC,x cos
(

ωk
t0
2

)
(28)

with t0 being the ‘‘zero voltage time’’.
A preliminary validation of the duty cycle mode has been

performed by comparing the results of the simulated state-
space model, and the actual measurements in the same oper-
ating conditions, as reported in Fig. 11. The voltage signals in
a.i show an equal voltage time area for a low state-of-charge
for the HV battery.7 The calculated currents are given in a.ii
and show that the resonant current ir,2 changes its polarity
close to the switching instant which enables building up the
charge within the resonant inductor to fully discharge the

7The verification was performed at half of the rated voltage.
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FIGURE 13. Superposition of all ports ZVS maps for the normal (left; using fs = 120 kHz and 150 kHz) and the duty cycle (right; using
fs = 80 kHz) mode operations, and two different values of the LV DC-link voltage (high state-of-charge of the HV battery for all results).

switches output capacitance yielding in ZVS turn-on. A good
correlation can be verified by comparing the simulated and
measured waveforms, even though the peak values show a
small deviation due to the simplified modeling of the dead
time effects. However, the achieved precision is still sufficient
for all further investigations.

B. COMPARISONS BETWEEN THE TWO MODES
The results of the comparison of normal and duty cycle mode
for a low state-of-charge of the HV battery (Vdc,1 = 400V,
Vdc,2 = 250V and Vdc,3 = 80V) are reported in Fig. 12. The
left plots x.i are referred to the normal mode operation and the
right plots x.ii to the duty cyclemode. The superposition of all
ports, i.e., the minimum values of the ratio Qind,x/Qoss,x for
all the ports, is then reported in d.i and d.ii, respectively. The
duty cycle mode is operated at fs = 80 kHz and the normal
mode with fs = 120 kHz to 150 kHz, as already discussed
in Fig. 9b. (Whereby the 120 kHz define the operation for
higher and 150 kHz is used for the smaller reference values).
One can see that with the normal mode the port with the
lowest DC-link voltage, i.e., port 2, is not achieving ZVS
for the light load operation area. With the suggested duty
cycle modulation the non-ZVS area is shifted towards the
other ports, but achieving ZVS in the light load operation
area. Another advantage of this modulation scheme is that
the operation with lower switching frequency is possible
compared to the normal mode, which suffers from exceeding
the current rating if the switching frequency is selected too
small.

In Fig. 13 a high state-of-charge condition for the HV bat-
tery has been considered and the comparison of the ZVSmaps

FIGURE 14. Efficiency map adopting the normal mode operation for the
DC-link voltages of Vdc,1 = 400 V, Vdc,2 = 250 V and Vdc,3 = 70 V.

for normal (in ·.i) and duty cycle (in ·.ii) modes, and for two
different values of the LV DC-link voltage (Vdc,3 = 80V in
b.i and Vdc,3 = 90V in b.ii) is reported. Similar result can be
verified in both operating conditions, which show increased
light load efficiency adopting duty cycle mode operations.
The DC-link voltage Vdc,3 on port 3 is connected to the subse-
quent buck converter connected to the 12V auxiliary battery
output, as shown inFig. 1.Vdc,3 could be varied between 12V
and approximately 90V, whereby the upper limit is defined
by the maximum voltage rating of the power semiconductors
and a margin which regards the voltage overshoot during
switching operation. A proper snubber network, which is
explained in detail in [32], was applied for ensuring a safe
operation within the actual circuit layout. Note: The DC-link
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FIGURE 15. Comparison of measurements results for normal versus duty cycle mode for an operation point of Vdc,1 = 400 V, Vdc,2 = 250 V and
Vdc,3 = 70 V, which corresponds to a low state-of-charge for the HV battery. In a the difference of the losses for both modes is given and in b the
difference in efficiency is shown. (NM . . . normal mode, DM . . . duty cycle mode).

voltage on port 3 not only influences the efficiency of the
Multiport SRC but also the subsequent Buck converter.

