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Abstract—DC distribution systems typically consist of several
feedback-controlled switched-mode converters forming a complex
power distribution system. Consequently, a number of issues re-
lated to stability arise due to interactions among multiple con-
verter subsystems. Recent studies have presented methods such as
passivity-based stability criterion, where the stability and other dy-
namic characteristics of an interconnected system can be effectively
analyzed using bus-impedance measurement. Studies have pre-
sented online measurement techniques, where the bus impedance
is obtained by combining together the measurements of input and
output impedances of single converters in the system. Since the
converters are coupled, the presented measurement techniques re-
quire several measurement cycles in order to sequentially measure
the individual impedances to be combined to obtain the overall bus
impedance. This paper presents a measurement technique based on
injection of orthogonal binary sequences. Applying this method, all
the impedances in the system can be simultaneously measured dur-
ing one measurement cycle. Therefore, the overall measurement
time of the bus impedance is reduced compared to conventional
measurement techniques. Furthermore, the method guarantees
that the system dynamics do not change between measurements,
and therefore, the computed bus impedance is not distorted.
Experimental results are presented and used to demonstrate the
effectiveness of the proposed method in the design of a stabiliz-
ing controller for a notional dc system using positive feed-forward
control.

Index Terms—Frequency response, modeling, power system
measurements, signal design, spectral analysis.

I. INTRODUCTION

DC POWER distribution systems are extensively used to
power various electronic loads and processes. Such sys-

tems are considered as a feasible alternative to traditional ac
systems due to the high performance, efficiency, and flexibility
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Fig. 1. Conceptual multibus system showing multiple interconnections [3].

that power electronics offer. A great interest in developing these
types of systems is found in various fields, including hybrid and
electric vehicles, aircrafts, and electric ships [1], [2].

Power-electronics-based DC-distribution systems consist of
multiple converters creating a complex interconnected system.
These systems are now being applied in several areas, includ-
ing advanced automotive power systems, electric and hybrid-
electric vehicles, telecommunication systems, as well as electric
ship and electric aircraft power systems [4]–[6].

Consider the multibus power-electronics-enabled distribution
architecture shown in Fig. 1. This system has n buses and con-
tains a number of interconnected switching converters. Each of
these interconnected converters typically has high-bandwidth
feedback control. Converters that are standalone stable may ex-
hibit a different dynamic behavior when interconnected and the
small-signal stability may be compromised. This emergent be-
havior is due to interactions among the converter feedback loops
through the dc bus interconnections [6]. Several stability crite-
ria based on the equivalent bus impedances resulting from the
converter interconnections have been proposed to evaluate the
performance of a multiconverter system [7], [8]. Recently, the
passivity-based stability criterion (PBSC) has been proposed,
and the concept of an allowable impedance region (AIR) based
on the Nyquist contour of the system bus impedance has been
developed alongside the PBSC to ensure a good stability mar-
gin and dynamic performance [3], [9]. One of the advantages
of the PBSC and AIR is that they can be applied based on bus-
impedance measurements that do not require a priori knowledge
of system parameters. The methods are well suited for online
stability assessment and adaptive control tuning.
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In order to cope with strong and fast-scale interactions in an
interconnected power-electronics system, it is of high interest
to adaptively perform the procedure of stability analysis and
controller design. Because the bus impedance typically varies
over time as a function of many parameters, the conventional
control approach based on offline bus-impedance measurement
of the interfaced converters is insufficient to guarantee stability.
Therefore, accurate bus-impedance information acquired in real
time is most desirable.

Recent studies have presented wideband methods suitable
for fast and accurate online bus-impedance measurement of in-
terconnected power-electronics systems [10]. In the methods, a
broadband perturbation such as pseudo-random binary sequence
(PRBS) is injected on top of the converter controller references
or duty cycle using the existing converters in the system. The
resulting voltage and current responses are measured at the out-
put or input of the converters, and Fourier analysis is applied
to obtain the impedances seen by single converters. The bus
impedance is then computed as a combination of the measured
impedances [10].

In a typical interconnected power-electronics system, the sin-
gle converters are coupled at the dc bus. This means that multiple
measurement cycles are required to obtain all the impedances
needed in order to compute the bus impedance. In the case of
three converters, the first converter is used as a perturbation
source to obtain the impedance seen looking out from its ter-
minals, which is the parallel combination of the impedances of
the other two converters. Then, the second converter is used
for perturbation, and finally the third one. As the number of
converters increases, this single-input single-output method be-
comes tedious and time consuming. Furthermore, the operating
conditions may change between the measurements.

