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Abstract. Battery impedance can provide valuable insight into the condition of the battery. Commercially
available impedance measurement instruments are expensive. Hence their direct use in a battery management
system is not justifiable. In this work, a 3-kW bi-directional converter for charging and discharging a battery
bank has been implemented with the capability of impedance measurement. The converter is grid connected and
controlled to operate at unity power factor. Additional requirements on filter design and control structure of
battery converter for impedance measurement are discussed. An algorithm has been developed to measure
impedance by frequency sweep, avoiding transients. The measured impedance has been compared to that from a
commercially available impedance measurement equipment and is shown to have a good match.
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1. Introduction
Batteries play an important role as energy storage devices
for renewable energy sources, electric vehicle and many
other applications. A battery bank is interfaced to load
through a power converter, which controls the charging and
discharging of the battery. Often the battery bank is
responsible for most of the cost of the storage system.
Battery should be utilized properly so that maximum battery life can be obtained. Hence, battery health should be
monitored continuously. For monitoring battery health in
battery management system one needs to track two variables—state of charge (SOC) and state of health (SOH).
SOC is defined as the ratio of available charge at a point of
time to total charge capacity of the battery. SOH is defined
as the ratio of present charge storage capacity to initial
charge storage capacity when the battery was new [1].
The method of battery health monitoring is preferred to
be non-intrusive. Such a method needs a relation between
SOC and SOH with easily obtainable parameters like terminal voltage, current and temperature. Fundamental
methods of energy conversion in battery have been modelled in electro-chemical domain. Although this model
gives good estimate, it requires high computation resources,
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long time and battery specific information [2]. hence it is
not suitable for health monitoring. On the other hand, datadriven approaches like Neural Network, Support Vector
Machine and Fuzzy Logic do not need any model and give
reasonable accuracy [3]. But they need a large amount of
training data and can lead to incorrect result if the data-set
is biased [3, 4]. Equivalent circuit models make use of
simplified electrical circuit to model battery response.
These models are simple but cannot predict battery
response under varying load [2, 3]. To address these issues,
other approaches like Kalman-filter and impedance-spectroscopy-based-estimation have been developed, which use
simplified model as well as run-time data to take care of
aging effect and uncertainty in modelling [3]. It is stated in
[4, 5] that Kalman-filter-based estimation processes may
diverge under certain conditions and their accuracy is
dependent on initial values. Impedance-spectroscopy-based
estimation uses simple-small signal linear electrical model
of the battery. Hence it is easier to implement in hardware.
However, it suffers from temperature dependence [6], long
measurement time and costly measuring equipment [4].
Despite these drawbacks, it has been used for estimating
SOC and SOH in literature [6–9].
In this work, the necessary hardware and algorithm have
been developed so that impedance spectroscopy can be
performed by a bidirectional battery charger, shown in
figure 1 without the need for a dedicated instrument for it.
A similar work has been reported in [10]. This work
describes the necessary control structure for controlling
low-amplitude perturbation and an algorithm suitable for
fast impedance measurement in low-frequency range,
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2.1 AFEC
This converter has H-bridge topology connected to grid
through an inductor and a step-down transformer. The
inductor is designed to minimize harmonics injected to the
grid. This converter plays the role of interfacing the grid
with dc bus. It takes power from grid at unity power factor
when the battery is being charged, and feeds power to grid
when battery discharges. For this purpose the controllers for
AFEC must know the grid phase. The grid phase is estimated by a phase-locked loop [11]. The dc bus voltage is
chosen based on battery voltage rating. A step-down
transformer is used to bring down the grid voltage so that
dc bus voltage is sufficient for inverter operation.

–
Figure 1. Converter topology for interaction between grid and
battery.

which were not reported in those publications. A simple
measurement circuit also has been used to measure battery
impedance in a desired frequency range. The necessity of
low-amplitude perturbation at low frequency has been
discussed in detail. Another major difference of topology of
this work from previously mentioned works is that this
topology employs a grid-connected active front end converter (AFEC) to avoid wastage of energy during testing of
battery. The organization of the paper is as follows. Section 2 explains the hardware topology of the grid-connected
converter. Important aspects of implementing impedance
spectroscopy and small signal model have been discussed
in section 3. Section 4 explains the control structures.
Section 5 describes necessary measurement circuit and
algorithm and section 6 contains experimental results.

