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(57) Abstract: A voltage measurement system has a voltage
measuring device connected to a device under test by a
voltage divider to drop high voltages (e.g., peaking at or
above 100 kilovolts) at a measurement point to lower levels
for processing by a voltage measurement and wireless printed
circuit board. The voltage measuring device communicates
raw measurement data wirelessly (e.g., via Bluetooth®) to a
remote device such as a mobile phone, laptop or portable
meter head having a display and processing device pro-
grammed to calculate voltage measurements such has abso-
lute average (ABS AVG), AC root mean square (RMS), +/-
peak voltage, and AC or DC coupling. The remote device can
wirelessly communicate with multiple voltage measuring
devices to capture raw measurement data therefrom for
voltage measurement applications with multiple measurement
points (e.g., three-phase measurement, and transformer test-

ing).
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YOLTAGE MEASUREMENT AND
WIRELESE COMMUNICATION SYSTEM

FINLD OF THY INVENTION

{8061} The present invention relates generally to a voliage measurement system,
More particularly, the present invention relates to a voltage roeasurement system with

wireless comumunication between 3 measuring device and a remote device with display.

BACKGROUND OF THE INVENTION

{8682} As used herein, high voitage (HV) shall refer {o transmission voltages (e.g.,
between 115 kilovolts (kV) and 750 kV) or voltages on the order of at least 100 ¥V or more
such as 1007s of kilovolis, as compared to lower distribution voltages. For example, electric
power distribution systems carry electricity from a power generation and {ransmission system
to individual consumers. A power transnussion system operaies at a significantly higher
voltage range than a power distribution system. For example, components in a transmission
system operate at voltages ranging between 115 kilovolis (V) and 750 kV. Disiribution
substations, on the other hand, connect (o the transmission systern and lower distribution
voltages ranging between 5 kV- 69 kV to medium voltages ranging between 2 ¥V and 35 kV
with the use of transformers, Distribution transformers are located near customers’ premises,
Primary distribution lines carry the medinm voltage power to disiribution transformers, which
further lower the voliage to utilization voltage of household appliance. Accordingly, as used
herein, igh voltage (V) shall be understood 1o refer to transmission voltages {e.g., between
P15 &V and 750 kV or voltages on the order of at least 100 KV or more such as 100°s of
kilovolts), which are typically higher than distribution voltages.

HEEIR) With reference to FIG. 1, a system 10 for messuring high veltages on the
order of 100-500 &V, for example, can use a mweasuring device 12 having a large resistive or
capacitive divider 20 to bring down the voltage of the device under test 18 1o g lower voltage
{e.g., on the order of +/- 100 V). An example system s a KVM Series AC/DC kilovolimeter
avatlable from HAEFELY HIPOTRONICS in Brewster, NYY having different models with
different sizes of dividers 20 for measuring various ranges of voltages such as 0-100 &V, ¢-

200 kY, §-300 kV and 0-400 kV. This large divider 20 is then wired to a display circuit 16
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via & signal-conditioning board 22 comprising a small divider. In the display circuit 16, the
voltage signal is buffered and conditioned using passive components. The display civeuit 16
is usually either & meter or a seven segment display, which can show several types of
measurements such as, for example, average or root mean square (RMB) voltage (Vims), +-
peak voltage (Vo) and AC/DC coupling, by switching woechanically between different analog
circuit paths that comnect to the display. Two types of selection knobs are provided on these
meter heads 16, that is, a knob for AC or DC selection, and & mechanical dial to switch
between the respective analog circuit paths for the different measurement types supported by
the meter 14,

6084} The line 14 conuecting the measuring device 12 with the display device or
meter 16 is disadvantagecus for a nurnber of reasons. For example, the line 14 provides a
conductive connection containing high voltages from the measuring device 12 {o the display
device 16 where a user will be, thereby exposing the user o an electrical shock haward since
the user’s distance from the high voltages is limited by the wire length {e.g., on the order of
only & meters).

[6685] Existing meters for high voliage measurements have different features
depending on the particalar application. These meters may be used for voltage detection,
phase roeasurement, phase sequence identification, and/or testing for induced or live power
fines or equipment. For the testing or calibration of high voltage equipment {e.g., AC/DC
Hipot testers and High Voltage DU power supplies), inadequate lighting and distance from
the device under test 18 and measuring device 12 to the meter head 16 with display can make
reading the numbers on the meter head display very difficult,

RHHEY The cable connections 14 of voltage probes of conventional high voltage
measurernent systems present a further inconvenience because such cables 14 make the
handling of a measuring device 12, and particularly the handling of plural measuring devices
12 {e.g., such as in a phase measurement {est), cumbersome and time consuming. For
example, using existiog KVM100s for multipoint measurements {e.g., 3-phase power system
measurements, or measurements of the primary and secondary sides of g HV transformen)
requires a separate instrument and hardwired display at cach point of measurement and the
associated cabling, which is cumbersome.  Further, a user would need to use a HOLD
function o capture plural measurements at different points at a particolar time, or use
cummbersome, custom-mads data acquisition equipment hardwired to each device at each test
point. Either method presents, however, safety issues in terms of user ?roximity to the test

point and hardwired device.
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HEL Accordingly, there is a need for wireless voltage measurerment devices and
wireless meter heads or other data display devices for voltage messurements {e.g.,
measurements of voltages peaking in a2 high voitage range of 100 KV 1o S00 &V, as well as
fower voltages peaking in a medium voliage range of 15 kV 1o 69 kV), so that vohages can
he measured at remote locations and datg can be collected and displayed wirelessly and
therefore more safely and conventently without need for cumbersome cabling such as, for
example, the Hustrative cabling 14 between the measurement device 12 and the meter head
with display 16 in ¥I6G. 1. A need also exists for an improved voltage measurement system
having wireless measurement devices and a wircless data display device{s) that more
conveniently measures, oollects and displays voltage measureroent data from multiple
iocations. The improved voltage measurement system can be used with essentially any
veltage measurement applications and equipment. Further, examples of high or medium
voltage measurement applications and equipment or apparatuses with which the improved
voltage measurement system can be used include, but are not limited (o, testing motors {e.g.,
in a hydrocenter) or cables {e.g., in a factory) or transformers that are intended for high or
medium voltage operation. Multiple location voltage roeasurements can be, but are not
timited to, three-phase cable testing, testing phase balance or three-voltage measurements on

motor terminals, or testing privoary and secondary windings of g transtormer, for example.

