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Abstract—This article describes fundamentals of controllable
electrochemical impedance spectroscopy (cEIS), from circuit de-
sign to control and data analysis. In cEIS, a feedback system con-
trols the process of injecting the excitation signal. We design a two
degree-of-freedom robust control system, which guarantees track-
ing and stability of cEIS in the presence of model uncertainties. This
article also addresses the concept of persistently exciting signals.
cEIS using current driving mode (CDM) and voltage driving mode,
and their differences are highlighted. An online cEIS device is
designed and built based on the dc–dc buck converter for batteries
online applications, where the excitation signal is superimposed on
a dc level. The performance of the fabricated cEIS is evaluated
through extensive experiments in CDM. The accuracy of the fab-
ricated cEIS is tested, which results in 0.002 Ω root mean square
error in the impedance spectra computation of a three-parameter
Randles equivalent circuit model (ECM). The performance of the
fabricated cEIS is practically verified on a battery cell at differ-
ent C-rates. First-, second-, and fractional-order Randles ECMs
are estimated by using system identification methods, and their
impedance spectra are compared with those obtained through the
fast Fourier transform.

Index Terms—Batteries, electrochemical impedance spectro-
scopy (EIS), robust control, system identification.

I. INTRODUCTION

E LECTROCHEMICAL impedance spectroscopy (EIS)
has been a powerful tool for characterization, para-

meterization, and measurement of ohmic resistance, double
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layer capacitance, polarization, charge transfer, and diffusion
processes in electrochemical systems [1], [2]. EIS is employed
for fundamental research in cancer detection, [3]. It provides
tools for prostate [4], breast [5], [6], and skin [7] cancers diagno-
sis. It has wide applications in neural engineering for noninvasive
measurement of brain activities [8], and for in vitro and in
vivo analysis of medical implants in deep brain stimulation [9],
[10]. In energy systems, EIS is used for monitoring of energy
storage systems such as batteries [1], supercapacitors [11], and
fuel cells [12]. Several methods have been proposed for state-
of-charge (SOC) estimation in electrochemical energy storage
systems [13]–[15]. It has been shown that EIS can also be used
for state-of-health (SOH) estimation such as computational anal-
ysis of aging effects [16], [17], degradation mechanisms [18],
and internal temperature [19], [20] in electrochemical energy
storage systems.

This article focuses on batteries EIS. In EIS, an excitation
signal is injected into the battery, and its response is measured.
If excitation signal is electric current, the voltage response is
collected and vice versa. In [21], the excitation signal is electric
current, generated by using a microcontroller and embedded
digital-to-analog converter. However, the amplitude of the cur-
rent signal is in the range of several hundred microamperes,
which might not be sufficient to excite the battery cell. In [22]
and [23], the EIS hardware is a bidirectional buck-boost dc–
dc converter. In [22], a single-frequency sinusoidal signal is
superimposed on the pulsewidth modulation (PWM) signal,
which results in sinusoidal fluctuations on the battery current
and voltage. The single-frequency sinusoidal signal is applied
in an open-loop fashion. In [23], the excitation signal is a
step-function perturbation, injected within a feedback control
system. The application of triangular excitation current with
feedback control, is studied in [24]. In [25], a switched-inductor
ladder converter, with closed-loop control, is developed for cell
balancing and EIS. In [25], impedance spectra are obtained by
applying a random number of single-frequency sinusoidal cur-
rent signals to the battery. The majority of EIS devices are based
on the injection of a zero-mean excitation signal. As per [26]
and [27], the excitation signal is superimposed on the charge
or discharge current or voltage in this article, which makes it
suitable for online applications. In [26], an online EIS device
is designed based on dc-biased multisine and noise excitation
currents generated by a motor controller. An integrated EIS
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and high power battery charger is proposed in [27], based on a
full-bridge phase shift-zero voltage switching dc–dc converter.
In [27], a sweep signal with frequency range of 0.1–100 Hz
is superimposed on the dc charging current, and impedance
spectra of the battery are computed online by using the d− q
transformation.

In this article, we design a novel controllable EIS (cEIS)
device, based on the dc–dc buck converter. A two degree-
of-freedom (2DOF) robust control system is designed, based
on quantitative feedback theory (QFT), for the control of the
excitation signal [28], [29]. Other control methodologies are
easily applicable with no need to redesign the hardware. Rarely,
the battery model is considered in the design of EIS, [25], [27].
A feature of this article is to consider an integrated model of
the converter and battery and their uncertainties into the control
system design.

