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ACAUTION

GENERAL SAFETY PRECAUTIONS - EPM 4600

Failure to observe and follow the instructions provided in the equipment manual(s)
could cause irreversible damage to the equipment and could lead to property damage,
personal injury and/or death.

Before attempting to use the equipment, it is important that all danger and caution
indicators are reviewed.

If the equipment is used in a manner not specified by the manufacturer or functions
abnormally, proceed with caution. Otherwise, the protection provided by the
equipment may be impaired and can result in Impaired operation and injury.

Caution: Hazardous voltages can cause shock, burns or death.

Installation/service personnel must be familiar with general device test practices,
electrical awareness and safety precautions must be followed.

Before performing visual inspections, tests, or periodic maintenance on this device or
associated circuits, isolate or disconnect all hazardous live circuits and sources of
electric power.

Failure to shut equipment off prior to removing the power connections could expose
you to dangerous voltages causing injury or death.

All recommended equipment that should be grounded and must have a reliable and
un-compromised grounding path for safety purposes, protection against
electromagnetic interference and proper device operation.

Equipment grounds should be bonded together and connected to the facility’s main
ground system for primary power.

Keep all ground leads as short as possible.

At all times, equipment ground terminal must be grounded during device operation
and service.

In addition to the safety precautions mentioned all electrical connections made must
respect the applicable local jurisdiction electrical code.

Before working on CTs, they must be short-circuited.

To be certified for revenue metering, power providers and utility companies must
verify that the billing energy meter performs to the stated accuracy. To confirm the
meter’s performance and calibration, power providers use field test standards to
ensure that the unit's energy measurements are correct.



FCC/Industry Canada

This device complies with FCC Rules Part 15 and Industry Canada RSS-210 (Rev. 7).
Operation is subject to the following two conditions:

1. This device may not cause harmful interference.

2. This device must accept any interference, including interference that
maycause undesired operation of the device.

L'appareil conforme aux CNR d'Industrie Canada applicables aux appareils radioexempts
de licence. L'exploitation est autorisé aux deux conditions suivantes:

1. L'appareil ne doit pas produire de brouillage.

2. Lutilisateur de I'appareil doit accepter tout brouillage radiolectrique subi,
méme si le brouillage est susceptible d'en compromettre le fonctionnement.

The antenna provided must not be replaced with a different type. Attaching a different
antenna will void the FCC approval, and the FCC ID can no longer be considered.






GLOSSARY

0.2 Second Values:

These values are the RMS values of the indicated quantity as calculated after
approximately 200 milliseconds (3 cycles) of sampling.

1- Second Values:

These values are the RMS values of the indicated quantity as calculated after one second
(60 cycles) of sampling.

Alarm:

An event or condition in a meter that can cause a trigger or call-back to occur.
Annunciator:

A short label that identifies particular quantities or values displayed, for example kWh.
Average (Current):

When applied to current values (Amps) the average is a calculated value that corresponds
to the thermal average over a specified time interval.

The interval is specified by the user in the meter profile. The interval is typically 15 minutes.
So, Average Amps is the thermal average of Amps over the previous 15-minute interval.
The thermal average rises to 90% of the actual value in each time interval. For example, if
a constant 100 Amp load is applied, the thermal average will indicate 90 Amps after one
time interval, 99 Amps after two time intervals and 99.9 Amps after three time intervals.

Average (Input Pulse Accumulations):

When applied to Input Pulse Accumulations, the “Average” refers to the block (fixed)
window average value of the input pulses.

Average (Power):

When applied to power values (Watts, VARs, VA), the average is a calculated value that
corresponds to the thermal average over a specified time interval.

The interval is specified by the user in the meter profile. The interval is typically 15 minutes.
So, the Average Watts is the thermal average of Watts over the previous 15-minute
interval. The thermal average rises to 90% of the actual value in each time interval. For
example, if a constant 100 kW load is applied, the thermal average will indicate 90 kW
after one time interval, 99 kW after two time intervals and 99.9 kW after three time
intervals.

Bit:

A unit of computer information equivalent to the result of a choice between two
alternatives (Yes/No, On/Off, for example).

Or, the physical representation of a bit by an electrical pulse whose presence or absence
indicates data.

Binary:

Relating to a system of numbers having 2 as its base (digits 0 and 1).