SEMMARY OF THY INVENTION

{BG08] THustrative embodiments of the present invention address at least the above
problems and/or disadvantages and provide at least the advantages described below. In
accordance with an ohject of ilustrative embodiments of the present invention, & wireless
voliage measurerent system and related devices are provided.

{8009} According to an embodiment of the present invention, a system for voltage
measurement and wireless communication i3 provided that comoprises a voltage divider
connected to g devics under test (DUT) and configured to siep down voltage signals from the
{BUT) peaking at least at 100 kilovolis (kV} or above {0 lower voliages on the order of +/-
160V and 8 measuring device connected to the voltage divider for receiving raw
measurernent data comprising stepped down voltage signals from the voltage divider. The
measuring device comprises a processing device and wireless transceiver, and the processing
device is configured to condition the stepped down voltage signals for wireless transport via

the wireless fransceiver in accordance with a wireless conununication protocol.
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HES L In accordance with an aspect of tHustrative embodiments of the present
invention, the system for voltage measurement and wireless communication further
comprises at least one remote device configured for remote operation from the measuring
device and voltage divider. The remote device comprises 3 remoie processing device, &
remote transceiver and a display. The remote processing device is configured to control the
remode transceiver o comrnunicaie with the transceiver in the measuring device 1o receive
the wirelessly transmutted signals comprising the raw measurernent dats, store the raw
roeasurement data, operate a user interface to receive user inputs to select from among g
plurality of vollage measurernents, determine the selected voltage measurcment using the raw
measurement data, and output the voltage measurement on the display. The plurality of
voltage measurenment fypes can comprise, but are not limited to absolute average (ABS

AV (), alternating current {AC) root mean square {RMS), peak + voltage, peak - voliage,
frequency, phase angle, AU coupling, and direct current {DC) coupling.

HUELRS S| In aceordance with other aspects of illustrative embodiments of the present
invention, the transceiver and the remote transceiver are configured fo communicate using at
least one of ZigBee®™, Blustooth® and WiFL Further, the remote device is configured to
determine when one or more of the measuring device is within a designated wireless
communication range,

{80012} in aceordance with an aspect of tllustrative embodiments of the present
imvention, the remote device is configured to receive signals from a plurality of the measuring
devices. For example, the wirclessly transmitied signals can comprise at least an identifier
corresponding to the measuring device, and the remote device can be configured to store the
raw measurernent data i the received signals in a memory device such that # is atiributed to
the measuring device assigned the identifier. Further, the wirglessly transmitied signals can
be associated with 2 time stamp. If one of the plorality of voltage measurements uses the raw
measuwrement data transmitted from s plurality of selected measuring devices, the remote
processing device can be configured, for example, to determine which raw measurement data
carresponds to the plurality of selected measuring devices for at least one of a selected period
of time or initiation of a selected voltage measurement using the time stamps and identifiers.
[00013] In accordance with additional aspects of ithusirative embodiments of the
present invention, wherein the remote device is configured to receive signals from a plurality
of the measuring devices, the remaote procassing device is configured to delerming when a
measuring device is within range o receive sigoals therefrom via the remote transceiver, and

o display all measuring devices determined to be within range. The user interface can be

4.
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configured to aliow a user to select one or more of the displayved measuring devices
determined to be within range. Further, the remote processing device can be configured o
display at least one of raw measurement data and a voliage measurement for each of the
measuring devices on the display.

1860144 In aceordance with an aspect of illustrative embodiments of the presemt
invention, each measuring device comprises a visual indicator that is operated to illuminate
when the measuring device is paired with the remote device for wireless communication and
to discontinue ilhumination when the measuring device is not paired with the remots device
for wireless communication. For example, the visual indicator can be a multicolor indicator
that is conirolled to illuminate a selected color, and the viseal indicators of the measuring
devices can be controlled to iHuminate different colors. In addition, the display of the remole
device outputs at least one of an identifier, raw measurernent data, and an voltage
measurement corresponding to at least one of the measuring devices using 1S respective one
of the ditferent colors.

[880158] {bjects, advantages and salient features of the invention will becoms apparent
to those skilled in the art from the following detailed description, which, taken in conjunction

with annexed drawings, discloses exemplary embodiments of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

{6681} The above and other example features and advantages of certain exemplary
embodiments of the present invention will become more apparent from the following
description of cerfain iflustrative emmbodiments thereof when taken in conjunction with the

accompanying drawings, in which:

[Ba0a2} FIG. 1 depicts a voliage measurement system.
{8683} FIG. I depicts a voliage measurement system constructed in accordance with

an illustrative embodiment of the present invention.

{3004} FIG, 3 is 2 block disgram of a wireless printed circuit board deployed ata
voltage divider in the voliage measurement system of FIG, 2.

15008] FIG. 4 is a block diagram of a wireless meter with display constructed in
accordance with an illusirative embodiment of the present invention and operable in the

voltage measurement system of FEG. 3.
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{506} FIG. 8 depicts a graphical user interface of a wireless meter with display
constrocted in accordance with an illusirative embodiment of the present fnvention and
operable in the voltage measurement system of FIG. 2.

B80T FIGS. 6 and 7 are flow charts of operations of the wireless meter with display
of FIG. 4 in accordance with an illusirative erobodiment of the present invention.

{B088] FIG. 8 depicts a plurality of voltage measurement devices of ¥IG. 2 deployed
at respective test points and operating with a wireless meter of FIG. 2 in accordance with an
illustrative embodiment of the present invention.

{0009 FIG. 8 depicts a plurality of voltage measurement devices of FIG. 2 deployed
at respective test points and operating in conjunction with a computer for logging
measurement values in accordance with an illustrative embodiment of the present invention.
{60610} FIG. 18 depicts an itusirative screen on a graphical user interface of a
wircless meter with display constructed in accordance with an iHustrative embodiment of the
present invention and operable in the voltage measurement systern of FIG, 2,

{80811} FIGs, 11 and 12 are flow charts of operations of the wireless meter and the
voltage measurement devices of FIG, 8 in accordance with respective illustrative
embodiments of the present invention.

{80813 Throughout the drawings, like reference numerals will be understood to refer

to like clements, features and structures.

