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Abstract — This paper describes experimental high
capacitance simulator based on a mutual inductance.
The standard was designed for calibration of battery
impedance analyzers (EIS). The designed standard is
equipped by a DC bias voltage source designed to sim-
ulate typical lithium battery cell. The DC bias source
was designed so it does not affect properties of simu-
lated impedance by its own internal impedance. The
whole standard was designed for a frequency range
from fraction of hertz to at least 5 kHz and it can with-
stand peak measurement current up to 2.5 A.

I. INTRODUCTION

Impedance spectroscopy (EIS) of batteries is one of the
most common laboratory methods used to analyze state
of charge (SoC) and state of health (SoH) parameters of
batteries. Typical lithium cell internal impedance may
vary from sub-milliohm values for large cells with capac-
ity of tens of amper-hours up to tens of milliohms for
e.g. regular 18650 cells. The characteristic features in
the frequency spectrum, the semicircles in nyquist domain
which are being used to evaluate SoC and SoH, lie typ-
ically in a frequency range from tens of millihertz up to
few tens or hundreds of hertz. Traceability in this range
of impedances and frequencies is not well established even
in primary impedance laboratories of national metrology
institutes (NMI) and even less in electrochemistry labora-
tories. The measurements performed in particular labora-
tories are often not repeatable and comparable. This situ-
ation was identified as a major problem by consortium of
EMPIR [1] project “LiBforSecUse - Lithium Batteries for
Second Life Applications” [2]. Thus one of the basic goals
of this project is to improve metrology of low impedances
down to very low frequencies. Several approaches for con-
struction of reference standards were suggested: (i) Pas-
sive resistive standards based on coaxial current shunts;
(i1) Analogue active simulators based on power amplifiers;
(iii) Digital simulators derived from METAS concept [3];
(iv) Analogue capacitance simulator based on mutual in-
ductances.

Passive standards (i) based on coaxial shunts provide ex-
cellent source of traceability from DC to at least hundreds
of kilohertz. They can be manufactured easily down to or-
der of milliohms and calibrated on ac-dc difference with
uncertainties around 10 p£2/€2 and phase angle of few mi-
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Fig. 1. Principle circuit diagram of capacitance simula-
tor based on mutual inductor. a) Principle connection, b)
equivalent circuit.

croradians. Alternatively they can be made calculable [4].
The two port coaxial connection can be converted to four
terminal pair (4TP) without significant mutual couplings
using approach shown in [5]. However, these standards
are almost purely resistive, whereas the actual impedance
spectrum measurement covers full complex plane. Further-
more the DC bias should be somehow applied in order to
simulate the cell.

Analogue active electronic simulators (ii) are based on
the impedance multipliers using power operational ampli-
fiers. These circuits allow to scale regular impedances
in order of microfarads and kiloohms to order of farads.
However, eventual introduction of DC bias to these cir-
cuits may result in variation of simulated impedance due to
change of DC operating point of active components (lim-
ited common mode rejection, nonlinearity, etc.).

Digital simulators (iii) are based on measurement and
phase locking to Hpor terminal potential of a RLC/EIS
meter and injecting complex current proportional to the
simulated impedance to the RLC meter’s Lcyr terminal
as shown in [3]. This method is very accurate and it can
simulate any impedance in full complex plane, however it
is not applicable to all RLC/EIS meters. When the meter
does not produce continuous sine wave drive signal on its
Hcyr terminal, it is very challenging to synchronize the
simulator and to force the instrument to accept the simu-
lated signals.



Fig. 2. Realization of prototype of mutual inductor on a 3D
printed holder. Outer diameter is approx. 40 mm.

All above mentioned methods are used in scope of the
new EMPIR project LiBforSecUse to build a set of experi-
mental low impedance standards covering low impedances
down to at least 1 mf2. Following paper will describe yet
another method based on the mutual inductors (iv). This
method produces capacitive reactance with optional DC
bias up to kilofarad order.

II. BASIC CONCEPT

The target impedance of the simulator is a capacitive re-
actance in a range from sub-milliohm up to tens of mil-
liohms at frequencies around 1 Hz. That is roughly equal
to capacitances from 10F to 1 kF which obviously cannot
be realized by the physical capacitors. Although there are
supercapacitors reaching these values, they always exhibit
strong DC bias and current dependencies and also temper-
ature dependencies, so they are not directly usable as cal-
ibration standards. Therefore an experiment was carried
out using a mutual inductor. If the polarity of the sec-
ondary coil of mutual inductor is inverted, it will appear to
the impedance analyzer as a capacitive reactance approxi-
mately according formula:

N 1
T w2 M’

Cs &)
where w is angular frequency of measurement and M is
mutual inductance between the coils. The impedance and
its phase angle can be slightly trimmed by the optional net-
work formed of impedances Z; and Z5. Unpleasant fea-
ture of this concept is frequency dependence, so this stan-
dard is usable only at limited range of frequencies as the
value of capacitance CY is dependent on the inverse square
of frequency. On the other hand it allows to realize ca-
pacitances up to order of kilofarads capable to withstand
measurement currents in order of amperes with minimum
temperature dependence and it can be also very linear.

