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Described are methods, devices and systems for communicating data measurements from a sampling device to a remote master

device In a distributed power measurement system using high-speed isochronous data links. The sampling device receives a time-
stamp packet from the master device over the isochronous data link, the time-stamp packet containing a sequence number of the
time-stamp packet, and the sampling device starts a counter clocked by a local clock signal to determine an offset time since
recelpt of the time-stamp packet. The sampling device obtains power system data and generates and transmits framed output data
to the remote master device over the isochronous data link. The framed output data includes the sequence number, the offset time,

and a data payload that includes the power system data.
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ABSTRACT

Described are methods, devices and systems for communicating data
measurements from a sampling device to a remote master device in a
distributed power measurement system using high-speed isochronous data
links. The sampling device receives a time-stamp packet from the master
device over the isochronous data link, the time-stamp packet containing a
sequence number of the time-stamp packet, and the sampling device starts a
counter clocked by a local clock signal 1o determine an offset time since
receipt of the time-stamp packet. The sampling device obtains power system
data and gencrates and transmits framed output data to the remote master
device over the isochronous data link. The framed output data includes the

sequence number, the offset time, and a data payload that includes the power

system data.
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COMMUNICATION SYSTEMS AND METHODS FOR DISTRIBUTED
POWLER SYSTEM MEASUREMENT

FIELD

[0001] The present application generally relates to power measurement and to communication

systems and methods for use in transmitting data in a distnbuted powcer mcasurcment system.

BACKGROUND

[0002] Modern power systems rely upon fast and accurate phasor measurements from a
plurality of distributed nodes in the system. In some cases, it is desirable to make phasc
comparisons between nodes that are located large distances apart. Accordingly, accurately
timing mecasurements and correlating measurements from disparate parts of the system is a

challenge.

[0003] It would be advantageous to provide for power signal measurement/sampling that
produces fast and accurate measurements that can be correlated in time, while reducing

component cost in the measurement devices.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Reference will now be made, by way of example, to the accompanying drawings,
which show example embodiments of the present application, and in which:
[0005] IFigure 1 shows a block diagram of an example of a power measurement device;

[0006] Figure 2 shows a block diagram of a distributed power sampling system;

[0007] Figure 3 shows a block diagram of an example slave device for sampling power

system signals; and

[0008] Figure 4 shows an example diagram showing receive path and transmit path delays in

an example sampling device.
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DESCRIPTION OF EXAMPLE EMBODIMENTS

[0009] In one aspect, the present application discloses a sampling device for use in a
distributed power measurement system. The sampling device includes a link interface to send
and receive data with a remote master device using high-speed 1sochronous data links; a clock
circuit to generate a local clock signal; a data storage element to store a sequence number of a
time-stamp packet received from the remote master; a counter clocked by the local clock
signal to dctermine an offsct time since receipt of the time-stamp packet; and a framing
controller to generate framed output data for transmission to the remote master device over
the isochronous data link, wherein the framed output data includes the sequence number, the

offset time, and a data payload.

[0010] In another aspect, the present application discloses a distributed power measurement
system that includes at least one of the sampling devices and a master device. The master
device 1s connected to each of the at least one sampling devices via the high-speed
1sochronous data links to send the time-stamp packets on a periodic basis and to receive data
payloads with associated sequence numbers and offset times. The master device includes
memory storing a plurality of timc-stamp and sequence number pairs and a processor to

detcrmine the absolule time associated with data samples in the data payload.

[0011] In a further aspect, the present application discloses a method to communicate data
measurements from a sampling device to a remote master device in a distributed power
measurement system using high-speed isochronous data links. The method includes
receiving, at the sampling device, a time-stamp packet from the master device over the
isochronous data link, the time-stamp packet containing a sequence number of the time-stamp
packet; starting a countcr clocked by a local clock signal to dctecrminge an offset time since
receipt of the time-stamp packet; obtaining power system data; and generating and
transmitting framed output data to the remote master device over the 1sochronous data link,
wherein the framed output data includes the sequence number, the offset time, and a data

payload that includes the power system data.
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[0012] In yet another aspect, the present application includes non-transitory computer-readable

media containing processor-executable instructions for carrying out one or more of the methods

described herein.

[0013] Other aspects and features of the present application will be understood by those of
ordinary skill in the art from a review of the following description of examples in conjunction

with the accompanying figures.

