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Transmission of time stamps of samples of self-powered power sensor

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001 ] This application claims the benefit of U.S. Provisional Application No. 62/537,334 filed

on July 26, 201 7, the contents of which are hereby incorporated by reference.

TECHNICAL FIELD

[0002] The present disclosure relates generally to self-powered power sensors (SPPSs) and,

more specifically, to accurately synchronizing an SPPS for measuring power consumption

when using wireless SPPSs.

BACKGROUND

[0003] The use of self-powered power sensors (SPPSs) placed at a plurality of locations

within a facility's electrical grid allows for the remote measurement of power consumption

throughout the grid. Typically, such SPPSs are positioned at points of interest of power

consumption, such as at circuit breakers or at higher power consumption devices.

[0004] Fig. 1 is a block diagram of a SPPS 100 that includes a current transformer (CT) 103

having its primary winding accepting the primary current 102. The SPPS 100 further

includes an analog-to-digital converter (ADC or A/D) 105 that converts the analog signal

into a series of digital samples under the control of a clock or timer 113 and a

microcontroller (MC) 107. The samples gathered by the ADC 105 are processed by the

MC 107 and then, using a transceiver 109, the processed information is transmitted using

an antenna 116 . An oscillator 110 oscillates at a desired frequency and feeds to the clock

or timer 113 .

[0005] Fig. 2 is a block diagram of a modified SPPS 200 that includes the same basic

elements as described for the SPPS 100 depicted in Fig. 1. The modified SPPS 200

further includes a low pass filter (LPF) 202 coupled to the CT 103 and ADC 105. In one

configuration, the LPF 202 is an analog filter. The input current 201 may be derived from

the CT 103. The LPF 202 may be implemented in many different ways including, but not

limited to, passive or active filters, matched filters, or harmonic filters. The filtered signal

203 is fed to the ADC 105. The MC 107 can select what signal shall be sampled (i.e., an



input signal 104 or a filtered signal 203). The ADC 105 may include two channels, where

both signals can be sampled simultaneously. In one configuration, the LPF 202 can be

activated only when sampling the fundamental signal 203, thus saving power

consumption.

[0006] Fig. 3 is a block diagram of yet another modified SPPS 300 that includes the same

basic elements as described regarding the modified SPPS 200 depicted in Fig. 2 . The

SPPS 300 further includes a zero-crossing (or zero-cross) detector circuit 301 connected

to the LPF 202 and the clock or timer 113 . The filtered signal 203 is fed to a zero-crossing

detection circuit 301 which generates a signal 302 relative to the zero-crossing time of

the filtered signal 203. Further, the generated signal 302 may be time-stamped by, for

example, the clock or timer 113 . The zero-crossing detection circuit 301 may include a

comparator, preferably with a small aperture to avoid significant errors in the zero-

crossing detection.

[0007] Regardless of these and other implementations for determining power consumption,

currently available SPPSs allow for only limited accuracy of measurement. That is, to

accurately measure the power consumption of a load it is necessary to measure the

power factor. Such a factor contains information of the phase difference between the

voltage and the load current, as well as the distortion of the load current and voltage from

a pure sinusoidal wave. In previous power measuring systems, voltage and current are

simultaneously measured by the same physical device and therefore the relationship

between the two signals is easy to calculate and measure. However, when there is a

wireless connection between the current and voltage sampling, accurate measurement

requires additional innovation to overcome the deficiencies of wireless SPPSs for

measuring power consumption accurately.

[0008] It would therefore be advantageous to provide a solution that would overcome the

challenges noted above.

SUMMARY

[0009] A summary of several example embodiments of the disclosure follows. This summary

is provided for the convenience of the reader to provide a basic understanding of such

embodiments and does not wholly define the breadth of the disclosure. This summary is



not an extensive overview of all contemplated embodiments, and is intended to neither

identify key or critical elements of all embodiments nor to delineate the scope of any or

all aspects. Its sole purpose is to present some concepts of one or more embodiments in

a simplified form as a prelude to the more detailed description that is presented later. For

convenience, the term "certain embodiments" may be used herein to refer to a single

embodiment or multiple embodiments of the disclosure.

[0010] Certain embodiments disclosed herein include a method for the synchronization of a

central controller wirelessly connected to at least one self-powered power sensor (SPPS).

The method includes: sampling an electrical signal by at least one SPPS; estimating by

the at least one SPPS a time of a sample of the electrical signal; generating a packet

comprising packet components including a preamble, a synchronization field, and

message data; generating synchronization information for the synchronization field of the

packet; transmitting wirelessly the packet components; determining a time offset value

for the packet, the time offset calculated from the time of the sample of the electrical signal

and a transmission time-stamp of the synchronization information; and transmitting the

time offset value by appending it to the packet, wherein the time offset value is used for

the purpose of calculating at least an electrical parameter.

[001 1] Certain embodiments disclosed herein also include a non-transitory computer

readable medium having stored thereon instructions for causing a processing circuitry to

perform a process. The process includes: sampling an electrical signal by at least one

SPPS; estimating by the at least one SPPS a time of a sample of the electrical signal;

generating a packet comprising packet components including a preamble, a

synchronization field, and message data; generating synchronization information for the

synchronization field of the packet; transmitting wirelessly the packet components;

determining a time offset value for the packet, the time offset calculated from the time of

the sample of the electrical signal and a transmission time-stamp of the synchronization

information; and transmitting the time offset value by appending it to the packet, wherein

the time offset value is used for the purpose of calculating at least an electrical parameter.

[001 2] Certain embodiments disclosed herein also include a system for the synchronization

of a central controller wirelessly connected to at least one self-powered power sensor

(SPPS). The system includes: a processing circuitry; and a memory, the memory



containing instructions that, when executed by the processing circuitry, configure the

system to: sample an electrical signal by at least one SPPS; estimate by the at least one

SPPS a time of a sample of the electrical signal; generate a packet comprising packet

components including a preamble, a synchronization field, and message data; generate

synchronization information for the synchronization field of the packet; transmit wirelessly

the packet components; determine a time offset value for the packet, the time offset

calculated from the time of the sample of the electrical signal and a transmission time-

stamp of the synchronization information; and transmit the time offset value by appending

it to the packet, wherein the time offset value is used for the purpose of calculating at

least an electrical parameter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The subject matter disclosed herein is particularly pointed out and distinctly claimed

in the claims at the conclusion of the specification. The foregoing and other objects,

features, and advantages of the disclosed embodiments will be apparent from the

following detailed description taken in conjunction with the accompanying drawings.

[001 4] Figure 1 is a first exemplary self-powered power sensor (SPPS).

[0015] Figure 2 is a second exemplary SPPS.

[001 6] Figure 3 is a third exemplary SPPS.

[0017] Figure 4 is a message timing diagram and message structure transferred between an

SPPS and central controller.

[0018] Figure 5 is a block diagram of a central controller according to an embodiment.

[0019] Figure 6 is a flowchart of a method for providing samples and synchronization

information from an SPPS to a central controller according to an embodiment.

[0020] Figure 7 is a flowchart of a method for calculation of root mean square information of

an input voltage according to an embodiment.

[0021] Figure 8 is a flowchart of a method for receiving synchronized samples from an SPPS

according to an embodiment.

[0022] Figure 9 is a diagram of a system including a plurality of SPPSs wirelessly connected

to a central controller according to an embodiment.



DETAILED DESCRIPTION

[0023] It is important to note that the embodiments disclosed herein are only examples of the

many advantageous uses of the innovative teachings herein. In general, statements

made in the specification of the present application do not necessarily limit any of the

various claimed embodiments. Moreover, some statements may apply to some inventive

features but not to others. In general, unless otherwise indicated, singular elements may

be in plural and vice versa with no loss of generality. In the drawings, like numerals refer

to like parts through several views.