III. DESIGN OF STANDARD

The mutual inductor itself is just part of the simulator.
The more challenging part is simulation of the DC bias
voltage. There are three ways of applying the bias voltage.
The simplest is to place a floating source in series with the
potential terminal Hpor. In this case the source carries al-
most no current, so it is simple to design. In the simplest
case it can even be a battery. However, some EIS meters
may not stand the potential difference between their Hpor
and Hcyur terminals. Alternative solution may be to place
a DC source in series with the whole standard, however
that would destroy its properties as internal impedance of
the source would became part of the impedance. So a third
way based on two floating tandem controlled sources was
chosen as shown in Fig. 1. The source in series with the
Hcyr terminal has to carry full measurement current, but
its accuracy is not critical. The second floating source is
connected in series with Hpor terminal. It carries almost
no current so its internal impedance is not critical but it
should be accurate, low noise and should have minimum
capacitive coupling to the power supply. If both sources are
set to identical DC voltage, the EIS meter will see roughly
zero DC voltage drop between its Hpor and Heyr termi-
nals so its function should not be affected. Advantage of
this solution is also the varying DC voltage does not affect
the simulated impedance unlike fully electronic simulators
based on power amplifiers that would be affected by com-
mon mode rejection and nonlinearities.

The mutual inductor itself was realized as a toroidal coil
on a 3D printed holder as shown in fig. 2. This way most of
the magnetic flux is contained inside the toroidal area. It is
a method commonly used for a close field metrology grade
inductance standards, such as IET 1482 or russian R5100
series. Therefore it is not excessively sensitive to nearby
metallic objects and external magnetic fields and the in-
duction to the metal case is also minimized, so the induc-
tance is reasonably linear. The winding in the prototype is
made of 20 twisted enamelled wires. Ten of them are con-
nected in parallel to form a primary. The other ten wires
are connected in series as a secondary winding with tap on
the first wire section, so it is possible to switch two mutual
inductances in ratio 10:1. The secondary coil also contains
polarity switch, so it can inverse capacitive/inductive re-
actance theoretically without changing absolute reactance
value.

The proof of concept prototype was built and its design
was made available as open hardware project [6] for further
development. The basic concept from Fig. 1 was extended
to 4TP coaxial connection, so a true 4TP standard was re-
alized. Block diagram of the analogue part of the standard
is shown in Fig. 4. The potential coil Ly is equiped by a
“Range” relay that switches the taps. Polarity of the coil
is switched by dual “Polarity” relay. Finally, for experi-
mental purposes, the whole potential and current part of
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Fig. 3. Simplified connection of floating DC bias sources
to be connected in series with Hpor and Lpor terminals of
simulated impedance.
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Fig. 4. Four terminal-pair connection of the simulated
standard.

the standard can be split by the “Isolate” relay. This may
be useful for some types of bridges and it has not strong
effect to the standard value apart from the inevitable ca-
pacitive coupling in the mutual coil itself.

This strict separation of the potential and current
grounds is critical feature when calibrating the RLC/EIS
meters at low impedances, because it eliminates difference
between four or five terminal (4T/5T) and 4TP impedance
definition. The problem of 4TP impedance definition is il-
lustrated in the Fig. 5. For 4T/5T measurement, the shield
impedance Zg is ignored and impedance is calculated sim-

ply: R
X U -
Zatist = = = Zx,

X

2

where UX is voltage drop between Hpor and Lpor live
terminals, fx current via the standard and ZX is internal
impedance of the standard. If the standard is made with-
out separation of the potential and current grounds and the

170

—_— —_—
vl vl
HCUIR_, Hpor HCUIE, Hpor U
| | H
Zy | |0ze i Zq | |0z

I-POT LCUR

= |u
Leor -
|XJ7 ’

Fig. 5. Four terminal-pair (4TP) vs four- or five-terminal
(4T/5T) definition of the impedance.