[0014] One ol the techniques for improving power system reliability and stability 1s to provide
for accurate high-speed phasor measurement at various nodes in the power system network. The
measurements arc carricd out by mcasurcment devices (also rcferred to herecin as “sampling
devices”) distributed through the network. An important feature of phasor measurement systems
IS timing accuracy, since it is desirable to be able to accurately and quickly correlate and
compare measurements taken at the same time at different nodes in the system and, if necessary,
implement corrective action. At times, 1t may be desirable to make near-real-time relative phase

determinations between nodes of the system that may be tens of kilometers apart.

[0015] An example power measurement device 1s described in US Patent Publication No. 2012-
0200284-A1 to Dionne, entitled “Power Measurement Device”. Retference 1s now made to
Figure 1, which shows a simplified block diagram of a power measurement device 10. The
device 10 includes a 1-bit Delta-Sigma Modulator (DSM) 12 for measuring the power quantity
(voltage and/or current on one of the phases) and producing a 1-bit DSM bitstream 14. It will be
understood that conventional delta-sigma converters employ a low-pass filter at the output to
remove the high frequency shaped quantization noise components of the delta-sigma modulation
when converting the bitstream to multi-bit data. In some embodiments, the device 10 docs not
employ such low pass filtering but, instead, retains the high frequency components for as least
some ol the signal processing operations. As noted above, for simplicity a single DSM 12 is
illustrated 1n Figure 1. Some implementations may have two or more delta-sigma modulators for
measuring current and voltage signals on one or more phases. In the case of a three-phase three-
wire system, Six DSMs may be used so as to measure current and voltage on all three phases.
Similarly, in the case of a three-phase four-wire system, eight delta-sigma modulators may be

used so as to measure current and voltage on all three phases and the neutral.
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[0016] In this example, the device 10 includes a signal processor 20). The signal processor 20

receives the bitstream 14 and performs signal analysis and measurements. In particular, the
signal processor 20 is implemented to operate on the 1-bit DSM bitstream 14 directly. The
signal processor 20 produces high accuracy synchrophasor mcasurements of the power system
fundamental. It may also selectively detect and measure subgroup harmonics present (selected by
power content), perform transient detection, and perform both single bit and multiple bit
waveform capture. In this example, the signal processor 20 includes a 1-bit dual frequenéy
locked-loop (FLL) and phaseQIOCked-loop (PLL) 32 architecture. The signal processor 20 also
includes a transient capture and phase jump detection component 36. The transient capture and
phase jump detection component 36 1s configured to detect possible transients in the bitstream
14. The signal processor 20 further includes a 1-bit RMS calculator 34. The RMS calculator 34
calculates the root-mean-square value of the input DSM bitstream, thereby producing an RMS
signal 42. '

[0017] As noted above, timing accuracy is important 1n connection with power system
measurements. A high-accuracy external time base, like a GPS signal or IRIG-B signal, may be
used to derive a highly-accurate local clock signal for performing delta-sigma sampling and any
signal processing. Example methods and devices for correcting clock signals are described in
PCT patent application serial no. PCT/CA2013/050912, to Dionne et al., filed November 28,
2013.

[0018] The power measurement device 10 shown 1n Figurc 1 1s onc example of a power
measurement device. In many systems 1t would be too costly to provide for tull or even partial
signal processing capabilities in every power measurement device. It may also be too costly to
incorporate a GPS-corrected direct-digital synthesizer (DDS) in every power measurement
device.

10019] Accordingly, in somc systems, at [cast somc of the distributed sampling devices of the
power measurement system may lack signal processing capabilities and may relay the sampled
data to another node 1n the system. In addition, at least some of the sampling devices may rely
upon a GPS-corrected clock signal or time value distributed by another device in the nelwork in
order to 1ndicate the time at which the relayed data was sampled.

[0020] In one implementation, the present application describes a power measurement system in

which a designated master device receives delta-sigma modulated (DSM) power system
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sampled data (bitstreams) from one or more slave sampling devices in the network. The
master device receives timing data from the slave devices that allows the master device to
realign the received DSM data. Because it is sampled at high speed, such that the quantized
sampling time has negligible effect, the master may realign the data by inserting a simply

delay of an integer multiple of the sampling time.