DETAILED DESCEIPTION OF ILLUSTRATIVE EMBODIMENTS

[86813] The matters exemplified in this description are provided o assist in a
comprehensive understanding of illustrative embodiments of the invention, and are made
with reference to the accompanying figures. Accordingly, those of ordinary skill in the art
will recognize that various changes and mwodifications of the illustrative embodiments
deseribed herein can be made without departing from the scope of the claimed invention.
Also, deseriptions of well-known functions and constructions are omitted for clarity and
CONCISENEess.

{60¢14] in accordance with an illustrative embodiment of the present invention and
with reference to FIG. 2, an improved voltage measurement system 50 comprises a
meassuring device 52 connected to a device under test 18 by a voltage divider 34 configured
1o step down measured voltages {e.g., peaking at 100 XV — 500 k¥ among other high or

medium voltages) to lower voltages on the order of +/- 100 V. The measuring device 52 has
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a voltage measurement and wireless printed circuit board (PCB) 56 configured to further step
down the lower voliages of the raw messurement data {e.g., on the order of +/~ 130 Vi to
even lower voltages {e.g., 5 V) for buffering and processing by g microcontroller or other
processing device for wireless transmission 1o a remote user device or meter head 58, The
voltage measurement and wireless PCB 36 can also be provided with a connector (e.g., 8
BNC eonnector} for optionally connecting the measuring device 52 to a conventional meter
16 via a cable 14,

{60015} The wproved voliage measuroment systern 50 realizes a number of
advantages. First, the end user is protected by the wireless Hink between the measuring
device 32 and the meter head 58 since there is no direct conductive connection to the voltage
source. That is, there are no wires or cable 14 leading from the devics under test 18 to the
vicinity of the user {e.g., 1o the meter head unit with display 58} that could conduct voltages
{e.g., medium or high voltages) in a mode of failure. The wireless design of the measwring
system 50 is safer and more convenient than previous voltage measurement systems singce the
user can operaie the wirelessly connected end user device with display 38 {e.g., a portable
computing device, laptop, cell phone, portable meter, and so on) while maintaining a greater
distance away from the device under test 18, the measuring device 52 and the associated
voltages {e.g., particufarly medium and high veoltages}). Further, the voltage measurement and
wireless PCB 36 is configured to suppress high voltage transients and eleciromagnetic
interference (EMI) using components such as transient voltage Suppressors (TVS), varistors,
and voliage-limiting Diodes} and other transient protection devices known to those with skill
in the art.

186016] An exarnple voltage measurement and wireless PCB 56 is depicted in FIG. 3
and constructed in accordance with an Hlustrative embodiment of the present invention., As
itustrated in FIG. 3, the voltage measorement and wireless PCB 56 is mounted or otherwise
provided at the bottom of the larger divider 34, As stated previcusly, the larger divider 54 is
configured o receive raw messurement data comprising & voltage signal {e.g., 2 medium
voltage, or high voltage on the order of at least 100 kV or 100°s of kilovolts such ag 100 kV -
500 kV) and step it down to a lower voltage on the order of +/- 100 V. The voltage
measurement and wireless PCB 56 comprises a butfor 60 for the input voltage signal {e.g.,
between -100 V and +100 V and approximately 0 Hz - 400 Hz} and a signal conditioning
device 62 to condition the voltage signal {(e.g., 1o step down the voltage further such as fo on
the order of -3.3 V to +3.3 V) before supplying it to elecironic components {e.g., a

nucrocontroller 64, digital memory 66 and transceiver 70) that might be damaged by higher

~3
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voltages. The output of the signal conditioning device 62 is provided to an analog-to-digital
converter {ADC) which can be a separate component at the input of the microcontrolier 64 or
an integrated component of the microcontroller 64. The microcontroller 64 processes the raw
measurement data digitized by the ADC and wirelessly travsmits the raw measorement data
{c.g., as data packeis) via a wireless transceiver 70 10 a remote deviee 58 {ie., a tablet, mobile
phone, computer, laptop, or other device with a processor progranuned or otherwise
configured to determine different tyvpes of voltage measurements such as AC RMS, DC,
absolute average (ABS AV(G), crest factor, peak{+) voltage, peak{-) voltage, DC or AC
coupling, frequency and so on), and an optional display or at least memory to store 2 data log
of voltage measurement data. The microcontroller 64 can be another type of processing
device such as, for example, a microprocessor or other progranvuable semiconductor chip,
or a programmable gate array {(€.2., an FPGA) or an application-specific integrated circuit
{ASIC).
{66617} Differant types of measurements are processed via software in the
microconirolier 64 or end device 38, for example, and the user selects the desived output on
the display of the end device 58, for example. For example, raw measurement data that has
heen averaged over a desiguated time interval can be received from the measuring devices
52, and the end device 58 can be programmed to compute values for at least one or more of
the following measurement types:

s DC:  measurement of the average value of the direct current component of any

voltage wavetorm over a period of approximately 0.2 seconds; the coupling must be
set to BC or OFF to use this mode of measurement;

e ABS AV(: averaging the absolote value of the waveform over approximately $.2

seconds;
¢  ACRMS: calenlation of the true RMS voltage over approximately 0.2 seconds;
2 Peak /- capture of the highest/lowest excursion of the waveform over § eycles;

« Frequency:  calenlation of the frequency of the waveforny

e Crest Factor  Voew/Vams,
{80818} The voltage measurement and wireless PUB 56 can also be optionally
provided with a unity-gain connector {e.g., a BNC connector 723, which alfows for
hackwards-compatibility (e.g., output of measurement signals via cable 14 or other hardwire
connection to a legacy meter head 16 that lacks wireless transmission capability}. In

addition, the voltage measurement and wireless PCB S6 comprises a memaory 66 connecied to
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the microcontroller 64 which can store programimed code for controlling the microcontroller,
and store input raw measurement data {(e.g., the conditioned voltage signal from the ADC)
and optionally voltage measarement data {e.g., AT RMS, BC, ABS AVG, crest factor,
peak-t/-, or frequency} if calculated by the microcontroller 64 jnstead of the end device 88, A
power source is also provided to the voltage measurement and wireless PCB 56 such as 2 3.3
Y rechargeable battery 68, 1t is understood that other power sources can be used to power the
components of voliage measurement and wireless PCB 56 such as a power interface or
adapter {e.g., micro USE).

