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Abstract—In dc interconnections such as dc microgrids or
electric vehicle charging stations, a flexible management of the
power flow is of greater importance. For that purpose, the
exchange of information beside the power transfer is necessary.
The dc output voltage of switching dc converters contains already
information — the switching frequency itself which can be seen in
the voltage ripple. This ripple is always there and and can be used
to transfer further information. Modulating information onto the
voltage ripple is called talkative power conversion (TPC). For that
purpose, classical modulation techniques such as frequency-shift
keying (FSK) and phase-shift keying (PSK) are used and can be
modulated on top of the power modulation through pulse-width
modulation (PWM). A suitable converter in dc microgrids or
charging stations is the dual-active bridge (DAB) converter due
to its bi-directionality and its high power density. The selection
of a suitable TPC information modulation scheme depends on
the requirement of plug-and-play capabilities and easy adoption.

Thus, PSK is selected and analysed as a TPC strategy that
can be adapted for TPC in DAB converters. In this work, the
emerging challenges of PSK-TPC in DAB converters and the
necessary modifications in the control and PWM of the thus
talkative DAB converter are shown and explained.

Index Terms—talkative power, phase-shift keying, dual-active
bridge converter

I. INTRODUCTION

DC-DC conversion becomes more and more important due
to different applications, such as renewable energy sources
(RES) and energy storage system (ESS) which typically re-
quire dc. This goes along with the concept of dc microgrids
to connect these RES and ESS [1] but also with the charging
of electric vehicles. In all these applications, a proper commu-
nication is beneficial to exchange information or data such as
state-of-charge (SoC) of an ESS or battery, the state-of-health
(SoH) of the connected system or to manage the power flow.

For such an information transfer two main strategies are
possible: wired and wireless strategies. Beside wired solutions,
such as an additional data cable, and wireless solutions that
require additional infrastructure, power-line-based communi-
cation offers more flexibility and can save space, material and
costs [2]. Talkative power conversion (TPC) is a power-line
communication using the ability of a switching dc-dc converter
to not only modulate power but also information: additional
information can be coded into the always existing switching
ripple [3]. Contrary to wired solution it requires no additional
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Fig. 1. Power and information flow through communication between dc-dc
converters connecting a PV cell with a storage and a load.

infrastructure such as cables and no additional modulation
devices. In TPC, the existing modulator of the converter works
as the power modulator and as information modulator.

This combined communication and power transfer is de-
picted generically in Fig. 1.

Dual-active bridge (DAB) converters provide galvanic isola-
tion, a high power density, bi-directional operation, and zero-
voltage switching capabilities. Therefore, the DAB converter
is also very common for a variety of applications such as the
connection to a dc microgrid, charging stations and as a sub-
module of smart transformers [4], [5].

For the information modulation two branches of standard
modulation procedures are common: frequency-shift keying
(FSK) and phase-shift keying (PSK). In [6] and [7] FSK-
based TPC modulation in DAB converters is described. This
paper focuses on PSK-TPC as only one (optimal) switching
frequency is necessary and better plug-and-play capabilities
are feasible because the number of frequency bands available
does not limit the number of possible talkative DAB converters
within one connection.

The main contributions of this paper are as follows:

« identification of the challenges of PSK-TPC in DAB

converters

« modification of the phase-shift pulse-width modulator of

the DAB converter

« validation of the proposed pulse-width modulator struc-

ture through a simulation model.



The paper is structured as follows: In section II the PSK-
TPC, the DAB converter and its phase-shift control as well
as a proposed extended PSK phase-shift modulation control is
presented and explained. In section III the derived concept is
tested through simulation.

II. PSK-TPC IN DAB

In order to achieve plug-and-play capabilities, PSK is ad-
vantageous in comparison to, for example, FSK because only
one certain frequency is necessary for coding, which makes
the demodulation easier to adopt. Besides this, PSK offers a
simpler application of multi-access strategies due to digital
coding. Further, DAB converters are designed after a given
frequency, such as for example for the transformer between
the full bridges (FBs) (c.f. Fig. 2). PSK has already been
applied for TPC, as listed in [3], but not in general for DAB
converters: it faces several challenges created by the topology
of the DAB itself, such as the transformer and the double
modulation through input and output FB.

In the following, the concept of PSK-TPC as well as the
meaning of the phase-shift between input and output FB in
the DAB converter are described and the results are combined
for the proposed PSK phase-shift controller structure.