[0021] In order to implement the distributed power measurement system and maintain timing
reliability, in one aspect the present application provides for a high-speed isochronous data
link between a master device and a slave device. The isochronous data link may be used for
distributing tim¢ data, such as periodic time-stamp packets. For example, in one embodiment
the master contains a GPS-locked highly-accurate clock and distributes a periodic time stamp
through the system. In other embodiments, the GPS-locked time source may be located in
onc of the slave devices and is periodically distributed to the master (and, possibly, other
slave devices). In the embodiments described below it is presumed that the GPS-locked time
source 1s located in and distributed by the master device, but 1t will be appreciated that the
present descnpuon 1s applicable to other configurations. An external time source other than

GPS may be used 1n some implementations,

[0022] In one example, the master device sends a time stamp with predetermined regularity.
For instance, the master may send the time stamp every 1 ms. The slave device therefore
recerves a regular time sync packet indicating the current time at the master (plus transmission
time from master to slave). Precision Time Protocol (PTP) (as defined in IEEE 1588-2008) is
one example process for dislxribul:ing\ time information (o nodes of a network for

synchronizing clocks, in that case using IP for transport. The PTP process also describes a
mcchanism for detcrmining transit time between a master and slave in a network for the

purpose of synchronizing the slave Liock to a master clock. Portion of the PTP process may

be incorporated into systems and process described in the present application in order to

determine transit time between a master and a slave.

[0023] In many embodiments, unlike in PTP, there is no need for the slave to have a clock
synchronized in time (0 the master clock such that it can determine an absolute time. Instead,
the objective is to ensure that the slave is capable of accuratcly communicating the elapsed
time between receipt of a master time stamp communication and the time at which a sample is
taken. In some such cases, only the mastcr device needs to know the absolute time at which

5
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samples were taken so that it can properly align data from various sources/nodes in the
nctwork. Accordingly, in such embodiments the slave device simply necds a rcasonably
accurate high-frequency clock signal. The high-frequency clock signal at the slave device
may be derived from the high-speed 1sochronous link from the master in some
implementauons (e.g. using a phase-locked loop (PLL) for clock recovery), thereby ensuring
that the master device clock signal is synched to the clock signal used in the slave device to
determune the elapsed time between receipt of a master time stamp and sampling of power

system data at the slave device.

[0024] To save bandwidth, the time stamp distributed by the master device may be
accompanied by (or even replaced by) a much shorter sequence number. The sequence
number may count the number of time-stamp packets sent by the master. In one embodiment,
thc time stamp 1s an 80-bit time stamp and the sequence number is an 8-bit identificr. The
master may store a history of pairs of time stamps and corresponding sequence numbers. In
onc cxample, the master may store the most recent 16 pairs, although it will be appreciated
that more or fewer may be stored depending on the needs of a given implementation. The
time stamp and/or sequence number may be shorter or longer in different embodiments,

depending on the specific needs of a system.

[0025] When a slave device receives a time-stamp packet from the master device, it may store
the sequence number and start/restart an offset counter. The offset counter is clocked at the
slave device’s local clock speed which, as noted above, may be derived from the isochronous
link using a PLI. for clock recovery. In some cases, the slave device may use a local
oscillator and may correct the oscillator signal using data recovery to determine the center of
bit times on the isochronous data link. The latter approach may Icad to a small mismatch

between the clock of the master and the local clock at the slave device, and in such cases, a

data recovery circuit ensures data 15 received correctly in the presence of clock slip.

[0026] The offset counter tracks time (in local clock cycles) from receipt at the slave device
of the master time stamp. If there are inherent delays within the slave device between
detecting a master ime stamp and initating reset of the offset counter, then that delay may be
accounted for in resetting the offset counter to start from a predetermined base value. An

example will be described 1n detail later below.
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[0027] When the slave device transmits data to the master device over the high-speed
isochronous link, the slave device inserts the most-recently received sequence number and the

value 1n the offset counter into the frame header of the data.

[0028] The offset value may be a measurement of the time elapsed between receipt of the
most recent sequence number and a sampling time for data being transmitted. In this case, the
offsct countcr may be read contemporancously with one or more of the samples being taken
or on occurrence of some other event being reported in the transmission. In yet another
implementation, the offset counter value indicates the time between receipt of the sequence
number and transmission of the outgoing data. In some cases, a pre-calculated overage may
account for the time betwecen the sampling event and reading of the offset counter value and
may be subtracted from the offset counter value such that the value placed in the outgoing.

transmission more accurately reflects the sample time.

