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Multi-Purpose Controllable Electrochemical
Impedance Spectroscopy Using Synchronous Buck

Converter
Mohammad Abareshi, Erfan Sadeghi, Mehrdad Saif, Mohsen Hamzeh, Seyed Mohammad Mahdi Alavi

Abstract—In this paper, we propose a multi-purpose control-
lable electrochemical impedance spectroscopy (MP-cEIS) device
for online and offline battery monitoring and testing during
charge and discharge processes. The proposed MP-cEIS device is
based on the widely used synchronous buck converter, with a low-
cost and simple input filter to provide the bidirectional operation.
It also includes a closed-loop feedback system to control the
injection of the EIS excitation signal. For the control system
design, an average model of the proposed MP-cEIS is derived.
Two methods, based on H∞ and quantitative feedback theory
(QFT), are presented for the design of a robust controller, which
guarantees the stability and tracking of the excitation signal
despite model uncertainties. The excitation signal in the proposed
MP-cEIS is programmable. The performance of the proposed
MP-cEIS is evaluated experimentally, with multi-sine and swept-
sine signals, and the results are shown.

Index Terms—Electrochemical Impedance Spectroscopy (EIS),
Power Converters, Robust Control, Batteries.

I. INTRODUCTION

Electrochemical impedance spectroscopy (EIS) is widely
used as a standard technique for battery testing, [1]. Early
EIS devices are mainly suitable for laboratory tests and off-
line operations, [3]. With the rapid growth of electric vehicles,
there is however a demand for online EIS to test the battery
during its normal operations in both charge and discharge
modes.

In EIS, the battery impedance spectra are calculated and
analyzed by injecting an excitation signal into the battery and
measuring its response. If the excitation signal is current, the
voltage is measured or vice versa.

The basic idea behind the online EIS is to superimpose the
excitation signal on the charge-discharge current or voltage
signals, whereas, the DC part of the excitation signal is zero in
the offline EIS. Based on the validity theorem, [2], the battery
internal states must be stable during EIS. This condition makes
the online EIS more challenging, in particular for high-power
applications such as electric vehicles, where the battery is
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exposed to high dc currents and time-varying internal states.
In such applications, a fast online EIS, within a short period,
is required to ensure the internal states’ stability. However,
the fast EIS might cause some limitations to acquire the low-
frequency impedance spectra, which require a longer EIS.

In [3], an online EIS technique is developed, which tests the
battery during the discharge mode. In the presented approach,
multi-sine or noise excitation signals are generated by using a
motor control system, superimposed on the discharge current.
More recently, significant attempts have been made to design
converter-based power electronics for online EIS. In [4],
sinusoidal fluctuations are generated on the battery discharge
voltage, by sinusoidal perturbations of the duty cycle of a boost
converter. However, it is not clear how the duty cycle should
be perturbed in order to generate a specific excitation signal
such as multi-sine and swept-sine with specific amplitudes.
In [5], the same structure is used for online EIS by using the
step-function excitation signal, and fast Fourier transformation
(FFT). The designs in [6]–[10] deal with online EIS during
charging process. The design in [6] is based on a full-bridge
converter, controlled in the constant-current constant-voltage
charging mode to generate a superimposed swept-sine excita-
tion signal. In [7] and [8], asynchronous and synchronous buck
converters are developed for online EIS in chargers working
in current control modes. The online EIS designed in [9] is
based on the boost converter-based battery charger. In [10], a
switched-inductor ladder converter is designed for online EIS
in parallel with cell-balancing.

This brief literature review confirms that there is a lack
of online switching EIS devices, with the capability to work
in both discharge and charge modes without any need to
change the hardware or control system. Reference [11] uses
two separate unidirectional current sources to excite the battery
in charging and discharging states for battery testing.

In this paper, we propose a multi-purpose controllable EIS
(MP-cEIS) device for online and offline applications, with
the capability to switch between the discharge and charge
modes without any need to change the hardware or control
system. The novel contributions of this work are summarized
as follows:

- By adding a low-cost and simple input filter, the widely
used synchronous buck converter is developed to support
the bidirectional operation in MP-cEIS.