Batteries impedance spectra are mainly computed by using
Fourier transform or its modified versions such as fast and dis-
crete Fourier transforms, [21]–[24], [27]. Depending on the de-
sired requirements, an equivalent circuit model (ECM) is fitted to
the computed impedance spectra for quantitative analysis, [26],
[30]. Since, we usually measure data in time-domain, novel EIS
devices aim to directly estimate ECMs from time-domain mea-
surements of current and voltage signals, and plot the impedance
spectra of the ECM with no need to Fourier transforms [31], [32].
In the proposed cEIS, impedance spectra can be computed by
both of these methods, using the fast Fourier transform (FFT)
and system identification algorithms. For accurate estimation of
ECMs, the current–voltage data should be informative. To this
end, we also describe sufficient conditions that the excitation
current signal should satisfy, in order to make sure that an
informative dataset is achieved for cEIS. The effectiveness of
the proposed cEIS is evaluated experimentally, and results are
discussed. First-, second-, and fractional-order Randles ECMs
are estimated by using system identification methods, and their
impedance spectra are compared with those obtained through
FFT.

A. Contributions of this Article

In summary, the main contributions of this work are high-
lighted as follows:

1) An online cEIS device, based on the dc–dc buck converter,
is designed and tested experimentally. Both frequency-
and time-domain techniques are used for the computation
of the impedance spectra, and the results are compared.

2) A 2DOF robust control system based on QFT is designed,
which guarantees stability and tracking of cEIS in the
presence of model uncertainties.

3) The concept of persistently excitation is elaborated.

B. Outlines of this Article

In Section II, we describe the overall structure of a cEIS
device. Differences between current and voltage modes cEIS
are highlighted. The integration of cEIS to battery chargers is
also manifested. In Section III, we elaborate the structure and
design procedure of the robust control system. In Section IV, it

Fig. 1. Functional block diagram of batteries cEIS during the charge process.

Fig. 2. Power train based on the DC-DC buck converter.

is described how to choose the EIS excitation signal based on
the concept of persistent excitation. In Section V, we test the
fabricated cEIS in practice, and the results are discussed.

II. CEIS STRUCTURE, OVERALL OPERATION,
AND SPECIFICATIONS

Fig. 1 shows a general functional block diagram of a cEIS
device in battery systems engineering, during the charge pro-
cess. It consists of five main parts: power supply Vin, power
train, measurement circuit, feedback system, and data analysis
toolbox. The power train converts the energy of the power supply
Vin to a controllable excitation signal, superimposed on a dc
level, and injects it to the battery. The operation of the power
train is controlled by the feedback system. The battery’s current
and voltage data are transmitted to the data analysis toolbox for
the computation of impedance spectra, ECMs, etc. Due to small
amplitudes of excitation signals, a precision measurement circuit
is required to appropriately filter and amplify the battery current
and voltage. A central processing unit (CPU) is at the heart of
the system for the implementation of the control systems, data
acquisition, and analysis.

By the assumption that Vin is greater than the battery voltage,
we design a buck-based power train, as shown in Fig. 2. The
output LC filter of the converter withL = 30 μH andC = 10 μF
results in a bandwidth of about 1/(2π

√
LC) = 9.1 kHz, which

is sufficient for batteries EIS applications, [26], [32]. The con-
verter is operated at the switching frequency of 200 kHz. We
employ the STMicroelectronics’ STM32F4DISCOVERY kit as
CPU, with the STM32F407VG microcontroller. The control
signal is updated with a frequency of 20 kHz, which is suffi-
ciently smaller than the converter’s switching frequency. The
continuous current and voltage signals, passing through the
measurement circuit, are digitized with sampling frequency of
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Fig. 3. Measurement circuit.

Fig. 4. Photograph of the fabricated cEIS device.

20 kHz by a 12-b analog-to-digital converter, which is embedded
in the microcontroller. The digital data are sent to the computer
via a full-speed 12Mb/s USB port for further process. The diode
D2 is added in series with the inductor, in order to prevent the
reverse current.

