

https://orcid.org/0000-0003-4964-8556
https://orcid.org/0000-0001-7953-4272
https://orcid.org/0000-0001-8024-3077
https://orcid.org/0000-0003-0540-1287
https://orcid.org/0000-0003-0446-2803

2005208

This article analyzes the applicability of multisine binary
sequences to online in situ EIS monitoring. The article presents
two approaches for designing binary sequences to be used as
excitation signals for EIS of battery cells and proposes a sim-
ple measurement architecture that takes advantage of binary
excitation and is suitable to be implemented as a system-
on-chip in VLSI technology. The first approach is based
on sigma-delta modulated multisine sequence (SDMS) [22],
[23], while the second approach is based on the maximum
length binary sequence (MLBS). A prototype of the system is
realized with off-the-shelf components on a PCB board. After
being calibrated, the prototype is compared with gold standard
EIS instrumentation and assessed in online monitoring of the
discharge process of a commercial battery. The two proposed
multisine binary excitation sequences are compared with the
help of a battery emulator, which can be treated as a stable
and reliable reference of the battery impedance. The SDMS
provides greater flexibility in designing the spectral properties
of the sequence. The MLBS, on the other hand, contains all
the harmonics of the fundamental frequency.

The remainder of this article is organized as follows.
Section Il reports the theoretical background of the two inves-
tigated binary sequences, while Sections Il and IV describe
the architecture of the proposed measurement system and the
battery emulator, respectively. Detailed descriptions of the
prototypes and experimental results are provided in Section V.
Finally, conclusions are drawn in Section VI.

Il. BINARY SEQUENCES FOR EIS

A. Sigma—-Delta Multisine Sequence

A basic requirement for online EIS monitoring of batteries
is the short measurement time required to assume the battery
behavior to be invariant. To this end, it is necessary to excite
a number of frequency points at the same time. This can be
easily achieved by digitally creating a broadband excitation
signal as a sum of sine waves [24]

M
X(t) =D Aisin(wit + 6;) (1)
i=1
where the maximum flexibility on the choice of the num-
ber of sine waves M, the amplitudes A;, the phases 8;,
and the angular frequencies w; = 2mf; is granted. This
flexibility allows the adaptation of the excitation signal to
meet the application requirements. When EIS is used for
battery monitoring, the frequencies should be selected to better
investigate the low-frequency portion of the Cole—Cole plot
where the majority of the information about the battery state
is placed [4]. The phase of each sine wave should be randomly
chosen to limit the crest factor of the resulting waveform x(t)
and to not trigger nonlinear responses.

The multisine waveform of (1) is usually represented as a
multibit signal; hence, a complex multibit DAC is required
to generate the analog excitation with a suitable signal-to-
quantization noise ratio (SQNR). To simplify the implementa-
tion of DAC, in terms of occupied area and power consumption
in a VLSI implementation, we propose the application of
single-bit multisine sequences. A possible method to realize
this single-bit sequence is to apply the sigma—delta modula-
tion to the original multibit multisine signal. An high-order
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Fig. 1. (a) Representation of the two-voltage method. (b) Scheme of the
H-bridge used as a bipolar 1-bit current DAC. (c) Current generated by the
H-bridge in relation to the input sequence B.

modulator allows one to achieve rather high SQNR levels
using a single-bit sequence as the output [25]. Moreover,
the complexity required by high-order modulation is totally
demanded to the digital processor while the 1-bit DAC is easy
to design and it is inherently linear [26], [27]. Therefore, the
SDMS is a good candidate for in situ and online monitoring
of battery cells.

B. Maximum Length Binary Sequence

An alternative method to realize a multisine sequences that
still allows to excite many tones concurrently is the MLBS.
MLBSs are characterized by a flat spectrum and excellent
periodic autocorrelation and cross correlation properties [28].
Therefore, they are widely used for system identification
purposes, e.g., to measure the impulse response and frequency
response of linear systems [15]. An additional advantage of
such sequences is simple generation, which can be achieved
using a shift register and elementary logic gates. This simple
generation can also be implemented by low-complexity
microcontrollers, thus enabling practical applications in
numerous fields.