- The average model of the proposed MP-cEIS is developed
for the control system design.
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Fig. 1. Schematic of the bidirectional converter, utilized for bidirectional and
controllable EIS (bc-EIS). The positive direction of iUTB and iL2 is shown.

- Two design methods based on H∞ and quantitative feed-
back theory (QFT), are described for the robust control of
the excitation signal despite model uncertainties. In [8],
the QFT-based design was just explained.

- The performance of the proposed MP-cEIS is evaluated
experimentally, with multi-sine and swept-sine signals,
and the results are shown.

The rest of the paper is organized as follows. In section II,
the schematic, operation, and modeling of the proposed bc-EIS
circuit are described. In section III, the design of the QFT and
H∞ robust control systems are explained. Finally, practical
implementation and results are presented in sectionIV.

II. POWER ELECTRONICS: SCHEMATIC, OPERATION, AND
AVERAGE MODEL

Figure 1 shows the proposed power electronics, which is
based on the well-known synchronous buck converter. The
novelty is to add the filter F1 to make iUTB a continuous
signal with respect to time for bidirectional EIS. Overall, the
MP-cEIS consists of two LC filters F1 and F2, and two semi-
conductor switches, S1, and S2, which control the direction of
the current flow. The under-test battery (UTB) is connected to
the input of F1. A DC bus, by using supercapacitors [12] or
batteries [13], is connected to the output of F2, with V2 < V1.

The overall operation of the presented MP-cEIS is as
follows. First, a reference current signal r(t) is defined. As
elaborated in [14] and [8], the selection of r(t) should be
chosen based on the concepts of persistent expiation and
system identification.

The responsibility of the robust control system is to switch
S1 and S2 on and off by an appropriate duty cycle d, such
that the current iUTB satisfactorily tracks the reference signal
r in the presence of uncertainties. It should be noted that the
gate signal S1 is toggled of the gate signal S2. In addition, the
desired and actual currents r(t) and iUTB are positive when
UBT is tested during the discharge process, and are negative
during charge. During the offline test, the offset (i.e., mean)
of r(t) and iUTB is zero.

Figure 1 shows the MP-cEIS power electronics for a bat-
tery module with series cells. The impedance spectra of the
i−th battery cell are computed by using iUTB and Vcelli .
The computation of the impedance spectra was elaborated in
literature [3], [8], [14], [15]. By using the same bidirectional

converter, a programmable MP-cEIS device could also be
designed for battery packs consisting of parallel modules,
to test all modules simultaneously, or individually, with the
same or different excitation signals. It should be noted that
fundamentals of the control system design, discussed in section
III, also remain unchanged in the development of the MP-cEIS
to battery packs applications.

By using the well-known averaging method [16], a small-
signal state-space model of the bidirectional converter is given
by:

˙̂x(t) = Ax(t) +Bu(t) +Bdd(t), (1)
y(t) = Hx(t) (2)

where, x, y, d, and u are small-signals of[
iUTB iL2 vC1 vC2(t)

]T
, iUTB , duty cycle, and[

v1 v2
]T

, respectively, and

A =
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1
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 , B =


1
L1

0

0 0
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C2Rs


Bd =

[
0 0 V2−V1

C1(Rs+Ron+DRb)
0
]T
, H =

[
1 0 0 0

]
where, D is the duty cycle at steady state, Ron is internal
resistance of the switches, Rs is internal resistances of the
DC bus, and Rb is internal resistance of battery cells.

The plant’s transfer function from d to iUTB is obtained as
follows:

P (s) = H(sI −A)−1Bd (3)

where, s is the Laplace operator.