[0029] At the master device, data 1s received over the isochronous link with an associated
sequence number and offset value. I'rom this, the master device may determine a sample time
from the stored time stamp associated with the sequence number, the offsct valuc that
indicates when the sample was taken relative to receipt of the sequence number at the slave
device, and a transit time for transmission of the time stamp from the master to the slave.,

This transit time may be have been calculated earlier by the master by sending a request
message to the slave device and receiving a response message with an offset value. The offset
value represents the delay between receiving the request message and sending the response
message. The round trip time less the offset value gives the transit time there and back,

provided the offset value reflects the time between receipt of the message and actual

transmission of the responsc; it will be understood that various clock cycles may be added to
or subtracted from the offset counter value to determine the actual offset value based on
known propagation delays within the slave device. Presuming that the transit time is the same
in both directions for the link, the madster device may then determine the transit time from
master to slave. The determination of transit time may be repeated periodically to account for

any changes in link characteristics.

[0030] In some embodiments, data transmitted over the isochronous data link may be

encoded. In some instances, 8b/10b encoding may be used to achieve DC-balance and allow

for clock recovery. DC-balance allows for use of transformers and other galvanic isolation

/
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techmques within the isochronous link path, which can be advantageous when operating

within a power system. Other coding schemes may be used in other embodiments.

[0031] Reference is now made to Figure 2, which shows a simplified block diagram of an
example power measurement system 100. The system 100 includes a master device 102,
which 1n this example includes signal processor 104, GPS-locked DDS 106, memory 107, and
link interface 108. The system 100 includes a plurality of slave devices 110, i.e. sampling
devices. The slave devices 110 include a PLL. 112 for clock recovery, link interface 114, and
delta-sigma modulators (DSM) 116 (one 1illustrated) for sampling power system signals and

generating high-frcquency DSM bitstrcams.

[0032] The master device 102 and each slave device 110 communicate over a dedicated
1sochronous link 130. Each isochronous link 130 may include an isochronous link or channel
from master-to-slave and from slave-to-master. It will be understood that the isochronous
links 130 to vanous slave devices 110 may operale over at least some of the same physical
links. (Galvanic isolation circuitry and other such details are not illustrated. The physical

links may include optical fiber, twisted pair, or other suilable media for a given environment.

[0033] In onc embodiment, the isochronous link 130 operates at 125 Mbps or higher. The
delta-sigma modulation of the power system signal by the DSM 116 produces a 12.5 Mbps
bitstream of delta-sigma modulated data. The slave device 110 may buffer the delta-sigma
modulated data and regularly package and send it (o the master device 102 in data [rames time
stamped with the most-recent sequence number and the current offset value. The master
device 102 extracts the delta-sigma modulated data and determines the time at which the
sampling occurred from the sequence number, the associated time stamp and sequence pair
stored 1n memory 107, a pre-measured transit time stored in memory 107, and the offset value

extracted from the data frame.

[0034] In some embodiments the slave device 110 includes a plurality of DMS 116 for
generating delta-sigma bitstreams each representing the power system signal (current or
voltage) for one phase of a multi-phase system. Accordingly, the slave device 110, and in
particularly the link interface 114, may package delta-sigma bitstream data for multiple

channels in one data frame.
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[0035] In one specific example, 4 channels of DSM data may be packaged together in a data
frame. If 64 samples of each channel arc included per frame, then the data frame may have a
payload length of 32 words (64*4channels/8). With 8 additional words of framing overhead,
a frame length for data transmission may be 40 words. If the isochronous link operates at 125
Mbps and uses 8b/10b encoding, then the word transmission rate is 12.5x10° (i.e. 80 ns per
word). At 80 ns per word, the 40-word frame duration is 3.2 us. If the DSM 116 produces a
delta-sigma modulated bitstrcam of samplcs at 12.5 Mbps, then the 64 samples occur over the
course of 5.12 us of sampling. Thus, the speed of the 1sochronous link is sufficiently fast to
enable transmission of 4 channels of data with an inter-data-frame gap of 5.12 us — 3.2 us =
1.92 us, and provides a link bandwidth usage of 62.5%. The inter-data-frame gap allows the
slave device 110 time to respond to other register read or configuration commands from the
master, if needed. It will be understood that other payload lengths, framing overhead,
encoding schemes, sampling speeds, link speeds, or number of channels may be used in other

embodiments.

[0036] Reference is now made to Figure 3, which shows one example block diagram of a
slave device 110 for power signal measurement. The slave device 110, i.e. sampling device,
1n-this example, includes the PLL 112 for clock recovery from the isochronous data link from
the remote master device. In this example, the PLL 112 outputs a clock signal at the same
frequency as the isochronous bit rate on the link, which in this illustration is 125 MHz. In
other examples, the PLL 112 may generate a faster or slower clock signal for the slave device

110 than is found on the isochronous link.