{60619} As stated above and with continued reference to FIG. 3, the voltage
measurement and wireless PCB 56 comprises a transceiver 70 for conununicating wirelesshy
to, for example, a compatible transceiver 80 in cach of one or more remote devices 58,
Different methods of conununication can be emploved between the voliage measurement and
wireless PCB 56 mounted to the bottom of the large resistive/capacitive divider 54 and the
remote device 38 {e.g., an end user device with display) such as, but are not Himited to,
ZigBee®, WiFi and Blustooth® (.., Bhuegiga Technologies BLEI12), with the option of
Ethernet or Fiber communication, as well, for example. The voltage measurement and
wireless PCB 56 can be configured with multiple measurement channels to allow fora
second voltage measurement or an optional current/auxiliary measurement, for example.
80020} As llustrated i FIG. 8, the wireless display or end user’s device 58 has the
ability to commuuicate with several different measuring devices 52 {e.g., respective device
under tests 18 or respective components of a device under test 18 and 8 measuring device 52
with voliage divider 54 at cach of these measurciment points) that are in range {&.g., within an
operational wireless communication range depending on the wireless transrmission method
used). As stated above, the measuning devices 52 can be powered by a rechargeable battery
provided on their corresponding voltage measurement and wireless PCHs 56,

100021} With reference to FEG. 4, the remote device 58 is provided with g wireless
transceiver 80 configured to communicate wirelessly with the wireless transceiver{s) 70 in
each of one or more measuring devices 52, As stated above, the remote device 58 can be, hut
is not lunited to, a portable computing device, laptop, cell phone, portable meter, a tablet or
iPad, computer, or other device with a display &6 and processing device 82, For example, the
processing device 82 can be a microcontroller or other programmable semiconductor chip, or
a programmable gate array (e.g., an FPGA) or an application-specific integrated circuit
{ASIC). The remote device 38 also comprises a memory 84, and 2 power source 88 such as a

batiery, or power interface or adapter (e.g., micro USB). Line power can also be used to

-G.
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power the remote device 58, for example. The memory 84 can store, for example, current
and past raw measurement data from one or more voltage measarement systems 32 received
at the rernote device 38, The display 86 can be, for example, a touchscreen configured as a
graphical user interface (GUIT) to receive user jnputs. A user can interface the remote device
58 via the GUT on the display 86 and/or user buttons, dials and/or switches provided by on
optional user interface 90,

{36022] With continued reference to FIG. 4 and in accordance with an illustrative
embodiment of the present jnvention, a wircless voltage measurement application is provided
to the processing device 82 {o configure the remote device 38 to display a voltage
measurement {(e.g., selecied from among a plurality of ditferent available voltage
measurements) and have the option o display a graph of the recent history of voltages as
ilhustrated, for example, in FYG, 5. The wireless voliage measurement application can
configure the processing device 82 to operate the display 86 to indicate user interface options
such as, for exampie: () to select the different types of voltage measurements {e.g., absoluie
average {ABS AVQ), AC root mean square (RMS), +/- peak veoltage, and AC or DC
coupling); {b) to select different connecied devices 52; and (¢} to select the ditferent channels
on cach device 52, As stated above, different types of voltage measurements are processed
via software in the microconivoller 44 or end device 58 For example, the transmitted raw
measurerment data received by the transceiver 80 that correspond o the voltage signals at the
voltage divider 54 connected to the device under test 18 are processed via the wirgless
voltage measurement application on the processing device 82 to determine one or mave of the
sbove-mentioned different types of measwrements {e.g., AC RMS, +/- peak voliage and so
on}, as selected via the user interface 46 and/or 90, The computed measurement values can
be saved in the memory 84, for example, for the current continuous session and plotted in a
graph indicating voltages over time on the display 86. It is to be understood that the remwote
device 58 does not necessarily have a display 86 but can nonetheless be used (o collect raw
measurement data, compute one or more types of voltage measurements {or receive them
wirelessty if they are computed at the measuring device), and mainiain a data log comprising
stored measurement data that can be accessed directly by 8 user via the user interface %0 or
accessed remotely by another computer device {e.g., the user interface 90 comprises a data
compnunications terface for wired or wireless connestivity 1o another device such as the
connection of a user device 58 o another user device 58 in FIG. ).

[60623] As shown in FIG, §, the GUT on the display 86 can be configured with a

display area 150 indicating a type of voltage moeasurement {e.g., AC RMS) and a display area

- 10 -
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154 indicating the current value representing that roessurement {e.g., 37.2 kV). A GUI
button {e.g., drop down menu or scroll} 152 can be used o change the type of voliage
measurement displayed at 130 and 154 such as a DC coupling or ABS AVG measurement. A
GUI display area 160 indicates an identifier {e.g., “DEVICE: N} of the voltage moeasurement
systern S0 currently providing the voltage signals from which selected voltage measuremenis
are being determined and outpot by the remote device 58, As illustrated in FIG, 8, the
display area 160 can also be a GUI input {e.g., a drop down menu, scroll or other search and
selection button) to designate g voliage measurement system 50 selected from among a
plurality of voltage measurement systems 58 {e.g., respective measuring devices 52
connected to corresponding devices under test 18 or to plural measurement points of a device
under test 18). The menu or list of devices 52 can be, for example, preconfigured, or
populated with the identifiers (e.g., serial numbers or names) of devices 52 discovered based
ot thelr transmitted signals comprising raw measurement data meeting a selected threshold of
signal strength when received at the remote device 88, The signals for transmitting the raw
measurement data can each comprise s device identifier corresponding to the measuring
deviee 52 that transnmtted the signal to the remote device 38, FIG, 8, for example, depicts an
ilustrative display area 170 on the display 86 in which a number of discovered measuring
devices 32 are lsted for selection {e.g., for display of voliage measurement data from that
selected measuring device 52 in the display areas 154 and 170}

(84624 A display area 156 on the display indicates which of plural channels is
currently having a measurement value indicated on the display 86, and can provide a GUI
mput {e.g., a drop down meny, seroll or other search and selection button) 158 for selecting
from among plural channels {e.g., Channel 1 or 2} associated with 2 measuring device 52.
For example, the ADC in the measuring device 52 can bave two channels to provide for an
auxiliary cufput for an auxiliary sensor such as a current probe or temperature sensor.
Accordingly, the remote device 58 can be configured to provide a corresponding display
function on display device 86 to show an cutput or measured value from the auxiliary sensor
on g second channel as well as 3 voltage measurement from the primary measuring channel.
o025 With continued reference to FIG. §, & display area 162 indicates whether
couphing is off {e.g., a voltage waveform having both AC and DC signal componenis is
provided as input} or, if on, whether AC coupling is used {e.g., a capacitive filter is used to
remove DC signal components from a voltage waveform) or DC coupling is used (e.g., the
direct current component of a voltage waveform). A GUT input {e.g., a drop down menu,

serol or other search and selection button) 164 can be provided for serolling through and
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sefecting from among the phural options of coupling off, AC coupling, or BC coupling. A
display area 166 indicates a Crest Factor, and a GUIT input {e.g., a drop down menu, scroll or
other search and selection button) 168 can be provided for selecting peak + or peak — for the
crest factor.

