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Abstract—High-bandwidth impedance measurements of con-
verters and dc grids are required for stability assessments
using impedance based methods such as the passivity criterion.
Furthermore, they allow conclusions about the current state of a
dc grid. The measurement of converter and dc bus impedances
can be conducted by disturbance injection through a converter
acting on the dc bus. Literature demonstrates these methods
for basic, non-galvanically isolated topologies and with limited
injection bandwidth due to bandwidth limitations caused by
converter control or settling behavior. This paper proposes
and implements a high-bandwidth disturbance injection and
impedance measurement using three-phase dual-active bridge
converters. The resulting perturbation spectrum is analyzed and
the effects of the injecting converter’s dc link capacitance on
the perturbation are investigated. An experimental verification
of the method is conducted for input impedance measurement
of another galvanically isolated converter. The measurement is
compared to the simulated impedance profile of the device under
test. The proposed disturbance injection method yields a well
matching impedance measurement up to the injecting converter’s
switching frequency.

Index Terms—broadband impedance measurement, dc system
stability, dual-active bridge

I. INTRODUCTION

Low voltage and medium voltage dc grids are a promising
solution for the integration and interconnection of distributed
and renewable energy sources as well as dc interfaced loads.
Dc grids can increase flexibility and efficiency, while saving
resources compared to ac grids. Exemplary applications are
collector fields in wind farms, distribution systems in data
centers and ships, and the grid integration of electric vehicle
charging infrastructure [1]–[4]. All generation units, loads and
grid interfaces in these dc grids are converter-based, in contrast
to traditional ac systems. Consequently, stability analyses
during system design and during operation require different
approaches compared to traditional ac systems. Multi-terminal
systems such as shown in Fig. 1 may consist of converters of
different power ratings, switching frequencies, control band-
widths, and manufacturers. To implement and operate such
systems, an impedance-based stability analysis is necessary,
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Fig. 1. Exemplary multi-converter dc system with DAB3 performing bus
impedance measurement.

such as the passivity-based stability criterion, which does not
rely on the knowledge of each converter’s control behavior
and parameters [5]. Furthermore, this approach is especially
beneficial to enable multi-vendor approaches. The required
impedance characteristics for each component, groups of com-
ponents or the complete bus can either be attained through
analytical modeling, simulation or measurement. Hence, eval-
uation without the requirement of knowing internal control
parameters of the converters is enabled.

The impedance profile of a dc bus, a single converter, or
a line can provide further insights into the current state of
the system. Virtual impedances and adaptive control schemes
can be implemented, using grid impedance measurements
to stabilize the system [6], [7]. In case of faults, the fault
location and characteristics can be determined by impedance
measurement [8].

Literature proposes different methods for the online
impedance measurement of converters and dc buses through
disturbance injection by a converter and evaluation of the
system’s response [9]–[11]. However, literature mainly in-



vestigates buck and boost converters or, in the case of ac
coupled systems, three-phase inverters to demonstrate the
principle of impedance measurement [10]–[14]. Galvanically
isolated converters are typically not considered, even though
galvanic isolation or wide voltage transformation ratios are
commonly required in dc grid applications. A galvanically
isolated topology based on a unidirectional single-active bridge
converter is employed in [15] to detect islanding operation of a
pv system. The investigation is, however, limited to the use of
a square wave disturbance signal and only analyzes a single
frequency component in the system’s response to determine
passive elements connected to the system.

