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Abstract

This paper presents a feasibility study on measure voltage harmonics with a contactless
device, on multi-conductor cables. The demonstration is given by a four-conductor cable with a
variety of standard dimensions, using an external calibration signal, given the capability to adjust
itself “on field”. The results show the proposed methodology is suitable to be used in an

electronic circuit; even with many random sources of error, simulated in the environment test.
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1. Introduction

Recent search efforts in non-intrusive voltage and current waveform measurement are
mainly focused in monitoring energy consumption and power factor (at fundamental frequency)
determination[1][2]. Also, there still difficulties in high accuracy measurements of harmonics and
scaling factor of voltage waveform [3][4].

The voltage and current in a conductor may be determined by electric and magnetic field
sensors placed nearby. In this technique, the measurement of voltage and current from a
conductor can be performed without removing the insulation. Non-contact sensors have low cost
of installation because they do not require the shutdown of power [3].

Non-contact electromagnetic field sensors can monitor voltage and current in multiple-
conductor cables from a distance. Knowledge of the cable and sensor geometry is generally
required to determine the transformation that recovers voltages and currents from the sensed
electromagnetic fields [3][5].

In [3] the authors present a calibration technique that enables the use of non-contact sensors
without the prior knowledge of conductor’s geometry. Calibration of the sensors is accomplished
with a reference load or through observation of in situ loads, obtaining a maximum difference of
1% over a dynamic range of 1000W, when comparing with commercial measurement equipment,
both installed on the feeder cable of a three-phase 208/120V laboratory electrical service.
However, the assumption of at least three-phase voltage symmetry is still necessary. Also, the
“implicit” calibration, without the “reference load” can add error reported around 2%. The
linearity voltage sensing is better than #5% up to 300V and 300Hz [4]. Also, the sensor must be
calibrated against a known reference voltage in applications needing high accurate voltage
measurement, otherwise there will be an error in the waveform, by a constant and unknown factor;
nevertheless, the authors argue that many power quality metrics—such as total harmonic
distortion—are unaffected by changes of a constant.

In [1], the authors present a new non-intrusive AC voltage measurement technique based on
stray electric field energy harvesting. Autonomous switches are used to monitor the stored
electric field energy in a storage capacitor and to generate pulse train. Experimental results show
that the repetition rate of the output pulse is a linear function of the line voltage. The research is
at an initial and has not mentioned possible interferences and reliable calibration procedures, also,
is focused only at fundamental frequency.

In [6], the authors present a non-invasive approach for measuring low-voltage (230—400V)
waveform using cylindrical capacitor coupled directly in each cylindrical conductive element.
They also present a conditioning circuit less susceptive to geometry of wires from 1.5 mm? to 16
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mm? of cross section area. The comparison between the proposed non-intrusive method and a
direct measurement of the voltage shows high accuracy with a maximum error lower than 1%.
Also, do not require any in situ calibration, in a controlled environment.

A complete voltage measurement system with uncertainty below 2% are presented in [7].
Also, a three-phase version of [4] with uncertainties up to 3% on voltage measurement is
presented in [8]. It is important to notice that the plastic case used in [8] configure a pre-
determined and regular geometry for the separation of wires. This plastic case establishes fixed
couple capacitances passible to create crosstalking and reducing the overall accuracy. Also, the
very low capacitance on multi-conductor cable wires will require very high front end resistance
as shown in [3], thus this topology is suitable only for single cable, but in most industrial feeder
multi-conductor cable is very common.

A two-sensor head capacitive probe has been successfully implemented for non-contact
single phase AC voltage measurement. The system is able to extract the relationship between the
induced currents and the supply voltage and presents a fitted model with estimated uncertainty
around 5% for fundamental frequency [2].

A non-contact voltage sensor for transmission lines, based on differential voltage
measurement is presented in [9]. The system is in self-integration mode circuit over a suspended
common mode voltage, making this a non-grounded sensor. An array of several sensors is
simultaneously used in order to maintain the uniformity of electric field distribution and reduce
the distortion caused by the sensors themselves. The reported uncertainty is below 0.5%.

The electric-field state is detected using Field Effect Transistor (FET) as sensor of electric-
field based on the capacitance effect principle [10]. Then the charged state of conductor should be
indirectly detected by electric-field state. In [11] a large (25 cm) and fixed cylindrical sensor with
2 electrodes is used to clamp a single wire with unknown voltage. The RMS voltage on the wire
can be determined by injecting a known voltage waveform through the structure and performing
the measurements on a digital processor on the frequency [11] or time [12] domain. The reported
uncertainties were less than 0.75% from 60Hz to 1000Hz range, with 7 different relative wire
positions in the sensor.

Other devices and techniques are reported to be applied in contactless voltage measurement
such as MEMS and resonators, among others [13]-[20].

