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Abstract—Talkative power conversion (TPC) utilizes power
circuits of power converters to transmit information, such as the
status of energy sources or loads, in interconnected converter
systems. Existing TPC schemes for the dual active bridge (DAB)
converter involve decoding algorithms that require computation-
intensive operations, such as the fast Fourier transform, and
employ carrier signals with amplitudes dependent on converter
loading. This paper proposes a low-complexity load-decoupled
TPC strategy for the DAB. The proposed scheme transmits
information by utilizing a controlled DC bias introduced in the
current of the reactive network of the DAB. The message thus
encoded into the terminal voltage ripple can be decoded, by
another converter connected to the same terminal, using a tuned
filter followed by a threshold comparison. The analysis of the
TPC method is presented along with implementation and design
guidelines. The proposed TPC approach is validated in circuit
simulation and experiments on a 110 V, 150 W, 50 kHz DAB
prototype, achieving a transmission bit rate of 2 kbps.

Index Terms—dc bias, dual active bridge, switching ripple,
talkative power, tuned filter.

I. INTRODUCTION

The advent of interconnected power electronic systems
motivates techniques to economize the communication links
between power converters [1]. Talkative power conversion
(TPC) is one such approach, in which information is embedded
in the switching frequency ripple injected by a power converter
into a power transfer link [2]. The ripple is extracted from the
link, conditioned, and processed to obtain encoded messages.
TPC schemes are implemented in the literature for various
power converter topologies, including the three-phase inverter
[3], the phase-shifted full bridge [4], and the dual active bridge
(DAB) [5], [6].

In [5] and [6], TPC schemes are proposed for the DAB.
These schemes encode information into the switching ripple
in the terminal voltage by modulating the switching frequency,
and consequently, modifying the frequency of the ripple.
The ripple is then analyzed to extract its frequency content
and decode the embedded information. Although conceptually
simple, this method poses a number of challenges, including
complexity of implementation, load dependence, and coupling
to power transfer. The amplitude of the carrier signal, i.e., the
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terminal voltage ripple, is dependent on the loading condition
of the DAB [7]. Thus, at light load conditions, the reduced
amplitude of the carrier degrades the signal-to-noise ratio of
the communication process. Further, since power flow in the
DAB depends on the switching frequency [8], perturbing the
switching frequency causes a corresponding perturbation in
power transfer. Hence, the transfer of information and power
are coupled in the existing schemes. This coupling deteriorates
the DAB performance [5], and motivates TPC methods in
which power and information transfer are decoupled.

In addition, the existing TPC schemes decode messages by
analyzing the frequency spectrum of the switching ripple. A
fast Fourier transform (FFT) of the ripple is employed for this
purpose [5]. This entails a sampling rate that is an order of
magnitude above the switching frequency [9], increasing the
hardware complexity of the implementation. Further, the FFT
algorithm involves computational overheads [10].

These challenges in existing techniques motivate the TPC
scheme, for the DAB, proposed in this paper. The proposed
method utilizes a circuit quantity that does not transfer power,
namely, a controlled DC bias in the reactive network cur-
rent. Hence, the strategy is decoupled from power transfer
and converter control, addressing a drawback of the existing
approaches. The message is encoded in a switching-frequency
component of the terminal voltage ripple and can be decoded
using analog circuitry. The key contributions of this paper are:

(i) A low-complexity, load-decoupled TPC strategy is pro-
posed for the DAB. Information is transmitted using the
DC component of the reactive network current, which is
not involved in power transfer. Hence, the method decou-
ples the transfer of power and information. Further, the
decoding strategy can be implemented using analog filters
and comparators, reducing the complexity associated with
high-frequency sampling and FFT implementation.

(ii) The design of the encoding strategy and decoding scheme
are detailed. In particular, the dependence of the method
on the parameters of the reactive network is analyzed.

(iii) The proposed TPC scheme is validated in circuit simula-
tion and experiments on a DAB prototype.
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Fig. 1: (a) Power circuit of an isolated DAB converter. (b) Representative operating waveforms of the DAB showing the circuit quantities of the reactive
network. (c¢) Frequency-domain representation of the full-bridge voltages and transformer primary winding current.
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Fig. 2: (a) Circuit schematic of a generic full bridge. (b) Frequency spectrum
of the full-bridge voltages and currents, both on the AC and DC sides.

