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Abstract:

The article describes the possibilities of
calibrating the force constant in an electromagnetic
force compensation (EMFC) load cell using the
electrostatic force compensation principle. The
static and dynamic principles of calibration of the
Kibble balance for the electrostatic force constant,
as well as calibration by means of compensation of
the electrostatic force by the electromagnetic force,
are considered. The combination of the two
compensation principles in the load cell allows the
measurement of forces in the range of 20 pN to
2.2mN and ensures traceability to national
standards. The relative uncertainty in the
measurement of forces of about 100 nN is estimated
to be about 0.001.
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1. INTRODUCTION

The principle of electromagnetic compensation
has been widely used in load cells. They are used
not only for weight measurement with the lowest
uncertainty [1], but, for example, can be used for
flow measurement [2] and for the calibration of
cantilevers [3]. The main advantage of EMFC load
cells is the linear relationship between the measured
force and the Lorentz force, which leads to
traceability to national standards. The electrostatic
principle of compensation in load cells has not
received such wide industrial acceptance, due to
possible non-linearity, the need for high voltage
sources and a low range of forces, but has proven
itself in NIST research [4], which has achieved
linear mass compensation using a concentric-

cylindrical ~ capacitor and low uncertainty
measurements.
The main problem in accurate force

measurement is the pre-calibration of the force
constant. The most accurate calibration method is
static, but it is time consuming and working only in
vertical direction. Dynamic calibration methods
based on the Kibble research will move the

precision measurement process from a research to a
commercial area.

It was decided to supplement the traceable
cantilever calibration device developed at TU
llImenau [3], which operates on the principle of
electromagnetic  force  compensation,  with
electrodes in order to be able to calibrate the force
constants relative to each other and expand the
measurement range from 20 pN to 2.2 mN.

2. THE FUNCTIONAL PRINCIPLE OF THE
DEVICE

The test stand for calibration of a cantilever with
an electromagnetic and electrostatic  force
compensation principle is shown in Figure 1.
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Figure 1: Test stand of the traceable cantilever calibration:
(1) slit aperture; (2) beam balance; (3) push button; (4)
electrode of a capacitor; (5) joint; (6) permanent magnet;
(7) coil; (8) deflection mirror; (9) interferometer

The leading part of the device is the beam
balance made monolithically of aluminium alloy
with a swivel joint. The stiffness of the balance at
the point of loading is less than 1 N-m?, which
makes it possible to calibrate small forces. When the
push button (3) is subjected to a static force, the
balance deflects from the zero position, the
deflection is detected by one of the sensors: the slit
aperture (1) or the interferometer (4). A closed loop
with a controller allows to compensate the balance
deflection with an electromagnetic or electrostatic
force, returning it to the zero position.

The basic and most used principle of measuring
the static cantilever force is based on a linear
relationship between it and the compensation
current of the coil in the permanent magnet field
attached to the weight beam:
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Fstatic = B " L igoir - col ’ (1)
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where B-| is the electromagnetic force constant,
depending on the magnetic-flux density and the
length of the coil; r..; is the radius from the joint to
the coil; and g4t IS the radius from the joint to the
push button.

Another principle is to compensate the static
force by the electrostatic force. Since the balance is
entirely made of aluminium alloy, we can consider
it as a cathode and one of the plate electrodes as an
anode. Given the distance and air between them, one
can imagine that their combination is a structure of
the plate-shaped capacitor. The static force is related
to the square of the voltage applied to the capacitor:

1 dC Tea
staticzz'd_'Uz' P ) (2)
X Tstatic
1 dc . .
where SL s electrostatic force constant,

capacitive gradient and 7, is the radius from the
joint to the centre of the capacitor.

Despite the non-linearity of the compensation
force, the main advantages of using electrostatic
compensation are the absence of mechanical
influence of wires on measurements and the
possibility of measuring small forces in pN.

3. STATIC AND DYNAMIC
ELECTROSTATIC KIBBLE BALANCE
CALIBRATION METHODS

A schematic representation of the electrode used
in the study is shown in Figure 2.
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Figure 2: Anode Pl D015 [5]

The inner conductor of the coaxial cable is
connected to the inner circle, the braided shield to
the outer.

The cathode — balance is connected to ground:
all aluminium parts of the device, including the
aluminium platform height 40 cm and the stainless
steel vacuum chamber. Figure 3 shows the device in
the vacuum chamber with protective covers.

The initial distance between the anode and the
cathode is less than 50 um. The anode area is
29.225 mm?, Since the distance between the
electrodes is much less than the root of the area,
edge effects are not taken into account when
calculating the capacitance.