A. PSK-TPC

In PSK-TPC the phase of the carrier signal in the PWM
process is shifted to realize different bit values. Here, a
Dual-PSK with two different phases is used. The PSK-TPC
modulation itself can be visualized as in Fig. 3b) where a
binary 0’ is coded through a carrier phase of 0° whereas a
binary ’1’ is coded through a carrier phase of 180°.

The thus resulting carrier signal contains different phases
and contains therefore a bit coding. In PSK-TPC not only
Dual-PSK is possible but also the usage of further multi-phase
PSK for a higher information density, such as in 4PSK etc.

For PSK, no a priori knowledge is necessary for the
demodulation process as the phase can be clearly determined
mathematically from the (filtered) output signal. Beside this,
the given (optimal) frequency of the DAB converter can be
obtained in all operation points.

In FSK-TPC as presented in [6], the carrier frequency is
switched to code a binary 0’ or ’1° within the ripple. Its
principle is depicted in Fig. 3a).

This creates the disadvantage that either each participating
talkative converter needs to use a different pair of frequencies
or, when using multi-access strategies such as time-division
multiple access, one suitable pair of frequencies [8]. For each
pair it needs to be ensured that the spectra allow a clear
differentiation. Further, the used frequencies need to be known
by the demodulator in advance to detect the signal.

B. Phase-Shift in the DAB Converter

A DAB converter consists of two FB converters coupled
back-to-back through a high-frequency transformer [9].
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Fig. 2. Dual Active Bridge (DAB) converter.
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Fig. 3. Principle of a) frequency-shift keying (FSK) and b) phase-shift keying
(PSK) modulation.

The approximated power transfer equation of the DAB
converter can be computed as follows.
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Commonly, the phase-shift ¢pap is notated in parts of the
period d. The relation is

@ =dn 2

so that the power equation evolves to
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It can be seen that the transferred power depends directly on
the phase-shift between input FB and output FB.

1
Ppap ~ 4)
fow
PoAB ~ ©ban ®)
The phase difference can be calculated through
PDAB = Poutput — Pinput —— dm. (6)

To ensure the given transferred power it is obvious that the
©paB heeds to be kept constant and thus, the relation between
input side and output side phase-shift needs to be constant
when applying PSK.
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Fig. 4. Generic waveforms of the PSK-TPC DAB converter. The grey vertical
line indicates the PSK phase-jump. The grey dotted vertical lines indicate the
phase difference between input side and output side per period.

The input and output FB voltage of the DAB can be assumed
to be rectangular due to the switching. The voltage can thus
be described by the following for the input voltage.

o Ve 0§t<%
And for the output FB.
oo Vew d<t<F+d ®
T —Vow ET4+d<t<T+d

Where T is the length of one switching period, d is the
phase-shift between input and output side and Vg, and V4
are the targeted input and output steady-state values.

The generic shape of the characteristics curves of the DAB
converter and the implemented concept of PSK-TPC in the
DAB converter are shown in Fig. 4. The phase-shift of each
period is marked through a grey dotted vertical line and
the dark-grey vertical line indicates the PSK phase-jump. As
the current follows its oscillating shape, it must change the
direction as depicted after the phase-jump so that a current
rise occurs. It can be expected that the current reaches its
zero-average steady-state level after a certain amount of time.

C. PSK Phase-Shift Controller for the DAB Converter

The principle of PSK interferes on the one side significantly
with the the concept of phase-shift control but gives on the
other side the opportunity to select an appropriated switching
frequency which can be kept constant for the whole operation.
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Fig. 5. Addition of the PSK phase-jump in order to keep the DAB phase-shift
indpendent of PSK.

In order to keep the relation between input and output phase-
shift constant, the standard DAB phase-shift controller and
modulator needs to be modified so that a variable phase-shift
can be applied.

A change of the phase-shift d, however, will always affect
the output voltage. Therefore, the output voltage is stabilized
through a closed-loop phase-shift control, that controls the
phase-shift between input and output FB without changing the
PSK phase-jump of both.

For the phase-shift controller (6) is important. With a
simultaneous phase-jump of both, the input FB phase ¢input
and output FB phase ¢quiput, the difference is kept constant.
This relation is shown in Fig. 5.

Commonly, the DAB converter is approximated to have the
following transfer function giving the relation between the
variation of the output voltage 7,,+ and the variation of the
phase-shift d.