This paper proposes the use of binary orthogonal sequences
for simultaneous measurements of all the impedances of a mul-
ticonverter system. In the method, each converter in a system
applies an orthogonal injection simultaneously with the other
converters. As the injections are orthogonal, that is, they have
energy at different frequencies, all the impedances can be mea-
sured at the same time within one measurement cycle.

The proposed method has several considerable advantages
over the methods using sequential perturbation of the individual
converters. This approach not only saves overall experimenta-
tion time, because the system has to be allowed to settle to
a dynamic steady state only once, but also ensures that each
impedance is measured with the system in the same conditions,
which may not be the case if sequential perturbations are ap-
plied. As the injections are binary, the sequences are very easy
to implement even with a low-cost controller, whose output can
only cope with a small number of signal levels.

The remainder of this paper is organized as follows.
Section II reviews the theory behind the orthogonal binary se-
quences and their synthesis, and presents the Fourier technique
required for obtaining the bus impedance from measured data.
The section also reviews the methods for stability analysis and
control design. Section III shows simulation examples and com-
pares the proposed method to the previously presented single-
input single-output method. Section IV presents experimental
results based on a dc-power-distribution system and Section V

a discussion of the proposed method. Finally, Section VI draws
conclusions.

This paper is a revised and extended version of the work
presented at the ECCE 2017 conference [11]

II. THEORY AND METHODS

A. Stability Analysis and Control Design

The proposed identification technique has many applica-
tions; particularly, it can be implemented to measure the bus
impedance of an interconnected power-electronics system. In
this paper, the bus impedance measurement will be used for
stability analysis and for the design of a stabilizing controller to
provide an application of the proposed method.

Lack of stability or performance of an interconnected power-
electronics system can be typically compensated by the design of
a virtual damping network. The network can be actively inserted
into the system bus with the objective of damping resonances
or modifying the bus impedance to meet one of the several
proposed stability criteria [12]. A possible way for introducing
this active damping to the system is using positive feed-forward
(PFF) control for the load converter in conjunction with negative
feedback.

A recently proposed bus-impedance-based stability criterion
is the PBSC, which requires modifying the bus impedance so
that it appears passive [9]. The condition for passivity can be
given as follows:

1) bus impedance Zbus(jω) contains no right-half-plane
poles;

2) Re{Zbus(jω)} ≥ 0,∀ω.
The PBSC provides insight on the general stability of the sys-

tem under study; however, it does not give information regarding
transient performance. To overcome this limitation, the AIR has
been proposed [10]. The AIR considers a simplified representa-
tive function of a system bus impedance to establish an allowed
region in the s-domain, given in (1), for which the system will
have desired dynamic performance. A minimum damping ratio
ζmin for oscillations is ensured if the magnitude of the system
bus-impedance Nyquist contour is within the region established
by

M(α) =
1

2ζmin
ejα for − π

2
≤ α ≤ π

2
. (1)

Based on the AIR, an appropriate damping impedance remains
stable and has the desired transient response

Zdamp = Zo-damp

s2

ω 2
0

+ 2ζdamp
s

ω0
+ 1

s
ω0

. (2)

In (2), ζdamp has to be chosen large enough to minimize the po-
tential for creating additional resonances. In general, ζdamp = 1
is considered a good choice. After obtaining the bus impedance,
the design procedure for Zdamp can be summarized as follows:

1) determine the bus impedance resonant frequency ω0 ;
2) obtain |Zbus(jω0)| and |Zbus(jω1)| for ω1 � ω0 ;
3) determine the characteristic impedance Zo-bus = |Zbus

(jω1)|ω0
ω1

;

4) determine the damping ratio ζbus = Zo-bus
2|Zbus(jω0 )| ;



3950 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 4, APRIL 2019

Fig. 2. Multiconverter system.

5) determine Zo-damp = [ 2
Zo-bus

( 1
|M |−Km

− 2ζbus)]−1 , where
Km (0 ≤ Km ≤ |M |).

The obtained damping impedance can be introduced into the
system via PFF control of a load converter, i.e., of a converter
having its input connected to the bus to be stabilized. The PFF
method adds an input feedforward path to the controller with
the objective of modifying the equivalent input impedance of
the converter so that it can stabilize the bus. More details on this
approach are found in [9] and [10].