III. QFT AND H∞ ROBUST CONTROL SYSTEMS DESIGN

Consider the standard control system Figure 2. In this
control structure, the current of UTB, iUTB is measured and
compared with the reference signal r(t). The difference is
fed into the controller G(s). The objective is to design a
robust controller G(s), and generate a desired duty cycle for
the semiconductor switches S1 and S2, such that, the current
iUTB(t) satisfactorily tracks the reference signal r(t) with
respect to the existing uncertainties P , while the stability of
the closed-loop system is also preserved. In this section, we
propose two methods for the design of the robust controller
G(s) based on H∞ and QFT theories. In both methods, the
robust stability and performance constraints are firstly defined.
In QFT, these constraints result in some bounds in Nichols
chart [17], [18]. The controller is then designed by shaping
the system frequency response to satisfy these bounds. In
H∞, the controller is obtained through various computational
algorithms; algebraic Riccati equations, semidefinite program-
ming, linear and bilinear matrix inequalities (LMIs and BMIs),
nonsmooth optimization, etc., see [19] and reference therein.
There are Matlab toolboxes for both QFT [20], [21] and H∞
[22].

In the following, the QFT and H∞ design methods are
briefly explained for robust control of the excitation current
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Fig. 2. Structure of the Robust Control System.

in MP-cEIS, with the circuit values given in section IV, and
uncertainties on the internal resistances of the battery cells and
DC-bus between 1 to 200mΩ.

A. QFT Robust Control
The following constraints are needed for the design of the

QFT-based robust controller.

∣∣∣ PG

1 + PG
(jω)

∣∣∣ ≤ γ (4)

for all P ∈ P, and ω ∈ {ωstability}

|Ml(jω)| ≤
∣∣∣∣F GP

1 +GP
(jω)

∣∣∣∣ ≤ |Mu(jω)| (5)

for all P ∈ P, and ω ∈ {ωtracking}

The constraint (4) guarantees the robust stability by pro-
viding a desired gain and phase margins over the uncertainty
region P , and desired frequencies ωstability. The constraint (5)
deals with the tracking performance, which pushes the closed-
loop system response to lie between a lower band, Ml, and
an upper band, Mu over the frequency range of ωtracking .
The selection of γ, ωstability, Ml, Mu, and ωtracking was
elaborated in [8]. In this work, we choose γ = 1.2 and
ωstability = {106, 107}rad/sec which implies G.M.≈ 1.83 and
P.M.≈ 49.25◦. We also choose

Ml(s) =
1(

1
100002 s

2 + 2
10000s+ 1

)(
1

7500s+ 1
)(

1
5000s+ 1

)2
Mu(s) =

1(
1

75002 s
2 + 1

7500s+ 1
)

which, guarantee the maximum overshoot of around 15% and
settling time of the closed-loop response to be around 2msec.
We compute the tracking performance for frequencies below
the desired bandwidth, ωtracking = {1, 10, 100, 103}rad/sec,
where the magnitude of Ml and Mu is 0dB. In such a case,
the is no need for the pre-filter, which is usually used in the
QFT robust control systems. In order to guarantee zero steady-
state error, a controller is designed with appropriate integral
terms.

The solutions of (4) and (5) divide the Nichols chart into
acceptable and unacceptable regions at each design frequency.
The feedback compensator G is shaped such that the loop-
function Lf (s) = PoG(s) lies within the acceptable region
for a given nominal plant Po. Fig. 3 shows the design bounds
in the Nichols chart, computed by using the QFT toolbox [21].
It is seen that the loop-function satisfies all design bounds by
using the following integral controller

GQFT (s) =
150

s
. (6)

Open-Loop Phase (deg)
-360 -315 -270 -225 -180 -135 -90 -45 0

O
p
en

-L
o
op

G
ai

n
(d

B
)

-150

-100

-50

0

50

100

150

! = 1 rad=sec

! = 10 rad=sec

! = 100 rad=sec

! = 103 rad=sec

! = 106 rad=sec

! = 107 rad=sec

Fig. 3. The bounds for the design of the feedback compensator, and the
loop-function, which satisfies all bounds. The loop-function at each design
frequency lies above the corresponding solid lines, and below the dashed
lines. The loop-function does not enter the high-frequency stability contours.