A. Measurement Circuit

Fig. 3 shows the designed measurement circuit. The capac-
itors Cc’s remove the dc level, and operational amplifiers (op-
amps) are set up in the differential amplifier mode, to accurately
measure the EIS signals. The op-amps’ dc-offset, VB , is set to
half of its supply voltage, in order to have the maximum swing,
i.e., saturation limit. Precision shunt and measurement resistors,
with 1% tolerance values, are used. Fig. 4 shows a photograph
of the fabricated cEIS.

B. Current and Voltage Driving Modes cEIS

cEIS can be operated in current and voltage driving modes
(CDM and VDM), where current and voltage excitation signals
are controlled, respectively. Fundamentals of control system
design and data analysis are exactly the same for both CDM
and VDM. The only difference between them is the transfer
function that is used for the control system design. In CDM, the
transfer function from the PWM signal to the battery current is
used. Whereas, the transfer function from the PWM signal to
the battery voltage is utilized in VDM.

Fig. 5. Proposed 2DOF feedback control system.

Fig. 6. First-order Randles ECM.

C. Integration of the Designed cEIS to Battery Chargers

The designed cEIS performs the charging and EIS tasks
concurrently. In order to have a current-based charger, the
cEIS is operated in CDM. Likewise, the VDM cEIS is in fact
a voltage-based charger. In the chargers with mixed current-
voltage control, e.g., constant-current constant-voltage (CCCV)
battery chargers, cEIS switches between CDM and VDM modes.

D. cEIS During Discharge or Switching Between
Charge and Discharge

For cEIS during discharge, Vin in Fig. 1 is replaced with the
battery. The battery in Fig. 1 is replaced with a load. Fundamen-
tals of control, selection of the excitation signal, and extraction
of impedance spectra, which are presented in this article, remain
unchanged. It is only required to alter the transfer function,
according to the load’s dynamics and operating modes CDM
and VDM. For cEIS switching between charge and discharge,
the power train has to be replaced with a bidirectional converter.

III. FEEDBACK SYSTEM DESIGN

Fig. 5 shows the structure of the proposed 2DOF feedback
control system. The reference signal, r, is composed of the
desired excitation current, rAC, superimposed on the dc level,
rDC, as follows:

r = rDC + rAC. (1)

The selection of r is discussed in Section IV. The plant P is an
integrated model of the converter and battery in the uncertain
region P . The prefilter and feedback compensator, F and G,
are designed such that the closed-loop system is stable and the
battery current satisfactorily tracks the reference signal r for all
plants in P .

A. Integrated Model of the Converter and Battery

For the control system design, we use the first-order Randles
ECM, as shown in Fig. 6, [33]. This model is widely used in
EIS data analysis, [32], [33]. R∞ is the ohmic resistor, Rct

represents the charge transfer resistance, and Cdl denotes the
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TABLE I
UNCERTAINTY RANGE USED IN THE DESIGN

double layer capacitance. The values of these parameters depend
on the battery SOC and SOH. We design the control system for
a wide range of uncertainty that is reported in the literature [32],
[33]. The uncertainty region is given in Table I.

Let us assume that Vin is a well-rectified power supply. By us-
ing the averaging-method [34], an integrated state-space model
of the converter and battery is derived as follows:{

ẋ = Ax(t) +Bd(t)

y(t) = Ex(t)
(2)

where x = [iL vC vCdl
]T is the state vector, d(t) is the control

signal and the duty cycle of the PWM signal, and y is the battery
current to be controlled. An uncertainty could also be considered
on the inductor’s value. By assuming internal resistances Rl and
Rc for the inductor and output capacitor, the matrices of the
state-space model are given by the following:

A =

⎡
⎢⎢⎣
−RsRc+Rl(Rs+Rc)

L(Rs+Rc)
− Rs

L(Rs+Rc)
− Rc

L(Rs+Rc)
Rs

C(Rs+Rc)
− 1

C(Rs+Rc)
1

C(Rs+Rc)

Rc

Cdl(Rs+Rc)
1

Cdl(Rs+Rc)
− ( 1

Rs+Rc
+ 1

Rct
)

Cdl

⎤
⎥⎥⎦

B =
[
Vin
L 0 0

]T
, E =

[
Rc

Rs+Rc

1
Rs+Rc

− 1
Rs+Rc

]
and Rs = R∞ +Rshunt

If the ripple of Vin is considerable, it is suggested to add a
disturbance term in (2).

