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Abstract—Electrochemical impedance spectroscopy (EIS) is a
method that is commonly used for determining the state of charge
and state of health of batteries and fuel cells. Historically, it was
used offline in research laboratories, but the rapid increase of
demand for fuel cells and battery storage to meet the accelerating
growth of electric vehicles and renewable energy has stimulated
research into online in-situ EIS. This paper presents an online EIS
technique integrated within the control and measurement system
of a neutral point clamped (NPC) inverter. This is achieved by
adding zero-sequence perturbation voltages to the inverter’s
reference three phase voltages. By connecting the battery
midpoint to the neutral point of the inverter, a perturbation
current flows into the battery. Measurement of the battery voltage
and current and subsequent spectral analysis are used to calculate
its impedance. To speed up the EIS measurement, the zero-
sequence voltage perturbation includes multiple sinewaves of 5
different frequencies, instead of a single frequency sinewave.
Furthermore, the phase angles of the sinewaves are optimised to
prevent inverter overmodulation thus preventing distortion of the
inverter’s output voltage. Detailed simulation results show close
alignment of the proposed EIS measurement with theoretical
values in the range of 0.01 Hz — 4 kHz, which covers the typical
range for batteries and fuel cells' interest frequency on the
spectrum.

Keywords—Electrochemical impedance spectroscopy (EILS),
Neutral point clamped (NPC) converter, Zero-sequence.

I. INTRODUCTION

The accelerating growth of electric vehicles and renewable
energy sources and the corresponding rapid increase in the
demand for batteries has stimulated research in developing rapid
online techniques for measuring and monitoring their state of
health and state of charge. Electrochemical Impedance
Spectroscopy (EIS) is a technique for testing and diagnosing the
states of charge and health of batteries and fuel cells [1].
Historically, it was used mainly in research laboratories to
investigate the fundamental electromechanical processes, but in
recent years it has been deployed in the field. Furthermore, the
EIS function is increasingly integrated within the power
electronic converters used to interface the batteries to their
charging sources or loads, e.g., electric vehicle motors,
renewable energy sources and the grid. Most of the relevant EIS
studies employ DC/DC converters. In [2], an EIS function is
integrated within the control system of a boost converter
interfacing a PEM fuel cell to the DC bus. EIS single frequency
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sweep perturbation is added to the current reference of the
converter’s controller at high EIS perturbation frequency. In the
low EIS frequency range, the signal is added to the voltage
control loop reference. Huang et al [3] add the EIS perturbation
to the duty cycle of the boost converter. In [4] and [5] EIS
functionality is integrated within full-bridge phase shift zero-
voltage switching DC/DC converters for PEM fuel cell interface
and battery charging, respectively. Islam and Park demonstrated
precision EIS implementation in a buck DC/DC battery charger
[6]. Wang et al. [7] proposed an EIS system integrated within a
dual HB bridge converter for measuring the impedance of series
connected lithium batteries. Dam and John [8] discuss the
implementation of a high-resolution EIS within a grid connected
converter comprising an AC/DC and a DC/DC converter. They
proposed using an interleaved DC/DC converter to improve
output voltage resolution. In [9] and [10], different interleaved
converter topologies and interleaved phase numbers are studied
to improve output voltage ripple, as well. Furthermore, Hong et
al. [11] proposed a parallel DC/DC converter with one converter
used to produce EIS perturbation and the other for controlling
the output voltage. This decouples the two functions and
mitigates output fluctuations seen for example in [2] — [4], thus
enabling continuous operation and removing the need for
disconnecting the fuel cell or battery when the EIS function is
activated.

When considering practical battery applications, e.g., in
high-power electric vehicles, the battery state may change
quickly with time and temperature, hence a fast EIS approach
may be needed to achieve real-time measurement. The speed of
performing the EIS measurement depends on the type of
excitation used. Generally, there are two types of signals, as
illustrated in Fig. 1: single frequency excitation and broadband
excitation. The single-frequency excitation has a strong energy
density concentrated in one frequency and a high signal-to-noise
ratio (SNR). On the other hand, for broadband excitation, the
energy is distributed over a wide range of frequencies on the
spectrum of interest, making it more susceptible to background
noises than single-frequency excitation. However, the
broadband approaches can measure a range of frequencies
simultaneously, thus significantly reducing the measurement
time.