Figure 3: The traceable cantilever calibration device

3.1 Static Calibration with a Hioki Impedance

Analyser

A classic option for capacitive gradient
calibration is static calibration, force mode in the
Kibble balance. The method consists in changing
the distance between the plates of the capacitor at a
given distance and, accordingly, measuring the
capacitance with impedance analyser or capacitance
to digital converter at each step:

1 dC 1 eg-&-4A
Kes:_'_:__'—zl
2 dx 2 (xg+xq)

where ¢, is the absolute dielectric permittivity
(vacuum), &, is the relative permittivity, A is the
effective cross section of the capacitor, x, is the
initial distance between the two electrodes, and x4
is the change of the distance in z-direction.

The Hioki Impedance Measurement Handbook
[6] states that Hioki devices cannot measure
impedance on grounded samples (Figure 4). Current
leakage may occur when measuring a grounded
sample.
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Figure 4: Current path for a grounded DUT

The study was carried out with the Hioki
IM3570 analyser. Figure5 shows options for
connecting the analyser to the electrodes and the
current path.

The anode position is fixed. The position of the
cathode is changed in equal steps by controlling the
coil current. The distance is read by the
interferometer. The distance between the electrodes
is calculated based on the ratio of the levels from the
CAD model. The measured change in the
capacitance depending on the distance between the
electrodes is shown in Figure 6.
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Figure 5: Current path for a grounded DUT: a) current
leakage, b) no current leakage
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Figure 6: Measured capacitance by an impedance
analyser

Figure 7 shows the dependence of the
electrostatic factor on the distance between the
electrodes.
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Figure 7: Electrostatic factor calculated from Hioki data

The deviation between the analytically obtained
force constant and the one calculated on the basis of
the measured data depends on dissipative losses
during measurement, uncertainties in estimating the
level of the electrode position and uncompensated
additional capacitances from the conductors.

From equation (3) and Figure 7 it is possible to
see the advantages of the electrostatic compensation:
the value of the electrostatic force constant can be
increased by means of decreasing the initial distance
between the balance and the plate or increasing the
effective cross-sectional area of the plate. With a
decrease in the initial position between the
electrodes from 40 um to 26 um, the electrostatic
factor increases by a factor of 2.5.

3.2 Static Calibration with Wire Weight
Another option for static calibration of the
electrostatic force constant is to use an E; class wire
weight or Eo with PTB calibration certificate [7]. A
wire weight of 1 mg with a tolerance of 1.5 pg from
Héfner Gewichte GmbH was used in the study.
Compensating for a known weight load allows the
calibration constant to be calculated as follows:

Fstatic=m- g
Fos = Kes (U22 - U12 + 2V (U, — Uy))

m-g Tstatic
(UZZ - U12 + 25Uz — U1))  Teap '

where U, is the voltage on capacitor before loading
weight, U, is the compensated voltage on capacitor
after loading weight, and V; the surface voltage [4].

The appearance of a surface potential can be
caused by a variable work function on a
polycrystalline  metal  surface  with  an
electrostatically inhomogeneous surface. But the
contact surface potential cannot be measured, as
each measuring device has its own surface potential,
and measurements are also affected by adsorption
on the electrodes and their contamination.

The value of the surface voltage can be found
from the difference in the required compensating
force when using positive and negative voltage for
the same weight.

Figure 8 shows a graph of the positive
compensation voltage when the balance is loaded
with the weight of 1 mg.
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Figure 8: Blue — measured positive compensated voltage,
brown — subsequently averaged compensation voltage
values for analysis
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Disturbances on the graph are caused by manual
placement of the weight on the balance. The
difference in compensation voltage levels is also
caused by fluctuations in the control signal.
Automation of the loading process due to a piezo
drive based on a single point will significantly
reduce the measurement uncertainty and is planned
for the future. Comparison of the electrostatic factor
with the analytical calculation is shown in Figure 9.
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Figure 9: Electrostatic factor calculated from weight
compensation force

As can be seen from the graph, the measured
characteristic curve correlates qualitatively with the
analytical calculation, the relative deviation is less
than 4.3 %. Reducing mechanical disturbances,
taking into account the temperature coefficient and
optimal voltage control will reduce the resulting
difference.