Block Window Avg. (Power):

The Block (Fixed) Window Average is the average power calculated over a user-set time
interval, typically 15 minutes. This calculated average corresponds to the demand
calculations performed by most electric utilities in monitoring user power demand. (See
Rolling Window Average.)

Byte:

A group of 8 binary digits processed as a unit by a computer (or device) and used especially
to represent an alphanumeric character.

CBEMA Curve:

A voltage quality curve established originally by the Computer Business Equipment
Manufacturers Association. The CBEMA Curve defines voltage disturbances that could
cause malfunction or damage in microprocessor devices. The curve is characterized by
voltage magnitude and the duration which the voltage is outside of tolerance. (See ITIC
Curve))

Channel:
The storage of a single value in each interval in a load profile.
Cold Load Pickup:

This value is the delay from the time control power is restored to the time when the user
wants to resume demand accumulation.

CRC Field:

Cyclic Redundancy Check Field (Modbus communication) is an error checksum calculation
that enables a Slave device to determine if a request packet from a Master device has
been corrupted during transmission. If the calculated value does not match the value in
the request packet, the Slave ignores the request.

CT (Current) Ratio:

A Current Transformer Ratio is used to scale the value of the current from a secondary
value up to the primary side of an instrument transformer.

Cumulative Demand:

The sum of the previous billing period maximum demand readings at the time of billing
period reset. The maximum demand for the most recent billing period is added to the
previously accumulated total of the maximum demands.

Demand:

The average value of power or a similar quantity over a specified period of time.
Demand Interval:

A specified time over which demand is calculated.

Display:

User-configurable visual indication of data in a meter.

DNP 3.0:

A robust, non-proprietary protocol based on existing open standards. DNP 3.0 is used to
operate between various systems in electric and other utility industries and SCADA
networks.



EEPROM:

Nonvolatile memory; Electrically Erasable Programmable Read Only Memory that retains
its data during a power outage without need for a battery. Also refers to meter’s FLASH
memory.

Energy Register:

Programmable record that monitors any energy quantity. Example: Watt-hours, VAR-
hours, VA-hours.

Ethernet:

A type of LAN network connection that connects two or more devices on a common
communi-cations backbone. An Ethernet LAN consists of at least one hub device (the
network backbone) with multiple devices connected to it in a star configuration. The most
common versions of Ethernet in use are 10BaseT and 100BaseT as defined in IEEE 802.3
standards. However, several other versions of Ethernet are also available.

Flicker:

Flicker is the sensation that is experienced by the human visual system when it is
subjected to changes occurring in the illumination intensity of light sources. IEC 61000-4-
15 and former IEC 868 describe the methods used to determine Flicker severity.

Harmonics:

Measuring values of the fundamental current and voltage and percent of the fundamental.
12T Threshold:

Data will not accumulate until current reaches programmed level.

Integer:

Any of the natural numbers, the negatives of those numbers, or zero.

Invalid Register:

In the EPM 4600 meter’s Modbus Map there are gaps between Registers. For example, the
next Register after 08320 is 34817. Any unmapped Register stores no information and is
said to be invalid.

ITIC Curve:

An updated version of the CBEMA Curve that reflects further study into the performance of
microprocessor devices. The curve consists of a series of steps but still defines
combinations of voltage magnitude and duration that will cause malfunction or damage.

Ke:

kWh per pulse; i.e. the energy.

kWh:

Kilowatt hours; kW x demand interval in hours.
KYZ Output:

Output where the rate of changes between 1 and 0 reflects the magnitude of a metered
quantity.

LCD:
Liquid Crystal Display.



LED:

Light Emitting Diode.

Maximum Demand:

The largest demand calculated during any interval over a billing period.
Modbus ASCII:

Alternate version of the Modbus protocol that utilizes a different data transfer format. This
version is not dependent upon strict timing, as is the RTU version. This is the best choice for
telecommunications applications (via modems).

Modbus RTU:

The most common form of Modbus protocol. Modbus RTU is an open protocol spoken by
many field devices to enable devices from multiple vendors to communicate in a common
language. Data is transmitted in a timed binary format, providing increased throughput
and therefore, increased performance.