[0024] Some example disclosed embodiments include a method and system for a self-

powered power sensor (SPPS) to sample a current signal and wirelessly transmit a

message. Current signal samples and transmission time offset information is further

provided. Transmission begins prior to the completion of the creation of the packet so as

to include a transmission offset time that is used by a central controller for the estimation

of electrical parameters. The central controller may sample the voltage signal and

determine, based on the packet received and the information received from the SPPS, a

phase shift of the current versus the voltage, as well as a power factor. This method

reduces the need of the SPPS to detect sampled signal zero crossing.

[0025] The various embodiments will be described with reference to Figs. 1 to 3 . As noted

above, the SPPS 100 includes a CT 103 having its primary winding accepting the primary

current 102 and an ADC 105 that converts the analog signal 104 into a series of digital

samples 106 under the control of a clock or timer 113 and a microcontroller (MC) 107.

The samples 106 gathered by the ADC 105 are processed by the MC 107 and then, using

a transceiver 109, processed information is transmitted using antenna 116 . An oscillator

110 oscillates at a desired frequency and feeds to the clock or timer 113 . U.S. patent No.

9,1 34,348 entitled "Distributed Electricity Metering System," and which is assigned to

common assignee, describes in further details such an exemplary SPPS.

[0026] The power of the input current may be used to provide the power needed for the

operation of the SPPS 100; to detect the actual power consumption of the load connected

to the power line 102; and to detect and time stamp the phase of the current signal.

[0027] The following description is focused on the detection of the actual power consumption

of the load connected to the power line 102 and to the detection and time stamping of the



phase of the current signal. Specifically, the disclosed embodiment allows for accurately

measuring the power consumption of a load based on the measurement of a power factor,

which is a factor that contains information on the phase difference between the voltage

and the load current, as well as the distortion of the load current and voltage from a pure

sinusoidal wave. In standard power measuring systems, voltage and current are

simultaneously measured by the same physical device and therefore the relation between

the two signals is easy to determine and measure.

[0028] According to one embodiment, the input current signal (i.e., the signal sampled from

the power line) 102 is transformed by the current transformer 103 to an analog signal 104

which can be sampled by an ADC 105 connected to a microcontroller 107. The analog

signal 104 is a periodic signal representing the load current with a frequency equivalent

to the grid frequency. Such a signal typically is a sinusoidal or close to sinusoidal

waveform but may also be highly distorted and include high-order harmonics. Typically,

the CT analog signal is a current signal connected to a small resistor (e.g., a current sense

resistor - not shown in the figure). The voltage generated across the sense resistor is

then sampled by the ADC 105.

[0029] The ADC 105 can sample the input signal 104 with a sampling clock 112 which can

be provided by the clock or timer 113 . For example, this sampling clock 112 can be

3,200 Hz when sampling 50 Hz signals. In one embodiment, the clock or timer 113 is

driven from a clock signal 111 provided by an oscillator 110 . The samples 106 can be

stored in the MC 107, for example, in a memory therein or a memory connected thereto

(not shown), for further processing. In one embodiment, the MC 107 is in standby mode

when triggered 114 by the clock or timer 113 to exit standby mode and start processing.

This trigger may be an interrupt signal provided by the clock or timer 113 .

[0030] When the MC 107 wakes-up, the MC 107 is configured to program the clock or timer

113 and the ADC 105 to start sampling the signal 104. The number of samples may

include at least a half cycle of the signal (e.g., 32 samples when sampling a 50 Hz signal

with a 3,200 Hz sampling clock). Once the samples 106 have been stored, the MC 107

is configured to process the samples to roughly estimate the start of a cycle (Ts) of the

input signal 104.



[0031] In an embodiment, once the start of the cycle (Ts) has been estimated, the MC 107

can program the clock or timer 113 to force the ADC 105 to start a new burst of samples

(e.g., 32 samples) at Ts. Since the start of the sampling is triggered by the clock or timer

function 113, and not by a software command from the MC 107, the time-stamp of all the

samples can be accurately recorded.

[0032] Without interrupting the clock or timer operation 113 (to avoid losing synchronization

to the time-stamped samples), the SPPS 100 may start transmitting a wireless message

117 to a central controller (not shown). For that purpose, a radio frequency (RF)

transceiver 109 is coupled to the MC 107 and to an antenna 116 to provide one or two-

way communication with a central controller, such as employing a bridge, discussed in

more detail herein below with respect of Figs. 5 and 6 .

[0033] In one embodiment, the RF transceiver 109 supports transmission only, i.e., uplink

communication. Moreover, it should be noted that the method is designed to enable

accurate power factor measurement using only an uplink communication. This advantage

avoids activating the SPPS in receive mode in order to save energy with a self-powered

device. However, the RF transceiver 109 may include a receiver portion to support

features such as, but not limited to, sensing for a carrier signal, clock synchronization,

acknowledgement, firmware download, configuration download, and the like. Typically,

this should be an unlicensed industrial scientific medical (ISM) band transceiver,

operative, for example and without limitation, at 2.4 GHz or sub GHz bands.

[0034] In another embodiment, some form of spread-spectrum modulation technique may be

used, for example and without limitation, direct sequence spread spectrum (DSSS), to

enable better coexistence with other systems working in the same environment. The

communication rate should be high enough to enable coexistence of a couple of hundred

SPPSs in the same electrical closet. The power consumption of the RF transceiver 109

should be low enough to adhere to energy harvesting limitations which may be used by

an SPPS. Yet another requirement of the RF transceiver 109 is to support a

communication range sufficient to operate in an electrical closet, e.g., 3-4 meters metallic

reach environment.

[0035] In another embodiment, the range may reach up to a few tens of meters in an indoor

environment. This enables the placing of SPPSs on individual devices, e.g., on machines



in a production line of a factory, and a minimum number of bridge units in a given area.

The RF transceiver 109 preferably uses a standard physical layer (PHY) supporting, for

example, IEEE 802.1 5.4, or communication protocol, for example, ZigBee. Use of such

standards enables easy integration with existing systems that already include wireless

hardware, e.g., smart meters.

[0036] Upon determination that a transmission is to take place, the MC 107 prepares a

message 108 to be transmitted. The message 108 is typically a single packet of data that

may contain various types of information and includes the SPPS's unique identification

(UID) which enables a central controller to positively associate the current data received

with previous data handled by the central controller with respect of the SPPS 100. The

transmitted message 108 may include different fields of information. One of those

message fields may be a SYNC field which is typically transmitted following a message

preamble. The SYNC field allows an accurate time-stamping 115 by the clock or timer

113 of the message transmission time (T2).

[0037] In an embodiment, the message 108 packet may include, without limitations, various

SPPS status information, hardware version, software version, alerts such as overload,

average current, SPPS temperature, time-stamped samples, input signal characteristics,

power off indication, e.g., upon identification that the load was turned off, and other

system parameters. According to one embodiment, the message 108 may include the

time stamp of the first sample Ts and the values of all the samples. Such parameters may

be saved until such time of transmission in the MC 107 memory (not shown). A cyclic

redundancy code (CRC) calculation, forward error correction (FEC), or data redundancy

may be further added to a packet for data validation at the receiver side.

[0038] As previously described, the input signal 104 may be a superposition of the

fundamental frequency (for example 50Hz) and higher order harmonics or noise. This is

typical when sampling power lines connected to non-linear loads, such as, for example,

on/off operations. In such an embodiment, estimating the phase shift of the sampled

signal 106 (e.g., by a central controller 500) to another signal (e.g., voltage signal) may

require a filtering of the input or sampled signal to allow estimation of the true phase of

the fundamental component of the input signal.