Table I presents a summary of broadband methods used in
converter-based EIS systems reported in recent research papers.
Most studies use the multi-sine EIS approach, as thanks to the
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Fig. 1. Types of EIS excitation signals.

orthogonal characteristic of sinusoidal signals, multi-sine
excitation can be easily implemented. In [12] — [16], the number
of sinewaves range from three to seventeen, while it can be ever
higher. However, in-situ converter-based EIS should also
consider the impact on the converter’s primary function and the
quality of its output and losses. The greater the number of sine
frequencies included, the higher the total amplitude of the multi-
sine injected into the control reference, which can result in
output distortion. To address this issue, [ 12] uses the generalised
reduced gradient method to minimise the multi-sine peak
containing seventeen frequencies. In addition, [14] mentions
that adjustment of the phase shifts of frequencies involved can
also minimise the summation amplitude of a multi-sine signal.

Time-variant frequency sine chirp excitation is studied for
the converter-based EIS methods in [14], [17]. The short-time
Fourier transform (STFT) is used in the signal extraction process
to acquire the maximum possible information from the chirp
signal. The characteristic of the chirp signal is such that its
energy is concentrated at the high frequency end, leading to a
poor SNR in the low-frequency spectrum.

Other broadband methods, like step excitation and random
binary excitation, are also investigated in [18] — [20]. The step
excitation is similar in theory to the multi-sine but with the
amplitude decreasing with the order of harmonics. The signal
energy density is therefore concentrated on the fundamental and
low-order harmonics and has poor SNR at high frequency. The
spectrum's signal energy density distribution and signal
amplitude affect the EIS performance. Therefore, to uniformly
distribute signal energy over the spectrum range of interest,

binary sequence excitation methods are investigated for EIS
measurements, e.g., Pseudo-Random Binary Sequence (PRBS)
in [19] and Discrete-interval binary sequence (DIBS) in [20].

This paper proposes an online EIS method integrated within
a three-phase neutral point clamped (NPC) converter using a
multi-sine excitation. Unlike most existing studies which focus
on DC/DC converters, the NPC converter operates as a DC/AC
inverter. The structure of the NPC inverter allows for
performing online EIS by injecting zero-sequence voltages to
the inverter’s references, which does not distort its output
currents. Moreover, according to the proposed method, the
phases of the multi-sine excitation components are optimised to
maximize the battery voltage/current perturbations, while
preventing inverter overmodulation. Sections II and IIT describe
the method's operating principles and multi-sine signal
optimisation, while Sections IV and V present the simulation
model and results verifying the accuracy of the proposed
approach.

II. NPC CONVERTER-BASED EIS

The proposed NPC converter-based EIS method is
illustrated in Fig. 2. The key novelty of the structure lies in
connecting the NPC's neutral point to the mid-voltage point of
the battery bank and applying EIS perturbation signal via zero-
sequence voltage injection into the inverter’s voltage references.
Injecting a zero-sequence voltage component results in
charging/discharging current with distinct frequency
components into/from the battery banks. Nevertheless, the zero-
sequence voltage injection does not adversely affect the output
power quality, since the injected zero-sequence terms are
cancelled in line voltages and currents. It is noted that the above
approach is not applicable to conventional two-level inverters,
due to the lack of a neutral point connection at their DC-bus.

The typical interest frequency range in the electrochemical
impedance spectrum for lithium batteries is from 0.01 Hz to
10 kHz [21] — [22]. Considering the sampling theorem
requirement, the maximum sample frequency would be at least
20 kHz to cover a spectrum up to 10 kHz. The sampling
frequency is the PWM carrier frequency ( fiarrier ) In the

TABLE L REPORTED POWER CONVERTER-BASED BROADBAND EIS METHODS
Excitation Converter Topology fsw Energy Storage Type EIS Bandwidth Ref.
Multi-sine FD‘g}];é“ :;’I‘fcrﬁfgnous boost 100 kHz PEM fuel cell 0.1 Hz to 5 kHz [12]
Multi-sine gg%fgggﬁd 100 kHz Lead-acid battery 0.1 Hz to 10 Hz [13]
Sweep Sine, Multi-sine, Chirp gg%fgﬁiﬁf}om ) 20 kHz Lff%ﬁgﬁ;&frryy 0.02Hzto2kHz | [14]
Multi-sine gg%fﬁﬁ“ 20 kHz Li-ion battery 0.1 Hz to 5 kHz [15]
Multi-sine gg;gét“s’;‘slcﬁff;fjs“gﬁck 200 kHz Li-ion battery 40Hzt0200Hz | [16]
Chirp ggggsﬁﬁzzhi fred full-bridge 60 kHz Lead-acid battery 0.1 Hz to 1 kHz [17]
Step g‘g;le)%’s‘s’;;zi‘jomus boost 200 kHz Li-ion battery 10 Hz to 9 kHz [18]
PRBS i‘(‘:t}g(yjcgihgz v rectifier 85 kHz Li NMC battery 50 Hz to 300 Hz [19]
DIBS ge(l:t;eDr(};,S(s)}l/l;(c:;?onous boost 40 kHz Li-ion battery 0.1 Hz to 1 kHz [20]