Network:

A communications connection between two or more devices to enable those devices to
send to and receive data from one another. In most applications, the network is either a
serial type or a LAN type.

NVRAM:

Nonvolatile Random Access Memory: able to keep the stored values in memory even
during the loss of circuit or control power. High speed NVRAM is used in the EPM 4600
meter to gather measured information and to insure that no information is lost.

Optical Port:

A port that facilitates infrared communication with a meter. Using an ANSI C12.13 Type |l
magnetic optical communications coupler and an RS$232 cable from the coupler to a PC,
the meter can be programmed with GE Communicator software.

Packet:

A short fixed-length section of data that is transmitted as a unit. Example: a serial string of
8-bit bytes.

Percent (%) THD:

Percent Total Harmonic Distortion. (See THD.)

Protocol:

A language that is spoken between two or more devices connected on a network.
PT Ratio:

Potential Transformer Ratio used to scale the value of the voltage to the primary side of an
instrument transformer. Also referred to as VT Ratio.

Pulse:

The closing and opening of the circuit of a two-wire pulse system or the alternate closing
and opening of one side and then the other of a three-wire system (which is equal to two
pulses).



Q Readings:

Q is the quantity obtained by lagging the applied voltage to a wattmeter by 60 degrees.
Values are displayed on the Uncompensated Power and Q Readings screen.

Quadrant (Programmable Values and Factors on the EPM 4600 meter):

Watt and VAR flow is typically represented using an X-Y coordinate system. The four
corners of the X-Y plane are referred to as quadrants. Most power applications label the
right hand corner as the first quadrant and number the remaining quadrants in a counter-
clockwise rotation. Following are the positions of the quadrants: 1st - upper right, 2nd -
upper left, 3rd - lower left and 4th - lower right.

Power flow is generally positive in quadrants 1 and 4.

VAR flow is positive in quadrants 1 and 2. The most common load conditions are: Quadrant
1 - power flow positive, VAR flow positive, inductive load, lagging or positive power factor;
Quadrant 2 - power flow negative, VAR flow positive, capacitive load, leading or negative
power factor.

Register:

An entry or record that stores a small amount of data.

Register Rollover:

A point at which a Register reaches its maximum value and rolls over to zero.
Reset:

Logs are cleared or new (or default) values are sent to counters or timers.
Rolling Window Average (Power):

The Rolling (Sliding) Window Average is the average power calculated over a user-set time
interval that is derived from a specified number of sub-intervals, each of a specified time.
For example, the average is calculated over a 15-minute interval by calculating the sum of
the average of three consecutive 5-minute intervals. This demand calculation
methodology has been adopted by several utilities to prevent customer manipulation of
kW demand by simply spreading peak demand across two intervals.

RS232:

A type of serial network connection that connects two devices to enable communication
between the devices. An R5232 connection connects only two points. Distance between
devices is typically limited to fairly short runs.

Current standards recommend a maximum of 50 feet but some users have had success
with runs up to 100 feet. Communications speed is typically in the range of 1200 bits per
second to 57,600 bits per second. RS232 connection can be accomplished using Port 1 of
the EPM 4600 9450/9650 meter.

RS485:

A type of serial network connection that connects two or more devices to enable
communication between the devices. An RS485 connection allows multi-drop
communication from one to many points.

Distance between devices is typically limited to around 2,000 to 3,000 wire feet.
Communications speed is typically in the range of 120 bits per second to 115,000 bits per
second.



Sag:

A voltage quality event during which the RMS voltage is lower than normal for a period of
time, typically from 1/2 cycle to 1 minute.

Secondary Rated:

Any Register or pulse output that does not use any CT or PT(VT) Ratio.

Serial Port:

The type of port used to directly interface with a device using the RS232 standard.
Swell:

A voltage quality event during which the RMS voltage is higher than normal for a period of
time, typically from 1/2 cycle to 1 minute.

TDD:

The Total Demand Distortion of the current waveform. The ratio of the root-sum-square
value of the harmonic current to the maximum demand load current. (See equation below.)

NOTE: The TDD displayed in the Harmonics screen is calculated by GE Communicator
software, using the Max Average Demand.