Uou Vac (1 —2d
Hpapon(s) = =5 = = 2(fsw s : Rcof — O
With a suited PI controller operating in the technical optimum
d can be controlled.

For the PSK-TPC a phase-jump of 180°, 7 or T'/2, respec-
tively, needs to be added for the carrier of input and output
side.

That means in conclusion that the phase modulator driving
the DAB has a second input that contains the encoded infor-
mation. The resulting block diagram from Fig. 6 shows that
the overall block diagram can be split into a communication
path (encoder, modulator, DAB converter, and decoder) and a
power path (the DAB converter itself).

D. PWM-PSK Demodulation

The measured dc voltage signal s, o, at the output side of
the talkative DAB is directly multiplied with two local oscil-
lators (LOs) having the switching frequency f respectively.
According to [10] the phase-jump can be calculated as follows.
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With a demodulation integration window that is m times larger
than the switching frequency.

T,=4~, meN (12)
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Fig. 7. The resulting coherent PSK demodulator in the simulation, based on
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Assuming the dc voltage signal has a ripple oscillating with
the switching frequency on the (ideal) dc output voltage, the
signal can be represented as follows.

13)
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Where A is the amplitude of the ripple and v.q,st is the dc
part of the voltage and equals V.

Based on the result of the demodulation a change of the
phase can be recognized by the change of the difference to
the respective quantified value before and a decision whether
to set *1’ or ’0’ can be made for the decoding.

The quantifying time 7} is equal to the demodulation integra-
tion window T5.

T, =T (14)

To achieve a reliable function of the modulation and de-
modulation, the integrating and quantizing values of are set
ten times higher than one switching period (m = 10).

10

fow

To make the single bits clearly visible for the demodulator
the bit length Tj,; is also set to ten times of the integration
time.

=T, = 5)

Thi = 10 - T (16)

With a 4-bit coding plus prefix as depicted in Fig. 8, the word
length Ty follows with five times the bit length.

Tw =5 Tt 17

For simplicity reasons a coherent demodulator is selected
which means that the LOs and the switching frequency are
assumed to be in phase. Under real conditions this would not

necessarily be the case, but the coherent demodulator can be
extended easily to a non-coherent demodulator that does not
need to be synchronised with the PWM modulator.

III. SIMULATION RESULTS

A PLECS™ model is set up to simulate the PSK-talkative
DAB and modulation and demodulation data. The electrical
and numerical simulation parameters can be seen in Tab. I.
The input and the output voltage are selected to be the same
and the transformer turn ratio is 1. The DAB is thus operating
as a dc coupling. An input source resistance is modelled
to create real voltage source and to allow an input voltage
ripple. The inductance resistance models the copper losses of
the transformer. The dc load is purely resistive to model a
simplified dc load. The output voltage is initilally increased
by a ramp to slowly charge the dc link capacitor.

A switching frequency of 10kHz is selected. The numeric
time constants follow as determined above.

TABLE I
SIMULATION PARAMETERS

Component Symbol Value
Electric Parameters
Input Voltage Ve 1.5kV
Output Voltage Vo 1.5kV
Input Source Resistance Rgc 1 m$2
Transformer Copper Resistance Ry, 1mQ
Resistive Load R 1092
Primary Side Capacitor (@] 100 mF
Secondary Side Capacitor Co 100 mF
Transformer Inductance L 10 uH
Switching Frequency fsw 10kHz
Transformer transfer ratio n 1
Rated Power P 225 kW
Numeric Parameters
closed-loop control time delay Ty 100 ps
integration window time for the demodulator T, T3 1ms
bit length Thit 10 ms
word length Tw 50 ms

For the coding of the word a simple 4-bit structure with
an additional prefix indicating the beginning of each word is
chosen as presented in Fig. 8. Thus, numbers from 0 to 15 can
be coded and the Fibonacci’s series from 0 to 13 is selected
to serve as a test message.

20 21 22 23
prf |bit 1|bit 2|bit 3|bit 4

Fig. 8. Simple structure of the coded and sent words.

The 4-bit-coded Fibbonacci’s series message is modulated
on the gate signals. The DAB’s output voltage is metered
across the load resistance R and the message is demodulated
and decoded according to the coherent demodulator of Fig. 7.
This demodulator delivers a slope when the phase jumps



Original Message

1.5
1k
0.5¢ |
0 |
05 . . . .
0 2 4 6 8 10
tins
L5 Demodulated Message
3 |
0.5F
0 |
0.5 . . . .
0 2 4 6 8 10

tins
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Fig. 10. Transfer and computational delay of approximately 1.5 ms between
original and demodulated signal sequence of the 4-bit coded message.

forward (to 0°) or back to 180°. A decision algorithm counts
these slopes and decodes from the 4-bit coding back into
decadal system.