This paper is organized as follows. The dynamics of DC
bias in the reactive network current, and its effect on the
terminal voltage ripple of the DAB, are analyzed in Section
II. Based on this, a TPC strategy that utilizes this DC bias
is proposed in Section III, and the design of the schemes for
encoding and decoding a message are discussed. Simulation
and experimental results validating the proposed TPC scheme
are presented in Section IV. Section V concludes the paper.

II. ANALYSIS OF TERMINAL VOLTAGE RIPPLE
UNDER DC BIAS

The power circuit of a DAB is shown in Fig. la. The
circuit comprises two MOSFET-based full bridges, S;—S4 and
Ss—Sg, coupled by a reactive network. The reactive network
consists of inductors L; and Lo, respectively, on the primary
and secondary sides of an n : 1 transformer. The primary- and
secondary-side currents (¢1, ¢2) and voltages (v1, v2) are purely
alternating quantities in conventional modes of operation [11].
Operating waveforms of a single-phase-shift-modulated DAB
are illustrated in Fig. 1b. Representative frequency spectra for
the various circuit quantities in this mode of operation are
shown in Fig. lc. In the following discussion, time-domain
circuit quantities are represented using lower case variables
(e.g. v1), while the corresponding frequency-domain quantities
are represented in upper case with a vinculum (e.g., V}).

A. Effect of DC Bias on Terminal Voltage Ripple

A DC bias in the reactive network current affects DC
terminal quantities. This effect is analyzed for a full bridge,
shown in Fig. 2a. In normal operation, the AC link current
(qc) and voltage (v,.) are purely AC with odd harmonics
of switching frequency (fsy), shown in Fig. 2b. The circuit
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Fig. 3: Frequency spectrum of the full-bridge voltages and currents, both on
the AC and DC sides, when a DC bias is introduced into the AC-side
current. The introduced components in each quantity are shown in red.

quantities in Figs. 1b and 1c also exhibit this property. The
terminal power balance relation of the bridge is given by (1).

)

The AC components of the voltage, vg., are negligible
compared to its DC value. Hence, the relation in (1) is
rearranged considering a purely DC voltage, V., as (2).

Vdclde = Vaclac

U(lciac
= ,
iq Voo )

As evident from (2), the components of the unfiltered DC
terminal current, 4., correspond to those in the product of
iqc and v,.. The quantities, v,. and i,., comprise only odd-
harmonic components of switching frequency, as noted from
Fig. 2b. Hence, the current, 74., contains only DC and even-
harmonic AC components, as shown in Fig. 2b. The AC
components of the voltage, vg4., shown in Fig. 2b, constitute
the terminal voltage ripple and are obtained from the AC
components of the current, ¢4., considering a capacitive filter.

The current, i,., is purely AC in the preceding analysis.
When this quantity contains both an AC (ip) and a DC (Ip)
component, the power balance relation in (2) modifies to (3).

Vac (ZNO + IO) Vac
—" = —19+ — 1
Vdc Vdc Vdc
The quantity, ve.lo/Vye, is a scaled version of the voltage,
Vqc, and therefore, contains only odd harmonics of switching
frequency. Thus, the DC current, [, manifests itself as odd-
harmonic components in i4. and hence, in vg4.. The compo-
nents introduced due to the DC bias are indicated in Fig. 3.
The foregoing analysis shows that a DC bias in the reactive
network current produces additional odd-harmonic compo-
nents in the terminal voltage ripple of a DAB. The remaining

Vac ~

3)

7;clc -
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Fig. 4: (a) The reactive network of the DAB. (b) Equivalent reactive network for n = 1, showing the primary- and secondary-side stray resistances, 1 and
rg, respectively. Reactive network with a DC excitation applied: (c) exact, (d) approximate initial (¢ < 71) and (e) subsequent (t > 72) equivalent circuits.

(DC and even-harmonic) components in the DC terminal
quantities, 74, and v, are not affected by the introduction
of the DC bias. Since the DC bias does not directly affect the
power transfer process, a TPC method utilizing this DC bias
decouples communication from power transfer in the DAB.

B. Dynamics of DC Bias in the Reactive Network Current

The reactive network of the DAB is shown in Fig. 4a,
comprising an n : 1 transformer and primary- and secondary-
side inductances, L; and Lo, respectively. The voltages, v; and
v, generated by the full bridges, are zero-average in normal
DAB operation. The DC bias develops in the currents (i1, 22)
due to corresponding biases in the voltages, v1 and/or va.