2. Converter topology
The converter topology chosen is a versatile topology,
shown in figure 1. It can be used either as grid-connected
battery testing and characterization set-up or as a backup
system of grid-connected load or storage system for
renewable energy sources. For testing and characterization
applications this topology allows sending back power to
grid while battery is discharging, thus saving considerable
energy. For backup and storage application, the load or the
renewable source is connected to the dc bus through
another dc–dc converter. This part is not shown in figure 1.
The battery connected in this system can supply the load in
case the grid fails or it can store the excess energy produced
by renewable source to feed the grid later when power
demand is high, thus improving the power quality. The
topology has two back-to-back connected converters: an
AFEC and a dc–dc converter.

2.2 Dc–dc converter
The dc–dc converter controls the charging and discharging
of the battery. Hence this converter plays an important role
for testing and characterization of the battery. Any desired
load profile can be generated by this converter. However,
the load should be within the safe range of operation
specified by the manufacturer to avoid rapid deterioration
of battery health.
Battery manufacturers specify that current in the battery
should be dc; ac components in current can reduce battery
life. Hence the filter at the output of the dc–dc converter
should be designed to keep current ripple to a minimum
value. An LC filter would be sufficient for a resistive or
inductive load. But battery has large double layer capacitance. Hence the ripple current is shared by filter capacitor
and battery. Thus, an LCL filter is necessary for proper
attenuation of switching frequency component. Appropriate
damping must be provided to damp out resonant frequency
oscillations. A split capacitor damping scheme is adopted
here as shown in figure 2 [12].
The objective of LCL filter design is to minimize current
ripple in battery such that battery health is not affected by
high-frequency current. However, LCL filter in a converter
used for impedance measurement, must also ensure that
current ripple magnitude is less compared with current
perturbation during impedance spectroscopy.
The designing of the power circuit filter to have low
ripple current is necessary for measurement of impedance.
Switching frequency is not a multiple of the frequency of
measurement. Hence, switching frequency ripple cannot be
eliminated by Fourier series analysis.
The switching frequency ripple present in measured
voltage and current must be filtered out by a low-pass filter
in measurement circuit. The cut-off frequency of the lowpass filter has been set to 1 kHz (one decade higher than the
highest measurement frequency of 100 Hz). Hence, this
cut-off frequency is 1.3 decade below the switching frequency (20 kHz). A second-order low-pass filter can provide attenuation of more than 50 dB. The magnitude of
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Figure 2. Split capacitor damping scheme for LCL filter.

switching ripple in measured battery current and voltage
must be low, so that it becomes negligible after 50 dB
attenuation.
In this work, current perturbation amplitude is 100 mA
and switching ripple in battery current is chosen to be 5
mA peak–peak. Thus, after attenuation of 50 dB in measurement circuit, the measured switching ripple becomes
less than 0.02% of amplitude of measured current
perturbation.
Hence, impedance measurement imposes tight current
ripple requirement on the power circuit filter design. Thus,
the filter size increases and filter becomes bulky in case of
an L filter. Use of LCL filter, instead of L filter, reduces
filter size and cost. Although system cost is increased, it
may be justified in terms of benefits of impedance-based
health monitoring.
In general, low battery ripple current is desirable from a
high-performance charger, even though there are no
specific standards to be met. Hence the power circuit can be
considered as a high-performance charger.

3. Impedance spectroscopy
Battery terminal voltage and current exhibit non-linear
internal characteristics. However, battery can be assumed
to be linear for small-signal perturbation about an operating point. Under this condition, it can be assumed to be
an ideal voltage source with an impedance in series. This
impedance is measured in impedance spectroscopy over a
frequency range and fitted to an impedance model to
extract model parameters, which are functions of SOC and
SOH of the battery [13]. Impedance measuring equipments are commercially available. But owing to their very
high cost, their usage is limited to research and development. Solartron CellTest System [14] is one such instrument, which is used in this work to compare the obtained
results. One of the aims of this work is to perform
impedance spectroscopy with a VSI-based two-level
power converter instead of using any dedicated measurement equipment.