After the system reached steady-state, a message is sent
from primary side to secondary side to a resistive load through
PSK-TPC modulation. The load voltage is measured and the
contained message is demodulated and decoded. The sending
direction of the message itself is meaningless as the DAB can
be considered to be symmetrical and bi-directional.

The coded original message and the decoded message in
comparison can be found in Fig. 9 to 12. It can be seen that
the delay between the original message and the decoded and
demodulated message is around 50 ms. This delay comes from
the transportation delay as well as from the 4-bit decoding time
which must be at least Ty to decode a proper code word.

The delay between the 4-bit coding original and demodu-
lated sequence however, is around 1.5 ms which comes from
processing of the bit demodulation and decoding itself. It is
the sum of the integration window of the decoder 7T which
is 1 ms and the sampling time of the decoder which is around
500 ps.

It should be noted that the bit and word lengths T,;; and
Ty are set arbitrarily to achieve clearly visible results. These
comparably long time periods create a significant time delay
during decoding. With shorter bit and word length lower
decoding delays can be achieved.

In Fig. 13 and 14 the input and output voltage as well as
the inductance current and voltage curves of the simulated
DAB converter can be seen. Each phase jump event causes
a slight peak in the input and output voltage as well as in
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Fig. 12. Decoding delay of approximately one word length of 50 ms between
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the inductance current, because the system needs to reach
its steady-state again after each phase-jump event. Fig. 13
shows the curves over the whole simulation period of 10s
whereas Fig. 14 shows one phase-jump event at { = 3.01s in
detail. These voltage peaks occurring after the phase-jump are
around £100mV at the output side and are far below 10 %
of the desired output voltage so that it does not affect the dc
link’s stability and below the operation limits introduced by
the Current/OS Foundation [5].

These output peaks are caused by the inductance current
peaks the result from the phase-jump and therefore from the
change of the oscillation direction.

It can also be seen that the peaks decay after a certain
amount of time. This effect was not considered in the generic
expected waveform from Fig. 4. The decay time depends
exponentially from the resulting RLC circuit comprising the
transformer inductance, the output capacity, and the resis-
tances. The curvature of the current waveform after the phase-
jump event depends further on the frequency and the amplitude
in steady-state, as the final value in steady-state serves as the
starting point for the peak.

Fig. 15 shows the (PI) controlled phase-shift ¢ppap over
the whole simulation time and zoomed in into the one PSK
phase-jump event at t = 3.01s. Due to a transportation delay
of 100 us in the closed-loop, the reaction of the closed-loop
control is also delayed and the effect of the PSK phase-jump
is shifted by that transportation delay. After 1ms the effect
of the phase-jump in the output voltage is visible as a second
jump in the controlled phase-shift.

It can be therefore seen that the phase-shift controller mitigates
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Fig. 14. A single phase-jump event in the characteristics of the simulated
talkative DAB. The downward direction change of the inductance current
causes peaks in input ad output voltage.

the effect the PSK phase-jump has on the output voltage of
the thus PSK-talkative DAB converter.

As the DAB converter is bi-directional, the communication
behaviour is equal in both directions. According to this, the
transferred data can also be seen and detected on both input
and output side.

IV. CONCLUSION

DC applications such as dc microgrids or charging stations
for electric vehicles require a data and information transfer
simultaneously parallel to the power transfer to manage the
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Fig. 15. Evolution of the controlled phase-shift between input and output
side ¢paAB. Zoomed onto one phase-jump event in the second row. The first
vertical line shows the phase-jump event as seen from the closed-loop control,
the second one shows the phase-jump event seen from the output voltage.

power flow and to enable flexible operation. In these ap-
plications DAB converters are commonly used due to high
flexibility in operation, galvanic isolation and high power den-
sity. PSK-TPC can be a suitable communication strategy for
power management as it enables plug-and-play capabilities and
allows the dc-dc converters to operate at optimal frequency.
The specific characteristics of DAB converters need to be
respected when implementing PSK-TPC. This paper showed
that PSK-TPC in a DAB converter is generally possible. It
presented the challenges and the following necessary adaptions
for the control and the power modulation and validated these
in a simulation model.
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