[0039] According to one embodiment, filtering the input signal 104 may be performed by a

digital filter implemented by the MC 107. In such an embodiment, the MC 107 may use

the signal samples to generate a new set of samples of a filtered signal. For example, a

third-order low pass filter with an attenuation of 20 dB of the third harmonic (i.e., 150 Hz

harmonic for a 50Hz input signal) may suffice for typical third harmonic distortions. Other

embodiments may include different types of digital filters with a higher order.

[0040]The settling time of the digital filter may require using more than half a cycle. It may

be necessary in certain embodiments to store 5 or 10 cycles so as to let the digital filter

settle and provide an accurate output. In addition, as previously described, 32 samples

per half cycle may not be sufficient for the same reason. In certain embodiments, it may

be necessary to sample 80-1 20 per half cycle, or even more.

[0041] According to one embodiment, the MC 107 may also estimate the root mean square

(RMS) value of the input signal 102 and the RMS value of the filtered signal (i.e., the

fundamental component). Those values may be calculated using the respective signal

samples and the filtered samples. This allows for a more accurately computation of the

power factor according to the following approximation:

V [RMS] \ f [RMS]
PF = — * * cos )

V [RMS] I [RMS]

where, Is [RMS] is the RMS value of the input (non-filtered) signal; If [RMS] is the RMS

value of the fundamental component of the input signal; Vs [RMS] is the RMS value of the

voltage; V f [RMS] is the RMS value of the fundamental component of the voltage; cos (φ)

is the displacement power factor, or the power factor of the fundamental signal; and, PF

is the true power factor.

[0042] It should be noted that when using a filter to attenuate the harmonics and the noise,

the phase delay introduced by the filter itself should be factored. This is important to allow

estimating the true phase of the input current signal.

[0043] In one embodiment, when conditions to transmit are met, the MC 107 can implement

a carrier sense multiple access (CSMA) protocol mechanism for the purpose of collision

avoidance. The following steps may be taken: first, the receiver of the RF transceiver 109

is switched on. Second, the receiver senses whether there are currently other



transmissions. This is particularly important in the environment in which the SPPS

operates, which may be an environment rich with SPPSs. Third, upon determination that

the air is free, the receiver is disabled and the transmitter of the RF transceiver 109 is

enabled for transmission to send the information message 108; otherwise, the receiver is

disabled and the MC 107 selects a random time interval, after which the MC 107 attempts

to start a new transmission, until the desired transmission is completed.

[0044] In one embodiment, the information messages are short enough and the intervals

between transmissions are long enough such that collisions are highly unlikely. In such

an embodiment, the transmission of the transmitted message 117 may take place without

pre-sensing of the air, thereby conserving energy. During the message 108 transmission,

immediately after the SYNC field is transmitted, the SYNC transmission is time-stamped

115 by the clock or timer 113 . The time-stamp of the SYNC field transmission is denoted

as T2. Since the clock or timer 113 is continuously running from the time the time-stamped

samples have been collected until a message transmission is performed, the time-stamp

T 2 denoting the SYNC field transmission is fully synchronized with the time stamps of the

first sample Ts. Thus, during the message 108 transmission the MC 107 determines the

time difference between the SYNC field transmission T 2 and the time stamp of the first

sample Ts of the signal 106. We denote this time as Delta T:

Delta T = T2 - Ts

[0045] In some configurations, the computation of the Delta T value includes handling the

wraparound of the timer 113 between Ts and T2. According to one embodiment, the MC

107 is configured to estimate the value Delta T and insert this value in the message being

transmitted 117 . In addition, it should be apparent that the accuracy of Delta T is affected

by the accuracy of the time stamps Ts and T2. For example, using a timer clock resolution

of < 1 sec should provide highly accurate time stamps for an accurate power factor

determination in accordance with the disclosed embodiments (for a 50 Hz signal, 1

degree of phase is around 55.56 sec). It is important to note that Delta T is computed

on the fly, that is, while the message 108 is being transmitted. Therefore, Delta T links



the time stamp of the first sample Ts to the actual time of the message transmission T2.

This process is further explained in relation to Fig. 4 below.

[0046] In one embodiment, the transmitted message may also include information to let the

central controller receiving the message fully compute the phase shift, or time offset

value, of the primary input current signal (i.e., the current signal through the power line,

which is the primary winding of the current transformer 103) based on the voltage signal.

This information may include the values of all or part of the filtered (if the signal is also

filtered by the SPPS) and non-filtered samples of the input signal 104, the time delay of

the CT 103 (TCTD) which is the time delay of the SPPS's 100 current transformer 103 (i.e.,

the time difference between the primary current 102 and the signal 104 fed to the ADC

105).

[0047] It should be noted that a CT-based sensor may also cause a phase shift that may

impact the accuracy of the measurements. In some cases, this phase delay may be

significant and should not be ignored if an accurate power factor computation is desired.

The CT 103 phase delay is not constant and is affected by several factors, including, but

not limited to, input current 102 amplitude (RMS); type of current transformer; current

transformer temperature; input signal 102 frequency; and, the air gap of the current

transformer (in the case of a split core CT). Therefore, in one embodiment, a phase

calibration factor value may be transmitted in the message sent from the SPPS 100 to

the central controller. Such a calibration factor may be embedded as part of the code or

configuration parameters of the MC 107 during manufacturing, or, if the SPPS 100 is

susceptible to change, for example over time or a temperature range, by periodically

performing a self-determination of the calibration factor necessary due to the current

characteristics of the SPPS 100.

[0048] In another embodiment, the phase calibration factor can be a linear or a higher degree

function of the input current, expressed in a formula or lookup table. This is specifically

relevant for nonlinear CT's. In yet another embodiment, the phase calibration factor may

be known to the central controller. Regardless of the way such a calibration factor is

provided, the phase calibration factor may be used for the purpose of correcting the power

factor or signal timing on a per SPPS 100 basis. It should be noted that a single calibration

factor for all of the SPPS 100 is also possible without departing from the scope of the



disclosure. According to one embodiment, the estimated CT 103 delay (TCTD) is then

transmitted to a central controller in the transmitted message.

[0049] The time delay of the CT 103 may also include the delay of filter (TFD) which is the

time delay of the filter (e.g., a low pass filter) used to attenuate the input signal distortion

caused by harmonics and noise. TFD refers to the phase delay of the fundamental

component of the input signal. According to one embodiment, the TFD is computed or

measured and transmitted to a central controller as part of the transmitted message.

When digital filters are used, the delay of this filter is a function of the filter type, but it

does not change among different SPPS units or the amplitude of the input current.

[0050 ] This information may also include the delay of transmitter (TTD), which is the time delay

introduced by the transmitter before the signal is actually transmitted through the antenna

116 . This time delay is the difference between the time stamp (T2) of the SYNC field and

the time when the SYNC field has been transmitted through the antenna 116 . This delay

depends on the transmitter implementation and the logic used to generate a pulse at the

end of the SYNC field transmission.

[0051] In one embodiment, this delay may be in the order of 10-20 sec and cannot be

ignored. However, often it is constant and can be accurately measured. According to one

embodiment, the delay of the SPPS transmitter (TTD) is determined or measured and

transmitted to a central controller in the transmitted message. In different embodiments,

all of the above delay factors can be summed together (TCTD+TTD+TFD) and transmitted

together as a single delay factor, transmitted separately, stored in any part of the receiving

system, or any combination of the above.

[0052] The disclosed embodiments will now be described with reference to Fig. 2 . As

previously noted, the SPPS 200 includes the same basic elements as described for SPPS

100 depicted in Fig. 1. The SPPS 200 further includes a low pass filter 202 connected to

the current transformer 103 and ADC 105. The low pass filter 202 may be an analog filter.