The reactive network is modified, as shown in Fig. 4b, to
simplify the analysis. The transformer turns ratio is considered
unity, and its magnetizing inductance (L,,) is included. The
leakage inductances of the transformer are absorbed into the
external inductors, L; and Lo. The primary- and secondary-
side stray resistances are denoted as r; and ro, respectively.

Neglecting magnetic non-linearity, the principle of superpo-
sition is applicable to the AC and DC components of the reac-
tive network quantities. The DC components of the primary-
side voltage (v1,4.) and current (21 4.) and the secondary-side
voltage (v2 4.) and current (i 4.) are indicated in Fig. 4b.

The circuit presented in Fig. 4c illustrates the application
of a step, V;, in the primary-side DC voltage, vq qc. If
the magnetizing inductance is large compared to the power
transfer inductances (i.e., if L,, > Lj, L), the circuit time
constants are well-separated. The initial dynamics of the circuit
quantities are then obtained considering only the inductances,
L+ and Lo, as shown in the simplified network of Fig. 4d. The
subsequent dynamics involve only the magnetizing inductance,
L,,,. The approximate small (71) and large (72) time constants
of the network are obtained as (4) and (5), respectively.

L+ L

A L1 2

A2 1 = 4

T1 1+ 1 4

= Lm_ &)
7"1H7’2

The initial dynamics of the DC currents, i1,4. and 4o 4., are
then obtained as (6).

il,dc = i2,dc =

i (1 _ e—t/ﬁ) (6)

L+ 172

The slow dynamics of the circuit are governed by L,,. The
equivalent network is shown in Fig. 4e. The variation of the
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Fig. 5: (a) Representative waveforms of DC currents (i1 g, i2,4c) in the
reactive network in response to the application of a DC voltage step. (b)
Corresponding waveforms in response to a DC voltage pulse of duration
comparable to the smaller time constant (77).

currents in this network are obtained as (7) and (8).

Vi

i1 de = vb (1 _ e—t/Tz) (7
T1

in,de o< €'/ ®)

Thus, the current, iz 4. is zero in steady-state. The response
of the currents, 41 4. and i 4., to the step in the primary-side
voltage, v1 qc, is presented in Fig. 5a. Both currents exhibit a
fast initial rise, corresponding to the fast mode. Subsequently,
the primary-side current continues to rise and the secondary-
side current falls, in the slow mode. Thus, a DC bias is
introduced in the current in both transformer windings, but
sustained in only one winding, by applying a DC voltage to
one port of the reactive network.

III. DESIGN AND IMPLEMENTATION OF THE PROPOSED
TPC STRATEGY

The switching-frequency component of the terminal voltage
ripple is the carrier for the proposed TPC strategy. As shown
in the preceding analysis, this ripple component develops due
to a DC bias in the corresponding AC terminal current. A
message is encoded into the ripple by introducing a DC bias
in the reactive network, and decoded by processing the ripple.

To develop a DC bias in the reactive network current, a
DC voltage is temporarily applied on one port of the reactive
network. The DC bias voltage, V3, shown in Fig. 4c, is related
to the duty ratios, d4 and dp, of the individual legs, A and
B, respectively, and the DC terminal voltage, V., as (9).

Vo = Vie(da — dB) &)

In conventional control schemes of the DAB, the leg duty
ratios, d 4 and d g, are maintained at a constant value, D = 0.5.
The (outer) phase shift between full bridges and/or the (inner)
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Fig. 6: (a) Frequency spectrum of the DC link voltage (Vg.), frequency response, G(f), of the band-pass filter used to extract the first-harmonic ripple, and
the spectrum of the extracted ripple (V;-1). (b) Schematic of the proposed TPC strategy implemented between a generic power electronic converter and a
DAB, the latter comprising full bridges and the reactive network . Converters are shaded (grey) and the signal flow path highlighted (green). (c) Key
waveforms of the TPC process showing the extraction and conditioning of the switching-frequency ripple.

phase shift between the two legs (A and B) of a full bridge
are used to control the power flow [12] in conventional oper-
ation. Since the leg duty ratios are not employed in control,
perturbing these quantities is feasible for implementing TPC.
The perturbations, Ad4 and Adp, of the leg duty ratios, d4
and dp, respectively, from a bias value, D, are defined as (10).