jBaG26] As shown in FIG, §, a display area 170 provides a graph of voltage over time
for selected  measurement data in the memory 84, and avother GUT input 172 {e.g., a drop
down meny, scroll or other search and selection button) provides 2 method for allowing a
user to select a particular voltage measurement {(e.g., AC RMS) based on the raw data. As
stated above, the computed measurement values can be saved in the memory 84, for example,
for the current continuous session and plotted 1o a graph indicating voltages over time on the
display 86. The graph is, for example, displayed in real-time, but only one measurement
shown plotted at g time, The user can select which measurement graph is displaved via the
GUT input 172, If the graph is selected or clicked o or the user device 58 turned or rotated
by the user, the voltage measurement application can, in response to a detected input or
device 38 rotation, control the processing device 82 {0 generate the graph as a full screen on
the display 86 in landscape orientation as shown in FIG. 10, for example, and as a graph
which allows a user to select data poiats {e.g., via 8 GUI touchscreen input) and see
corresponding values displayed. The processing device 82 can further generate other seresns
depending on which measurement type bas been chosen to view, load previously saved
graphs, and provide navigation GUI buttons {e.g., a “back” button to return to the main
screen shown in FEG. 8),

686271 As shown in FIG, 8, a Hold button 174, if pressed, {akes the measurement
value at that tine {e.g., 23.2 kV for AC RMS in the example shown in FIG, 8) and displays it
in the bottom right corner of the display screen. As stated above, a user can use the GUI
button 172 to select another type of measurcment to display as a graph of voltage over time in
the display area 170. While in the example main screen illustrated in FEG. §, the “Hold”
vaiue can be shown via the real-time graph by an x-cursor and intercepting v-cursor at the
data point take when the hold bution was pressed.

{B0028] FIG. 7 illustrates a flow chart of example operations of the wireless voltage
messurement application (hereinafter “app™) on the processing device 82 in accordance with
an illustrative embodiment of the present invention. The app controls the processing device
&2 to perinddically detect the status of the Hold bution 174 (block 128). If the Hold button is

selected, then the processing device 82 generates a display of the instantaneous data next to
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the hold button {(block 130} as illostrated in display area 170 on the display 86 shown in FEG.
%; otherwise, it keeps detecting the status of the Hold button,

160929] With continued reference to FIG. 8, by activating the Save button 176, the
user can save the current session of data {e.g., the data currently being viewed on the display
86, or the data received during the current session of commumication between the remote
device 58 and the measuring device 52 currently providing raw messurement data). The File
button 178 can be selected 0 obtain a listing of other stored historical raw measurement data
or voltage measurement data.  As stated above, the user device 38 can mainiain a data log of
siored raw measurement data and different types of voltage measurements generated from the
raw data. For example, with 4 GB of FLASH memory, up to 48 hours of raw measurement
data can be stored. Different parameters and profile data can be stored with the raw data or
voltage measurements in the data log such as time and date of raw data capture and
fransmussion, type of voliage measurement {e.g., ABS AV, AC RMS, or other
measurement}, I of corresponding measuring device 52, and optional name, tocation and/or
identifier for device under test. The data log can be configured io permit 4 user o search and
select raw measurement data captured within a designated data range and sorted/listed by
device, time stamps, or other criteria. Voltage measurement data in the data log can also be
selected and sorted, for example, based on measuring device identifier or Hime stamp of
corresponding raw data, A fivst-in-fivst-out (FIFQ) system can be used for managing stored
data {e.g., store raw data or voltage measurement data unti] there is no more designated
memny and automatically erase oldest data based on time stamp of raw data caphure and
trapsgission 0 the remote device 58},

U In addition to the remote device 38 saving feature, the measuring device 52
also has the ability io log data as stated above. The measuring device 52 will continuously
save the raw measurement data, regardiess of the device status being in stand-by mode, or not
fransmutting to a paired remaote device 58; it will automatically store the most recent 48 hours
of test data into on-board memory. Gther durations of storage can be used depending on
memory size, cost and processing power constraints for a given voliage measurement
application.

10031} FIG. 6 illustrates 2 flow chart of example operations of the wireless voltage
measurement application or “app” on the processing device 82 in accordance with an
Hlustrative erabodiroent of the present invention, When the app is started and opened {block
100}, it controls the processing device 82 to determine whether a Blustooth® module is tumed

on {block 102}, The Bluetooth® module {e.g., Bluegiga Technologies BLE112) is generally
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fndicated in FIG, 4 by transceiver 80; bowever, it can be g separate module from the
transceiver 80 such as if the fransceiver 88 is for WiFi and both WiFi and Bluetooth®
communications are to be supported by the remote device 58, If the Blustooth® is not turned
ot {or, optionally, Wikl is not available)}, the app controls the processing device 82 to
generate a promy to the user to turn on Bluctooth®™ on the display 86 {e.g., “App cannot
aperate without Bluetooth®™) (blocks 108 and 1103, then it tries to re-start the app (block
107); if the Bluetooth® is turned on, then the processing device 82 starts to scan for devices in
range {block 104}, The range can be specified by the operational specifications of the
Bluetooth”™ module, ZigBee™ module or WiFi transceiver, for example. If the processing
device 82 does not detect devices 52 within range, then it keeps scanning for devices 52
within range {(block 106}