[0037] In this example slave device 110, the generated clock signal is input to a frequency

divider 140 to producc a sccond clock signal to drive sampling of the powcr signal(s). A
delta-sigma modulator 116 may be clocked by the second clock signal and may output a
delta-sigma bitstream of sample data representing voltage or current signals on the power

system. The output bitstream may be a 12.5 Mbps bitstream in one example.

[0038] The slave device 110 further includes data storage elements for-storing values, such as
a sequence number register 150, an offset counter 160, and a data buffer 170. In different

implementations these data storage elements may be implemented by solid state registers,

random access memory, or any other digital storage device.
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[0039] The sequence number register 150 stores the sequence number most-recently received
by the slave device 110 in a time-stamp message sent by the master device (or other source of
time distribution). The sequence number register 150 overwrites the sequence number stored

therein when a new time stamp message is received.

[0040] The offset counter 160 1s clocked (in this example) at the clock signal generated by the
PLL 112. In some cases, the offset counter 160 may be incremented at a faster or slower rate
than the 1sochronous link, depending on implementation details, provided that the master
device is able to determine the time represented by an offset value. That is, the master device

must know the speed at which the offset counter increments so that it may determine from the

offset value when samples were taken by the slave device 110.

[0041] The data buffer 170 stores bitstream data from the delta-sigma modulator 116 prior to

1t being packaged for transmission {0 the master device.

[0042] The slave device 110 further includes a framing controller 180 for managing
gencration of the output framed data for transmission on the isochronous link to the master
device. The framing controller 180 packages delta-sigma bitstream data from the data buffer
170 (there may be multiple buffers for multiple channcls of data sampling) as the payload of a
defined frame structure. Within predefined fields of the frame structure, the framing
controller 180 1nserts the sequence number read from the sequence number register 150 and
the offset value read from the offset counter 160. Further details regarding handing of the

offset value in some ecmbodiments are provided below.

[0043] In some embodiments, the slave device 110 does not include the PLL 112 for clock
recovery. Instead, the slave device 110 m.ay have its own local oscillator for generating clock
signals and it may perform data recovery on the isochronous link. Without using actual PLL
hardware, the slave device 110 may try to manage its clock based on the bit framing of the
isochronous link from the master device. There may be some clock slippage between the
local clock and the clock in the master device, but the clock slip may be negligible in some

implementations.

[0044] Reference is now made to F-jure 4, which shows an example diagram for pre-

determining the number of clock cycles to be added to or subtracted from an offset counter.

10
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[0045] In this example, the receive path at the sampling device for a transmission from the
master device includes an aligner 402, a serializer/descrializer 404, and a frame decoder 406.
The aligner 402 accounts for 6 clock cycles of delay. The senalizer/deserializer, which may
include both a receive component and a decoder component, accounts for 1 clock cycle of
dclay. The frame decoder 406 results in 191 clock cycles of delay (based on the frame length

for a time-stamp packet in this embodiment). Thus the total receive path delay is 198 cycles.

[6046] Accordingly, in one embodiment, the offset counter is preloaded with a binary value

of 198 when receipt of a time-stamp packet 1s detected following decoding of the frame.

[0047] In some cases, the delay in the transmit path may also be needed. In one instance, the
transmit path delay is important so as to be able to add it to the read value of the offset
counter (or pre-load it into the counter in addition to the 198 cycles for the receive path) in
order to account for the overall propagation delay within the sampling device. For example,
il the master device 1s measuring transmit timc from master to slave, then the overall
propagation delay between receipt of a request message and transmission of the response is
needed in the offset value. If the offset value is read prior to actual transmission (since it
must be encoded and transmitted), then the delay attributable to the transmit path for encoding

and transmission is added to the offset value (or pre-added to the counter),

[0048] In one example the transmit path includes a frame encoder 420, a
senalizer/desernializer encoder 422 with feedback, and a transmitter 424. The frame encoder
420 may account for 1 clock cycle of delay, although the feedback loop (assuming 8b/10b
encoding) may lead to an overall delay of 10 cycles. The transmitter 424 adds a further 1

~ clock cycle of delay, for an overall total transmit path delay of 11 clock cycles in this

example.