C. EXPERIMENTAL RESULTS AND EFFICIENCY GAIN
Experimental validation of the efficiency gains which can
be achieved by the proposed modulation approach in the
light load operation has been performed using a Yokogawa
WT5000 power analyzer. The operating point has been con-
sidered, which corresponds to a low state-of-charge for the
HV battery (quite similar operating point as in Fig. 12 with a
slightly reduced DC-link voltage at port 3). The results of the
efficiency measurements applying normal mode operation
are reported in Fig. 14. The generated map consists out of
86 measurement points and linear interpolation is adopted to
refine the graph. The axis at the plot are scaled logarithmic
to highlight the light load operation area. The measured
efficiency is between 55% and 97%, which is obviously
unsatisfactory for the light load operation range.

The comparison with respect to duty cycle mode operation
is reported in Fig. 15 and it is based on the same set of
measurement points. The difference between the losses and
the efficiency gain are reported in the two subplots. The saved
losses are going up to nearly 60W, which corresponds to an
increase of efficiency of nearly 22%. The overall efficiency
for the duty cycle mode can simply be calculated by adding
the values of b to Fig. 14, leading to a worst efficiency of
77%, significantly higher than with the normal mode modu-
lation.

V. CONCLUSION AND FUTURE ACTIVITIES
In this paper a three port SRC for an OBC use case has been
considered and a novel control proposal for the efficiency
improvement in the light load operation of the converter has
been proposed and validated.

The multiport approach combined with symmetrical series
resonant circuits enable the required galvanic isolated

connection from the grid-side PFC stage to both the main HV
traction and the auxiliary LV batteries of the vehicle, allowing
to achieve increased power densities and enabling a flexible
(and bidirectional) power routing among the different ports.

A detailed literature review about the same or similar
topologies and/or explaining corresponding control designs
and requirements was provided.

Two modelling approaches were introduced and validated
against experimental measurements, whereby the admittance
approach provides benefits regarding computation and the
state-space model regarding time resolution vs. simulation
time ratio. They represent the basis for the calculationmethod
of ZVS maps, adopted to verify whether ZVS conditions are
achieved or not in the whole operating range of the converter
applying different control approaches.

One of the drawbacks of the SRC is in fact low efficiency in
light load operation mainly due to the lack of ZVS, especially
if the DC-link voltages of the three ports do not follow the
turns ratio of the transformer.

A possible solution for increasing the light load efficiency
was introduced and validated, based on the full utilization
of all three control parameters: the phase shift, which is
controlling the actual power flow, the switching frequency,
which is changed based on power reference values aiming
at ZVS operation in all the full bridges, and the duty cycle
according to the DC-link voltages.

A potential limitation of the duty cycle mode is limited
power transfer due to the deceased voltage-time area in some
of the ports, which in fact depends heavily on the switching
frequency used. Nevertheless, in this application, this was
not an issue because of the target region, which is light-load
operation using a switching frequency close to the resonance
frequency. In duty cycle mode, the same amount of power
is transferred, but there is less voltage time area available,
which requires a higher current. At a certain point, this makes
normal mode more efficient. Additionally, MSRC’s duty
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cycle generates higher frequency components in the currents,
however, these have a limited impact on the active power
transfer.

The experimental validation of the proposed control strat-
egy was performed by using the hardware demonstrator
shown in Fig. 2, featuring a high power density [9]. The
results highlight a gain in efficiency up to 22%, with a loss
saving of up to 55W, as well as significant average efficiency
improvements with respect to standard control approaches.

In the light load operation it is expected that overheating
of the magnetic components is not an issue, whereas power
semiconductors could heat up due to high switching losses,
their reduction by changing the switching frequency and/or
the duty cycle is also going into the direction of higher system
reliability. Therefore it is also beneficial to use the duty cycle
modulation done via phase shift, proposed in Fig. 10c due to
the equal turn-on time of the individual switches resulting in
a more equal heat distribution.

A possible future extension of the presented workflow is
the complete and more accurate modelling of loss sources,
including power semiconductor and passive component (as
suggested in [33]), also including the behavior during the
dead times (which has been neglected in the present analysis),
aiming at achieving an overall optimization by a Pareto front
analysis. Another possibility would be to use the provided
modelling approach for N ports, which is especially interest-
ing for three-phase modular AC/DC applications [9], [21].
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