The input 201 may be derived from the current transformer 103. The analog filter may be

implemented in various ways, including passive or active filters, harmonic filters, and the

like.

[0053] According to the embodiment shown in Fig. 2, the filtered signal 203 is fed to the ADC

105. Thus, the MC 107 can select which signal to be sampled (i.e., input signal 104 or



filtered signal 203). In other embodiments, the ADC 105 includes two channels and both

signals can be sampled simultaneously. According to one embodiment, the low pass filter

202 can be activated only when sampling the fundamental signal 203 is required, thus

saving power consumption.

[0054] The disclosed embodiments will now be described with reference to Fig. 3 . As

previously noted, the SPPS 300 includes the same basic elements as described for SPPS

200 depicted in Fig. 2, where SPPS 300 further includes a zero-crossing detector circuit

301 coupled to the low pass filter 202 and the clock or timer 113 . In one embodiment, the

low pass filter 202 is an analog filter. The input 201 may be derived from the current

transformer 103. The analog filter may be implemented in many different ways, including

passive or active filters, matched filters, harmonic filters, and the like.

[0055] The filtered signal 203 is fed to a zero-crossing detection circuit 301 which generates

a signal 302 relative to the zero-crossing time of the filtered signal 203. In an embodiment,

using the zero-crossing circuitry is utilized to compare how accurate the calculations

performed by the central controller 500 (Fig. 5) is, or for any other component of a system

designated for such purposes, with respect to a zero-crossing determination at an SPPS.

It should be noted that a central controller may be connected to a plurality of SPPSs,

some as described in Fig. 1, others as described in Fig. 2 and yet others as described in

Fig. 3 .

[0056] Fig. 4 shows an example block diagram of a message timing and message structure

for a message sent from an SPPS according to one embodiment. In an example, Fig. 4

shows a transfer of a message from SPPS 100 to a central controller, e.g., central

controller (or bridge) 500.

[0057] According to one embodiment, the MC 107 in the SPPS 100 has the time stamp of

the first sample Ts of the input signal 408 if it contains harmonics that can cause an error

in the phase shift estimation Without interrupting the time counting of the clock or timer

113, the MC 107 in the SPPS 100 may start transmitting a wireless message 400 to a

central controller 500.

[0058] According to one embodiment, the transmitted message 400 includes a preamble 401 ,

typically used by the receiver to detect the incoming signal and if necessary to align some

of its parameters (e.g., gain, receive clock frequency and phase, and the like). Following



the preamble 401 , a SYNC field 402 may be transmitted. Typically, the SYNC field 402 is

used to align the receiver to the frame itself (i.e., to the start of the message payload 406).

The SYNC field 402 can be represented by a binary series that has good autocorrelation

properties in order to allow for accurate frame synchronization of the receiver even in the

presence of bit errors caused by a wireless link.

[0059] According to one embodiment, the receiver may discard the received message 400 if

more than a certain amount of errors is detected (e.g., in a case in which the SYNC field

402 is 16 bits long, one can discard the received message if 2 out of 16 bits are wrong).

[0060] According to yet another embodiment, the transmission of the SYNC field 402 is time-

stamped by the SPPS, denoted as T 2 4 11. Further in accordance with this embodiment,

time stamping of the SYNC field 402 transmission may be performed by the transmitter

logic itself (not shown) or by adding an external logic (not shown). For example, some

System-in-Package devices may have this function built-in, e.g., in the transmitter or

receiver logic. The transmitted message payload 406 may include message data 403

including SPPS identification, the value of all the time stamped samples, status of the

SPPS, RMS values of the input current and filtered current signals, and any other

information required by the system.

[0061] During the transmission of the message data 403, which, depending on the

implementation and selected bit rate of the transmitter, may take several hundreds of

sec (for example, a typical 240 bit message and a typical 250 Kbps transmission rate

may take 960 psec), the MC 107 determines Delta T 461 based on the stamp of the first

sample Ts 460 and the time stamped SYNC field transmission T 2 4 11. Delta T value 461

may or may not take into account the various correction factors described above such as,

but not limited to, the filter delay, the CT delay and the transmitter delay. Note that Delta

T 461 is determined with the accuracy of the clock provided by the master clock 110 .

Before the end of transmission of the message data 403 field, the MC 107 inserts the

Delta T value 461 in the data buffer being transmitted. Once the message data field 403

is transmitted, the message transmission continues with the transmission of the data field

404 which includes the Delta T value 461 .

[0062] In one embodiment, additional auxiliary bits may be added to the message data 403

prior to the Delta T value 461 in order to allow sufficient time for the MC to determine



Delta T value 461 and insert it to the message on the fly. The message 400 transmission

is completed by transmitting a CRC field 405 which is used by the receiver to detect errors

in the message payload 406 or CRC 405.

[0063 ] The transmitted message 400 may be received by a central controller 500 (e.g., a

bridge) located at a wireless communication distance from SPPS 100. According to one

embodiment, the communication distance may vary between a few to tens of meters. In

such an embodiment, the propagation delay caused by the wireless link TSBD 432 is

typically less than 0.2 sec, which may be determined to be insignificant with respect to

the phase delay accuracy required for the power factor computation. It should be

appreciated that in some cases the propagation delay can also be accounted for as an

additional correction factor to the ones mentioned herein and as will be shown further on.

[0064] When the central controller 500 receives the message 400, the controller 500 is

configured to time stamp the reception of the SYNC field 402, denoted as T 3 431 in Fig.

4 . Following the SYNC field 402 reception by the central controller 500, the message data

403 and Delta T value 461 fields are received from the received message at Tr 433.

Assuming the message was received without errors (this is checked with the CRC 405),

the central controller 500 now has the T 3 time stamp and the value of Delta T value 461

retrieved from the received message at Tr 433. According to one embodiment, the central

controller 500 can now determine the time stamp of the first sample Ts 460 of the primary

current signal 102 in the SPPS 100, adjusted to the central controller 500 time base. The

computation is as follows:

TPFS = T 3 + Tcycie - TCTD - TFD - (Delta T) - TTD - TRD -TSBD

where, TPFS is the time stamp of the first sample of the primary input signal 102 in the

SPPS 100. The time stamp is according to the central controller 500 (e.g. bridge) time

base (timer); T 3 is the time stamp of the received SYNC field 402 at the central controller

500; Tcycie is the cycle time of the input signal (e.g., 20 msec for a 50Hz signal); TCTD is

the time delay of the current transformer; TFD is the time delay of the SPPS filter (if used);

Delta T is the value of Τ 2- Ts as determined by the SPPS 100; TTD is the time delay of the

SPPS transmitter; TRD is the time delay of the central controller receiver (similar to TTD) ;



and TSBD is the propagation time of the wireless message. Ignoring TSBD 432, which may

be insignificant, the central controller 500 can further compute an accurate time stamp of

the primary current signal zero-crossing at the SPPS 100 in its own time base using the

time stamped samples received in the message.

[0065] It should be noted that wherever technically appropriate, the SPPS 200 or SPPS 300

may replace the SPPS 100 described herein, and the use of SPPS 100 is for convenience

of description and not intended to limit the scope of the disclosure.

[0066] Since the SPPS 100 and central controller 500 have different clocks which are also

unsynchronized, it is expected that time measurements in both units will not be identical.