3.1 Small-signal perturbation
In order to measure the impedance at a certain frequency, a
sinusoidal perturbation of current has to be produce,
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causing a voltage perturbation at that frequency. Then the
magnitude and phase of impedance can be measured.
However, the perturbation should be small enough so that
the voltage perturbation amplitude is less than 10 mV/cell
[1, 6] where the nominal cell voltage of lead-acid battery is
2 V. This limit ensures that the measurement is carried out
under linear condition.
Impedance can be measured by producing voltage perturbation, causing current perturbation, or producing a
current perturbation, causing a voltage perturbation. In
either way the power converter must apply sinusoidal
voltage of amplitude less than 10 mV/cell in addition to a
dc voltage. Hence output voltage resolution of the converter
must match the requirement to produce such a small
perturbation.

3.2 Frequency range
The frequency range of measurement is an important criterion. During the entire time of measurement, drift in
system should be negligible. Hence the measurement
should be as fast as possible. Hence, higher frequency range
is preferable in terms of measurement time. In [9], the
transition frequency at which impedance is purely resistive
is used to estimate SOC. This frequency lies in the range of
a few hundred Hz and it is suitable for quick measurement.
However, [15] suggests that the lower frequency of impedance measurement is suitable for characterization and the
lowest frequency should be less than 10 mHz for studying
the aging effect. To find out usefulness of measurements at
different frequencies, the impedance of a 12 V, 9 Ah VRLA
battery is measured by a standard commercial equipment
Solartron CellTest System [14] in the frequency range
1 mHz–1 kHz at different SOCs. The results are plotted in
figure 3.
It can be observed that variation of impedance with
respect to SOC is more over frequency range below
100 mHz. This means that lower frequency range contains
more information about battery condition. However, measurement over lower frequency range requires large amount
of time and risks possible system drift. Thus, selection of
the lowest frequency of the frequency range is a trade-off
between measurement time and accuracy.
Although higher frequency range is attractive in terms of
speed of measurement, impedance is inductive over that
range. Inductance of battery is attributed to electrodes and
connecting leads, which do not change with battery condition. Hence, measurement at higher frequency does not
provide battery internal information.
The highest frequency of measurement is chosen to be
100 Hz (experimental results show only upto 50 Hz).
Switching frequency of the converter is chosen based on
filter requirement and switching loss. This switching frequency (20 kHz) is capable of injecting 100 Hz sinusoidal
current in the battery.
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replaced by a capacitor then the best case rms errors for
curve fitting become 18:66% and 22:35% for real and
imaginary parts, respectively.

4. Converter control structure
The controller of AFEC has the task of taking power from
or feeding power to grid at unity power factor. The controller of the dc–dc converter controls the charging and
discharging of the battery and facilitates impedance
spectroscopy.

4.1 Controller for AFEC

Figure 3. Variation of real and imaginary part of impedance with
frequency at different SOC.

3.3 Small-signal model
The measured impedance data are fitted to a linear model of
cell impedance. This model can be empirical or derived
from physical processes in the battery. However, physicalprocess-based model provides better fitting to experimental
data [13]. A widely accepted model of battery cell is the
finite Warburg impedance model [6], consisting of RC
networks and a frequency-dependent impedance. The
model is shown in figure 4.
Here, the impedance ‘Zw ’ is the finite Warburg impedance. The expression for this impedance that reflects the
diffusion through a layer of electrolyte is given in (1):
pﬃﬃﬃﬃ
Wb ð1  jÞcothðWc ð1 þ jÞ xÞ
ð1Þ
pﬃﬃﬃﬃ
Zw ¼
:
x
The suitability of this model is shown for a 12 V, 9 Ah
VRLA battery in figure 5. Impedance data at 70% SOC are
fitted to the finite Warburg model. Figure 5 shows that the
fit is good with rms error 4.88% for real part and 5.05% for
imaginary parts. If the finite Warburg impedance is

Figure 4. Small signal model of the battery with finite Warburg
impedance network [1].