[0049] Other systems will have other propagation delays, depending on the encoding used,
the frame structure, and the different decoding/encoding stages. Depending on when the
offset value is read from the counter, different receive delays and/or transmit delays may be
added (or pre-incorporated) into the offset value to ensure the offset value inserted in the
outgoing frame accurately gives a number of clock cycles from receipt of the time-stamp
packet to occurrence of a sampling event. The sampling event may be one sample of a time-
synchronous series of samples, or it may be occurrence of a power system event (e.g. opening

of a breaker, detection of a fault, or some other single measurement event).
11
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[0050] It will be understood that the above-described power signal measurement system may
be implemented partly in hardware and partly in software. In some embodiments, the
implementation may include one or more field programmable gate arrays (FPGA). In some
embodiments, the implementation may include one or more application-specific integrated
circuits (ASIC). The selection of particular hardware components may be based upon cost,
speed, operating environment, etc. The selection and programming of such components will
be within the understanding of a person of ordinary skill in the art having regard (o the

detailed description provided herein.

[0051] In yct a further aspect, the present application discloses a non-transitory computet-
readable medium having stored thercon computer-executable instructions which, when

executed by a processor, configure the processor to execute any one or more of the processcs

described above.

[0052] Certain adaptations and modifications of the described embodiments can be made.
Therefore, the above-discussed embodiments are considered to be illustrative and not

restrictive.

12
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1. A sampling device for use in a distributed power measurement system, the sampling

N

device comprising:

a link 1nterface to send and receive data with a remote master device using high-

- speed isochronous data links;
a clock circuit to generate a local clock signal;

a data storage element to store a sequence number of a time-stamp packet

recelived [rom the remote master;

a counter clocked by the local clock signal to determine an offset time since

receipt of the time-stamp packet; and

a framing controller to generate framed output data for transmission to the remote
master device over the 1sochronous data link, wherein the {framed output data

includes the sequence number, the offset time, and a data payload.

The sampling device claimed 1n claim 1, wherein the clock circuit comprises a phase-
locked loop to perform clock recovery based on the 1sochronous data link to generate the

local clock signal. |

The sampling device claimed 1n claim 1, further including a dclta-sigma modulator for
generating a bitstream of delta-sigma modulated sample data, and wherein the data

payload comprises a portion of the bitstream.

The sampling device claimed in claim 3, wherein the offset time comprises a time
between receipt of the time-stamp packet and a sampling event associated with one of the

bits of thc bitstream.

The sampling device claimed in any one of claims 1 to 4, wherein the offset time

COMPrises
a counter value from the counter,

plus a predetermined delay time between receipt of the time-stamp packet and

starting of the counter, and

13
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minus a predetermined delay between occurrence of a sampling event to reading

of the counter value.

6. The sampling device claimed in claim 1, wherein the data payload comprises a series of
time-synchronous data samples, and wherein the offset time comprises a time between
receipt of the time-stamp packet and sampling of a predetermined one of the data

samples.

/. The sampling device claimed 1n claim 6, wherein the predetermined one of the data

samples comprises the first sample in the series.

8. The sampling device claimed 1n claim 1, wherein the data payload comprises an
asynchronous data value regarding an event, and wherein the offset time comprises a time

between recelpt of the time-stamp packet and occurrence of the event.
9. A distributed power measurement system comprising:
at least one sampling device as claimed 1n any one of claims 1 to 8;

a master device connected to each of the at least one sampling devices via the
high-speed isochronous data links to send the time-stamp packets on a
periodic basis and to receive data payloads with associated sequence numbers

and oliset times,

wherein the master device includes memory storing a plurality of time-stamp and

sequence number pairs and a processor to determine the absolute time

associated with data samples 1n the data payload.

10. A method to communicate data measurements from a sampling device to a remote master
device in a distributed power measurement system using high-speed isochronous data

links, the method comprising:

recerving, at the sampling device, a time-stamp packet from the master device
over the 1sochronous data link, the time-stamp packet containing a sequence

number ot the time-stamp packet;
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starting a counter clocked by a local clock signal to determine an offset ttme since

receipt of the time-stamp packet;
obtaining power system data; and

generating and transmitting framed output data to the remote master device over
the isochronous data link, wherein the framed output data includes the

sequence number, the offset time, and a data payload that includes the power

system data.

11. The method claimed in claim 10, further comprising generating the local clock signal

using a phase-locked loop for clock rccovery driven by the isochronous data link.