Accurate knowledge of the bus impedance is critical for the
success of the aforementioned controller-design techniques. Be-
cause the bus impedance typically varies over time as a function
of many parameters, offline bus-impedance measurement fol-
lowed by a custom design of the controllers is insufficient to
guarantee the desired system dynamics. Therefore, using accu-
rate bus-impedance information acquired in real time is the most
desirable approach.

B. Bus-Impedance Measurement for Multiconverter Systems

A power-electronics-based multiconverter system can be con-
sidered a linear time-invariant system for small disturbances.
Now, consider Fig. 2 depicting a multiconverter system which
has k source converters and m load converters connected to a dc
bus. The impedances seen by the source converters are denoted
by Z1

out, · · · , Zk
out, and the impedances seen by the load con-

verters are denoted by Zk+1
out , · · · , Zk+m

out . Note that Z1
out is the

impedance seen by converter 1 and is the parallel combination
of the impedances of all other converters connected to the bus.
Injecting a perturbation from each converter one at a time, all
these impedances can be measured and the bus impedance Zbus

obtained from [3]

1
Zbus(s)

=
1

k + m − 1

{
1

Z1
out(s)

+ · · · + 1
Zk

out(s)

+
1

Zk+1
out (s)

+ · · · + 1
Zk+m

out (s)

}
. (3)

The factor 1/(k + m − 1) is due to the fact that the impedance
contributed by one converter is seen and measured by all the
other k + m − 1 converters.

Recent studies have used wideband-measurement techniques
to obtain the bus impedance of a multiconverter system [10].
Using a single-input single-output approach, the converters must
be perturbed one at a time. A broadband perturbation such as
PRBS is injected on top of the converter controller references
or duty cycle one converter at a time. The resulting voltage and
current responses are measured at the bus, and Fourier analysis
is applied to obtain the impedances seen by each converter. The
bus impedance is then computed by using (3).

For the case of multiple converters shown in Fig. 2, sev-
eral measurement cycles are required to obtain all the input
and output impedances when applying the conventional single-
input single-output measurement techniques. As the number of
input–output combinations increases, the overall measurement
time may become large. In addition, the operating conditions
may change between measurements, reducing measurement ac-
curacy.

In this paper, orthogonal binary sequences are applied for
simultaneous measurement of all the impedances in a multi-
converter system. In the method, all converters apply an in-
jection at the same time. Due to orthogonality, the injected
energy lies at different frequencies for different injections, and
hence, the cross coupling between converters is avoided. Con-
sequently, only one measurement cycle is required to obtain
all impedances. Therefore, the overall measurement time is re-
duced. Furthermore, the method guarantees that the system dy-
namics do not change between the measurements, and hence,
the computed bus impedance is not distorted.

C. Orthogonal Binary Sequences

Previous studies have widely examined the synthesis of
multi-input excitation sequences applicable to multiple-input-
multiple-output (MIMO) systems [13]–[15]. Two approaches
for generating such sequences are commonly used. The first
one applies shifted versions of the same signal to excite the var-
ious inputs, and separates their effects using cross-correlation
techniques [16]. The other approach applies uncorrelated or-
thogonal signals so that the effects of different inputs are decou-
pled [13]. The latter technique reduces the overall measurement
time compared to the first approach, and also guarantees that the
system operating conditions are not changed between the mea-
surements. This paper utilizes this latter technique, using the
set of orthogonal excitation sequences obtained by applying the
technique presented in [13]. The technique is applied as follows.

1) A PRBS signal is generated using a shift-register circuitry
with feedback [17].

2) The second signal is obtained by forming an inverse-
repeat binary sequence (IRS) from the PRBS signal; that
is, by adding, modulo 2, the sequence 0 1 0 1 0 1... to the
first sequence.

3) The third sequence is obtained by adding, modulo 2, the
sequence 0 0 1 1 0 0 1 1... to the original PRBS signal.
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Fig. 3. Three orthogonal sequences in time domain.

4) The fourth sequence is obtained by adding, modulo 2, the
sequence 0 0 0 0 1 1 1 1 0 0 0 0 1 1 1 1... to the original
PRBS signal, and so on.