The dual-active bridge (DAB) is a well suited topology
for dc grids, enabling high power density, galvanic isolation,
bidirectional power flow, wide voltage transformation ratios,
and highly dynamic control [16]–[18]. This paper proposes and
demonstrates the implementation of a maximum length binary
sequence (MLBS) based disturbance injection and impedance
measurement using three-phase DAB (DAB3) converters. The
proposed approach leverages the dynamic control capability of
DABs to achieve a high bandwidth impedance measurement in
the range of the DAB’s own switching frequency. In systems as
shown in Fig. 1, it can be assumed that only some converters
might offer impedance measurement capabilities, while others
may only operate in a fixed control scheme. Since the aggre-
gated capicitance of a dc bus increases with increasing number
of connected converters, a sufficiently large current perturba-
tion is needed for a voltage response of sufficient amplitude.
Consequently, higher power converters, for example converters
with grid forming capabilities or converters interfacing multi-
ple dc grid sections, may be required to inject perturbations
in the bandwidth of their own switching frequency. This is
necessary because converters with smaller power ratings will
likely operate at higher switching frequencies and bandwidths.
Furthermore, the estimation of passive components in the
grid is mainly feasible at frequencies above other converters’
control bandwidths.

The paper is organized as follows: section II describes the
application and requirements of impedance measurements in
dc grids and the employed disturbance generation and response
evaluation method. The proposed impedance measurement
method using a DAB3 converter is presented in section III
together with considerations for practical implementations. An
experimental verification and analysis is provided in section
IV.

II. DC GRID IMPEDANCE MEASUREMENT

One application of dc grid impedance measurements is the
assessment of dc bus stability using the passivity-based stabil-
ity criterion. The passivity criterion evaluates the impedance
of the one-port system attained by parallel connection of all
components’ impedances which are connected to the bus. The
bus is considered stable if the total impedance is passive
within the interaction bandwidth of the connected converters
and does not have any right half plane poles [5], [19]. Up
to the interaction bandwidth, the converters’ control loop
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Fig. 2. Schematic of basic setup for evaluation of disturbance injection and
impedance measurement of a DUT.

behavior dominates the bus’ impedance behavior. At higher
frequencies, the passive elements of the bus dominate the
impedance profile. Therefore, impedance measurements at
frequencies above the converters’ interaction bandwidth may
be of interest to estimate the parameters of passive elements in
the dc grid. During normal operation, the estimation of passive
components’ values allows conclusions about the current state
and configuration of the dc grid. During a fault scenario, these
parameters can provide insight into the fault’s location and
impedance.

To reduce system complexity and cost, it is beneficial if the
impedance measurement in a dc grid can be conducted by an
already existing converter, instead of an additional converter
which is specifically designed for impedance measurement.
Consequently, the injecting converter’s switching frequency
may be in the same range as, or even smaller, than the
switching frequency of the other converters in the system. A
disturbance injection bandwidth in the range of the injecting
converter’s switching frequency is therefore of interest.

The concept of impedance measurement of a single con-
verter, prior to its integration into a dc system or directly
connected to another converter, is visualized in Fig. 2. The
injecting converter operates in a large-signal operating point,
while a small-signal disturbance is added to perturb the device
under test (DUT). The generation of the disturbance signal
and evaluation of the system’s response are described in the
following.

A. Disturbance Generation and Response Evaluation

Different types of disturbance signals have been proposed
and evaluated in literature for different measurement scenarios.
Under ideal conditions, sine sweeps lead to the most precise
results since they only perturb one single frequency at a time
[10]. However, to achieve a wide measurement bandwidth
with a sufficiently high resolution, the resulting sine sweep
requires a long measurement time. Additionally, the distur-
bance injecting device requires a sufficiently high bandwidth
to generate sinusoidal outputs within the desired measurement
bandwidth. In contrast, impulse based perturbations allow
immediate broadband measurement, but have the drawback
of a non-uniform frequency spectrum and may require a high
perturbation amplitude for a sufficiently high system response
amplitude [10]. For impedance measurements of converters
and grids, it is beneficial to perturb the system with a periodic



broadband signal with a flat spectrum [10]. This ensures small-
signal perturbation at all frequencies and enables a broadband
measurement as previously described. The use of MLBS has
been proposed for this purpose in literature [10]. MLBS are a
type of pseudo-random signal, with properties similar to white
noise. The implementation of MLBS generation is simple
and can be achieved by a linear-feedback shift register. The
arrangement of the shift register structure is derived based on
primitive polynomials. The length L of the MLBS depends
on the primitive polynomial’s degree N , corresponding to the
length of the shift register, according to (1). During each step
of the sequence, the MLBS has one of two signal levels.
After the duration TMLBS, determined by the frequency fgen
at which the sequence is generated and its length, the MLBS
repeats (cf. (2)).