The MLBS is less flexible than the SDMS, because it excites
equally all the harmonics. However, it is possible to introduce
some level of flexibility by starting from an MLBS and
repeating every bit a number of times. This has the effect of
shaping the spectrum in a low-pass fashion and providing more
energy at low frequencies than at high frequencies, as shown
in [23]. The bit-repetition approach is well-suited to battery
EIS measurement, because typically the low frequencies pro-
vide most of the information, and the high frequencies, roughly
above the kilohertz range, are less informative. Furthermore,
the low-pass behavior of the signal induced by bit repetition
also mitigates the aliasing effects, which may occur in practical
scenarios due to the wide bandwidth of the MLBS signal.
Therefore, in the following, we use MLBS with bit repetition
to perform EIS measurements.

I11. IMPEDANCE ANALYZER WITH BINARY EXCITATION
The proposed impedance measurement system is based
on the two-voltage method shown in Fig. 1(a) [29]. The
impedance of the battery is defined as
Zuu = R )
where V; is the voltage across the battery, V, is the voltage
across the reference resistor, and R is the reference resistance
that should be selected close to the nominal value of the dc
resistance of the battery under test. The type of excitation
signal does not directly affect the measurement model of (2),
but it limits the validity of the model over certain frequency
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The impedance of the calibrated emulator has then been
analyzed by means of both the MLBS and SDMS. The main
limit of the FR multisine is that Vy, increases rapidly as more
frequency components are added; hence, both the number of
components and Vyms have to be kept low to avoid saturation
problems. Instead, for binary sequences, Vs is the same as
Vpp, allowing to inject more power into the system under test
before achieving the same peak-to-peak level compliance set
to avoid saturation.

To compare the accuracy of the binary sequences with that
obtained by means of the FR multisine, V,p = 153 mV
has been set for the sequences. The resulting response is
shown on the left panels of Figs. 8-10. As shown in Fig. 8,
the measured impedance amplitude is quite accurate, but the
measured impedance phase is very noisy, as shown in Figs. 9
and 10.

Then Vp, = 1.2 V has been set for both the sequences.
As shown on the right panels of Figs. 8-10, the results are
quite as accurate as those obtained with the FR multisine, but
with the advantage that more frequency components have been
excited.

V1. CONCLUSION

This article investigated the applicability of multisine binary
sequences for online and in situ monitoring of battery cell
impedance. SDMS and MLBS allow for reduced measurement
time and effective VLSI implementation of the measuring sys-
tem, since they excite many frequency points at the same time
and rely on binary excitation. The two excitation sequences
were compared in the analysis of the impedance of a battery
emulator, reporting similar accuracy and dependence on the
excitation level. In particular, the analysis on the impedance
emulator has shown that binary sequences allow to inject more
power into the system and excite a greater number of frequen-
cies with respect to an FR multisine signal. Indeed, the peak
voltage of FR multisine increases rapidly as more frequency
components are added, while the peak-to-peak voltage of a
binary sequence does not depend on the number of compo-
nents. To demonstrate the applicability to online and in situ
EIS monitoring of battery cells, an architecture of impedance
analyzer exploiting the binary nature of SDMS and MLBS and
suitable to be implemented in VLSI technology was presented.
A proof of concept was realized using off-the-shelf compo-
nents. Though the architecture can be used with either SDMS
or MLBS, the realized prototype is limited to the former kind
of excitation due to the maximum peak excitation current of
1 mA. After calibration, it was compared with a benchtop ref-
erence instrument, showing an average deviation of less than
3 m . The prototype was validated in online EIS monitoring
of a commercial battery cell during its discharge process.
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