A minor drawback of the technique is that the sequence length
of the ith orthogonal sequence is doubled compared to the length
of the (i − 1)th sequence. This feature means that the total time
for the measurement may become substantially longer than in
a single-input single-output measurement (although definitely
still shorter than numerous single-input single-output measure-
ments). A significant advantage of the proposed technique is
that the signal-to-noise ratio can be improved. Since each signal
is deterministic, averaging can be applied and signal-to-noise
ratio increased such that the response of the first sequence is av-
eraged over 2i−1 periods. The response of the second sequence
can be averaged over 2i−2 periods and so on.

Fig. 3 shows samples of three orthogonal binary sequences
obtained by the presented method. The first sequence is pro-
duced by a 6-bit-length shift register. All of the sequences are
generated at 10 kHz. Fig. 4 shows the power spectra of these
sequences. The energy values are scaled to facilitate the illus-
tration. The three signals have nonzero energy only at different
frequencies, i.e., if one signal has nonzero energy at a certain fre-
quency, the other two signals have zero energy at that frequency.
The energies of all sequences drop to zero at the generation fre-
quency and its harmonics.

It should be emphasized that when the abovementioned tech-
nique is applied, the second uncorrelated sequence is a form of

Fig. 4. Energy content of three orthogonal sequences.

Fig. 5. Illustration of measurement time using simultaneous orthogonal PRBS
injections.

inverse-repeat binary sequence (IRS) [18]. The IRS cancels out
the effect of even-order nonlinearities, thus providing a more ac-
curate estimate of the underlying linear dynamics. This property
can provide significant benefit when choosing for the second se-
quence the input-output couple that suffers the strongest effect
of nonlinearities.

Fig. 5 illustrates the measurement time required for simulta-
neous measurements of multiple responses. The figure shows an
example where three orthogonal injections are simultaneously
applied. Assuming that the system transient period is equal to
the length of the first injection (N ), the total measurement time
to obtain all three frequency responses would be 5N . As the
injections are periodic sequences, the data acquisition can be
started at any point as long as full periods are acquired. Ap-
plying single injections of length N sequentially to the three
converters, the total measurement time to obtain all three re-
sponses would be 6N (3N for the transients and 3N for the
responses). An additional advantage of using multiple simulta-
neous injections is that during the measurement time period of
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Fig. 6. Measurement principle of bus impedance.

5N , the first response can be averaged over four injection pe-
riods and the second response over two injection periods, after
discarding the transient period of length N at the beginning.

D. Orthogonal Sequences in Bus-Impedance Measurement

Considering a multiconverter system, one must compute the
impedances seen by each converter in order to obtain the
bus impedance, as shown in (3). In such a measurement, the
impedance of each converter is computed by utilizing the same
point for voltage measurement. Therefore, it may be some-
what confusing how several impedances can be simultaneously
obtained by using only a single voltage/current measurement.
Fig. 6 shows a conceptual diagram of a two-converter single-
phase system and its bus-impedance measurement. In the sys-
tem, two orthogonal sequences of lengths N and 2N are applied,
and only one voltage and current are measured. In the setup,
N -bit-long samples of the measured voltage and one current
provide the data required for measuring the impedance seen by
the load converter, and 2N -bit-long samples of the voltage and
current provide the data required for measuring the impedance
seen by the source converter. The data sequences for obtaining
the impedances overlap, but each sequence is analyzed at differ-
ent frequencies as shown in Fig. 7. As the data length required for
obtaining the second impedance is twice compared to the data
length required for obtaining the first impedance, one may aver-
age the data required for measuring the first impedance without
increasing the overall measurement time. Notice also that since
the orthogonal sequences are periodic, the measurements can
be initiated at an arbitrary time, as long as full data cycles (N ,
2N , 4N , etc.) are collected. Therefore, synchronization among
converters is not required.

E. Frequency-Response Computation

Several techniques can be used to compute the impedances of
a multiconverter system once the measurement data is acquired.
One method is to use cross correlation between the measured
bus voltage and converter current to obtain the impulse-response
function of the impedance, after which Fourier transform is
applied to compute the frequency response [19], [20]. An al-
ternative to the cross-correlation technique is to use directly a

Fig. 7. Obtaining simultaneously several impedances.

frequency-domain computation, that is, the measured data se-
quences are first transformed into the frequency domain, after
which the frequency responses are computed by using cross
spectrum between the input and output spectra [21].