L = 2N − 1 (1)

TMLBS =
L

fgen
(2)

MLBS are deterministic signals and therefore enable repeata-
bility of measurements and pre-calculation of the sequence.
The frequency spectrum of a 12-bit MLBS is indicated by the
red plot in Fig. 3 for a generation frequency of 20 kHz. The
magnitude is constant below the generation bandwidth and
drops by 3 dB at 90% of the generation frequency.

Impedance measurements can be conducted by injecting a
small-signal MLBS-based current or voltage perturbation and
measuring the response of the system. Fourier transformation
of the measurements allows calculation of the impedance
at each frequency. A transfer function can be fitted to the
measured impedance points to attain a parametric transfer
function, if required. Measurements of the injected disturbance
and the system’s response can be conducted by the injecting
converter or an external measurement system. The converter’s
current and voltage sensors require a sufficient bandwidth and
sampling rate of at least twice the highest frequency to be
measured. Additionally, the control or measurement system
needs to be able to sample at least the entire disturbance signal
length as given by (2). Evaluation of the sampled data can
either be performed by the converter’s control platform or by
a higher level system control unit.

The smallest measurable frequency of the impedance is
determined by the length of the MLBS TMLBS. The highest
measurable frequency is limited by the bandwidth within
which the MLBS’ spectrum is considered flat, i.e. 90% of the
generation frequency, assuming the voltage and current mea-
surements have a sufficiently high sampling rate. If required,
zero padding and windowing can be applied. The same MLBS
perturbation can be injected multiple times, and logarithmic
averaging can be applied to the measurements to decrease
the effect of noise [10]. Further adjustments, depending on
the application case, include approximation of blue noise
to increase the high frequency content of the perturbation,
the use of orthogonal signals for simultaneous injection of
multiple perturbations, inverse-repeat sequences to suppress
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Fig. 3. Spectrum of MLBS signal and resulting DAB3 output current.

non-linearities and discrete interval sequences to concentrate
the perturbation spectrum to defined frequencies [9].

III. DISTURBANCE INJECTION USING DUAL-ACTIVE
BRIDGE

The practical implementation of an MLBS-based distur-
bance injection is presented in the following for the DAB3.
Here, single phase shift (SPS) modulation is used but the
method can also be extended to further modulation schemes
proposed in literature, such as asymmetric duty cycle control
(ADCC) [18]. Under the assumption of ideal switching be-
havior and a transformer magnetizing inductance much larger
than the series inductance, the steady-state secondary side
current Is is calculated according to (3) in SPS operation [16].
Similarly, expressions for negative phase shifts and for phase
shifts between π/3 and π/2 can be derived.

Is =
VinNT

2πfswLs
φ

(
2

3
− φ

2π

)
, 0 < φ <

π

3
(3)

The current Is is the average of the instantaneous current is
(cf. Fig. 1) over one sixth of a switching period. It depends
only on the input voltage Vin, transformer series inductance Ls

and turns ratio NT, switching frequency fsw, and phase shift φ
between primary and secondary side. Therefore, a disturbance
current can be injected into a dc bus or DUT directly by
controlling the phase shift of the DAB3 accordingly. In case
of a dc short circuit, the output current remains controllable
by implementation of a fault-ride-through (FRT) modulation
based on ADCC [18], [20]. These FRT capabilities and ADCC
can extend the proposed disturbance injection scheme across
the whole operating range of the DAB3, even to low-voltage
or fault scenarios. To overcome bandwidth limitations of
other implementations of impedance measurement proposed
in literature, the application of instantaneous current control
(ICC) in the DAB3 is explained in the following.