{0632 With continued reference to FIG. 6, the app configures the processing device
82 to display devices 52 (block 112}, For example, the processing device 87 can control a
GUIL input 160 to generate a drop down menu or pavigate 0 another screen on the display &6
that hists multiple measuring devices 52 such as the listing of discovered devices 52 on the
display area 170 depicted in FIG. 8. The lst can be dynamically populated with identifiers
of measuring devices 52 detected to be within range of the remote device 58, Alternatively,
the list can be partially pre-populated with a lst of pre-designated measuring devices 52 and
include a dynamically populated list of devices detected to be within range of the fransceiver
80. If a user makes one or more device selections from the Hst (block 114), the pairing
process between the ransceivers 70, 80 of the selected measuring devices 52 and the user
device 58 commences in accordance with the wireless communication protocol employed by
the transceivers., The processing device 82 determines if the selected devicefs) are connected
{block 116). Ifthe selected measuring device(s} 52 is not connected, then the processing
device 2 generates a prompt to the user on the display 86 to turn on Blustooth® (e.g., “App
cannot operate without Bluetooth®) (block 1103, then 1t tries to re-start the app (block 162)
or simnilar actions for Wikl or other wireless protoco! if used. If the selected measuring
device(s} 32 is connected wirelessly to the remote device 58, then the processing device 82
receives raw measorement data from the device(s) 52 and displays data and other related
information on the display 86 {(block 118) as described above in connection with FIG. § in
accordance with illustrative embodiments of the present fnvention. As described above,
different types of voltage measurements (block 122} can be selected and output (blocks 120
and 121} by the user vis GUT inputs on the display 86 and/or other optional user interface 90

or by default such as, for example:
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{35033} Peak{+} = MAX VOLTAGE;

{08034} Peak{-) = MIN_VOLTAGE;

LEHIRRS DC = AV

{0036} RMS = SQRTAVGVY);

{0037} Crest Factor = Ve Vims.

{B0038] In accordance with illustrative embodiments of the present invention, a remote

device 58 can be configured to wirelessly connect to multiple measuring devices 52 and
switch between which measuring device 52 is having its voltage measurement data displayed
o the display 86, For example, if the measuring devices 32 and the remote device 58 are
configured {0 communicate via Bluetooih®, their respective transcetvers 70, 80 can
implement a Bheetooth® stack {e.g., & piconet or scatternet) for multiple device
comumunication and data capture. A remots device 58 can be programmed by the app to
coordinate received raw measurement data transmitted wirelessly from multiple measuring
devices 32 in range. For example, the transmitted signals from the multiple measuring
devices 32 can comprise time stamps (e.z., implemented using Rluetooth” or other wireless
cominunication protocol} and device identifiers (IDS) and/or names associated with the
corresponding device 52 that sent the raw data. The remote device 58, in turn, can be
programuned by the app to line up, or align, or compare or otherwise correlate received raw
measurenient data by time stamps provided in the Blustooth”® protocol or other protoco] to
ascertain a set of data per time stamp or designated time interval or window relative to a
designated time starop needed for performing a calculation of a selected voliage measurement
type (e.g., wherein the data per time stamp or interval can involve data from g single
measuring device 52 or plural measuring devices 32, depending on the requested voltage
measurement type}.

{0039} Raw measurement dala, for example, can be received wirelessly as data
comprising strings or sequences of values corresponding to time stamps for data capture, raw
measurement data {e.g., measured voliages over time), and & measuring device 52 identifier.
The serial protocol method {e.g., Bluetooth®) used for wireless communication of the raw
measurement daia from one or more measuring device 32 to the user device 5§ facilitates
handshaking or pairing of measuring device(s) to the user device 58, and sorting of the
wirelessly transmitted data, since the protocot can define the start and end points {e.g.,
corresponding time stamps) of respective wirelessly transmiited seguences of data from the
measuring device{s} 52 to the user device 58, as well as fields within the strings of values that

can be parsed by the processing device in accordance with the app and protocol {e.g., to
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locate timne stamps, the measuring device identifier, and the raw data). The sclected wirgless
protoco! also determines if data from measuring device{s) 52 is pushed to the remote device
38, or the remote device 3R polls the measuring devices 52 for raw data. By way of an
example, each measaring device 52 can be controlled 1o send a ready-to-send signalto a
paired remote device 58 when i has a data signal to send. The remoie device 58 {e.g., acting
as a master device) can be programuned o return a signal (o that measuring device S2
indicating that the master device 58 is ready to receive. The measuring device 52, in turn,
sends is data sigoal with raw measurement data, device identifier and time stamp for dala
capiure and transmission. Aliernative, as described below, the measuring deviees 32 canbe
configured 1o broadeast or otherwise transmoit raw measurement data {e.g., continuously) to
the remote user device 58,

{80848 in the example of a multipoint measurement requiring data from phural
measuring devices, with reference to FIG. 13, once patred with plural messuring devices 52
{step 180}, the remote device 58 can be configured o respond to 8 user input {step 182)
requesting a muoltipoint voltage measurement type by sending a message to the paired
measuring device(s) 52 that raw data is needed.  Alternatively, the measuring device{s} 52
can be configured to send messages with raw measurement data continuously or at designated
mtervals or time(s} to the rernote device 58 regardiess of the occurrence of 8 user input {step
182} for an voliage measurement type or not at the remote device 58. The user device 58 can,
for exarnple, provide each measuring device 532 with time synchronization information during
pairing, or vice versa. In cither case, the remote device 58 stores the raw measurement data
received from the measuring device(s) 52 in memory.

{68641 For the example in FIG, 11, the wireless protocol can be configured to have
the measuring devices 32 operate as slaves and notify the master remote device 58 with a
ready-to-send message. When the master remote deviee S8 sends an acknowledgement or
ready-to-receive signal to gach of the measuring devices 52 indicating that it is ready (o
receive data (step 184), each measuring device 52 generates and sends o the remote device
5% a time-stamped yoessage comprising raw measurement data (block 186}, The remote
device 58 is programmmed, for example, to align raw data from respective measuring devices
52 relative to a selected time stamp or point in thoe in order to determing, for example, the
selected multipoint voltage measurement. The measuring devices 52 need not be precisely
svanchronized (e.g., to the same clock), that is, the differences between their respective time
stamps for sending data for the same test can be on the order of a fow microseconds but is

negligible due to the averaging of test data over time. Thus, a degree of tolerance exists for a
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windew of tirme around the start times of raw measurement data transmissions from plural
measuring devices 52 for the same test or voltage measurement type.

66342} In accordance with another ilhustrative embodiment of the present invention
and with reference to FI1G, 12, once the user device 58 commences pairing with the
measuring devices 52 (block 190), each of the measuring devices 32 sends a time
synchronization {dlock 194} based upon its internal clock, for example. Once pairing is
complete, the continuous broadeasting of data from sach measuring device 52 to the remgote
device 38 can conunence {block 196). The remoie device 58 can, in turn, recetve data from
each of the measuring devices 52 and perform and display a measurement type (block 198)
selected via the user interface of the remote device 58 (block 192). Alternatively, the user
device 38 can be programmed to send time synchronization information (block 194) to each
measuring device 32 with which it is paired. The remote device aligns received raw
measurement data from the messuring devices 52 based on the original time synchronization
from each device 32.