It is noted that the matrix E changes for the VDM cEIS as
follows:

E =
[

RcR∞
Rs+Rc

R∞
Rs+Rc

Rshunt+Rc

Rs+Rc

]
.

The transfer function from d to y is simply calculated as follows:

P (s) = E(sI −A)−1B. (3)

where s is the Laplace operator.
The same averaging-based method is applicable for the deriva-

tion of the transfer functions in CDM and VDM cEIS during
discharge.

B. Prefilter and Feedback Compensator Design

For the design of the prefilter and feedback compensator, the
control objectives are first defined. In this work, robust stability
and tracking performance are considered. For tracking perfor-
mance, the prefilter and feedback compensator are designed such
that the closed-loop response lies within an upper limit Mu,
and a lower limit Ml, for all P ’s in the uncertain region P , for
the frequency range of interest. This is formulated as follows

[28], [29]: ∣∣∣Ml(jω)
∣∣∣ ≤ ∣∣∣H(jω)

∣∣∣ ≤ ∣∣∣Mu(jω)
∣∣∣

for all P ∈ P, and ω ∈ {ωtracking}. (4)

where

H(s) = F (s)
P (s)G(s)

1 + P (s)G(s)
(5)

is the closed-loop transfer function from r to y. The tracking
performance is computed for frequencies within the tracking
bandwidth. The transfer functions of Ml and Mu are chosen,
based on the desired specifications in terms of the settling time,
overshoot, steady-state error, etc. The nature of the system is
also important for the selection of Mu and Ml. We define Mu

and Ml as follows, which aim to reach the steady state in about
10−4(s), with maximum 10% overshoot.

Mu(s) =
1(

1
620002 s

2 + 1.2
62000s+ 1

) (
1

65000s+ 1
)

Ml(s) =
1(

1
50002 s

2 + 2
5000s+ 1

) (
1

6000s+ 1
)

The robust stability is satisfied by applying the following
constraint: ∣∣∣ PG

1 + PG
(jω)

∣∣∣ ≤ γ

for all P ∈ P, and ω ∈ {ωstability} (6)

which guarantees the following gain and phase margins on the
uncertainty region, [28], [29]

G.M. = 1 + 1/γ

P.M. = 180◦ − 360 cos−1(0.5/γ)/π.

The robust stability condition (6) is typically computed for
frequencies above the tracking bandwidth. In this work, we
choose γ = 1.2, which implies G.M.≈ 1.83 and P.M.≈ 49.25◦.

Disturbance rejection constraint can easily be added to the
design. For instance, the following constraint is added for the re-
jection of the disturbance appearing at the input of the plant [28],
[29]: ∣∣∣ P

1 + PG
(jω)

∣∣∣ ≤ ∣∣∣W (jω)
∣∣∣

for all P ∈ P, and ω ∈ {ωdist-rejection} (7)

where W is the disturbance rejection weighting function.
The computation of (4), (6), and (7) results in a number of de-

sign bounds, which divide the Nichols chart into acceptable and
unacceptable regions. The feedback compensator G is shaped
such that the loop function

Lf (s) = PoG(s) (8)

lies within the acceptable region. In (8), Po is a nominal plant,
chosen from the uncertain region. It is shown that, QFT is robust
to the selection of the nominal plant [29], thus we randomly
choose the nominal plant. We compute the tracking bound (4)
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Fig. 7. Bounds for the design of the feedback compensator, and the loop-
function, which satisfies all bounds.

Fig. 8. Prefilter shaping in bode plot. Mu and Ml are the defined tracking
limits. Hu and Hl denote the upper and lower responses of the closed-loop
system, which are achieved by the designed G(s) (9) and F (s) (10).

for ωtracking = [3, 30, 300, 1000](rad/s). We also compute the
robust stability bound (6) for ωstability = [104, 105, 106](rad/s).
The intersection of the tracking and stability bounds is taken
for the design of the feedback compensator. Fig. 7 shows the
design bounds in the Nichols chart, computed by using the
QFT toolbox [35]. The loop-function at each design frequency
must lie above the associated solid lines, and below the dashed
lines. The loop-function should also not enter the high-frequency
stability contours. It is seen that the loop-function satisfies
all design bounds by using the following proportional–integral
compensator

G =
0.113(s+ 4.171× 104)

s
. (9)

The usage of the integral term improves the tracking perfor-
mance at steady state, [36].