12. The method claimed 1n claim 10 or 11, wherein obtaining power system data comprises
generating a bitstream of delta-sigma modulated sample data, and wherein the data

payload comprises a portion of the bitstream.

13. The method claimed in claim 12, wherein the offset time comprises a time between
receipt of the time-stamp packet and a sampling event associated with one of the bits of

the bitstream.

14. The method claimed in any one of claims 10 to 13, further comprising determining the
offset time based on a counter value from the counter, plus a predetermined delay time
between receipt of the time-stamp packet and starting of the counter, and minus a

predetermined delay between occurrence ot a sampling event to reading of the counter

value.

15. The method claimed 1n claim 10, wherein the obtaining power system data comprises
obtaining a series of time-synchronous data samples, and wherein the offset time
comprises a time between receipt of the time-stamp packet and sampling of a

predetermined one of the data samples.

16. The method claimed 1n claim 15, wherein the predetermined one of the data samples

comprises the first sample 1n the series.
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17. The method claimed 1n claim 10, wherein obtaining power system data comprises

obtaining an asynchronous data value regarding an event, and wherein the offset time

comprises a time between receipt of the time-stamp packet and occurrence of the event.

18. A non-transitory processor-readable medium storing program instructions which, when
executed, cause one or more processing elements to execute the method claimed in any

one of claiams 10 to 17.

19. A sampling device for use in a distributed power measurement system, the sampling

device comprising:

a delta-sigma modulator for sampling a power system quantity to generate a

bitstream of delta-sigma modulated sample data;
a link interface to send and reccive data using a high-speed isochronous data link;
a clock circuit to generate a local clock signal;

a data storage element to store a sequence number associated with a time-stamp

packet received over the link interface;

a counter clocked by the local clock signal to determine an offset time between

receipt of the time-stamp packet and transmission of framed output data; and

a framing controller to generate the framed output data for transmission over the

1sochronous data link, wherein the framed output data includes the seqhence

number, the offset time, and the delta-sigma modulated sample data,

wherein the counter 1s to preload a value when resetting the offsct time, and
wherein the value includes propagation delay within the sampling device between

receiving the time-stamp packet and resetting the offset time.

20. The sampling device claimed in claim 19, wherein the clock circuit comprises a phase-
locked loop to perlorm clock recovery based on the isochronous data link to generate the

local clock signal.
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21. The sampling device claimed in claim 19, wherein the value further includes transmission

delay in the sampling device between reading the offset value 1n the counter for insertion

in the framed output data and transmission of the framed output data on the data link.

22. The sampling device claimed 1n claim 19, wherein the 1sochronous link operates at at

least 125 Mbps.

23. The sampling device claimed tn claim 19, wherein the framed output data contains

samples for multiple channels.

24. The sampling device claimed 1n claim 19, wherein the framed output data includes a data

payload containing an asynchronous data value regarding an event, and wherein the

offset time comprises a time between receipt of the time-stamp packet and occurrence of

the event.

25. A sampling device for use 1n a distributed power measurement system, the sampling

device comprising:

a delta-sigma modulator for sampling a power system quantity to generate a

bitstream of delta-sigma modulated sample data;
a link intertace to send and receive data using high-speed isochronous data links;
a clock circuit to generate a local clock signal;

a data storage element to store a sequence number associated with a time-stamp

packet received over the link interface;

a counter clocked by the local clock signal to determine an offset time between

recelpt of the time-stamp packet and transmission of framed output data; and

a framing controller to generate the framed output data for transmission over the
isochronous data link, wherein the framed output data includes the sequence

number, the offset time, and the delta-sigma modulated sample data,

wherein the offset time comprises:

17
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a counter value from the counter,

plus a first predetcrminced delay time between receipt of the time-stamp

packet and starting of the counter,

minus a predetermined delay between occurrence of a sampling cvent to

reading of the counter value, and

plus a second predetermined delay time between reading of the counter

value and transmission of the framed output data.

The sampling device claimed in claim 25, wherein the framed output data includes a data
payload containing an asynchronous data value regarding an event, and wherein the
offset time comprises a time between receipt of the time-stamp packet and occurrence of

the event.

The sampling device claimed 1n claim 25, wherein the isochronous link operates at at

lcast 125 Mbps.

The sampling device claimed in claim 25, wherein the framed output data contains

samples for multiple channels.