The control structure of AFEC is shown in figure 6. The
objectives of AFEC are to regulate dc bus voltage in a tight
range and to control sinusoidal input current with low THD
and at unity power factor. The inner loop controls the
current by a proportional resonant controller. The outer
loop controls the dc bus voltage using a PI controller [16].
In figure 6, Vgðff Þ is a feed-forward term derived from
measured grid voltage to reduce controller output swing,
Ifdb is measured grid current, VdcðfdbÞ is the measured dc bus
voltage and hpll is the phase of grid voltage estimated by
Synchronous Reference Frame PLL. This PLL is preceded
by a Second-Order Generalized Integrator (SOGI) block to
generate orthogonal vector and to filter out unwanted frequencies. The bandwidth of PLL has been chosen to be 50
Hz as suggested in [11]. The PR controller is implemented
by the structure shown in figure 7 where Tsmp is the sampling interval.
‘xo ’ is the grid frequency estimated by the PLL. The
selection of parameters of PR controller is preceded by
designing a PI controller of desired bandwidth; later PI
parameters are converted to PR parameters as described by
[17].

4.2 Controller for dc–dc converter
The controller of the dc–dc converter controls the battery
voltage only at the last part of charging and it controls
battery current during remaining charging–discharging
cycle. Impedance spectroscopy is also performed in current
control mode. During the current control mode, the reference given to the controller is shown in figure 8. For
charging and discharging the ac reference is turned off.
During impedance spectroscopy, ac reference that is turned
on and dc reference can be either zero for impedance
measurement under no load or a desired value for impedance measurement under load.
As discussed earlier, impedance measured over lower
range of frequencies has higher importance for monitoring
battery health. Hence, the frequency range of ac reference
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Figure 5. Measured impedance data points and curve fitting at
70% SOC of a 12 V, 9 Ah VRLA battrey.

Figure 6. Double loop control structure of grid connected bidirectional active front end converter.

Figure 7. Implementation of PR controller in discrete domain.

typically lies between a few mHz and a few hundreds of
Hz. The controller should ensure zero or negligible steadystate error at dc and in this frequency range.
Although frequency range of reference is low, the controller should be as fast as possible without any overshoot.
Faster response of controller causes the transients to die
down quickly, thus saving valuable time, especially at low
frequency.
LCL filter of the dc–dc converter is designed to have
large attenuation at switching frequency since high-frequency ripple is detrimental to battery health [18]. The
resonant frequency of such filter is on the order of a few
hundred Hz. If a single loop control system is designed to
control the battery current by taking it as a feedback, as
shown in figure 8a, the open loop transfer function has 180
phase lag around resonant frequency of the LCL filter and
control bandwidth will be limited to that frequency [19].
For example, the LCL filter with component values as
shown in table 1 has a resonant frequency of 288 Hz.
Hence, the maximum bandwidth can be only 288 Hz.
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On the other hand, if the converter side inductor current
is controlled as shown in figure 8b, then higher bandwidth
can be achieved [19]. In this work, this control loop is
controlled by a PI controller to have a bandwidth of 1.9 kHz
as depicted in the Bode plot of the open-loop transfer

as shown in figure 9. Now,
function between Iind and Iind
the transfer function Ibat ðsÞ=Iind ðsÞ has unity gain for lower
range of frequency. Hence, this scheme may be sufficient
for dc reference tracking in terms of steady-state error, but
it leads to reduction in bandwidth. This reduction can be
seen clearly from the Bode plot shown in figure 10 where
the blue dotted lines are magnitude and phase plots of

closed–loop transfer function between Iind and Iind
and the
green continuous lines are the magnitude and phase plots

. In the magnitude plot, bandwidth is
between Ibat and Iind
given by the frequency up to which the gain is more than
3 dB. Hence, it can be noticed that even if the Iind control
loop has bandwidth of 1.9 kHz, the actual bandwidth for
controlling the battery current Ibat is 320 Hz, thus, the
improvement in bandwidth is lost. Moreover, in the range
of 80–320 Hz. the gain is more than unity. This means that
in this range of frequency, battery current will be more than
the reference current, which may exceed the upper limit of
ac excitation for ensuring validity of linear battery system
assumption. All these limitations lead to the use of a double-loop control structure.
The double-loop control structure is shown in figure 8c.
With this structure and using the PI controller and lead
compensator, a bandwidth of 800 Hz is achieved for control
of Ibat . The magnitude and phase of the open loop transfer