Limiter

3-phase
references

Jefio ¥

| T
| Battery bank NPC
| under test |

Fig. 2. Proposed three-phase NPC converter-based EIS method.
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proposed method. In [23], it can be found that the battery
equivalent circuit’s (ECM's) resistance dominates the
impedance at the high frequency of the impedance spectrum
(>500 Hz), where the double layer capacitance and Warburg
impedance become negligible. Hence, the battery impedance
ranges from 0.01 Hz to 4 kHz still provides sufficient
information for battery diagnosis and management. This allows
the converter switching frequency to set to 10 kHz, which avoids
excessive switching losses in the NPC inverter. To estimate
impedance, a set of lock-in amplifiers are used to extract the
corresponding phasor quantities of the voltages and currents
and then calculate the battery impedance at different
frequencies. The process is repeated over an appropriately
selected frequency range, as discussed in the following section.

III. OVERMODULATION PREVENTION OPTIMISATION

To generate high-quality output currents, inverter
overmodulation must be avoided. Overmodulation can be
caused by zero-sequence voltage injection, as this typically
increases the peak values of the reference voltages. Thus, the
inverter modulation index needs to be maintained below 1 to
leave some space for zero-sequence voltage injection, while the
waveform of the latter must be such that the peaks of the
resulting reference voltages do not exceed 1 either. For the case
of single-sine excitation, it is straightforward to select the
amplitude of the injected zero-sequence voltage so that the

TABLE II. MULTI-SINE EXCITATION SIGNAL FREQUENCIES AND
OPTIMISED PHASES
Order 1 2 4 6 8
1 base 0.01Hz | 0.02Hz | 0.04Hz | 0.06 Hz | 0.08 Hz
50° 300° 150° 0° 250°
I hage 0.1 Hz 0.2 Hz 0.4 Hz 0.6 Hz 0.8 Hz
75° 45° 15° 350° 310°
3 hage 1 Hz 2 Hz 4 Hz 6 Hz 8 Hz
330° 235° 45° 165° 300°
4" base 10 Hz 20 Hz 40 Hz 60 Hz 80 Hz
180° 160° 0° 180° 0°
5t hase 100Hz | 200Hz | 400Hz | 600Hz | 800 Hz
335° 105° 55° 235° 105°
6" base 1000 Hz | 2000 Hz | 4000 Hz - -
0° 0° 225° - -

above condition is met. With reference to multi-sine excitation,
however, the frequencies, amplitudes and phases of the
different sine waves must be carefully selected to avoid
overmodulation. In this study, 5 frequencies were used to form
each multi-sine zero-sequence voltage signal, spread evenly
between two successive base frequencies, as shown in Table II.
The inverter was assumed to operate with modulation index
M = 90%, while the amplitudes of all sine waves were set to
10% of the DC-link voltage, V'pc. Depending on the phases of
the sine waves, the peak values of the reference voltages could
therefore reach 1.4 X Vpe, which would cause severe
overmodulation. Overmodulation could be avoided by reducing
the amplitude of the sine waves, but this would also reduce the
respective battery voltage/current signals required for EIS. The
measures in the following two paragraphs are therefore
proposed in this paper, which guarantee that a) the inverter will
not overmodulate, and b) the EIS measurements will be
maximized for a given inverter modulation index and sine wave
frequencies.

A. Limiting of the Zero-Sequence Voltage Amplitude

If v,,V,,V, are the three-phase inverter references
normalised to the DC-link voltage, the normalised injected
multi-sine zero-sequence voltage is limited between the two
values below:

Vz,min = _Vpk - min{Va ’ Vb ’ VC} (1)

Vz,max = Vpk — maX{Va ’ Vb ’ VC} (2)

where Vp,, is the desired peak value of the normalised reference
waveforms. To allow for zero-sequence voltage injection, V,,
must be higher than the inverter modulation index, while to
prevent overmodulation, it must be lower or equal to 1:

M<V, <1 3)

Setting Vi to 1 results in a discontinuous PWM strategy,
which will have an effect on the output power quality. In this
study, given that M was assumed to have a maximum value of
0.9, Vp,, was set to 0.95.