The sampling device claimed in claim 25, wherein the sampling event comprises

occurrcnce of a first sample 1n a series of samples contained in the bitstream.
A distributed power measurement system comprising:
at least one sampling device, the sampling device including,

a delta-sigma modulator for sampling 4 power system quantity to generate

a bitstream of delta-sigma modulated sample data,

a link 1nterface to send and receive data using a high-speed isochronous

data link,

a clock circuit to generate a local clock signal,
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a data storage element to store a sequence number associated with a time-

stamp packet received over the link interface,

a counter clocked by the local clock signal to determine an offset time
between receipt of the time-stamp packet and transmission of framed

output data, and

a framing controller to generate the framed output data for transmission
over the 1sochronous data link, wherein the framcd output data
includes the sequence number, the offset time, and the delta-sigma

modulated sample data,

wherein the counter 1s to preload a value when resetting the offset time,
and wherein the value includes propagation delay within the sampling
device between receiving the time-stamp packet and resetting the offset

time:

a master device connected to each of the at least one sampling devices via the
high-speed 1sochronous data links to reccive framed output data with

associated sequence numbers and offset times,

wherein the master device includes memory storing a plurality of time-stamp and
sequence number pairs and a processor to determine an absolute time

assoclated with data samples in the framed output data.

31. A master device for a distributed power measurement system to obtain power system
sample data from a plurality of sampling devices distributed through the power

measurement system, the master device comprising:

a GP5 recerver to generate a high-speed clock signal to track absolute time;

a link 1nterface to send and receive communications with the plurality of sampling

devices over high-speed isochronous data links;

19



CA 2898648 2017-03-28

a signal processor to periodically send time-stamp packets to the plurality of
sampling devices, each time stamp packet containing a time stamp based on

the high-speed clock signal and being associated with a sequence number;
memory to store the associations between time stamps and sequence numbers;

wherein the signal processor is to receive framed output data from one of the
sampling devices, the framed output data including delta-sigma modulated
sample data of a power system quantity, on¢ of the scquence numbers
associated with a previously-sent time-stamp packet, and an otfset time

determined by said one of the sampling devices, and

wherein the signal processor is to determine an absolute time associated with the
delta-sigma modulated sample data based on the time stamp associated with

‘said one of the sequence numbers and the olfsel time.

32. The master device claimed in claim 31, wherein the memory stores a transit time
assoclated with communications between the master device and said one of the sampling
devices, and wherein the signal processor 1s to determine the absolute time further based

upon the transit time.

33. The master device claimed 1n claim 32, wherein the signal processor is to determine the
transit time by transmitting a request message to said one of the sampling devices,
receiving a response message in reply that contains a second offset value, and

determining the transit time based on the elapsed time between sending the request

message and receiving the response message, minus the second offset time.

34. The master device claimed 1n claim 31, wherein the sequence numbers are shorter 1n

length than the time stamps.

35. The master device claimed 1n claim 31, wherein the memory stores a delay value

associated with internal propagation delays within said one of the sampling devices, and
wherein the signal processor 1s to determine the absolute time further bascd upon the

delay value.
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The master device claimed 1n claim 31, wherein the 1sochronous links operate at at least

125 Mbps.

The master device claimed in claim 31, wherein the framed output data contains samples

for multiple channels.

The master device claimed in claim 31, wherein the GPS receiver further comprises a
direct-digital synthesizer to generate the high-speed clock signal, with GPS-based

correction.

The master device claimed in claim 31, wherein the offset time comprises a counter value
clocked at a local clock signal on the sampling device, wherein the local clock signal 1s
derived from one of the 1sochronous data links, and wherein the signal processor 1s to

counter value to a time quantity based on the speed of the one of the isochronous links.

A sampling device for use 1n a distributed powcr measurement system, the sampling

device comprising:

mcans for sampling a power system quantity to generate a bitstream of delta-

sigma modulated sample data;
a Iink 1nterface to send and receive data using a high-speed isochronous data link;
means for generating a local clock signal;

data storage means to store a sequence number associated with a time-stamp

packet received over the link interface;

means to determine an offset time, clocked by the local clock signal, between

receipt of the time-stamp packet and transmission of framed output data; and

means to generate the framed output data for transmission over the 1sochronous
‘data link, wherein the framed output data includes the sequence number, the

offset time, and the delta-sigma modulated sample data,

wherein the means to determine an ofiset time includes means to preload a value

when resetting the offset time, and wherein the value includes propagation delay
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within the sampling device between receiving the time-stamp packet and resetting

the offset time.
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