BNC ports are simply mounted inline in a metal sheet,
there will be impedance ZG between the Hpor and Lpor
terminal grounds. Opposite current flows via this the shield
and causes additional voltage drop. 4TP definition is given
by formula:

Dy = D100

= Zx + Za, 3)

X

where Uy and Uy are port voltages measured at the stan-
dard. Therefore Zg becomes part of the measured 4TP
impedance. The problem is RLC/EIS meters often can-
not measure properly potential difference between the
grounds of Hpor and Lpor terminals below few kilohertz
because it requires either differential input amplifiers at
their Hpor and Lpor inputs or current equalization using
coaxial chokes which are mostly present, but they are not
effective at low frequencies. Some impedance standards
have large effective ground impedance Z so it easily re-
sults in offsets in the measured value by up to some 500 u2
which gradually disappears at higher frequencies when the
current equalization takes place. This behaviour is ob-
viously different for each RLC/EIS meter, thus measure-
ments are not comparable. Therefore, the ZG impedance
must be minimized.

The DC sources are connected at the high-side of the
standard. Each of the DC sources in the prototype is con-
trolled by a D/A converter isolated at its digital side. The
D/A converters generate the simulated cell voltage from 0
to 5 V. Simplified circuit diagram is shown in Fig. 3. Cur-
rent path DC bias source is based on the power amplifier
OPAS548 which is capable to withstand full measurement
current at 5V DC voltage. It must be cooled by a larger
heatsink because it needs to dissipate peak power up to
some 23 W. The floating supply is realized by a pair of
DC/DC converters with asymmetric output voltages +9 V
and -3.3 V. This range was chosen to minimize the power
loss at the OPAS48. The potential path DC bias source
is based on operational amplifier OP211 and it is supplied
from a low noise DC/DC converter with linear LDO regu-
lators to reduce the noise. Both amplifiers are equipped by



99.92
= 99.91
2]
© 99.90
| —0.055
99.89 - —0.060 =
=
+—0.065 =
L | —o0m0 &
\ \ \ \ | —0075
0 20 40 60
t [h]

Fig. 6. Measurement of stability of 100 F impedance with
rms current of 1A and frequency 23 Hz. Note the un-
certainty intervals were reduced to cover only stability of
impedance bridge itself.

stabilizing networks Rg, Cr and Royr to enable operation
to large output capacitance Coyr of 4x470 uF at their out-
puts realized by low-ESR polymer capacitors. The large
capacitance ensures low source impedance at higher fre-
quencies, whereas the feedback of amplifiers ensures low
output impedance at low frequencies. Both sources are
controllable either manually or via remote interface, so it
is possible to perform automatic DC bias sweep measure-
ment useful e.g. for testing EIS meter insensitivity to the
applied DC bias voltage.

IV. MEASUREMENTS

A first prototype with mutual inductance of roughly
475nH was constructed and characterized. Following
measurements were performed by several methods. First,
the impedance bridge [7] was used for measurements at
higher frequencies without DC bias. Modified digital sam-
pling wattmeter and a bridge [8] based on the digitizers
NI 9238, NI 9239 and Keysight 3458A were used for the
low frequency measurements and DC bias measurements.

Example of measured series capacitance for few se-
lected frequencies is shown in Table. 1. As expected the
value of impedance changes according to the equation 1
and except the highest frequencies it seems to match the
calculated values. The observed series resistance is slightly
negative which is expected because of the inverted polarity
of the secondary winding. However, the loss tangent still
stays at values not even remotely achievable by any phys-
ical standard of such capacitance, so this simple standard
is almost pure reactance. Table. 1 also shows measurement
of apparent inductance in noninverted secondary mode. As
expected the series resistance in this case is inversion of the
one measured in capacitive mode. The slight asymmetry is
possibly caused by mutual couplings inside the standard.
Just for curiosity the same measurement was repeated also
in five-terminal (5T) definition. That is without consider-
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Fig. 7. Effective ground impedance between Hpor and
Lpor terminals of simulated standard measured at 1 A.
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Fig. 8. Measurement of dependence of simulated

impedance 100 F on the set DC bias at rms current 1 A and
frequency 23 Hz. Note the uncertainty is limited by noise
introduced by the DC bias source.

ing the apparent shield impedance Z which is part of 4TP
impedance definition. Es expected, the difference between
5T and 4TP measurements shown in Fig. 7 is reasonably
small due to the strict internal separation of current and
potential grounds and their joint in a single spot. However,
it is not zero. Therefore, it is basically a calibration uncer-
tainty limit in order to not risk different readings among
particular RLC/EIS meters due to their imperfect 4TP mea-
surement as explained above. However, 1 nH uncertainty
of 475 nH value is still well within LiBforSecUse project
goal of 1% uncertainty.

Graph in Fig. 8 shows dependence of simulated
impedance on setting of its DC bias voltage. The observed
dependence is affected by linearity of the digitizer as is dis-
cussed in [8]. This results to relatively high uncertainties,
however no systematic change of impedance was observed
in terms of the uncertainty.