3.3 Dynamic Calibration

The velocity mode in the Kibble balance can be
used to dynamically calibrate the electrostatic
constant. It is necessary that the balance is set in
motion, for this purpose a piezoelectric element
with an elastic metal sheet or the voice coil actuator
can be used. Due to the relative motion, a current is
induced, which can be measured through a resistor.
A constant operating voltage is applied to both
electrodes of the capacitor, the induced current is
the time derivative of the charge. The sinusoidal
movement is detected by the interferometer, so the
electrode velocity can be derived from the time
derivative of the position.

dQ_d(C-Ua)_U dc
de = dt  ? dt
& & A
s ©)
(x0 + xq)
_1_ € " & A _ iind(t)
2 (X0+Xd)2 Z-Ua-x'd’
where U, is the constant actuation voltage, i;,q(t)
is the induced current, measured with shunt resistor,

iind(t) =
iind(t) =—U,-xg-

Kes =

and x4 is the analytically-calculated electrode
velocity from the measured distance.

The results of measuring the induced current
when a sinusoidal signal is applied to the coil are
shown in Figure 10. The resulting electrostatic
factor in comparison with the analytical calculation
is defined in Figure 11. On the basis of the measured
sinusoidal movement of the balance, the
analytically induced current (brown) was calculated,
on the basis of which the electrostatic factor was
determined, which qualitatively corresponds to the
analytical calculations for static calibration.
Represented in yellow, the electrostatic factor
derived from the induced current measurements is
currently very noisy; by using a precision resistor
and signal filtering it will be possible to accurately
estimate the deviation.
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Figure 10: Comparison of the induced current
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Figure 11: Electrostatic factor calculated from dynamic

calibration

3.4 Static Calibration with Electromagnetic

Force

By combining the electromagnetic and
electrostatic principles of the Kibble calibration in
one device, it is possible to calibrate an unknown
force based on a known one. For example, the
electromagnetic force constant can be calibrated by
a static method prior to the experiment, so the
electrostatic calibration factor based on the
electromagnetic force compensation will be:
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_l_d_c_ . _icoil_rcoil
62 dx U? Teap

(6)

To obtain the gradient of the electrostatic factor,
measurements are made at different distances
between the balance and the electrode. The balance
is controlled by the coil current at reference
positions. As in section 3.2, the calculation is
affected by surface voltage. Thus, in order to obtain
reliable results, the compensation current of the coil
is measured when the capacitor is influenced to both
positive and negative potential. Figure 12 shows the
compensating force as a function of the applied
voltage.
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Figure 12: a) Compensating electromagnetic force when
voltage is stepped on the capacitor from 0 V to 30 V in
steps of 5V, b) compensating electromagnetic force
when voltage is stepped on the capacitor from 0V
to -30 V in steps of -5 V

The maximum compensation force differs by
more than 10 uN when applied to the capacitor from
the source [30| V. Accordingly, the effect of surface
voltage cannot be attributed to uncertainties and
must be taken into account in every measurement.
Comparison of the analytically calculated
electrostatic factor and the factor obtained from the
electromagnetic compensation force is shown in
Figure 13.

The discrepancy between the measured
electrostatic  coefficient and the analytically
calculated one was 1 %.
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Figure 13:  Electrostatic  factor
electromagnetic compensation force

calculated from

4. OUTLOOK

The biggest disadvantage of using electrostatic
forces is square non-linearity. In a further study, two
identical electrodes will be used to achieve a linear
relationship in the differential electrostatic force
actuator. A schematic description is shown in
Figure 14.
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Figure 14: Schematic of the electrostatic force actuator

Since the electrodes have the same geometry and
are located symmetrically with respect to the
balance, the capacitance gradients of both
capacitors are equal in value and opposite in
direction at the equilibrium position. The following
are the force output equations for a differential
electrostatic force actuator:

dé;  dG
dx - dx

g & A & A
1= Xo +xq 2= Xo — Xq

c C_eo-er-A-Z-xd
2 1~ xoz_xdz ) (7)

for x4? < x¢2:

g & A2 x4

C,—Cy =
2 1 xoz
1 dc,
Ees = E ' a [(Ua - Ub)2 - (_Ua - Ub)z]
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dc;
Fes =2'E'U3'Ub'
where U, is the applied voltage and Uy, is the bias
voltage.
Figure 15 shows the scale of the possible
measurement range based on the technical
capabilities of the system.
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Figure 15: Measurement range

Our results suggest that forces of around 100 nN
can be realised with an estimated relative
uncertainty of less than 0.001. A detailed
uncertainty analysis according to GUM is planned
for the near future.

5. SUMMARY

Combining the electromagnetic and electrostatic
compensation principle increases the possibility of
calibrating force constants and expands the area of
force measurement from pN to mN. A linear
relationship between the measured force and the
electrostatic force can be achieved by adjusting the
differential electrostatic field using an additional
electrode identical to the one already installed.
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