For example, in accordance of one embodiment, a 200-ppm clock drift between the SPPS

100 and the central controller 500 may be assumed. Furthermore, and as an example, if

the value of Delta T (the interval between the time stamp of the first sample Ts 460 and

the SYNC transmission) is 15 msec, a typical 200 ppm drift generates an error of 3 sec

in the estimation of Ts 460 by the central controller 500. In other words, if the central

controller 500 generated a pulse at time Tszc it would have an offset of -3-4 sec to a

pulse generated by the SPPS at Ts. This error caused by the clock drift generates an

error in the estimation of the time stamp of the first sample Ts 460 and consequently in

the zero-crossing estimation of around 0.05° for a 50Hz signal.

[0067] It may be determined that this error is acceptable and therefore the clock drift is

negligible and does not need to be taken into account in a typical embodiment.

Nevertheless, it is possible to reduce this error by using one or more of the following

methods: reduce the clock drift by selecting more accurate oscillators 110 in the SPPS

100 and central controller 500; measure and calibrate the SPPS oscillator 110 during

manufacturing and transfer this information to the central controller 500; and, measure by

the central controller 500 the clock drift by estimating the difference in the RF carriers

(typically generated from the same oscillator).

[0068] The disclosed embodiments therefore enables a highly accurate time stamping by the

central controller 500 of the time stamp of the first sample Ts of a signal in the SPPS 100.

This accuracy is achieved without a complicated synchronization mechanism between

the SPPS and the central controller 500 and contemplating a case where the central

controller 500 has to handle hundreds of SPPS 100 units periodically transmitting their



respective time stamped samples as described. The time of the zero-crossing of the

current input signal in the central controller 500 may be used to determine the time

difference to the voltage signal zero-crossing and then determine ο (φ ) .

[0069] Fig. 5 is a block diagram of an exemplary central controller 500 according to a fourth

embodiment. The central controller 500 includes an analog section that is coupled to a

microcontroller (MC) 502. The analog section includes a signal conditioner 505 to adapt

the voltage signal from the power line 5 15, to a signal suitable to be sampled by an

analog-to-digital converter (ADC) 506. The signal conditioner 505 may also include a

protection circuit (not shown) to protect the bridge from disturbances in the voltage line.

[0070] According to one embodiment, the primary voltage signal 5 15 is adapted by the signal

conditioner 505 to a conditioned signal 5 16 . The ADC 506 can sample the conditioned

signal 5 16 with a sampling clock 5 13, which can be provided by a clock or timer 503. For

example, this sampling clock 5 13 can be 3,200 Hz when sampling 50Hz signals. In one

embodiment, the clock or timer 503 is driven from a clock signal 5 11 provided by an

oscillator 507. The samples 5 17 can be stored in the MC 502 of the central controller 500

or memory attached thereto (not shown) for further processing. In one embodiment, the

MC 502 is configured to periodically program and activate the clock or timer 503 to trigger

and provide the clock 5 13 for the sampling of the conditioned signal 5 16 by the analog-

to-digital converter 506.

[0071] The number of samples may include a full cycle of the signal 5 16 (e.g. 64 samples

when sampling a 50Hz signal with a 3,200 Hz sampling clock). Once the samples 5 17

have been stored in the MC 502 or the attached memory (not shown), the MC 502 can

process the samples together with the input current samples provided by an SPPS 100

to accurately determine the phase difference between input current and input voltage

signals. Since the start of the sampling is triggered by the clock or timer function 5 13

rather than a software command from the MC 502, the time-stamp of all the samples can

be accurately recorded.

[0072] According to one embodiment, without interrupting the clock or timer operation 503

(i.e., to avoid losing synchronization to the time-stamped samples), the central controller

500 may start receiving a wireless message 5 10 from an SPPS unit. For that purpose,



the RF transceiver 501 is connected to the MC 502 and to an antenna 508 to provide one

or two-way communication with an SPPS unit.

[0073] In one embodiment, the RF transceiver 501 supports reception only, i.e., uplink

communication. Moreover, the method described herein is designed to enable accurate

power factor measurement using only an uplink communication. This allows avoiding the

activation of the SPPS in receive mode in order to save energy with a self-powered

device. However, the RF transceiver 501 may include a transmitter portion to support

features such as, and without limitation, clock synchronization with an SPPS,

acknowledgement, firmware download, and configuration download. Typically, this

should be an unlicensed industrial scientific medical (ISM) band transceiver, operative,

for example and without limitation, at 2.4 GHz or Sub GHz frequencies.

[0074] In one embodiment, some form of spread-spectrum modulation technique may be

used, for example and without limitation, direct sequence spread spectrum (DSSS), to

enable better coexistence with other systems working in the same environment. The

communication rate should be high enough to enable coexistence of a couple hundred

SPPSs in the same electrical closet. The power consumption of the RF transceiver 501

should be low enough to adhere to energy harvesting limitations which may be used by

an SPPS. Yet another requirement of the RF transceiver 501 is to support a

communication range sufficient to operate in an electrical closet, e.g., 3-4 meters metallic

reach environment.

[0075] In another embodiment, the range may reach up to a few tens of meters in an indoor

environment. This enables the placing of SPPSs on individual devices, e.g., on machines

in a production line of a factory, and a minimum number of bridge units in the area. The

RF transceiver 501 preferably uses a standard PHY layer supporting, for example and

without limitations, IEEE 802.1 5.4, and/or communication protocol, for example and

without limitation, ZigBee. Use of such standards enables easy integration with existing

systems that already include wireless hardware, for example and without limitations,

smart meters.

[0076] According to one embodiment, when the central controller 500 starts receiving an

incoming message transmitted by an SPPS 100, a logic in the receiver detects the

reception of the SYNC field 402 and generates a pulse 5 12 which may be time stamped



by the clock or timer 503. This time stamp is denoted T3. Hence, having the input current

samples with their respective time stamps and input voltage samples with their respective

time stamps, wherein all the time stamps are related to the same time base, the central

controller 500 can determine the time delay between the current and voltage signals.

[0077] Several methods are employed to estimate the phase shift between two sampled sine

waves (i.e., current and voltage) having the same frequency. The embodiments disclosed

herein may use some of the following methods according to the required performance

(i.e., desired accuracy of the phase shift estimation), processing power available in the

central controller, and other factors. Such methods include the following:

[0078] A) calculating a phase difference between the peaks or zero crossing of the signals.

This method includes local linear interpolation around zero crossings or peaks, and allows

resolution increase. Signal pre-processing before detection of crossings of zero level is

often required in practice to prevent additional zero crossings caused by additive noise

and/or signal higher harmonic components.

[0079] B) using discrete Fourier Transform (DFT). The phase difference between

fundamental harmonic components of the two measured signals is found as the phase

difference of the fundamental harmonics DFT phase spectrum values of the two

measured signals. For sinusoidal signals, there is only one non-zero spectral line in the

basic DFT spectrum interval if integer number of periods is sampled.

[0080] C) virtual vector-voltmeter. This method uses a multiplication of the signal by a

reference signal (sinusoid of the same frequency as the measured signals) and finding a

mean value (DC component) of this product. This mean value is proportional to the cosine

of the phase difference between the fundamental harmonic component of the measured

signal and the reference signal, the phase shift of which is considered to be zero.

[0081 ] D) sine-wave-fits: Sine-wave-fit techniques, based on least-square error (LSE)

between (the samples of) the measured signal and (samples of) an ideal sinusoid. This

sinusoid is characterized by the three parameters of magnitude, frequency and phase,

and may include a fourth parameter of a nonzero DC component added, which are used

for calculating the minimum LSE. If applied to both the input current and input voltage

signals, the phase difference is obtained as the difference of phases of the both signals.



[0082] E) cross correlation of the signals. In this method, the phase difference between both

signals is estimated by computing the cross correlation function and then finding the time

T at which the cross correlation function reaches a maximum. In some cases, prior to the

phase shift estimation, a signal conditioning may be required including filtering,

equalization of amplitudes, direct current (DC) component removal and other techniques.