In this article, we present a contactless sensor conception of a small form factor to be applied
in low voltage measurements on multiple-conductor cables, independent of geometry, capable to
be calibrated in situ. The presented sensor has relatively low complexity, no voltage symmetry

constraints and also power quality standard compliant. Table 1 presents the summary review of
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sensors presented in this section with the main characteristics.

Tab. 1 Some Research Overview on Non-Contact Voltage Measurement

Paper A B C D
[3] X - X X
[4] X - X X
[1] - X X
[6] X X X
[7] X X X
[8] X X X
[2] X X X
[9] - X
[10] X X X
[11] X X X
[11] X X X

A: small form factor
B: no assumption about voltage magnitude and/or phase
C: multi-conductor cable voltage measurement (feeder cable “as is”).

D: relative low complexity and low cost.

2. The Proposed Hardware and Methodology
2.1 Modeling

Figure 1 shows the perspective (a) and transversal (b) view of the proposed hardware; it
consists in a metallic hollow cylinder, connected to the reference (gnd) of the conditioning
electronic circuit. This cylinder has an aperture and a join (omitted in the figure) to clamp a
multi-conductor cable (c). Internally, there are several (N) multiplexed plates around the
circumference of the cylinder (N=16 on Figure 1b), creating, by symmetry, the same capacitance
C from each plate to the reference gnd (d). In parallel with C, there is the conditioning electronic
circuit, with details omitted in Figurel by simplicity, except for the input resistance R. Also, in
Figure 1c, the multi-conductor cable has four wires, with the voltages v, vz, vs, va that can be vag
Or Vbg OF Vcg OF Vng (Voltages from phases a, b, ¢ and neutral, to the ground), in any random order.
Therefore, from the wires to each single “i” plate around circumference, there are coupling
capacitances cii, Ciz, Ci3, Cis respectively. If the reference of the electronic conditioning circuit is
connected to an available neutral, for example, on an outside outlet, the equivalent circuit can be

summarized as in Figure 1e. and the voltages of wires becomes Van, Vbn, Ven and van. By definition
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va=vnn=0, and vi, vz, and vs are in anti-clockwise, so, this circuit has a sensing voltage at C (in

according to Figure 1d model), called si, for i-st plate, in frequency domain:

5 = (Clivl +CyiVy + C3i\73)j @ 1)

(C+c,+¢, +Cy +C,)jo+1/R

The arrow notation means a complex (or phasor) quantity specifically at frequency o [rad/s].
Also, the impedance at the same point can be calculated:

7, =[(C+c, +c, +¢, +¢, ) ja+1/R]* )

Replacing (2) in (1):

_ _ _ S
(Clivl +CyV, + C3iV3) =— 3)
Zjo
a) 7 c)
d) e)

Electronic Circuit

Fig. 1. Respectively: a) perspective view of the proposed hardware, b) transversal view, c)
four wire multi-conductor cable, d) coupled capacitances and sensing system for an aleatory “i”

plate around circumference, €) equivalent circuit.
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The “electronic circuit” box in Figure Ic is able to inject a known current at known
frequency in order to determine zi. As C and R, are also known, it is possible to determine:

Ciot_i =Gy +Cy +C5 +Cy (4)

If at frequency wz there is only an unknown zero sequence voltage vz, (3) becomes:

(Cli + Gy +Cy )\72 = %’ w=w, )
Zjo
Each of the four wires, in multi-conductor cable, contributes with ¥ of overall capacitance
ctot_i. At average, each conductor contributes with % of overall capacitance, considering all

sensors around circumference, then (5) can be rewrite as:

C... . S
[Ctot_i - HZ—I ]\72 = q.sil ) o=, (6)

For many plate sensors around circumference (N>128), from (6), voltage vz can be found
using the pseudoinverse operation (A-1~ A+):

+

Ctot_l - Ctot_1/4

C. ,—C. /4
VZ ~ tot_ 2 tot_2 , T=w (7)

Cot_ N ~Ciot_n 14 Sy /(ZN Jw)

The next step is to find the sensors aligned with the geometrical quadrature of wires, as
shown in Figure 2a, with vz still at frequency oz.

b) c)
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Fig. 2. a) Sensors in quadrature with wires on four conductor cable, b) Capacitances cmin,
cmax and cquad coupled with one of the quadrature sensor plate, ¢) Capacitances cmin, cmax and
cquad coupled with one of the quadrature sensor plate.