function between Ibat and Ibat
are is shown by the blue
dotted line in figure 11. This figure also shows that a phase
margin of 70 is achieved. Now, it can be observed from
this magnitude plot (blue dotted line) that the gain is less
than 40 dB in the frequency range 10–800 Hz. At least
40 dB gain is required at a certain frequency if steady-state
error should be lower than 1% at that frequency.
When impedance spectroscopy is performed by the single
sine excitation method, the ac current reference contains only
one frequency. At that frequency the steady-state error should
be very low. Hence, high gain at a particular frequency can be
achieved by using a proportional resonant controller. This
controller is connected in series with the existing outer loop PI
controller. This combination of PI and PR controllers is termed
as the Proportional Integral Resonant controllers or PIR controller. Now, the inclusion of PR controller should not change
the bandwidth and phase margin of the system. Hence the
proportional gain of the PR controller is taken as unity. The
transfer function of the PR controller is
GPR ¼ 1 þ

s2

Kr s
:
þ x20

ð2Þ

This transfer function can be expressed in the following
form from the point of view of implementation shown in
figure 7,
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In order to design the PR controller the maximum possible shift in resonant frequency need to be determined first.
The shifted resonant frequency due to discretization [20] is
given in Eq. (5), where ‘Ts ’ is sampling time;

(a)



2
1 x0 Ts
¼ sin
Ts
2
 
x00 sin1 x02Ts
¼ x0 Ts  :
)
x0
2

x00

(b)

ð5Þ

ð6Þ

The ratio of shifted to ideal ‘x0 ’ in Eq. (6) becomes 1 when
‘x0 Ts ’ is small. Hence, deviation of resonant frequency is
maximum for the maximum value of ‘x0 ’. For the worst
case, the ratio of maximum shifted ‘x0 ’ to ideal ‘x’ is
given by

(c)



1 x0ðmaxÞ Ts
sin

2

¼ x
:
0ðmaxÞ Ts
x0 x0 ¼x0ðmaxÞ
x00

ð7Þ

2

Hence, the maximum relative frequency deviation due to
discretization is given by

(d)
Figure 8. Control structures of dc–dc converter, (a) single loop
‘Ibat ’ control, (b) single loop ‘Iind ’ control, (c) double loop control
with PI controller and (d) double loop control with PIR controller
in outer loop.

Table 1. Bidirectional dc–dc converter parameters.
Quantity
dc bus voltage
Filter inductance
Filter capacitance
Damping resistance

Symbol

Value

Vdc
L
C
rd

120 V
650 lH
470 lF
1X

Kdis

 0

x0  x0 


¼

x
0





sin1 x0ðmaxÞ Ts


2

¼  x
 1:
0ðmaxÞ Ts


x0 ¼x0ðmaxÞ
2

There is further shift in resonance frequency due to quantization. This shift of resonance frequency is caused mainly
by truncation of the product ‘x0 Ts ’ due to a finite number
of bits of variable in which it is stored [20]. The variable
used here is a 16-bit variable in which 14 bits are used for
storing fraction, which means the per unit is represented by
214 . The maximum truncation error can be 1 LSB, i.e.,
1=214 . Hence, the maximum relative shift in resonant frequency ‘x0 ’ is given by
 0

1
x 0  x 0 

 ¼ 214 :
 x
 x T
0

GPR ¼ 1 þ
K1 ¼

K1 x0 s
;
s2 þ x20

ð3Þ

Kr
:
x0

ð4Þ

The PR controller is implemented by forward and backward
Euler approximation for simplicity in implementation. This
implementation suffers from the limitation of shift in resonant frequency ‘x0 ’ due to discretization and quantization
[20]. Fortunately, the PR controller is capable of providing
high gain in the vicinity of resonant frequency. Hence, the
parameter ‘K1 ’ in (3) must be chosen such that PR controller can provide sufficient gain at resonant frequency
even if it shifts from its ideal value.