According to one embodiment, the output of the processing described herein is the time

difference TVID between the current and voltage signals.

[0083] The computed value TVID may require an adjustment as follows (e.g., if it is determined

the delay cannot be more than +/- 0 .25* TCycie) : if TVID < 0, then an integer number of

quarter cycles is added (i.e., N * 0 .25*TCycie) until the number is positive and < 0.25 * Tcycie;

if TVID > 0.25 * Tcycie, an integer number of quarter cycles is subtracted (i.e., N * 0 .25*T Cycie)

until the number is positive and < 0.25 * Tcycie; and, if 0 < TVID ≤ 0.25 * Tcycie, then no need

to adjust TVID.

[0084] In one embodiment, the cycle time of the input voltage signal (i.e., the power line

frequency) may be estimated based on the time stamped samples 5 17 . Since the line

frequency is not expected to change at short intervals, this estimation may be performed

at intervals of a minute or more. In another embodiment, as the line frequency is kept

relatively constant by the power provider (for example, at a 50Hz grid the frequency may

not change by more than 0.25 Hz - i.e., 0.5%), a constant value of Tcycie can be used and

stored in the central controller 500 without measuring it periodically. In another

embodiment, the central controller 500 may be periodically updated from a server though

an Ethernet link 5 18, which can accurately measure the line frequency in a site and

update all the central controllers 500 in the site. After the voltage-current delay has been

determined, the phase difference φ between the input voltage and the input current is

computed as follows:

φ [degrees] = 360 * (TVID/ Tcycie)

φ [radians] = 2π * (TviD T Cycie)

[0085] In one embodiment, the central controller 500 may also include a low pass filter,

implemented as a digital filter in the MC or as an external filter (not shown), generating



another signal (not shown) that contains only the fundamental frequency of the voltage.

This signal will also be measured by the ADC 506 and then the ratio of Vf[RMS]/Vs can

be computed [RMS]. However, in some cases this stage is not necessary, assuming the

input voltage distortion is relatively negligible.

[0086] According to the disclosed embodiments, the power factor can then be computed in

the central controller 500 using the computed cos φ as well as other parameters, including

V s[RMS], ls[RMS], Vf[RMS], and lf[RMS]. The power factor can then be used to determine

the power consumption of the load. The central controller 500 can handle simultaneously

the computation of cos φ for multiple SPPS units. According to one embodiment, the

computed phase difference φ or the resulting cos φ or power factor may be sent by the

central controller (e.g. bridge) 500 to a management server (not shown). This information,

along with other parameters from both the SPPS 100 and the central controller (e.g.

bridge) 500, such as (but not limited to) Vs[RMS], ls[RMS], Vf[RMS], and lf[RMS] can be

sent to the management server 5 19 using an Ethernet adapter 504 coupled to the MC

502.

[0087] Many other communication means may be used by the bridge to transfer this

information to the server, including and without limitation, IEEE802.1 1/a/b/g/n/ac/ad

networks, IEEE802.1 5.4, cellular 3G/4G/5G networks, USB, and their like.

[0088] Fig. 6 depicts an example flowchart 600 of a method for providing samples and

synchronization information from an SPPS to a central controller according to an

embodiment. The method starts after the SPPS has been initialized. As part of that

initialization, a clock or timer 113 is programmed to send a wake-up trigger to the MC 107

at periodic intervals (e.g., every second).

[0089] At S602, it is determined if it is time to sample the input current signal. If so, the input

current signal is sample at S605 (e.g., via the clock or timer 113 and the ADC 105).

Otherwise, the method begins again.

[0090 ] After N samples (e.g., 32 samples for a 50 Hz signal) have been stored, e.g., in the

MC 107 memory, the time of the start of the input signal cycle (Ts) is estimated. This is

possible since the time when the sampling process began had been recorded. Having an

estimate of the start of the cycle, a new sampling process is initiated (e.g., 32 samples

for a 50 HZ signal via the clock or timer 113), but with the difference that the start of this



sampling process is triggered by the clock or timer 113 itself (i.e., not by an MC

command). The outcome of this hardware trigger is having an accurate time stamp of the

new samples, limited only by the clock or timer accuracy.

[0091] According to one embodiment as depicted in flowchart 600, the RMS value of the input

signal 102 and the RMS value of a filtered signal (i.e., the fundamental component) are

computed. Those values may be determined using the respective signal samples and the

filtered samples. This is needed to compute more accurately the power factor according

to the following approximation:

If [RMS] cos(0)
Is [RMS]

where Is [RMS] is the RMS value of the input (non-filtered) signal; If [RMS] is the RMS

value of the fundamental component of the input signal; cos (φ) is the displacement power

factor, or the power factor of the fundamental signal; and, PF is the true power factor.

[0092] Upon determination that a transmission is to take place, a message is prepared to be

transmitted. The message is typically a single packet of data that may contain various

types of information and include the SPPS's unique identification (UID) which enables a

central controller 500 to positively associate the current data received with previous data

handled by the central controller with respect of the SPPS 100 (e.g., the message 400 of

Fig.4).

[0093] At S61 2, without interrupting the clock or timer operation 113 (to avoid losing

synchronization to the time-stamped samples), a wireless message is transmitted, e.g.,

to a central controller 500. The transmitted message may include different fields of

information.

[0094] It should be noted that one of the message fields may be a SYNC field 402 which is

typically transmitted following the message preamble 401 . Once the message 400

transmission started, the MC waits, at S61 3, until the SYNC field is transmitted. When

this happens, the time of the end of transmission of the SYNC field is sampled at S61 6,

e.g., by the clock or timer 113 .

[0095] The SYNC field 402 allows for accurate time-stamping by the clock or timer 113 of the

message transmission time (T2). The message 400 packet may include, without



limitations, various SPPS status information, hardware version, software version, alerts

such as overload, average current, SPPS temperature, time-stamped samples, input

signal characteristics, power off indication, e.g., upon identification that the load was

turned off, and other system parameters. According to one embodiment, the message

108 may include the time stamp of the first sample Ts and the values of all the samples.

While the message 108 is transmitted, the time difference between the SYNC field

transmission T 2 and the time stamp of the first sample Ts of the sampled signal 106 is

determined. This time is denoted as Delta T:

Delta T = T2 - Ts

[0096] It should be noted that the computation of Delta T may include handling the

wraparound of the timer 113, between Ts and T2. In one embodiment, additional auxiliary

bits may be added to the message data 403 prior to the Delta T value in order to allow

sufficient time for the MC to determine delta T and insert it to the message on the fly.

According to one embodiment, as depicted in flowchart 600, the MC 107 estimates Delta

T and inserts this value and the values of Is and If, in the message 400 packet being

transmitted.

[0097] At S61 9, it is determined if the entire message has been transmitted and if so, at S622

it is checked if there is a need to continue signal sampling; if that is determined to be

necessary, the flow returns to S602 to wait for the start of a new measurement cycle;

otherwise it ends its execution. According to the implementation, this may incur

reprogramming of the clock or timer 113 as previously explained.

[0098] Reference is now made to Figs. 7 and 8, where Fig. 7 depicts an example flowchart

of a method 700 for the calculation of root mean square information of an input voltage

according to an embodiment, and Fig. 8 depicts an example flowchart of a method 800

for receiving synchronized samples from an SPPS according to an embodiment. For the

sake of clarity, the flowcharts 700 and 800 only describe flow elements that are needed

for the purpose of explaining the methods while other flow elements are omitted.

Furthermore, merely for the sake of clarity, the flowcharts are divided into two parallel

flows, flowchart 700 and flowchart 800. The two flows will be explained separately but it



should be understood, that the flows are executed concurrently, for example, but not by

way of limitation, by an operating system managing several tasks.