The prefilter F is designed by shaping the closed-loop system
response H(s) in bode plot. Fig. 8 shows that, by using the
following prefilter:

F =
1

1
60000s+ 1

(10)

the closed-loop system response lies within the upper and lower
limitsMu andMl for all frequencies and uncertainties. In Fig. 8,

Fig. 9. Robust stability and tracking performance of the designed
2DOF. The reference signal r (Pink) is the summation of eight si-
nusoidal signals, with equal amplitudes 200 mA and frequencies f =
{100, 200, 300, 400, 500, 600, 700, 800}Hz, superimposed on 1300 mA dc-
level. The injected signal y (Blue) satisfactorily matches the reference signal
r in the presence of parameters uncertainties.

Hu and Hl denote the upper and lower responses of the closed-
loop system, which are achieved by the designedG(s) andF (s),
i.e., ∣∣∣Hl(s)

∣∣∣ ≤ ∣∣∣H(s)
∣∣∣ ≤ ∣∣∣Hu(s)

∣∣∣
with the designed G(s) and F (s) for all P ∈ P. (11)

For the prefilter design in linear systems, it is sufficient to locate
Hl and Hu between Mu and Ml.

For implementation in the microcontroller, the designed pre-
filter and feedback compensator are discretized by using the
Tutsin transform, with control sampling rate of 20 kHz.

Fig. 9 shows the performance of the designed 2DOF control
system on a Samsung’s Li-ion battery cell ICR18650-26JM,
with nominal voltage 3.63(V) and capacity 2.6(Ah). The ref-
erence signal r is the summation of eight sinusoidal signals
superimposed on 1300 mA dc-level, which is equivalent to
0.5 C-rate of the battery. The magnitudes of the sinusoidal
signals are equal to 200 mA, and their frequencies are f =
{100, 200, 300, 400, 500, 600, 700, 800}Hz. As it is seen, the
output current tracks the reference signal with a satisfactory level
of robust stability and performance with respect to the unknown
battery model. Small ripples on y are simply filtered in the data
analysis toolbox, because the converter’s switching frequency is
known.

IV. SELECTION OF THE REFERENCE SIGNAL

This section describes the selection of the reference signal,
r(t), which consists of the EIS excitation signal rAC, superim-
posed on a dc level rDC. In order to have an informative dataset
for EIS, the excitation signal rAC should be persistently exciting
of a proper order. A signal is said to be persistently exciting, if
it appropriately excites the system’s dynamics [37]. It is shown
that if the order of persistent excitation equals the number of
unknown parameters of the EIS model, an informative dataset is
achieved [33]. For instance, there are three unknown parameters
R∞, Rct, and Cdl, in the Randles ECM Fig. 6, thus, an excitation
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signal of order three is required for its model identification. Step
function is persistently exciting of order one [37], thus it might
not be a proper excitation signal for EIS. The multisine signal
in the form of

rAC(t) =

l∑
j=1

mj sin(ωjt+ φj) (12)

has received much attention for EIS, where l, is the number of
sinusoids, and mj , ωj , and φj are the magnitude, frequency,
and phase of the jth sinusoid, respectively, [26], [32], [33].
Each sinusoidal signal is persistently exciting of order two, thus,
the multisine signal rAC(t) is persistently exciting of order 2l
provided that ωj �= 0 �= π, for all j’s [37]. According to these
statements, if the ECM has N unknown parameters, then, l
in (12) should be chosen as follows in order to generate an
informative data

l ≥
{
N/2, if N is even

(N + 1)/2, if N is odd.
(13)

The phases φj’s is in radian and can be any random value.
However, if mj’s are equal, the Schroeder phase choice is
suggested as follows, which reduces the Crest factor, a desired
property of the signal waveform that is measured in system
identification [37]

φj =

⎧⎨
⎩

A random value, j = 1

φ1 − j(j − 1)

l
π, j ≥ 2.

(14)

The magnitude of r is important for EIS. It should be chosen
such that the battery works in the linear region. An empirical
approach for the linearity check is to increase the amplitude of
r until no frequency distortion is seen on the output. The higher
the amplitude of rAC, the better the EIS may achieve. Note that
the noise level also affects the selection of mj’s. [37, Ch. 2]
has provided more comprehensive information on the condition
between the noise level and the system spectra. The gain of the
measurement circuit may also require adequate tuning, in order
to bring the signals’ levels to the acceptable range. Finally, the dc
level rDC is chosen based on the desired C-rate and the amplitude
of the excitation signal rAC. Thus, an empirical tradeoff might
be required between rAC and rDC.