68043] With reference to FiGs, 3 and 8, an LED 76 {c.g., a multicolor LED) can be
provided on the voliage measurement and wirgiess PCB 56 and be viewable from the ouiside
of the measuring device 52 {e.g., via a light pipe disposed within the housing that encloses
the voltage measurement and wireless PCB 36 at the base of the voliage divider 54). The
LED 76 is controliably illuminated by the microprocessor 64 to indicate different conditions
such as whether a wireless connection or pairing between the user device 58 and that
measuring device 52 exists or not, whether the transceiver 70 of the measuring device 32 is
currently transmtting data to the user device 58, and/or an identifying color or flash/blinking
interval of the measuring device 52. The LED 76 is helpful o a user operating a remote user
device 38 since the user can tell from a distance away from the measuring device 52 that it is
currenily paired with the user device 58, For example, Ulumination of the LED indicates that
the transceiver 70 of the measuring device 52 is currently paired with the user device 58, If
the LEID 76 15 not illuminated, the user is then aware that the measuring device 32 is not
paired with the user device 58 successfully for wireless commumication. In addition, the
microcontroller 64 can be programmed to control the LED to blink or flash to indicate that
the paired measuring device 52 is currenily transmitting data to the user device. Further, the
LED 76 can be combined with or replaced by a sound generating device {not shown) on the
voltage measurernent and wireless PCB 56, For exarople, the sound generating device can be
controbed by the microcontroller 64 to generate audio signals to indicate to the user one or

more of different conditions such as whether a wireless connection or pairing between the
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user device 58 and that measuring device 52 exisis or not, whether the transceiver 70 of the
megsuring device 52 is curvently fransmitting data o the user device 58, and/or an identifier
for the measoring device 52

{800844] With continued reference to FIG, 8, if the LED 76 is a rouiticolored LED,
microconiroller 64 ¢an be programmed to control the LED fo illuminate a specified one of
plural colors to distinguish the measuring device 52 from another rmeasuring device 52 which
has an LED confrolied to ibuminate a different color. A multicelor LED 76 is helptul to 3
user pperating a remote ser device 58 for a multipoint measurement (.., using plural
measuring devices 52 at respective multiple test points) sincs the LED 76 on the plural
measuring devices 52 can be tluminated differently to distinguish them. In addition, as
shown in FIG. 8, the listing of the selected measuring devices 52 and/or theiwr respective data
can be shown in their respective colors (Lo, using the same colors as their corresponding
LEDs} on the screen 170 to further help a user distinguish among the messuring devices 52
during a multipoint test or measurement. The user device 38 can be programmed {o insiruct
the selected measuring devices 52 as to which LED color o use during or after pairing.
[8G045] In addition {0 the LEDs 76 on the measuring devices and color coordinated
information and data in the Hsting of selecied measuring devices 52 on the screen 174, the
user device 58 can be programmed to display data from phiral measuring devices 52
strmtitanecusly {e.g., phase angles calculated from received raw data from respective
measuring devices 52}, as well as show different types of voliage measurement data on the
same screen at the same time. These functions are therefore advantageous over conventional
analog voltage meter heads that are only able t© determine and display one type of voltage
measurement data at a time based on raw data from one measuring device 52,

LR FIG. 8 depicts another example arrangement of a remote device 38 receiving
raw data from multiple voltage measurement systems 50 {e.g., three devices under leat 18
such as three conductors in a three-phase power system that are each connected to a different
measuring device 52 via a voliage divider 54}, It is {0 be understond that the nmitiple

points on a single device under test 18 such as the primary and secondary windings of g
power transformer under test. The remote device 58 can in turn comnwnicate with other
devices {e.g., not just other remote devices or meter heads 58, but servers and general
purpose computing devices} via avother network 144 {e.g., via the internet or a celhidar

network,
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{80047 The improved system and method for voltage measurements described berein
in accordance with illustrative embodiments of the present invention provide a digital
kilovoltmeter, for example, that is highly accurate, portable voltage measurement system that
is useful for voliage measuremenis peaking at high voltage ranges such as 103500 kV unlike
conveniional digital nuitimeters that are only usefisl for lower voliage measurements. The
voltage measurement system 5O constructed in accordance with embodiments of the present
invention is prograromed and configured o be traceable to National and International
standards {NI8T) for significant cost savings on outside calibrations. The voliage
measurement system 50 can comprise a voltage divider assembly {(e.g., a measuring device 52
with voltage divider 54} operated in conjunction with a remote device 58 that can be
configured as a precision readout device calibrated to 19 for AC and £0.5% for DC forup
to 400kY, for example. The voltage measurement systems 5O can be stored and transported in
a durable carrying case and interconnection leads with a remote device 38, or the remote
device can be transported separately. The carrying case and batiery operation make the
system 50 completely portable for field and factory testing, while the precision divider
assembly 32 and readout device 58 make it suitabie for laboratory use. Different applications
can be, but are not limited to, calibration laboratories, production testing and fleld service
testing such testing and calibrating of AC/DC Hipot testers, high voltage DT power supplies,
semiconductor implantation systems, insulation testers, motors, three-phase power systems,
and power transtormers, and other utility and substation components that require testing,
among other applications.

[80048] THustrative ernbodimends of the present invention have been described with
reference to operations at a progranunable device such as a portable measuring device 52
having a voltage measurement and wireless PCEB 36, and 2 handheld remote device 58 with
display which can be a mobile phone, laptop, tablet or other user device, Itistobe
undersiood, however, that the present invention can alse be embodied as compuier-readable
codes on a computer-readable recording medium. The computer-readable recording medium
is any data storage device that can store data which can thereafter be read by a computer
system. Examples of the compuisr-readable recording medium include, but are not limited
to, read-only memary (ROM}, random-access memory {(RAM}), CDR-ROMs, DVDs, magnetic
apes, floppy disks, optical data storage deviees. It is envisioned that aspects of the present
mvention can be embodied as camier waves {such as dats transmission through the Internet

via wired or wireless transmission paths). The computer-readable recording medium can also
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be distributed over network-coupled computer systems 30 that the computer-readable code 1s
stored and executed in a distributed fashion.