ð8Þ

ð9Þ

0 s

This error is maximum when frequency is the lowest. From
figure 11, it can be observed that the PI controller alone can
provide 40 dB gain for frequency below 10 Hz. Hence the
lowest frequency up to which the PR controller is supposed
to provide gain is taken as 10 Hz. For this minimum ‘x0 ’,
i.e., ‘x0ðminÞ , the maximum relative frequency deviation is
given by

Kqnt

 0

x0  x0 


¼

x
0

¼
x0 ¼x0ðminÞ

1
214

x0ðminÞ Ts

:

ð10Þ

Hence, combining both frequency shifts due to discretization and quantization, the upper limit of relative shift in
frequency is given by
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Hence, at x = xm , the PR controller should provide sufficient gain ‘m’. Thus, at frequency ‘xm ’, the gain provided
by PR controller is given by

M

GPR ðjxm Þj ¼ M
)1þ

ðK1 x0 xm Þ2
ðx20

x2m Þ2



ð13Þ

¼ M2



pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ x0 xm 
2

K1 ¼ M  1  :
xm x0

F

ð14Þ

ð15Þ

P

The ratio x0 =xm can be found out from Eq. (12) and using
that value, ‘K1 ’ can be found out from Eq. (14).
Another value of ‘K1 ’ can be obtained by phase consideration. The PR controller also provides phase lag at
gain cross-over frequency,‘xg ’, reducing phase margin. Let
the permissible reduction in phase margin due to incorporation of PR controller be ‘h’; then

F
Figure 9. Magnitude and phase plots of open loop transfer

function between ‘Iind ’ and ‘Iind
’.

\GPR ðjxg Þ ¼ h
)  tan h ¼

K1 x0 xg
x20  x2g

"

x2g  x20
) K1 ¼ tan h
x0 xg
M

) K1 ¼ tan h

ð16Þ
ð17Þ
#

xg x0

:
x0 xg

ð18Þ

ð19Þ

From Eq. (17), the phase lag provided by PR controller at
‘xg ’ is higher if ‘x0 ’ is closer to ‘xg ’. Hence, the maximum
lag occurs at the maximum value of ‘x0 ’. At this condition,
the value of ‘K1 ’ is given by

F

xg
x0ðmaxÞ



x0ðmaxÞ
:
xg

ð20Þ

P

K1 ¼ tan h

F
Figure 10. Magnitude and phase plots of inner loop transfer

function Iind ðsÞ=Iind
ðsÞ under close loop condition (blue dotted

with open outer battery current
line) and transfer function Ibat =Iind
loop and closed inner current loop (continuous green lines).

Kshift ¼ Kdis þ Kqnt :

ð11Þ

Let ‘xm ’ be a frequency near resonant frequency ‘x0 ’ such
that


xm  x0 

 ¼ Kshift :
ð12Þ
 x

0

Equations (12) and (15) give the lower limit of ‘K1 ’ and
Eq. (20) gives the upper limit of ‘K1 ’. In this work, value of
‘K1 ’ is chosen based on these equations for ‘x0 ’ varying in
the range 10–100 Hz. For frequencies below 10 Hz, the PI
controller gives sufficient gain ([40 dB). The green continuous curves in figure 11 shows the magnitude and phase
plots of the open-loop transfer function between ‘Ibat ’ and

‘Ibat
after final design, while figure 12 show the close-loop
gain and phase of the system. From these two figures it can
be seen that the controller provides sufficient gain at dc and
the frequency of measurement. Table 2 shows the chosen
controller parameters for the 3 kW setup (figure 13) after
final design.
If impedance spectroscopy is done by applying excitation
containing multiple frequencies, then multiple PR controller blocks have to be used.
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Table 2. Controller parameters after final design.
Controller

Parameter

Designed value

Kp
KI
Kp
KI
K1

0.073
43.8
2
1000
0.7

Inner loop PI
M

Outer loop PIR

F

5. Measurement and calculation

P

Measurement of voltage and current perturbation is a critical task. The difficulty comes from the fact that the current
and voltage magnitudes are very small. Moreover this small
voltage is added with large dc voltage. Current perturbation
will also be added to a large dc quantity if measurement is
done using the same power circuit that is used for charging
and discharging the battery.
F

M

Figure 11. Magnitude and phase plots of open loop transfer

function between ‘Ibat ’ and ‘Ibat
’ with PI controller (dotted blue
lines) and with PIR controller (continuous green line).