B. Sine Wave Phases Optimisation

The limits described in the previous paragraph will alter the
form of any multi-sine zero-sequence voltage waveform, as it
clamps it between V;, 1, and V; .4, The clamping reduces the
amplitude of the voltage/current harmonics at the respective
frequencies, thus hindering EIS measurements. Nevertheless,
this effect can be minimized by appropriately setting the phases
of the multi-sine waveform. Namely, for a given set of
frequencies (listed in Table II) the 5 phases of the sine waves
must be selected so that the integral of the clamped portions of
the multi-sine waveform is minimised. Due to the large number
of variables involved, this task is not straightforward to perform
analytically. Thus, the proposed approach is to employ an
optimisation algorithm, namely the Particle Swarm
Optimisation (PSO) algorithm [24], for determining the optimal
phases. The objective function of the PSO algorithm is defined
as follows:
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The design variables @ ... @g stand for the phases of the
multi-sine voltage, V,,;, consisting of 5 sine waves with angular
frequencies w; ... wg, respectively, all with amplitude A. The
multi-sine voltage lost due to clamping, as a function of time,
is represented by V;,¢;, While the period, T, of the integral for
f(X) is set according to the fundamental (output), f,, and base
frequency, f;:
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Furthermore, for given values of M and Vp, , the
optimisation procedure can be performed offline, by generating
V., Vy, V. numerically according to the inverter modulation
strategy and calculating V;, ;,;, and V; 0, from (1) — (2). This
approach was adopted in this paper, assuming that the selected
modulation strategy was the carrier-based equivalent of Space
Vector Modulation (SVM), for which the injected zero-
sequence voltage is:

TABLE III. MODEL PARAMETERS OF THREE-PHASE NPC INVERTER
AND SIMPLIFIED LITHIUM-ION BATTERY ECM
Parameter Value Unit
Ve DC input voltage 800 \'
Cc1, Co,  |DC-link capacitors 4.08 mF
Ly Output filter inductors 0.05 mH
Cp Delta-connected capacitors 340 uF
Ry Load resistance per phase 4 Q
Ly Load inductance per phase 6.56 mH
fo Load frequency 50 Hz
frarrier |Carrier frequency 10 kHz
ocv Open-circuit voltage 3.7 \'
R Series resistor 76.4 mQ
R Charge transfer resistance 47 mQ
Cy Double-layer capacitance 1.731 F
Ry 1 Parallel resistance _for Warburg 20 mo
- impedance approximation
Cu 1 Parallel Capacnanc.e for' Warburg 5500 F
- impedance approximation
Ru » Parallel resistance .for Warburg 30 mo
- impedance approximation
Cur 2 Parallel capacitance forv Warburg 450 F
- impedance approximation
Ry s Parallel resistance _for Warburg 170 mo
- impedance approximation
Cu s Parallel Capacnanc.e for' Warburg 6000 F
- impedance approximation
Npat s Number of battery cells in series 216
Npat p Number of battery cells in parallel 100

max{V,,V, ,V.} + min{V,,V, , V.
Vz,SVM= {a b 0}2 {a b c} (9)

The PSO algorithm was executed in MATLAB (particle
swarm function) once for each Base frequency, with a swarm
size of 40 particles and 20 maximum iterations. The derived
phases for each sine wave, shown in Table II, were used in the
simulations presented in Section V.

IV. SIMULATION MODEL

This section outlines the battery and power circuit
modelling using MATLAB/Simulink to validate the proposed
approach.

A. Lithium-Ion Battery Model

A simplified equivalent circuit model (ECM), Randles
equivalent circuit, is taken for lithium-ion battery modelling to
represent the electrochemical and physical properties of
batteries for simulation, shown in Fig. 3. The open circuit
voltage (OCV) is a function of the state of charge. The series
resistor (Rg) represents the electrolyte and electrodes resistance.
The capacitor (Cy;) represents the double-layer capacitance that
models the charging behaviour at the electrode-electrolyte
interface, and the resistor (R.;) represents the charge transfer
resistance for modelling the load-related voltage drop over the
interface of the electrolyte and electrode. To model the lithium
ions diffusion behaviour in batteries, a frequency-dependent
coefficient, the Warburg impedance (Z,,) is used in Randle’s
ECM. However, it is not possible to model the Warburg
diffusion behaviour using ordinary differential equations,
Laplace transforms, or basic electric circuit elements. Therefore,
this paper uses three R, C,, branch circuits to approximate the
Warburg impedance. The drawback of this approximation
method is that R, C,, need to vary with battery temperature to fit