F80049] The components of the ilustrative devices, systems and methods employed in
accordance with the iHustrated embodiments of the present invention can be implemented, at
least in part, in digital electronic circuitry, analog electronic elvcunitry, or in computer
hardware, firmware, software, or in combinations of them. These components can be
implemented, for example, 85 a computer program product such as a computer program,
program code or computer instructions tangibly embodied in an nformation carrier, orina
machine-readable storage device, for execution by, or to control the operation of, data
processing apparatus such as a programmable processor, a computer, oF multiple computers.
A computer program <an be wrilten in any form of programming language, inchuding
compiled or inlerpreted languages, and it can be deployed in any form, including as g stand-
alone program or a3 3 module, component, subroutine, or other unif suitable foruse inag
cornputing environment. A computer program can be deployed to be executed on ong
comnpuier or on maltiple computers at one site or distributed across multiple sites and
mterconnected by a comnunication network. Also, functional programs, codes, and code
segments for accomplishing the present invention can be easily construed as within the scope
of the invention by programmers skilled in the art to which the present invention pertains.
Methed steps associated with the tlustrative embodiments of the present invention can be
performed by one or more programmmable processors execuling a computer program, code or
instructions to perform fonctions {e.g., by operating on input data and/or generating an
output). Method sieps can also be performed by, and apparatus of the invention can be
implemented as, special purpose logic circuiry, e.g., an FPGA (field programmable gate
array} or an ASIC {apphcation-specific integrated circuit),

(RG0S0 Processors suitable for the execution of g computer program inchide, by way
of example, both general and special purpose microprocessors, and any one or more
processors of any kind of digital computer. Generally, a processor will receive instructions
and data from a read-only memory or a random access memory or both. The essential
elements of a computer are a processor for executing mnstructions and one oF MOTS MEIBOTY
devices for storing instructions and data. Generally, a computer will also include, orbe
operatively coupled fo receive data from or transfer data to, or both, one or more mass storage
devices for storing data, e.g., magoetic, magneto-optical disks, or optical disks. Information
carriers suitable for embodying compiter program instructions and data include all forms of

non~volatile memory, inchuding by way of example, semiconductor memory devices, e.g.,
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EPROM, BEEFROM, and flash memory devices; magnetic disks, e.g., internal hard disks or
removable disks; magoeto-optical disks; and CI-ROM and DVD-ROM disks. The processor
and the memory can be supplemented by, or incorporated in special purpose logic circutiry.
[BG51] The above-presented description and figures gre intended by way of example
onky and are not intended to linut the present invention n any way except as set forth in the
fillowing claims. It is particularly noted that persens skilled in the art can readily combine
the varicus technical aspects of the various elements of the various Hlustrative emshodiments
that have been described above in numerous other ways, all of which are considered to be

within the scope of the invention,
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CLAINE:

1. A system tor voltage measurernent snd wireless comununication, the systern
cornprising: '

a voitage divider connected to s device under test (DUT) and configured o step down
viskiage signals from the (BUTY peaking at least st 100 kilovolts (V) or above 1o lower
voliages on the order of +/.100V; and

a measuring device conngeted to the voliage divider for receiving raw measurement
data comprising stepped down voliage signals from the voliage divider, the measuring device
comprising a processing device and wireless transceiver, the processing device configured to
condition the stepped down voltage signals for wireless tranaport via the wireless transesiver

in aceordance with a wireless communication protocol,

2. The systemn of claim 1, further comprising:

a remote device configured for remote operation from the measuring device and
valtage divider, the remote device comprising a remote processing device, a remols
transceiver and a display, the remoie processing device configured to

control the remote transceiver o communicate with the transceiver in the
measuring device to receive the wirelessly transmitied signals, the received signals
comprising the raw measurement data,

store the raw measurement data,

operate a user interface fo recetve user inputs to select from among a plurality
of voltage measurcments,

determine the sclected voliage measurement, and

ouiput the voitage measurement on the display.

3 The system of claim 2, wherein the transceiver and the remote transceiver are

. . ey R i LB R
configured to communicate using at least one of ZigBes, Bhuetooth” and WiFL

4, The system of claim 2, wherein the remote device is configured to determine when

one or more of the measuring device is within a designated wireless communicstion range.

5. The system of claimn 2, whersin the remote device is configured to recetve signals

from a plurabity of the measuring devices,
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&, The systern of claim §, wherein the wirelessly transmitied signals comprise at least an
identifier corresponding {0 the measuring device, the remote device configured o store the
raw measurerpent data in the recerved signals in g memory device such that # s attributed to

the measuring device assigned the wdentifier,

2 The systern of clairn 6, wherein the wirelessly transmitied signals are associated with
a fime stamp, one of the plurality of voltage measurements uses the raw measurement data
transmitied fom a plurality of selected measuring devices, and the remote processing device
is configured to determine which raw measurement data corresponds to the plurality of
selected measuring devices for at least one of & selected period of time or initiation of a

selected voliage measurement using the time stamps and identifiers.

3. The system of claim 2, wherein the plurality of voltage measurcmenis is selected from
the group consisting of absolule average (ABS AV(), alternating currvent (AC) root mean
square (RMS}, peak + voltage, peak - voltage, frequency, phase angle, AC coupling, and

divect current {DC coupling.

4, The system of claim 5, wherein the remote processing device s configured to
determing when a measuring device is within range to receive signals therefrom via the

remote transceiver, and to display all measuring devices determined to be within range.

10, The system of ¢laim 9, wherein the user interface is configured to allow a user io

select one or more of the displayed measuring devices determined to be within range.

i1, The system of claim 9, wherein the remote processing device is configured to display
at least one of raw measurement data and a voltage measurement for each of the measuring

devices on the display.

12, The system of claim 5, wherein each measuring device comprises a visual indicator
that is operated o lluminate when the measuring device is paired with the remote device for
wireless communication and to discontinue iHumination when the measuring device is not

paired with the remote device for wireless communication.

?
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13, The sysiem of claim 12, wherein the visual indicator s a multicolor indicator that is
controlied to luminale a selected color, and the visual indicators of the measuring devices

are controlied fo iHuminate different colors.
P4, The sysiem of claim 13, wherein the display of the remote device outputs at least one

of an identifier, raw measurement data, and an voltage measurement corresponding to at least

ong of the measuring devices using i respective one of the different colors,
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