A. Control Method

From the steady-state transfer function (3), the expression
for a feedforward control of the output current is derived to
(4), with the transformer series reactance (5). Equation (4) is
valid for reference currents 0 < Iref < VinNT/12fswLs. Similar
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expressions can be derived for the remaining operating range
of the DAB3.

φref =
2π

3
−

√
4π2

9
− 2πXsIref

VinNT
(4)

Xs = 2πfswLs (5)

Applying ICC to the reference phase shift φref generated by
the feedforward control allows highly dynamic changes of
the DAB3’s ac currents and dc currents [21]. If transients of
the phase shift reference were directly applied to the DAB,
the ac currents would exhibit a dc bias, and the ac and
dc currents would settle depending on the time constant of
the transformer’s series inductance and resistance. Two ICC
methods for transient changes of the phase shift are proposed
in literature [21]. In this paper, the three-step method is applied
because it allows instantaneous control of the current also for
sign changes of the phase shift. Depending on the amplitude of
the disturbance signal and the large-signal operating point of
the DAB3, the phase shift can cross zero due to the disturbance
injection. The current settles within half of a switching period
using the three-step method, allowing an effective MLBS
generation frequency of twice the DAB3’s switching frequency
fgen = 2 ·fsw. If the sum of the large-signal operating point of
the DAB3 and the disturbance amplitude result in no transient
zero crossings of the phase shift during disturbance injection,
the two-step ICC method can be applied. In this case, the
ac currents within the DAB3 settle within one third of the
switching frequency, further increasing the potential maximum
MLBS generation frequency to fgen = 3 · fsw.

The MLBS sequence is added directly to the phase shift or
to the current reference. The resulting control loop diagram
is shown in Fig. 4. If the DAB3 operates in voltage or droop
control, an outer control loop can be added which sets the
large-signal reference current Iref . In case any outer feedback
control loops are added, the perturbation spectrum will be
damped within their respective bandwidth. An outer control
loop would react to the disturbance measured in the physical
plant if the perturbation signal is added within the inner control
loop only, i.e. to the phase shift or the current reference.
In these cases, the MLBS signal has to be added to the
reference signals of the outer control loops as well, scaled
by a constant gain factor to compensate the control loops’
disturbance rejection [12].
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To achieve an effective disturbance injection frequency at
twice the switching frequency, a double update of the control
blocks can be used. However, due to the deterministic nature of
the MBLS signal, the next two upcoming phase shift or current
values can be pre-calculated during each switching period and
only a single update is required. The simulated ac and dc
currents of the DAB3 performing the proposed disturbance
injection scheme are shown in Fig. 5 for direct injection of
the MLBS into the phase shift. The desired settling time of
the currents within half a switching period is observed for each
step of the MLBS.

A Fourier transform of the MLBS perturbation signal and
the DAB3’s output current is shown in Fig. 3. Both methods,
injecting the MLBS signal through the current reference or the
phase shift, lead to the same result in simulation, assuming the
gains aI and aφ for MLBS injection are chosen such that the
amplitude of the resulting injected current is the same. If the
series inductance value used in the feedforward control does
not match the physical value, a mismatch of injected current
amplitude results. However, injection through the reference
current allows for a constant perturbation current amplitude
if the injecting DAB3’s input voltage varies. Fluctuations of
the input voltage are compensated by the feedforward control
according to (4). If the perturbation signal is added directly
to the phase shift reference, variations of the DAB3’s input
voltage are not compensated and will be reflected in the output
disturbance current, as described by (3).