Ads 2dy— D, Adg 2dg — D (10)

Combining (9) and (10), the DC bias voltage is expressed in
terms of the duty ratio perturbations, as (11).

Vi = Vie(Ada — Adp) an

While the DC voltage applied on the reactive network
depends only on the magnitude of duty ratio perturbation, the
resulting DC bias current also depends on its duration.

As shown in Section II, the reactive network current pos-
sesses well-separated time constants if the condition, L,, >
L1, Lo, holds. The fast and slow modes, with time constants,
71 and Ty, respectively, correspond to the DC magnetization of
the series- and magnetizing-branch inductances, respectively.

These modes are evident in the representative waveforms
presented in Fig. 5a. The current in both the primary- and
secondary-side loops show a rapid initial rise. Applying the
voltage, V}, for a sufficiently large duration leads to a slow fur-
ther rise of the primary-side current, while the secondary-side
current decays. This poses the drawback of largely unequal DC
bias currents on the primary and secondary sides, and also of
a DC magnetization in the transformer. To avoid this, the DC
voltage, V}, is applied only for a brief duration such that the
slow mode is not excited, as shown in 5b. Thus, the proposed
strategy avoids the DC magnetization of the transformer.

The duty ratio perturbations described in (11) are applied
for a duration comparable to the short time constant (1) of the
reactive network. This ensures that the DC voltage applied on
the reactive network is removed before the transformer attains
an appreciable DC magnetization, as illustrated in Fig. 5b.

The required magnitude of DC bias depends on conditions
of the signal-to-noise ratio (SNR) in the voltage ripple. In the
context of the proposed TPC technique, the components of the
ripple that arise from power transfer, i.e., its even harmonics,
constitute noise. If the average DC terminal current, defined

by the load condition, is /4., then the relation between the DC
bias and the SNR is derived from (2), as

Dems I 2
SNR o (Vac)msTo

(UaciO - Vchdc)rms

12)

The required amplitude and duration of DC voltage is obtained
from the available modulator resolution, Ad, the time constant,
T1, defined in (4), and the required DC bias, Ij, obtained from
the SNR condition in (12). In this work, a 0.5% perturbation
in the duty ratio is applied for 160 s, i.e., 8 switching cycles.

The spectrum of the DC terminal voltage when a DC bias
is introduced in the reactive network current is illustrated in
Fig. 6a, along with the frequency response of the tuned filter,
G(f), and the spectrum of the conditioned ripple, v,;. The
first-harmonic (i.e., fs,) component of the voltage ripple is
extracted by the filter, which has a band-pass characteristic, as
shown. The filter amplifies the switching-frequency component
of the ripple and suppresses other components, especially that
at 2fs,. The communication (f,,) component of the ripple
can thus be extracted without an FFT, since it is separated
from the power transfer (2fs, and above) components by
a frequency octave. The presence of this extracted ripple is
interpreted as a ‘1’ bit, and its absence as a ‘0’ bit.

The encoding and decoding schemes of the proposed TPC
strategy, involving the control of the DC bias and the extraction
of the first-harmonic ripple, respectively, are summarized in
Fig. 6b, and the relevant waveforms presented in Fig. 6c.
The DAB, comprising two full bridges and the reactive net-
work, exchanges power and information with another power
electronic converter through a common DC bus. This generic
representation is applicable to large systems, e.g., DC grids.
The message to be transmitted (TX) is encoded by perturbing
the duty ratio of the primary-side full bridge. The switching-
frequency component of the ripple, v,1, is extracted by band-
pass filtering the secondary-side terminal voltage (vpys). The
extracted ripple is then passed through a peak detector to
obtain its low-frequency envelope (v.), and translated into the
received bit stream (RX) by a threshold comparison.