B. H∞ Robust Control

In H∞ theory, the controller is obtained by solving the
following design constraint, [19]∥∥∥∥ WTT

WSS

∥∥∥∥
∞
< 1 (7)

where, S and T are the sensitivity and complementary sensitiv-
ity functions, respectively. WT and WS are the corresponding
weighting functions. For tracking performance, WT is chosen
such that the gain of its inverse is unity below the bandwidth.
Above the bandwidth, the gain of W−1T decreases with a
desired rate. For consistency with the QFT design, we choose
WT = M−1u . The weighting function WS is complementary to
WT , i.e., its gain is small below the bandwidth, and becomes
large above that. In this work, a proper WS is given by:

WS =
0.8333s+ 4× 105

s+ 4000
. (8)

For consistency with the QFT design, an integral controller
is designed by using the fixed-structure H∞ design method
[19]. The H∞ problem (7) is computationally solved by using
generalized gradients and bundling techniques and Matlab’s
hinfstruct command, which results in the following integral
controller

GH∞(s) =
41.2

s
. (9)

IV. PRACTICAL IMPLEMENTATION AND RESULTS

A photo of the fabricated MP-cEIS is shown in Figure
4. Two series lithium-ion battery cells are tested. Another
lithium-ion battery is used as the DC-bus. Components of
the bidirectional converter is chosen as: L1 = 3.3µH, L2 =



4

Fig. 4. Photograph of the experimental setup.

11.2µH, C1 = 1µF, C2 = 100µF . The switching frequency
is set to 200kHz. The STMicroelectronics’ microcontroller
STM32F407VGT6 is used for the digital implementation
of the designed robust controllers (6) and (9). The Tustin
transform is used for obtaining the discrete format of the
controllers. The control signal is updated with the rate of
200kHz. The current signal iUTB is sampled by the sampling
frequency fsampling = 200kHz.

 

(a) Multi-sine excitation current
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Fig. 5. Tracking of multi-sine and swept-sine excitation currents during online
and offline modes using the proposed QFT and H∞ controllers.

It is shown in Fig. 5 that the excitation current generated
and controlled by the MP-cEIS satisfactorily tracks the desired
reference signals. Without loss of generality, two widely used
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Fig. 6. Schematic of current measuring circuit.

reference signals are tested: multi-sine and swept-sine signals.
The reference multi-sine signal is the sum of four sinusoidal
signals with the equal amplitudes of 20mA, and frequencies
10, 50, 100, 200Hz. The amplitude of the swept-sine signal
is 40mA with the frequency varying between 40 and 200Hz.
Both signals are superimposed on +120mA and -120mA DC
during discharge and charge processes, respectively. Figure 5
shows the performance of the MP-cEIS with the proposed QFT
and H∞ controllers (6) and (9). It is seen that iUTB generated
and controlled by the MP-cEIS satisfactorily tracks the desired
reference signals with both QFT and H∞ controllers.

As shown in Fig. 6, the high-side current-sensing method
was used to measure the current accurately. In this method,
which uses a shunt resistor, the voltage drop across the shunt
resistor (Rshunt = 0.1Ω) is amplified (22 times here) and
given to the ADC microcontroller unit. The full transfer
function of the circuit is provided below.

Vo = IinRshunt
R5

R4
(10)

In order to calculate the maximum shunt resistance, the
maximum voltage across the shunt is considered 100mV.

Rshunt =
Vmax

Imax
=

100mV

1A
= 100mΩ (11)

The gain of the amplifier is set to maximize the output swing
range.

Gain =
VOmax − VOmin

(Iimax − Iimin)Rshunt
(12)

V. CONCLUSIONS

We proposed a buck-converter-based power electronics for
multi-purpose controllable electrochemical impedance spec-
troscopy (MP-cEIS) for online and offline battery monitoring
and testing during charge and discharge processes. By adding
a filter, controllable continuous currents are generated at both
sides of the buck converter for bidirectional EIS. We designed
and implemented two robust control systems for the presented
MP-cEIS, by using QFT and H∞, considering battery model
uncertainties. The effectiveness of the proposed MP-cEIS was
tested experimentally on a battery module with series cells,
and we also discussed about the extension to battery packs
applications.
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