In this work, a logarithmic averaging procedure is applied
[22]. Assuming a perturbation is injected through each converter
(see Fig. 2), it can be shown that impedance Zi

out(jω) can be
computed by applying logarithmic averaging as

Zi
out(jω) =

(
P∏

n=1

Vbus(jω)
Ii(jω)

)1/P

(4)

where (i = 1, 2, · · · , k, · · · , k + m), Vbus denotes the Fourier-
transformed bus voltage, Ii is the Fourier-transformed output
(or input) current of ith converter, and P denotes the number
of injected excitation periods. In the method, the measurements
of voltage and current are segmented and Fourier-transformed,
after which (4) is applied. The method is particularly useful in
practice because it tends to cancel out the effect of noise from
both the input and output sides [23].

III. SIMULATION STUDY

Three buck converters were connected together in the
MATLAB/Simulink simulator environment in accordance with
Fig. 8. Three orthogonal binary sequences were designed. The
first sequence had 4095 bits, the second 8190 bits, and the
third 16380 bits. Each sequence was generated at 20 kHz. The
injection amplitudes were selected such that the measured bus
voltage and converter currents did not exceed their nominal val-
ues by more than 5 %. The perturbations were simultaneously
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Fig. 8. System under test.

Fig. 9. Impedances Zload1, Zload2, and Zsource of Fig. 8 measured using
orthogonal sequences (simulation).

injected on top of the controller reference of each converter. The
resulting bus voltage and currents were measured; after this, (4)
was applied and the bus impedance was computed by using (3).

Fig. 9 shows the three impedances measured using the pro-
posed technique. The calculated bus impedance obtained ap-
plying (3) to the measured impedances is shown as a magenta
solid line. The references (black solid lines) are obtained by ap-
plying single sine sweeps to each converter (one at a time). As
Fig. 9 shows, the input and output impedances (and hence the
bus impedance) are accurately measured in a wide frequency
band during a single measurement cycle.

As a comparison, the impedances were also measured by a
conventional single-input single-output method [10]. In the mea-
surement, a PRBS injection was applied from each converter
one at a time. Fig. 10 shows the measured impedances when a

Fig. 10. Impedances Zload1, Zload2, and Zsource of Fig. 8 measured using
single-input single-output method (simulation).

4095-bit-length PRBS was applied with a generation frequency
of 20 kHz. As expected, the single-input single-output method
calculates the impedances with the same accuracy as the or-
thogonal sequences. However, the latter technique requires three
separate measurement cycles in order to obtain the impedances.
Therefore, the overall measurement time is increased. In ad-
dition, the latter method does not guarantee that the system
operating conditions remain same between the measurements.

IV. EXPERIMENTAL VERIFICATION

The dc-power-distribution system depicted in Fig. 11 was
constructed in the laboratory using custom designed IGBT-
based switching converters. The system consists of a source
buck converter supplying a voltage source inverter feeding a re-
sistive load; both converters switch at 20 kHz and operate under
feedback control using an inner current loop and outer volt-
age loop PI control strategy. The digital control is implemented
using a dSPACE DS1104 DSP-based control platform.

Two orthogonal binary sequences were designed and added
to the controller references. The first sequence had 4095 bits and
the second 8190 bits. Each sequence was generated at 20 kHz.
The injection amplitudes were selected such that the measured
bus voltage and converter currents did not deviate from their
nominal values by more than 5% (see Fig. 13). This required
a 10% injection signal amplitude. The first sequence was in-
jected with 10 periods and the second sequence with 5 periods.
Therefore, the total injection time was approximately 2 s. The
resulting bus voltage and converter currents were measured; af-
ter this, (4) was applied. The bus impedance was then computed
using (3).

Fig. 12 shows a sample of the output voltage of the source
converter with and without the injection. The voltage during
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Fig. 11. System under test.

Fig. 12. Sample of perturbed and nonperturbed output voltage of the load
converter.

the injection exceeds the nominal voltage value only by ap-
proximately 5%, and therefore, the system operates well within
the defined limits. Fig. 13 shows similar behavior for the bus
voltage.