The magnitude of the injected current drops by 3 dB at
7 kHz in Fig. 3. This decrease of effective bandwidth in
which the perturbation spectrum is flat, compared to the ideal
MLBS spectrum, is due to the settling time of the DAB3’s
currents. Even though ICC is applied, the currents do not settle
instantaneously, but within half a switching period. An ideal
MLBS signal assumes instantaneous transitions with infinite
bandwidth while switching between its two binary states, and
therefore achieves a greater perturbation bandwidth.



ibus

vbus

Injecting DAB Bus

ZbusCout
idist

ic

Fig. 6. Small-signal equivalent circuit of the DAB3 performing impedance
measurement.

102 103 104

Frequency in Hz

M
ag

ni
tu

de
 in

 d
B

101

-10

-15

-3 dB
-20

-25

-30

-35

-40

Cout = Cin/39
Cout = Cin/9
Cout = Cin/3
Cout = Cin

Cout = Cin · 5/3

Fig. 7. Spectrum of the bus current during MLBS injection for varying ratios
of the DAB3’s output capacitance to DUT capacitance.

B. Influence of DC Link Capacitance

The influence of the DAB3’s dc link capacitance on the
bus impedance measurement is analyzed with the small sig-
nal equivalent circuit in Fig. 6. Under the proposed control
scheme, the secondary side current is of the DAB3 can be
modeled as a current source with the DAB3’s dc link capacitor
connected in parallel to the DUT. The relationship between the
disturbance current idist and the bus current ibus is described
by the ratio of the DAB3’s dc link impedance to the bus
impedance according to (6).

ibus =
idist

1 + Zbus/Zout

(6)

To attain a sufficiently flat frequency spectrum of the current
injected into the dc bus, the injecting converter’s dc link
impedance has to be greater than the bus impedance seen
from the injecting converter’s point of view. In case the
DUT is a single converter or load, this condition is satisfied
if the DUT has a sufficiently greater dc link capacitance
than the injecting converter. In case of a dc bus interfacing
multiple converters, it can be assumed that the aggregated
bus capacitance is greater than the injecting DAB3’s dc link
capacitance due to the capacitive nature of voltage source
converters. Significant cable lengths between converters have
to be considered, as they increase the impedance seen from
the injecting converter’s point of view in the high frequency
range.

The test setup shown in Fig. 2 was used in simulations to
validate and investigate the influence of the impedance ratio

TABLE I
EVALUATION PARAMETERS

Parameter Injecting DAB3 DUT

Input voltage Vin 120V 120V

Output voltage Vout 120V 120V

Transformer winding ratio NT 1 1

Transformer series inductance Ls 25µH 25µH

Switching frequency fsw 10 kHz 30 kHz

Dead time tdead 300 ns 300 ns

MLBS generation frequency fgen 20 kHz

MLBS order N 12

Bus resistance Rbus 100mΩ

Bus inductance Lbus 200 nH

Bus capacitance Cout + Cin 244µF

on the injected current perturbation’s frequency spectrum. The
parameters listed in Table I were used for the simulations,
and the ratio of the injecting DAB3’s output capacitance to
the DUT’s input capacitance was varied. The DUT was also
a DAB3, regulating the bus voltage with a PI controller.
Fig. 7 shows the effect of different ratios of the DAB3’s
output capacitance to the bus capacitance on the perturbation
spectrum. Significant damping of the MLBS magnitude occurs
at frequencies above 400Hz for capacitance ratios larger than
Cout/Cin = 1/3. It is important to note, that the damping
of the output current disturbance depends on the ratio of
the output impedance to the bus impedance, not just the
bus capacitance. The decrease of the perturbation current’s
magnitude occurs above the interaction bandwidth of the bus,
where the converters’ dc link capacitance starts to dominate
the overall impedance. The results confirm the feasibility of
the method when measuring multi-converter systems with
capacitive dc links.