F

5.1 Measurement circuit
The small current and voltage signals have to be discretized
and converted to digital information by analog to digital
converter (ADC). Resolution of ADC depends on number
of bits. To sample a very low signal, ADC needs to have
high resolution using high number of bits, which leads to
high cost. This additional cost can be avoided if the small
signal can be amplified. If a large dc quantity is present
along with the small perturbation signal then it will saturate
the amplifier. A dc cancellation network is required to
cancel the dc component and a low-pass filter is needed to
attenuate noise. The structure of filter–amplifier circuit used
in this work is shown in a block diagram form in figure 14.
After amplification the signal is fed to FPGA (the digital
controller) through an ADC.
The op-amps used in this circuit should have very low
offset drift, otherwise the offset drift may be comparable to
the voltage to be measured. In this work, low offset op-amp
OP07C from TI is used, whose maximum input offset
voltage is 150 lV and drift of input offset voltage is
0:5 lV=o C.

P

5.2 Impedance calculation

F
Figure 12. Magnitude and phase plots of close loop transfer

function between ‘Ibat ’ and ‘Ibat
’ with PI controller (dotted blue
lines) and with PIR controller (continuous green line).

The real and imaginary parts of the impedance are evaluated by calculating real and imaginary parts of both current
and voltage perturbations by Fourier series analysis in
discrete domain at fundamental frequency implemented in
FPGA. The expressions for Fourier series coefficients of a
signal x(t) of time period T at the fundamental frequency
are as follows:
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Figure 13. The hardware setup: (a) IGBT modules with heat-sink and dc bus capacitor in the bidirectional converter, (b) filter elements
in the dc–dc converter and (c) battery under test.

2
ac ¼
T

ZT

 
2pt
xðtÞ cos
dt;
T

ð21Þ

 
2pt
xðtÞ sin
dt:
T

ð22Þ

0

2
bc ¼
T

ZT
0

Equations (21) and (22) are discretized for a sampling rate
of ‘N’ samples per cycle. The discretized equations are
given by (23) and (24), where ‘xk ’ is the ‘k’th sample:


N 1
2X
2pk
ad ¼
xk cos
;
N k¼0
N

ð23Þ



N 1
2X
2pk
xk sin
bd ¼
:
N k¼0
N

ð24Þ

The amplitude and phase of signal ‘x’ is given by
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
jxj ¼ a2d þ b2d ;
\x ¼ tan1

 
ad
:
bd

ð25Þ

shown in figure 15. The algorithm waits before taking a
measurement for the transients to die down below an
acceptable level. If transients are present, calculated coefficient values of two consecutive cycles will not match.
This is used to detect the steady state. If this tolerance for
mismatch is very low, measurement time will increase.
Hence, the choice of tolerance is a trade-off between
accuracy and speed of measurement. In this work, 3%
tolerance is considered to be acceptable.
The notations and abbreviations used in flow chart are
described here
IS_enable : status of the toggle switch that initiates
impedance spectroscopy,
ai,bi: Fourier co-efficient of current,
av,bv: Fourier co-efficient of voltage,
read_addr: address where the frequency command is
stored in a look-up table. Frequency command is read from
that address and controller generates perturbation of that
frequency.
write_addr: address where the co-efficients ai, bi, av and
bv are stored. Separate memory blocks are used for each of
the co-efficients. Hence the same address can be used for all
of them.

ð26Þ

Equations (23)–(26) are applied to both voltage and current
perturbations to obtain their magnitude and phase. They can
be used to obtain real and imaginary parts of the impedance. These calculations would be more accurate for
higher value of ‘N’. But higher value of ‘N’ will need more
computation resources and large memory to store the lookup table. The value of ‘N’ is chosen as 1024 in the hardware
implementation.