V. EXPERIMENTAL RESULTS AND DISCUSSION

Several experimental tests are run in order to verify the
performance of the designed cEIS.

A. Test #1: Accuracy of the Designed cEIS

This test is designed for the verification of the concept
of persistent excitation. A first-order Randles circuit is built
and connected to the cEIS device. We measured true values
of the circuit components by using an LCR meter, and they
are R∞ = 0.2199 Ω, Rct = 0.1108 Ω, and Cdl = 0.0239 F. Ac-
cording to (13), two summed-up sinusoidal signals are sufficient
to achieve an informative dataset. The frequencies of sinusoids
are arbitrarily chosen at 50 and 100 Hz. The phase of signals

Fig. 10. Impedance spectra of the first-order Randles ECM obtained through
tests #1 and #2.

Fig. 11. (a) Second- and (b) Fractional-order Randles ECMs.

is selected by using the Schroeder phase choice (14). By using
MATLAB SYSID toolbox [38], the parameters are estimated as
follows: R∞,estimated = 0.2175 Ω, Rct,estimated = 0.1101 Ω, and
Cdl,estimated = 0.0243 F. Fig. 10 shows the true and estimated
impedance spectra of the first-order Randles ECMs. The root
mean square error (RMSE) between the true and estimated
impedance spectra Z true and Zestimate, is calculated as follows:

RMSE =

√√√√∑M

i=1

(∣∣∣Z true
fi

∣∣∣− ∣∣∣Zestimate
fi

∣∣∣)2

M
(15)

where M denotes the number of sample points taken from the
curves of impedance spectra for the RMSE calculation. Each
sample point i = 1, . . . ,M is associated with a certain frequency
fi. |Z true

fi
| and |Zestimate

fi
| are the magnitudes of the true and

estimated impedance spectra at the sample point or frequency
fi, computed as follows:∣∣∣Zx

fi

∣∣∣ = √
(Re{Zx}fi)2 + (Im{Zx}fi)2. (16)

The superscript x represents the “true” and “estimate” terms.
In this test, an RMSE of 0.0027 Ω, measured over nine sample
points, was achieved between the true and estimated impedance
spectra, which is quite satisfactory. This test demonstrates that
a three-parameter first-order Randles ECM is accurately identi-
fiable by using an excitation signal composed of two sinusoids.

B. Test #2: Accuracy of the Designed cEIS

This test is rerun in order to verify the FFT algorithm, which
is employed in this work. A new excitation signal in the form of
(12), composed of nine summed-up sinusoids within the range
of 1 Hz up to 1 kHz is applied to the first-order Randles ECM test
#1. The phase of the sinusoidal signals is selected by using the
Schroeder phase choice (14). The impedance spectra obtained
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Fig. 12. Measured time domain signals consisting of 21 summed-up sinuous used in the test #3. (a) Excitation current rAC. (b) Response voltage.

from FFT are shown in Fig 10, which result in 0.0021 Ω RMSE,
a bit smaller than that obtained from SYSID.

C. Test #3: Impact of C-Rate, Identification of First-, Second-,
and Fractional-Order ECMs, and Comparison With FFT

A Samsung’s ICR18650-26JM Li-ion battery cell with nom-
inal voltage 3.63(V) and capacity 2.6(Ah) is tested using the
fabricated cEIS device. An excitation current in the form of
(12), consisting of 21 summed-up sinusoidal signals is applied
to the battery at two different C-rates: 0.2 and 1 C-rates. Then,
the impedance spectra of the battery are computed and plot-
ted through both FFT and system identification methods. At
0.2C-rate the excitation current is superimposed on 0.5 A dc
level. At 1C-rate, the excitation current is superimposed on
2.6 A dc level. The magnitudes of sinusoidal signals are equal to
mj = 15 mA, j = 1, . . . , 21, with frequencies varying between
1 Hz and 2 kHz. The phase of signals is selected by using the
Schroeder phase choice (14). Fig. 12 shows the excitation current
and voltage response of the battery during the test at 0.2C-rate.
DC levels are removed in Fig. 12 to highlight the superimposed
fluctuations.