IV. SIMULATION AND EXPERIMENTAL RESULTS

The proposed TPC strategy is validated in simulations and
experiments on a DAB prototype, whose parameters and oper-
ating conditions are presented in Tables Ia and Ib, respectively.
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Fig. 7: (a) Front, and (b) side views of developed PCB for extracting and conditioning the output voltage ripple. (c) Simulated and realized magnitude
responses of the filter showing the band-pass characteristic and extraction of the component at fs,. (d) Waveforms of data transmission showing the raw
terminal voltage ripple (blue) and the conditioned ripple (red). The fs,, component is amplified, and other components suppressed, through conditioning.
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Fig. 8: (a) Experimental DAB setup showing the decoder and the control platform. (b) Simulated, and (c) experimental waveforms during the transmission
of the bit stream (101001)2 at 2kbps using the proposed TPC scheme, showing the transmitted bits (yellow), received bits (green), and the conditioned
first-harmonic component of the output voltage ripple (red). The envelope of the transformer current (blue) shows that magnetic saturation is avoided.

TABLE I
(A) CIRCUIT PARAMETERS, AND (B) OPERATING CONDITIONS OF THE
DAB PROTOTYPE.

(@
Turn ratio, n : 1 0.87:1
Primary-referred series inductance, L 110 uH
Primary-referred series resistance, r 0.65 Q
DC bus capacitance, Cy. 0.24 mF
(b)
Input voltage, Vj 110 V
Output power, P, 150 W
Output voltage, Vo, 100 V
Switching frequency, fsw 50 kHz

The output voltage ripple is extracted an analog band-pass
filter, which is realized using a high-pass and a low-pass filter
in cascade. The high-pass characteristic is obtained using a
passive filter. The cutoff frequency of the high-pass filter is
set to a decade below the switching frequency, i.e., at 5 kHz.

The low-pass characteristic is obtained using a second-order
Sallen-Key filter, with a quality factor of 10, and the undamped
natural frequency selected equal to the switching frequency,
50kHz. The PCB realizing the band-pass filter is shown in
Figs. 7a and 7b. The tuned filter rejects the low-frequency
components of the terminal voltage and ripple components
above switching frequency. The simulated and experimental

magnitude response of the filter are presented in Fig. 7c. An
experimental attenuation of about 20X is obtained between
the first (fs,) and second (2fs,) harmonic ripples, which
correspond to communication and power transfer, respectively.

The extraction of the f,,, component of the terminal voltage
ripple is further verified experimentally. The waveforms of
transmitted (TX) and received (RX) bits, along with the termi-
nal voltage ripple and the conditioned ripple, are shown in Fig.
7d. The amplitude of the actual ripple is comparable when the
transmitted bit is a ‘1’ or a ‘0’, although its frequency content
differs. This is evident in the conditioned ripple waveform (in
red) in Fig. 7d with an amplified first-harmonic component,
with a larger (> 4x) amplitude when a ‘1’ is transmitted.

The DAB is shown connected to the filter in Fig. 8a. The
transmission of the data bits, encoded by the input-side bridge,
to the converter output terminal is illustrated in the simulated
and experimental waveforms of Figs. 8b and 8c, respectively.
When the TX bit is a ‘1°, a DC bias is introduced into the
transformer secondary current, as evident from the envelope of
the current waveform in Fig. 8c. This changes the amplitude
of the conditioned output ripple, which is decoded using peak
detection and threshold comparison to obtain the RX bits.

The waveforms of the quantities magnified to a switching-
cycle timescale are shown in Figs. 9a and 9b, corresponding
to the transmission of ‘0’ and ‘1’ bits, respectively. During
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the transmission of a ‘0’ and a ‘1’, the respective AC current
waveforms are identical up to a DC shift. However, the
conditioned ripple magnitude is negligible in the first case.
Thus, the decoding of data in the proposed TPC strategy is
possible with a sampling rate equal to the switching frequency
and a threshold comparison of a filtered ripple waveform.

V. CONCLUSION

In this paper, a load-independent low-complexity TPC
strategy is proposed for the DAB. The proposed scheme
utilizes a transient DC bias in the AC network current, and
the resulting switching-frequency terminal voltage ripple, to
transmit messages. The coupling between communication and
power transfer in existing TPC techniques is hence minimized
in the proposed approach. The complexity of the decoding
hardware (e.g., high-frequency sampling) and algorithms (e.g.,
an online Fourier transform) in existing schemes are replaced
by an analog filter and a threshold comparison, respectively.
The analysis of the encoding scheme, and its implementation
using an available control variable, namely, the leg duty ratio,
is outlined. The design of the decoder using only band-pass
filtering, peak detection, and a threshold comparison, is de-
scribed. The proposed TPC scheme is validated in simulations
and experiments on a 50 kHz DAB to obtain a 2kbps data rate.
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