5.3 Algorithm of impedance spectroscopy
Impedance is measured in this work by a frequency sweep
from high to low frequency. The algorithm used here is

Figure 14. Block diagram of filter–amplifier circuit.
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Figure 16. Waveforms during impedance spectroscopy. Channel
1: Voltage perturbation, scale = 5V/div, sensor gain = 240;
Channel 2: current perturbation, scale = 5V/div, sensor
gain = 50; Time scale = 10 s/div.

Figure 15. Flow chart of algorithm of performing impedance
spectroscopy.

DFT: discrete Fourier transform. This is performed only
at fundamental frequency since a single sine perturbation is
used.
ai_stored, bi_stored, av_stored, bv_stored: they are the
variables where ai, bi, av, bv are stored temporarily.
ai , bi , av , bv : tolerance of variation of co-efficients ai,
bi, av and bv.
freq_count: number of frequencies at which impedance
has been measured so far.
freq_num: total number of frequencies at which impedance has to be measured.

5.4 Impedance of a battery bank
If the health conditions of the batteries in a battery bank are
similar and they are charged and discharged together, then
their SOC and SOH values will be close to each other and
overall battery bank impedance can be used for health
monitoring. Such a condition exists when the batteries are
new or all batteries age uniformly. If such a situation does
not exist, then some battery impedance will dominate over
others and overall impedance data cannot be used.
In such cases, the impedance measurement method
described here can be extended to measure impedance of
each battery. In order to achieve this, terminal voltage of
each battery has to be measured and current of all batteries
will be the same if they are connected in series. However, if

Figure 17. Comparison of impedance obtained by the converter
and Solartron CellTest System [14], (a) real parts , (b) imaginary
parts.

two or more such series connected battery strings are
connected in parallel then current through each battery
string has to be measured. Since batteries can be considered
as a linear system under small perturbation, current perturbation in each string will also be sinusoidal. This sinusoidal current will cause sinusoidal perturbation in each
battery voltage. Hence, individual battery impedance can
be calculated from such a set-up. In this case, measuring

Battery impedance spectroscopy
each battery impedance does not affect the power circuit,
but increases cost and complexity of measurement circuit.
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monitoring of the battery with the power converter
eliminating any need for expensive dedicated commercial
instruments.

6. Experimental results
Figure 16 shows the voltage and current perturbations
during impedance spectroscopy. These waveforms are
outputs of filter and amplifier circuits whose gains are 240
V/V and 50 V/A. Here, the current amplitude is controlled
at a fixed value.
As can be seen, the voltage amplitude increases as the
frequency decreases, which shows increase of impedance
with decrease of frequency. Care should be taken to choose
the current amplitude so that voltage amplitude does not
cross the limit of 10 mV/cell at the lowest frequency.
Figure 17 compares the impedance value measured by
the set-up to that measured by the Solartron CellTest System [14] in the frequency range 0.1–50 Hz on a 12 V, 9Ah
VRLA battery at 100% SOC. The results indicate a good
match in the impedance trend measured using the power
converter and the dedicated instruments.

7. Conclusion
This work implements a 3 kW grid–connected converter
suitable for charging, discharging and characterizing a
100 V battery bank. The set-up can be used as a backup
storage system for a grid-connected load or it can be used
as a dedicated set-up for testing a battery with the provision of sending power back to grid during discharging to
avoid wastage of energy. SRF-PLL has been used to
estimate grid phase, which, in turn, is used in a PR-controller-based control structure to draw power from the grid
at unity power factor. The provision for performing
impedance spectroscopy has been implemented in the
converter to eliminate the need for dedicated impedance
measurement instrument. The necessity of LCL filter and
double loop control structure has been discussed from the
point of view of performing impedance spectroscopy.
Voltage perturbation with peak less than 10 mV has been
produced using a PIR controller in the control structure of
dc–dc converter. Tuning of parameter of PIR controller
has been discussed and the expressions for maximum and
minimum parameter values have been derived. Measurement of small voltage and current perturbations has been
done by op-amp-based filter-amplifier circuit. The real
and imaginary parts of impedance are calculated by discrete Fourier transform performed in FPGA. The algorithm for taking measurement avoiding transients by a
frequency sweep has been developed and implemented.
The measured impedance is compared with the impedance
data obtained by a commercially available impedance
measuring equipment. This feature of impedance measurement allows impedance-spectroscopy-based health
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