[0099 ] At S702 it is determined if it is time to start sampling the input voltage signal, e.g.,

signal 5 15 . If so, at S705 the input voltage signal 5 15 is sampled, e.g., via the clock or

timer 503 and the ADC 506; otherwise, execution resets.

[01 0 0 ] At S706, the samples are stored, e.g., in a memory. This determination and storage

is possible since the time when the sampling process has started has been recorded. The

start of this sampling process maybe triggered by the clock or timer 503 itself (i.e., not by

an MC command). The outcome of this hardware trigger is having an accurate time stamp

of the new samples, limited only by the clock or timer accuracy.

[01 0 1] At optional S708, the RMS value of the input voltage signal 5 15 is computed.

Thereafter, at S709 it is checked whether to continue and if so execution continues with

S702; otherwise, execution ceases.

[01 02] According to an embodiment shown in flowchart 800, at S81 0 it is determined if there

has been receipt of a new wireless message preamble. When a message preamble is

detected, the incoming wireless message is received at S81 3, e.g., over wireless

transmission. Following the receipt of the message preamble, it is determined if there is

receipt of the SYNC field. If so, the end of the SYNC field reception is time stamped at

S81 7 . This time stamp may be denoted as T3. At S81 8, it is determined if the message

has been fully received. It then checked at S821 if the message has been received

successfully without uncorrectable errors, e.g., cyclic redundancy code (CRC) errors. If

the received message does contains uncorrectable errors, then the received message is

discarded at S823 and the process continues with S828.

[01 03] If the received message has no errors, then the values of Is and If of the input current

are decoded at S825 together with the value of Delta T . The management unit 500 can

now calculate the time stamp of the first sample Ts 460 of the primary current signal 102

in the SPPS 100, in accordance with the management unit 500 time base. The calculation

is as follows:

TPFS = T 3 + Tcycie - TCTD - TFD - (Delta T) - TTD - TRD -TSBD



[01 0 4 ]where, TPFS is the Time stamp of the first sample of the primary input signal 102 in the

SPPS 100, the time stamp corresponding with the management unit 500 time base

(timer); T 3 is the time stamp of the received SYNC field 402 at the central controller 500;

Tcycie is the cycle time of the input signal (e.g. 20 msec for a 50Hz signal); TCTD is the time

delay of the current transformer; TFD is the time delay of the SPPS filter (if used); Delta T

is the value of Ts2-Ts as computed by the SPPS 100; TTD is the time delay of the SPPS

transmitter; TRD : Time delay of the bridge receiver; and, TSBD : Propagation time of the

wireless message.

[01 05] In an embodiment, TSBD 432 can be ignored if it is determined to be insignificant, and

the management unit 500 can calculate an accurate time stamp of the first sample of the

primary current signal of SPPS 100 using its own time base. The management unit 500

can now calculate S825 the time delay TVID between the current and voltage signals since

it has the input current samples with their respective time stamps and the input voltage

samples with their respective time stamps, wherein all the time stamps are related to the

management unit time base.

[01 06] It should be noted that since the time stamp of the input voltage Tvzc may be

performed after or before the determined time stamp of the input current T p c , the

computed value TVID may require an adjustment as follows (e.g., if it is determined that

the delay cannot be more than +/- 0 .25 *T Cycie) : if TVID < 0, an integer number of quarter

cycles is added (i.e. N* 0.25 *TCycie) until the number is positive and < 0.25 * Tcycie; if TVID >

0.25 * Tcycie, an integer number of quarter cycles is subtracted (i.e. N*0.25 *TCycie) until the

number is positive and < 0.25 * Tcycie; and, if 0 < TVID ≤ 0.25 * Tcycie, no adjustment is made

to TVID.

[01 07] At S827, the values of TVID, IS and If of the input current signal and Vs of the input

voltage signal are reported to a server. Such values allow a server to compute the power

factor cos (φ ) . In another embodiment, the central controller 500 may report to the server

the time stamped samples of both the input current and input voltage signals and have

the server calculate a respective power factor. Once the reporting to the server at S827

is completed, it is checked whether to continue execution at S828, and if so, execution

continues with S81 0, waiting for the reception of a new SPPS message; otherwise,

execution terminates.



[0108] Fig. 9 is an example block diagram of a system 900 including a plurality of SPPSs 920

wirelessly connected to a central controller 930 according to an embodiment. The SPPS

920-1 to 920-N, where N is a positive integer, may be, for example, any one of the SPPSs

shown in Figs. 1 through 3, or others that may be adapted to perform the teachings of the

instant disclosure. A power line 9 10 distributes current to the plurality of SPPS 920-1

through 920-N through distribution lines 9 10-1 through 9 10-N respectively.

[0109] A portion of each of the distribution lines 9 10-1 through 9 10-N that run through the

core of their respective SPPSs 920-1 through 920-N act as a respective primary winding.

Thereafter the line provides the current to respective loads (not shown) marked as Li

through L N. The SPPSs 920 are wirelessly connected to a central controller 930, the

operation of which has been discussed in detail elsewhere herein, for the transfer of

packets with information of both electrical parameters and timing information. The central

controller 930 is further connected to the power line 9 10 for the purpose of sampling the

voltage signal as discussed in more detail elsewhere herein.

[01 10] In one embodiment, the central controller 500 may be further connected to a network,

which may include, but is not limited to, a local area network (LAN), wide area network

(WAN), metro area network (MAN), the Internet, the worldwide web (WWW), wired or

wireless networks, and the like. The central controller 930 may include a processor (not

shown) and a memory (not shown) connected to the processor. More details are provided

herein with respect of Figs. 5 and 6 . The memory may store therein a plurality of

instructions that, when executed by the processor, perform the tasks described elsewhere

herein. The central controller further includes one or more antennas for the wireless

communication with the one or more SPPSs 920.

[01 11] The various embodiments disclosed herein can be implemented as hardware,

firmware, software, or any combination thereof. Moreover, the software is preferably

implemented as an application program tangibly embodied on a program storage unit or

computer readable medium consisting of parts, or of certain devices and/or a combination

of devices. The application program may be uploaded to, and executed by, a machine

comprising any suitable architecture. Preferably, the machine is implemented on a

computer platform having hardware such as one or more central processing units

("CPUs"), a memory, and input/output interfaces. The computer platform may also include



an operating system and microinstruction code. The various processes and functions

described herein may be either part of the microinstruction code or part of the application

program, or any combination thereof, which may be executed by a CPU, whether or not

such a computer or processor is explicitly shown. In addition, various other peripheral

units may be connected to the computer platform such as an additional data storage unit

and a printing unit. Furthermore, a non-transitory computer readable medium is any

computer readable medium except for a transitory propagating signal.

[01 12] As used herein, the phrase "at least one of" followed by a listing of items means that

any of the listed items can be utilized individually, or any combination of two or more of

the listed items can be utilized. For example, if a system is described as including "at least

one of A, B, and C," the system can include A alone; B alone; C alone; A and B in

combination; B and C in combination; A and C in combination; or A, B, and C in

combination.

[01 13] It should be understood that any reference to an element herein using a designation

such as "first," "second," and so forth does not generally limit the quantity or order of those

elements. Rather, these designations are generally used herein as a convenient method

of distinguishing between two or more elements or instances of an element. Thus, a

reference to first and second elements does not mean that only two elements may be

employed there or that the first element must precede the second element in some

manner. Also, unless stated otherwise, a set of elements comprises one or more

elements.