The first-, second-, and fractional-order Randles ECMs,
shown, respectively, in Figs. 6 and 11 are identified by using
the time-domain data and system identification methods. For
the identification of the first- and second-order Randles ECMs,
the MATLAB SYSID toolbox [38] is used. The fractional-order
ECM is identified by using the proposed methodology in [32]
and MATLAB CRONE toolbox [39]. Estimated values of the
parameters are given in Table II.

Fig. 13 shows the impedance spectra, computed through the
FFT and system identification methods for both 0.2 and 1
C-rates. Since FFT directly measures the impedance spectra,
without the aid of modeling, we take it as the ground truth.
Test #2 also confirmed the FFT’s resolution. By using the
RMSE formula (15), the error between the FFT’s and first-order

TABLE II
ESTIMATION OF THE FIRST-, SECOND-, AND FRACTIONAL-ORDER RANDLES

ECMs PARAMETERS, BY USING THE SYSTEM IDENTIFICATION METHODS

AT 0.2 AND 1 C-RATES

TABLE III
RMSE BETWEEN THE IMPEDANCE SPECTRA OF FFT AND THOSE ESTIMATED

THROUGH RANDLES ECMS BY USING (15)

ECM’s impedance spectra is 0.0011 Ω for test at 0.2C-rate, and
0.00066 Ω for test at 1C-rate. The errors between the FFT’s
impedance spectra, and those obtained via the second-order, and
fractional-order ECMs is smaller as given in Table III. Thus,
the second- and fractional-order ECMs result in more accurate
estimations of the impedance spectra.

Fig. 13 also shows the impact of the C-rate on the impedance
spectra. By increasing the charge rate, internal temperature
of the battery increases, which in turn, facilitates the ionic
movements, and reduces the internal impedance. This is clearly
seen in Fig. 13 that the impedance spectra is shifted to the left
in the Nyquist diagram and the parameters of the estimated
ECMs, especially ohmic and charge transfer resistances, are
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Fig. 13. Impedance spectra of the battery in test #3, computed by using FFT, and identification of the first, second, and fractional-order Randles ECMs.
(a) 0.2 C-rate. (b) 1 C-rate.

significantly decreased at 1C-rate compared to 0.2C-rate. These
results confirm the literature [40], [41].

The voltage responses of the identified ECMs are plotted
in Fig. 12(b), which are very close to the measured voltage,
with RMSEs around 0.0008 V. This test illustrates that a good
fit in the time domain does not necessarily lead to the correct
estimation of impedance spectra in the Nyquist diagram. Further
research is required to study the map between the estimations in
time and frequency domains. Direct estimation of EIS models
by fitting to the impedance spectra in the Nyquist diagram, and
evaluation of the voltage response of the resulting EIS model
might help to address this issue.

VI. CONCLUSION

In this article, a novel cEIS device was developed by using the
dc–dc buck converter. A feature of cEIS is to control tracking
and stability of injecting the excitation signal in a closed-loop
fashion, in the presence of model uncertainties. This article
has focused on CDM cEIS during charging process. We also
addressed the development of cEIS to VDM and discharge
processes. The dynamics of the power train and battery, both
have been considered into the control system design. In this
work, we designed a robust control system based on the 2DOF
feedback structure. Other control techniques can be applied
without hardware change. Extensive experimental tests were run
to verify the effectiveness of the fabricated cEIS. Both time and
frequency domains approaches were used for the computation
of impedance spectra. We evaluated the performance of first-,
second-, and fractional-order Randles ECMs. We experimen-
tally demonstrated that the selection of an excitation signal by
using the concept of persistent excitation results in a RMSE
around 0.002 Ω in the identification of three-parameter Randles
ECM. We also showed that the distance between the impedance
spectra generated by FFT and those generated by the second-
and fractional order Randles ECMs is significantly smaller
than the distance between the impedance spectra generated by
FFT and those generated by the first-order Randles ECM. We
also verified the performance of fabricated cEIS at different
C-rates.

As a future research, development of a cEIS with bidirectional
power train is suggested, which can switch between both charge
and discharge processes. Development of diagnosis methods by
using the designed cEIS, and investigation of the map between
the EIS model identification in frequency and time domains are
also suggested for future research.
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