L+ +1+12 +..x100%
I

L

ITDD =

THD:

Total Harmonic Distortion is the combined effect of all harmonics measured in a voltage or
current. The THD number is expressed as a percent of the fundamental. For example, a 3%
THD indicates that the magnitude of all harmonic distortion measured equals 3% of the
magnitude of the fundamental 60Hz quantity. The %THD displayed is calculated by your
EPM 4600 meter.

Time Stamp:

A stored representation of the time of an event. Time Stamp can include year, month, day,
hour, minute, second and Daylight Savings Time indication.

TOU:

Time of Use.

Uncompensated Power:

VA, Watt and VAR readings not adjusted by Transformer Loss Compensation.
V2T Threshold:

Data stops accumulating when voltage falls below programmed level.
Voltage Imbalance:

The ratio of the voltage on a phase to the average voltage on all phases.
Voltage Quality Event:

An instance of abnormal voltage on a phase. The events the meter tracks include sags,
swells, interruptions and imbalances.



VT Ratio:

The Voltage Transformer Ratio is used to scale the value of the voltage to the primary side
of an instrument transformer. Also referred to as PT Ratio.

Voltage, Vab:

Vab, Vbc, Vca are all Phase-to-Phase voltage measurements. These voltages are measured
between the three phase voltage inputs to the meter.

Voltage, Van:

Van, Vbn, Vcn are all Phase-to-Neutral voltages applied to the monitor. These voltages are
measured between the phase voltage inputs and Vn input to the meter. Technologically,
these voltages can be “measured” even when the meter is in a Delta configuration and
there is no connection to the Vn input. However, in this configuration, these voltages have
limited meaning and are typically not reported.

Voltage, Vaux:

This is the fourth voltage input measured frombetween the Vaux and Vref inputs. This input
can be scaled to any value. However, the actual input voltage to the meter should be of the
same magnitude as the voltages applied to the Va, Vb and Vc terminals.















Multilin™ EPM 4600 Metering System

Chapter 1: Three-Phase Power
Measurement

This introduction to three-phase power and power measurement is intended to
provide only a brief overview of the subject. The professional meter engineer or meter
technician should refer to more advanced documents such as the EEI Handbook for
Electricity Metering and the application standards for more in-depth and technical
coverage of the subject.

Three Phase System Configurations

Three-phase power is most commonly used in situations where large amounts of
power will be used because it is a more effective way to transmit the power and
because it provides a smoother delivery of power to the end load. There are two
commonly used connections for three-phase power, a wye connection or a delta
connection. Each connection has several different manifestations in actual use.

When attempting to determine the type of connection in use, it is a good practice to
follow the circuit back to the transformer that is serving the circuit. It is often not
possible to conclusively determine the correct circuit connection simply by counting
the wires in the service or checking voltages. Checking the transformer connection will
provide conclusive evidence of the circuit connection and the relationships between
the phase voltages and ground.

Wye Connection

The wye connection is so called because when you look at the phase relationships and
the winding relationships between the phases it looks like a Y. Figure 1.1 depicts the
winding relationships for a wye-connected service. In a wye service the neutral (or
center point of the wye) is typically grounded. This leads to common voltages of 208/
120 and 480/277 (where the first number represents the phase-to-phase voltage and
the second number represents the phase-to-ground voltage).

EPM 4600 MULTI-FUNCTION POWER METERING SYSTEM - INSTRUCTION MANUAL 1-1



CHAPTER 1: THREE-PHASE POWER MEASUREMENT
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FIGURE 1.1: Three-phase Wye Winding

The three voltages are separated by 120° electrically. Under balanced load conditions
the currents are also separated by 120°. However, unbalanced loads and other
conditions can cause the currents to depart from the ideal 120° separation. Three-
phase voltages and currents are usually represented with a phasor diagram. A phasor
diagram for the typical connected voltages and currents is shown in Figure 1.2.