[01 14] All examples and conditional language recited herein are intended for pedagogical

purposes to aid the reader in understanding the principles of the disclosed embodiment

and the concepts contributed by the inventor to furthering the art, and are to be construed

as being without limitation to such specifically recited examples and conditions. Moreover,

all statements herein reciting principles, aspects, and embodiments of the disclosed

embodiments, as well as specific examples thereof, are intended to encompass both

structural and functional equivalents thereof. Additionally, it is intended that such

equivalents include both currently known equivalents as well as equivalents developed in

the future, i.e., any elements developed that perform the same function, regardless of

structure.



CLAIMS

What is claimed is:

1. A method for the synchronization of a central controller wirelessly connected to at

least one self-powered power sensor (SPPS), comprising:

sampling an electrical signal by at least one SPPS;

estimating by the at least one SPPS a time of a sample of the electrical signal;

generating a packet comprising packet components including a preamble, a

synchronization field, and message data;

generating synchronization information for the synchronization field of the packet;

transmitting wirelessly the packet components;

determining a time offset value for the packet, the time offset calculated from the

time of the sample of the electrical signal and a transmission time-stamp of the

synchronization information; and

transmitting the time offset value by appending it to the packet, wherein the time

offset value is used for the purpose of calculating at least an electrical parameter.

2 . The method of claim 1,wherein the message data includes the at least an electrical

parameter.

3 . The method of claim 1, wherein the at least an electrical parameter is at least one

of: a root mean square (RMS) value of the electrical signal, a RMS value of a fundamental

signal of the electrical signal, a phase shift, and a power factor.

4 . The method of claim 3, wherein the power factor is calculated based on a

displacement power factor and RMS values of the electrical signal, the fundamental

component of the electrical signal, the electrical signal voltage, and the fundamental

component of the electrical signal voltage.



5 . The method of claim 1, wherein the packet further includes at least one of: SPPS

status information, hardware version, software version, overload alerts, average current,

SPPS temperature, time-stamped samples, input signal characteristics, and SPPS power

indication.

6 . The method of claim 1, wherein the synchronization field is represented by a binary

series having autocorrelation properties to allow for accurate synchronization information

in the presence of bit errors caused by a wireless link.

7 . The method of claim 1, wherein sampling the electrical signal and estimating a

time of a sample of the electrical signal further comprises:

sampling a current signal by the SPPS; and

sampling a voltage signal.

8 . The method of claim 7, further comprising:

determining a phase offset between the sampled current signal and the sampled

voltage signal.

9 . The method of claim 8, further comprising:

determining a power factor using the phase offset, the sampled current signal and

the sampled voltage signal.

10 . The method of claim 7, further comprising:

generating, based on the synchronization field, a time stamped pulse;

determining the time delay between the current and voltage signals based on the

synchronization field.

11. A non-transitory computer readable medium having stored thereon instructions for

causing a processing circuitry to perform a process, the process comprising:

sampling an electrical signal by at least one SPPS;

estimating by the at least one SPPS a time of a sample of the electrical signal;



generating a packet comprising packet components including a preamble, a

synchronization field, and message data;

generating synchronization information for the synchronization field of the packet;

transmitting wirelessly the packet components;

determining a time offset value for the packet, the time offset calculated from the

time of the sample of the electrical signal and a transmission time-stamp of the

synchronization information; and

transmitting the time offset value by appending it to the packet, wherein the time

offset value is used for the purpose of calculating at least an electrical parameter.

12 . A system for the synchronization of a central controller wirelessly connected to at

least one self-powered power sensor (SPPS), comprising:

a processing circuitry; and

a memory, the memory containing instructions that, when executed by the

processing circuitry, configure the system to:

sample an electrical signal by at least one SPPS;

estimate by the at least one SPPS a time of a sample of the electrical signal;

generate a packet comprising packet components including a preamble, a

synchronization field, and message data;

generate synchronization information for the synchronization field of the packet;

transmit wirelessly the packet components;

determine a time offset value for the packet, the time offset calculated from the

time of the sample of the electrical signal and a transmission time-stamp of the

synchronization information; and

transmit the time offset value by appending it to the packet, wherein the time offset

value is used for the purpose of calculating at least an electrical parameter.

13 . The system of claim 12, wherein the message data includes the at least an

electrical parameter.



14 . The system of claim 12, wherein the at least an electrical parameter is at least one

of: a root mean square (RMS) value of the electrical signal, a RMS value of a fundamental

signal of the electrical signal, a phase shift, and a power factor.

15 . The system of claim 14, wherein the power factor is calculated based on a

displacement power factor and RMS values of the electrical signal, the fundamental

component of the electrical signal, the electrical signal voltage, and the fundamental

component of the electrical signal voltage.

16 . The system of claim 12, wherein the packet further includes at least one of: SPPS

status information, hardware version, software version, overload alerts, average current,

SPPS temperature, time-stamped samples, input signal characteristics, and SPPS power

indication.

17 . The system of claim 12, wherein the synchronization field is represented by a

binary series having autocorrelation properties to allow for accurate synchronization

information in the presence of bit errors caused by a wireless link.

18 . The system of claim 12, wherein the system is further configured to:

sample a current signal by the SPPS; and

sample a voltage signal.

19 . The system of claim 18, wherein the system is further configured to:

determine a phase offset between the sampled current signal and the sampled

voltage signal.

20. The system of claim 19, wherein the system is further configured to:

determine a power factor using the phase offset, the sampled current signal and

the sampled voltage signal.

2 1 . The system of claim 18, wherein the system is further configured to:



generate, based on the synchronization field, a time stamped pulse;

determine the time delay between the current and voltage signals based

synchronization field.

















INTERNATIONAL SEARCH REPORT
PCT/US 2018/030205

A. CLASSIFICATION OF SUBJECT MATTER
H02J 50/80 (2016.01)
G01R 21/00 (2006.01)
H04L 7/00 (2006.01)

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

H02J 50/00, 50/80, G01R 11/00, 19/30, 21/00, 22/00, G06Q 50/06, H04L 7/00

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

PatSearch (RUPTO internal), USPTO, PAJ, K-PION, Esp@cenet, Information Retrieval System of FIPS

DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

US 2015/0369848 A l (PANORAMIC POWER LTD) 24. 12.2015, 1-21
paragraphs [003 1], [0047], [0053], [0056] -[0059], [0064]

A US 2012/0062249 A l (PANORAMIC POWER LTD) 15.03.2012 1-21

A US 2017/0005533 A l (OSSIA INC) 05.01 .2017 1-21

A US 2015/0276829 A l (PANORAMIC POWER LTD) 0 1.10.2015 1-21

□ Further documents are listed in the continuation of Box C. See patent family annex.

* Special categories of cited documents: later document published after the international filing date or priority

date and not in conflict with the application but cited to understand

"A" document defining the general state of the art which is not considered the principle or theory underlying the invention

to be of particular relevance document of particular relevance; the claimed invention cannot be

Έ " earlier document but published on or after the international filing date considered novel or cannot be considered to involve an inventive

"L" document which may throw doubts on priority claim(s) or which is step when the document is taken alone

cited to establish the publication date of another citation or other document of particular relevance; the claimed invention cannot be

special reason (as specified) considered to involve an inventive step when the document is

"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination

means being obvious to a person skilled in the art

"P" document published prior to the international filing date but later than "&' document member of the same patent family

the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report

06 August 2018 (06.08.2018) 09 August 2018 (09.08.2018)

Name and mailing address of the ISA/RU: Authorized officer
Federal Institute of Industrial Property,
Berezhkovskaya nab., 30-1, Moscow, G-59, N . Lavrentieva
GSP-3, Russia, 125993
Facsimile No: (8-495) 531-63-18, (8-499) 243-33-37 Telephone No. (499) 240-25-91

Form PCT/ISA/210 (second sheet) (January 2015)


	abstract
	description
	claims
	drawings
	wo-search-report