It is concluded that in measurement scenarios where the
DAB3 is used to evaluate a single converter’s impedance,
it might be necessary to decrease the output capacitance of
the DAB3 to optimize the resulting perturbation spectrum. In
measurement scenarios of multi-converter systems, typically
the bus capacitance can be assumed to be sufficiently larger
than the injecting DAB3’s output capacitance. Overall, the use
of the three-phase DAB is especially beneficial for disturbance
injection, since it inherently only requires a reduced dc link
capacitance compared to its single-phase equivalent [16]. If
the injecting DAB3’s dc link impedance is smaller than the
bus impedance and can not be further adjusted, the MLBS
generation can be adapted to increase the high frequency
content of the perturbation signal. This can be achieved by
use of a blue-noise approximation as proposed in literature
[11].

IV. EXPERIMENTAL VERIFICATION

The proposed implementation of disturbance injection and
impedance measurement using a DAB3 converter is investi-
gated with the arrangement schematically shown in Fig. 2,
under the operating conditions listed in Table I. A view of



Fig. 8. View of the experimental setup, including both converters, magnetic
components and control platforms.

102 103 104 105

Frequency in Hz

fsw

fgen

M
ag

ni
tu

de
 in

 d
B

101

-10

-20

-30

-60

-80

-70

-90

-50

-40

Fig. 9. Spectrum of the experimentally measured DAB3 output current under
perturbation injection.

the experimental setup is given in Fig. 8. The DUT regulated
its input voltage using a PI control loop and the injecting
DAB3 provided a steady-state current of 3.5A. By using the
proposed disturbance injection scheme, the input impedance
of the DUT was measured. The spectrum of the injected
disturbance current and the measured admittance of the DUT
are shown in Fig. 9 and Fig. 10. The bus current spectrum
during disturbance injection is mainly flat up to 90% of the
switching frequency, similar to the previously presented simu-
lations. However, compared to the simulations, a larger spread
of the magnitudes between different frequency components
above 1 kHz is observed. Even though the injecting DAB3
and the DUT have the same dc link capacitance, the damping
effect of the output dc link is not as pronounced as in the
simulation case presented in section III. A damping of the
disturbance current by 3 dB is visible, starting at frequencies
above 30Hz. The damping occurs at this frequency because
the voltage control loop bandwidth of the DUT ends around
60Hz. The dc link capacitance of the DUT starts to dominate
the DUT’s input impedance above 100Hz, as observed in
Fig. 10. The measured and simulated DUT admittance are
shown in magnitude and phase. The simulated admittance was
attained by injecting an ideal disturbance current based on the
same MLBS sequence as in the experiment and using the same
hardware and control parameters as in the experiment.

The measured admittance matches the simulated reference
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of the DUT very well up to the switching frequency of the
disturbance injecting DAB3. The length of the MLBS can be
increased to increase the measurement resolution in the low
frequency range. In the high frequency range of the measure-
ment, magnitude and phase match the simulated values and
only decrease in accuracy above the switching frequency of
the injecting DAB3. Even though the spectrum of the injected
current is not flat up to the switching frequency, a sufficiently
accurate impedance measurement results. Deviations between
simulated and measured admittance are due to modeling
inaccuracies of the DUT in the simulation and effects of
noise on the measurement. Additionally, the simulated DUT
admittance does not consider switching noise of the injecting
DAB3 or a non-ideal disturbance current spectrum.

V. CONCLUSIONS

An impedance measurement implementation for application
in dc grids and evaluation of single converters has been
proposed in this paper for the DAB3 converter. Employing
feedforward control and ICC allows a high-bandwidth distur-
bance injection, as the obtained simulation results confirm. An
analysis of the perturbation spectrum resulting from different
output impedances of the DAB3 is provided. The presented
experimental results verify the applicability of the proposed
disturbance injection method for impedance measurement, and
the suitability of the DAB3 for high-bandwidth impedance
measurements in dc grids.

Future work will evaluate the proposed method in a larger
dc system, consisting of multiple different converters. The
necessity of adjusting the perturbation signal under different
application scenarios will be evaluated, together with the effect
of an outer voltage control loop acting on the injecting DAB3.
Further improvements to the impedance measurement and
calculation will be explored.
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