The index of the sensor with the lowest voltage is “i=imin”, which should be the nearest to
the neutral wire and the index of sensor with the highest voltage is “i=imax” which should be the
farthest to the neutral wire. The quadrature sensors verify “i= iquad= imin #imax- imin)/2”.
Considering the sensors with index imax, imin and iquad (here, the sensor at right), there are only
three possible values for the coupling capacitances cmin, cmax and cquad. Hence, using (5) it is

possible to create the relationship:

<l
o
N
<l
o

! g frex Si max iz |max @)

0 \72 2\72 Crin | = SAl min I i min? @) | 7=, (8)
U, V, Y, | Cou| | SqusGauei®

and,
_ _ o+

Crax Va 0 ZVZ Si max /(Zi maxjm)

Crin | = 0 \72 2\72 SAi min /(Zi minjw) ' g=, (9)
Cquad Vz vz \72 §iquad /(Ziquadj @)

Knowing the values of cmin, cmax and cquad it is possible to apply (3) to find any voltages

on wires, using only the readings of sensors of index imax, imin and, iquad

Cquad Crrax Cquad \71 S:max /(ermx JZU)
Cquad Crrin Cquad \ZZ = Sim‘n /(Zin'in JZU) (10)
Crrax Cquad Cm’n V3 Siquad /(Ziquad J ZD')

for any frequency w. And,

+

\71 Cquad Crrex Cqua\d S: /( z‘|n'a>< JZU)
\72 = Cquad Cm'n Cqua\d S|mn /(Zlmn JZU) (11)
8 Crmx Cquad Crrin |quad /(Zlquad J ZD-)

An extra information is necessary to determine which voltage corresponds to phase a, b or ¢

such as a pilot signal and a load for calibration purposes. This calibration load also needs drain
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current with only zero sequence component at a certain frequency w:, in order to create the
voltage v; at the measurement point. The positive sequence at fundamental frequency, allows
determining the sequence of phases.

Alternatively, it is possible to combine, in average sense, the results for several vz, using the
calibration load and other triplet harmonics that are usually zero sequence in industrial
environment, to obtain the values of Cmin, Cmax and Cquad (9) and then vi, vz, and vs (11).

Alternatively, it is possible to combine the results for several vz, using the calibration load
and other triplet harmonics, that are usually zero sequence in industrial environment, to obtain the
values of Cmin, Cmax and Cquad (9) and then vi, vz, and vs (11).

Figure 3 shows details of the electronic circuit connected to all plate sensors such as the
multiplexing capability, impedance measurement capability (through the current source Iz) and
sensing/amplifying capability. Because the Zi can be measured at any time, accurate components
for R and C are not required.

In addition, the losses and dissipation factor of the dielectric of cables and plates are omitted
in this study; however, its influence can be taken into consideration. Because the impedance is
measured at any time, these values can be expressed as a function of capacitances, turning the

equations a little more complex, but still solvable.

Zj
-
_E s i IZ;
BV
1 o
L] |
L= | i
—r
.... - - +
wire coupling A A.S;

capacitances

----

L
ol ]
Taay
LE]

vV Vv

Fig. 3. Electronic Conditioning details of the proposed sensor
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2.2 Cable capacitance simulation

Table 2 summarizes the typical geometry on four-conductor cables. Used for estimating the
capacitance for several conductors and isolations’ diameters and thickness.

Tab. 2 Typical dimensions on multi-conductor (4 wires) cables

Nominal External Conductor Isolation Cover
Section Diameter[ diameter thickness thickness
[mm?] mm] [mm] [mm] [mm]
4x1.5 9.5 15 0.7 1.0
4x2.5 10.6 1.9 0.7 11
4x4 11.6 2.5 0.7 1.1
4x6 13.2 3.1 0.7 1.2
4x10 15.7 4.1 0.7 1.2
4x16 19.9 5.1 0.7 1.3
4x25 24.7 6.5 0.9 1.4
4x35 27.8 7.3 0.9 15
4x50 32.3 9.0 1.0 1.6
4x70 37.5 10.4 11 1.8
4x95 41.8 12.0 1.1 1.9
4x120 46.9 14.0 1.2 2.0

2.3 Experimental Simulation Setup

The simulation was performed in MatLab and the generated signals contain a different set of
modules and phases of harmonics which are combined resulting in a large set of test-cases.
The harmonics values for simulation are determined according to definitions from IEC 61000-4-
30 [21],

IEC-61000-4-7 [22] and IEC 61000-2- 4 [23]. In [21] it is established for Class A equipment that
they must be able to read voltages in harmonic domain accurately, according with methodology
described in [22]. The measuring range must be from 10% to 200% for each one of the harmonics
applied from “Class III environment” specified in [23], even on presence of influence quantity of
200% of one other harmonic also specified in “Class III environment” [23]. Table 3 summarizes
this setup:
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Tab 3. Boundaries for Measurement of ‘k” order Harmonic on Range: 200%U, >U, >10%U,

Maximum

Conditions ) Influence Quantity?
uncertainty ey,

WU o +5%U, 200%U
+0.05%U ,,,, 200%U ,

! with p being any number, since: (peN)u(p>1)€xcept for p =k

U, and U ,come from Table 4.