ocv

Fig. 3. Equivalent circuit model approximation of for the Warburg impedance
using three R, C,, branches.
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diffusion behaviour in reality [25]. Still, using the model to
verify the EIS measurement method in simulation is reasonable.
The simplified battery ECM parameters from [26] — [27] are
presented in Table III. The battery bank comprises a 216 series-
connected X 100 parallel-connected 3.7 V cells matrix, giving a
total DC-link voltage (Vp) of approximately 800 V.

B. Power Circuit Model

The battery bank is used as the input DC voltage source for
the NPC converter. The neutral point of the NPC converter is
connected between the top and bottom halves of the battery
bank. Two DC-link capacitors, C; and C,, to provide a low-
impedance path for the pulsating currents at the DC side. At the
inverter output, a three-phase inductor (L) and a set of delta-
connected capacitors (C},) are connected to filter PWM ripple.
The inverter’s load is a star-connected three-phase RL load with
resistance R;; and inductance L;; . All simulation model
parameter values are given in Table III.

V. RESULTS AND DISCUSSION

The simulation results in Figs. 5 — 8 confirm that the multi-
sine EIS perturbation applied via the zero-sequence voltage
injection does not distort the inverter output currents, while
accurately estimating the battery EIS spectrum in the frequency
range of interest.

Fig. 5 refers to the case of applying the proposed method
with a base frequency of 0.01 Hz. Figs. 5(a) and (b) illustrate the
inverter reference voltages and output currents. It can be
observed that the reference signals are clipped and limited
between + 0.95 (= V). Nevertheless, the induced distortion on
the inverter phase voltages does not affect the output current
quality, which remains sinusoidal. As explained in Section II,
this is because the injected component is zero-sequence (i.c.,
common-mode), is cancelled between the phases and thus does
not affect the inverter line voltages. Figs. 6(a) and (b) illustrate
the waveforms for the base frequency of 100 Hz. In both cases,
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comparing the theoretical impedance value to the proposed method’s estimates
(blue) and the estimates when operating with overmodulation (green).
multi-sine phase optimisation has been applied, reducing the
part of the excitation signal loss. The bar charts in Fig. 7 present
the amplitude and phase of the voltage/current harmonics (for
the top battery pack) at the respective frequencies shown in
Table II, derived from the lock-in amplifiers. Division of
(complex) voltage by current gives the battery impedance at
each frequency. It is noted that suitable voltage measuring
equipment will be required in practice, since the amplitudes of
the voltage harmonics are in the order of a few mV for each
3.7 V battery pack.

Fig. 8 presents the EIS impedance Nyquist diagram for the
entire frequency range of 0.01 Hz to 4 kHz. The red dashed line
represents the simplified ICR18650-26F ECM impedance
obtained from the Laplace transform. The impedance values
estimated by the proposed method are shown as blue o/x marks
for the top/bottom battery pack, respectively. It can be observed
that the battery pack electrochemical impedance spectrum
estimated by the simulations is aligned with the theoretical
values. Moreover, indicative results for the case of allowing
inverter overmodulation (i.e., not applying the proposed zero-
sequence voltage-limiting technique) are shown with green
marks in the graph. It can be seen that overmodulation adversely
affects the accuracy of the EIS measurements, as the relevant
estimates deviate from the theoretical values. Besides, the

inverter output currents are distorted in this case, as well. The
proposed method avoids both downsides.

VI. CONCLUSION

In this work, an NPC inverter-based multi-sine EIS method
was presented. Its novelty lies in using the unique characteristic
of the NPC inverter structure to connect its neutral point and the
mid-voltage point of the battery bank and then producing the
perturbation on battery packs via zero-sequence voltage
injection, which, unlike existing methods, does not deteriorate
the quality of the inverter output voltages and currents.
Furthermore, the proposed optimised multi-sine excitation
prevents inverter overmodulation and offers a shorter measuring
time than single-frequency excitation methods. The method has
been verified using detailed simulations which confirm its
accuracy over the typical EIS frequency range for lithium
batteries.
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