Fig. 14 shows the measured input and output impedance
and the computed bus impedance. As the figure shows, the
impedances are correctly obtained over a wide frequency range
(during a single measurement cycle) and match the references
quite well. The references are obtained using single PRBS injec-
tions, that is, the converter impedances are separately measured

Fig. 13. Sample of perturbed and nonperturbed bus voltage.

using the conventional PRBS method. The figure shows that the
bus impedance (magenta solid line) closely follows the output
impedance of the source buck converter except at the resonance
frequency. This is expected as the output impedance of the
buck converter is much smaller than the input impedance of the
voltage-source inverter and dominates in the parallel combina-
tion. At the resonant frequency, the situation is different: the
input and output impedances have comparable amplitude, and
the bus impedance shows a peak at this frequency as a result of
interaction of the two parallel impedances. The phase of the bus
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Fig. 14. Measured load and source impedances using orthogonal sequences
and computed bus impedance.

impedance stays within ±90 degrees in a wide frequency range.
Therefore, since the impedance is passive, the system is stable.
Due to the large peak at the resonance, however, the transient
behavior of the system is not well damped.

A. Control Design

The control design method based on AIR presented in
Section II was applied and a PFF controller was designed based
on the online measurements. The same orthogonal injections
were applied, and the bus impedance was measured with the
PFF controller. Fig. 15 shows the measured bus impedance with
and without the controller. As the figure shows, the magni-
tude at the resonance frequency is reduced by approximately
10 dB, which indicates improved transient behavior of the
system.

Fig. 16 shows the step response in the bus voltage before
and after adding the PFF controller. The step is introduced in
the output voltage reference of the load converter. As the figure
shows, in the absence of the PFF controller the bus voltage
response is oscillatory and the system is lightly damped. The
PFF controller introduces extra damping and the bus voltage
response becomes better behaved.

Fig. 15. Bus impedance with and without positive feedforward controller.

V. DISCUSSION

This paper has clearly shown the advantages of using orthogo-
nal binary injections to perform accurate and fast bus-impedance
measurement of multiconverter systems. Applying the proposed
method, only one measurement cycle is required to obtain all
the impedances in a system. This not only reduces the overall
measurement time, but also guarantees that the operating condi-
tions of single converters do not change between measurements.
The method makes it possible to simultaneously measure an ar-
bitrary number of converter impedances.

Comparing the proposed method to conventional techniques,
such as methods based on injection of single sinusoids, there are
certain drawbacks that need to be discussed. First, the possible
nonlinearities should be carefully considered. As most converter
systems are nonlinear, injecting a signal with a given frequency
will generate energy at multiple additional frequencies in re-
sponse to it. In the proposed method, by injecting multiple fre-
quencies at the same time, although the input sequences are
orthogonal and do not overlap on their spectral content, the re-
sponses of the subsystems may overlap due to their nonlinearity.
Therefore, if the system under test shows strong nonlinearities,
the measured responses may be strongly distorted.

One method to study the effect of nonlinearities is to apply
an excitation with given frequencies, and measure the response
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Fig. 16. Step response with and without positive feedforward controller.

at frequencies which do not appear in the excitation signal.
As most systems are highly sensitive to the injection ampli-
tude, possible nonlinearities can be minimized by reducing the
injection amplitude and increasing the number of injection pe-
riods to decrease the noise floor through averaging. Another
method to reduce the effect of nonlinear distortions is to select
more appropriate injections such as ternary sequences [24]. A
ternary sequence is a broadband perturbation that has three lev-
els and an average close to zero. The sequence can be designed
to have harmonic multiples of two (2, 4, 6,...) suppressed or
harmonic multiples of two and three (2, 3, 4, 6, 8, 9,...) sup-
pressed. Using appropriately designed set of periodic ternary
signals, the linear component of each converter impedance
can be identified, eliminating errors from even-order nonlin-
ear distortions, and minimizing errors from noise and odd-order
nonlinear distortions. This will be one of the topics of future
work.

VI. CONCLUSION

Bus impedance is an important quantity for stability analysis
and control design of interconnected systems that consist of mul-
tiple power converters. This paper presented the use of orthog-
onal binary sequences to be used for fast bus-impedance mea-
surement of interconnected multiconverter systems. Applying
the orthogonal sequences, the bus impedance can be measured
with a single measurement sequence. Compared to conventional
single-input single-output techniques, this method not only re-
duces overall measurement time but also guarantees that the
operating conditions of the system remain constant during the
experiments. An added advantage is that the signal-to-noise ra-
tio of the measurements can be improved through averaging.
Experimental measurements based on an interconnected dc-
power-distribution system were presented to demonstrate the
effectiveness of the proposed method.
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