~

nom js the nominal voltage of measurement equipment, also referred to as k is the

. U o .
“k” order harmonic value to be read, under ~ P, the “p” order harmonic influence quantity. The

“p” can be any other order from 2 to typically 50, except of course, p=K. U, is the maximum “k”
order harmonic value (as % of fundamental component) allowable in industrial environments.

U and Upcan be extracted from Table 4, according to [23]. Therefore, as the

The values for
“worst case” must be evaluated, the waveforms in (12) must be considered on each wire

respectively.

Tab 4. Maximum (“x” order ) Individual Harmonic % value of Udin, recommended

for industrial environment (Class I11).

X Ux X Ux X Ux [%] X Ux [%]
[%] [%]

2 3.0 15 2.0 28 1 41 2.59
3 6.0 16 1.0 29 3.079 42 1
4 1.5 17 4.0 30 1 43 2.529
5 8.0 18 1.0 31 2.978 44 1
6 1.0 19 4.0 32 1 45 1
7 7.0 20 1.00 33 1 46 1
8 1.0 21 1.75 34 1 47 2.419
9 2.5 22 1.0 35 2.803 48 1
10 1.0 23 3.5 36 1 49 2.369
11 5.0 24 1.0 37 2.726 50 1
12 1.0 25 3.5 38 1
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13 45 26 1 39 1
14 1.0 27 1 40 1

* means the harmonic order, so x could be p or k

“kpA(t) = \/EU din cos(27zf0t)+ \/EU K cos(Zﬂkfot)+ Zx/EUp cos(anfOt),
Uypn (1) = V2U g, cos(2rf gt + 2407 1180) + V20 cos(2aktt + k2407 1180) + 24/2U , cos(2tt + p240 /180) (12)

Ugpc (t) = V2U gy cos(2et + k1207/180) + 20 cos(27kfgt + k1207 1180) + 212U, cos(2pf gt + k1207 /180),  fg = 60Hz

Thus, in order to determine the suitability of an amplification stage (as depicted in Figure 3),

the differential and common mode voltage will be evaluated under the waveforms defined by (12),

u

for Yk=2000 " x and Y =109
criteria, with R=2MQ, C=10pF.
These values for R and C are chosen in order to maintain appropriate noise to signal relation,

k for all possible influence quantities using the [21] and [23]

excursion of signal and condition to determine the capacitances of wires.
Also, thousands of different scenarios were simulated for each type of cable in Table 2. For

each scenario it was measured the normalized error on harmonic “k”, defined as follows:

Gk _Jk
&y = ———[pu] (13)

Emax,

~

Where “M*%« is the maximum allowable error (from conditions defined on Table 2I), UI<is the

~

Uy is the actual reading value. If ®k reaches above 1pu at least in 0.1% of

value to be read and
all test cases, it will be considered a non-compliant system.

Three sources of errors were inserter in order to test the system: a) errors of misalignments
between the cables and the sensor quadrature until 1.4 degrees; b) pilot signal, with positive and
negative sequence (until 1%), not only zero sequence; c¢) misalignment of quadrature position
(until 1% of relative position) from wires inside the cable. These ranges of error have been

defined as the values of the individual source able to lead the output outside acceptable limits.

3. Results
All combinations created a setup of more than 1 million different possible scenarios. After
exhaustive simulations, the error enk remains under 1p.u. in 99.9% of all scenarios, and thus

compliant with adopted standards.
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The maximum differential voltage on the presented results was 45.8 mV (with the 4x1.5mm?
cable) and 134.9mV (with the 4x120mm? cable). Therefore, the gain A shown in amplifier of
Figure 3 must be variable, in order to guarantee good dynamic range. The variation must be at
least from A=12 to A=17 to achieve the full-scale of 3.3V on typical ADC/microprocessor

system.

4. Conclusion

This study, proposed an assessment on contactless device for voltage harmonics
measurements on low voltage multi-conductor cable. The device and the methodology are
presented for four-wire cable. The theory presented here can be apply for three, two or even
single wire cable with minimal adjusts. All equations were presented in continuous domain, but it
can be easily mapped to discrete domain without loss of generality.

It is interesting to highlight, that connecting the reference gnd to the electric power system
ground, instead to the neutral, the voltages on wires becomes: Vae, Vbe, Vce and vre, then this is a
way to determine the voltage of neutral referred to the “earth”, also with minimal adjustments.

The voltages on each individual wire can be recovered by using many capacitor plates built
in the sensor around a circumference concatenating the cable, and a pilot signal, with zero
sequence provided for a three-phase active calibration load. The pilot signal can be avoided if

there are triples harmonics with only zero sequence on the system.
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