Fig. 6 shows stability of simulated impedance measured
over period of 60 hours. Value of capacitance changed

171



Table 1. Measured 4TP and 5T impedance of the prototype with approximate mutual inductance of 475 nH. Values are
shown in series equivalent connection Cs— Rg and for inductive mode (not inversed secondary) in Ls— Rs. Measurement
was performed with rms current of 1 A. Uncertainties are expanded to k = 2.

a) Four termina

1-pair (4TP)

f |Z] Cs Rs D Ls Rs
Hz m¢) F uQ2 - nH u2
2305.5 | 6.884 | 0.01002761+0.00000090 -8.70+0.48  -0.00126+0.00007 | 474.724+0.033  7.58£0.48
729.07 | 2.182 | 0.1002361+£0.0000042  -2.147+£0.092 -0.00099 +0.00004 | 475.023+0.020 2.216+0.092
230.55 | 0.691 1.001 767 £ 0.000 092 -0.468 £ 0.064  -0.00068 +0.00009 | 475.359+£0.043 0.512+0.064
72.907 | 0.219 10.0140+0.002 8 -0.077£0.059  -0.00035+£0.00027 | 475.53+0.14  0.061+0.059
23.055 | 0.069 100.133 £0.079 -0.036 £ 0.054 -0.00052+0.00079 | 475.44+0.39  0.014+0.054
7.2907 | 0.022 1001.1£2.5 -0.035+£0.053  -0.0016+0.0024 4755+1.2 0.027 £0.053
2.3055 | 0.007 10007 +£77 -0.0234+0.053  -0.0033+0.0077 475.9+3.7 0.030 £+ 0.053
b) Five terminal (5T)
f |Z| CS RS D Ls Rs
Hz m() F us2 - nH us2
2305.5 | 6.884 | 0.01000922+0.00000090  -9.77+0.48  -0.00142+0.00007 | 473.852+0.033  6.53+048
729.07 | 2.182 | 0.1000454 =£0.000004 2 -2.451£0.092  -0.001 13 4+0.00004 | 474.121 £0.020 1.909 +0.092
230.55 | 0.691 0.999 750 £ 0.000 092 -0.565+0.064 -0.00082+0.00009 | 474.394+£0.043 0.430+0.064
72.907 | 0.219 9.9929+0.0028 -0.100 £0.059  -0.00046 +0.00027 | 474.53+0.14  0.043 £0.059
23.055 | 0.069 99.920 £ 0.079 -0.0324+0.054 -0.00047 £0.00079 | 474.42+0.39  0.021+0.054
7.2907 | 0.022 999.3+2.5 -0.034+0.053  -0.0015+0.0024 47444+12 0.030 £ 0.053
2.3055 | 0.007 10004 £ 77 -0.024+0.053  -0.0035=+0.0077 475.0+3.7 0.029 £ 0.053
9.996 [ T T was built and equipped by experimental DC bias sources
_ gggi B that emulates lithium cell voltage. The standard was char-
& 9993 | acterized for basic parameters and the results suggests it
& 9.992 | is usable for goals of the EMPIR project LiBforSecUse,
9.991 - 7 +0.00 . :
9.990 | 1005 where 1 % target uncertainty of impedances down to 1 mf2
1-0.10 — is required. The standard exhibits loss tangent below 0.003
1015 Ga— in most of the frequency range which is reasonably pure
-1 —0.20 . . .
DL L s &€ reactance. Effective shield impedance between Hpor and
—0.30 Lpor is around 1 nH, so the difference of the simulated ca-
C S : pacitance between 5T and 4TP measurement definition is
0-01 0'11 A] b2 just around 0.2 %. That makes it suitable for comparable

Fig. 9. Measurement of dependence of 10 F impedance on
rms current level at frequency 73 Hz.

roughly by 0.005 % which is within possible instability of
used digitizer. Resistance value stayed deep within the un-
certainty. Fig. 9 shows dependence of 10 F impedance on
rms AC current level. Resistance shows small dependence
possibly due to self heating. No dependence outside un-
certainty of measurement was found for capacitance which
suggests no significant nonlinearity of the inductor.

V. CONCLUSION

An experimental capacitive reactance simulator based
on the mutual inductor was designed. A prototype reaching
apparent kilofarad capacitance at frequencies around 1 Hz
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measurements among various RLC/EIS meters. The whole
design was made open hardware so it is available for future
development. Several problems were identified. The main
problem is significant noise from the D/A converters used
to set the simulated cell voltage. These should be replaced
in the next prototype. Another problem is high common
mode noise introduced from the isolating DC/DC convert-
ers and their large capacitive coupling. This may be solved
by additional active guarding of the sources.
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