Ve

A

VB lB VA

FIGURE 1.2: Phasor Diagram Showing Three-phase Voltages and Currents

The phasor diagram shows the 120° angular separation between the phase voltages.
The phase-to-phase voltage in a balanced three-phase wye system is 1.732 times the
phase-to-neutral voltage. The center point of the wye is tied together and is typically

grounded. Table 1.1 shows the common voltages used in the United States for wye-
connected systems.
Table 1.1: Common Phase Voltages on Wye Services

Phase to Ground Voltage Phase to Phase Voltage
120 volts 208 volts
277 volts 480 volts

EPM 4600 MULTI-FUNCTION POWER METERING SYSTEM - INSTRUCTION MANUAL



CHAPTER 1: THREE-PHASE POWER MEASUREMENT

Table 1.1: Common Phase Voltages on Wye Services

Phase to Ground Voltage Phase to Phase Voltage
2,400 volts 4,160 volts

7,200 volts 12,470 volts

7,620 volts 13,200 volts

Usually a wye-connected service will have four wires: three wires for the phases and
one for the neutral. The three-phase wires connect to the three phases (as shown in
Figure 1.1). The neutral wire is typically tied to the ground or center point of the wye.

In many industrial applications the facility will be fed with a four-wire wye service but
only three wires will be run to individual loads. The load is then often referred to as a
delta-connected load but the service to the facility is still a wye service; it contains
four wires if you trace the circuit back to its source (usually a transformer). In this type
of connection the phase to ground voltage will be the phase-to-ground voltage
indicated in Table 1, even though a neutral or ground wire is not physically present at
the load. The transformer is the best place to determine the circuit connection type
because this is a location where the voltage reference to ground can be conclusively
identified.

Delta Connection

Delta-connected services may be fed with either three wires or four wires. In a three-
phase delta service the load windings are connected from phase-to-phase rather
than from phase-to-ground. Figure 1.3 shows the physical load connections for a
delta service.

Ve

Phase 2 Phase 3

VA Phase 1 Va

FIGURE 1.3: Three-phase Delta Winding Relationship

In this example of a delta service, three wires will transmit the power to the load. In a
true delta service, the phase-to-ground voltage will usually not be balanced because
the ground is not at the center of the delta.

Figure 1.4 shows the phasor relationships between voltage and current on a three-
phase delta circuit.

EPM 4600 MULTI-FUNCTION POWER METERING SYSTEM - INSTRUCTION MANUAL 1-3
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In many delta services, one corner of the delta is grounded. This means the phase to
ground voltage will be zero for one phase and will be full phase-to-phase voltage for
the other two phases. This is done for protective purposes.

FIGURE 1.4: Phasor Diagram, Three-Phase Voltages and Currents, Delta-Connected

Another common delta connection is the four-wire, grounded delta used for lighting
loads. In this connection the center point of one winding is grounded. On a 120/240
volt, four-wire, grounded delta service the phase-to-ground voltage would be 120
volts on two phases and 208 volts on the third phase. Figure 1.5 shows the phasor
diagram for the voltages in a three-phase, four-wire delta system.

Ve
Vea
VBC N ¢ VA
VAB
'
Ve

FIGURE 1.5: Phasor Diagram Showing Three-phase Four-Wire Delta-Connected System

EPM 4600 MULTI-FUNCTION POWER METERING SYSTEM - INSTRUCTION MANUAL



CHAPTER 1: THREE-PHASE POWER MEASUREMENT

Blondel’'s Theorem and Three Phase Measurement

In 1893 an engineer and mathematician named Andre E. Blondel set forth the first
scientific basis for polyphase metering. His theorem states:

If energy is supplied to any system of conductors through N wires, the total power in
the system is given by the algebraic sum of the readings of N wattmeters so arranged
that each of the N wires contains one current coil, the corresponding potential coil
being connected between that wire and some common point. If this common point is
on one of the N wires, the measurement may be made by the use of N-1 Wattmeters.

The theorem may be stated more simply, in modern language:

In a system of N conductors, N-1 meter elements will measure the power or energy
taken provided that all the potential coils have a common tie to the conductor in
which there is no current coil.

Three-phase power measurement is accomplished by measuring the three individual
phases and adding them together to obtain the total three phase value. In older
analog meters, this measurement was accomplished using up to three separate
elements. Each element combined the single-phase voltage and current to produce a
torque on the meter disk. All three elements were arranged around the disk so that the
disk was subjected to the combined torque of the three elements. As a result the disk
would turn at a higher speed and register power supplied by each of the three wires.

According to Blondel's Theorem, it was possible to reduce the number of elements
under certain conditions. For example, a three-phase, three-wire delta system could
be correctly measured with two elements (two potential coils and two current coils) if
the potential coils were connected between the three phases with one phase in
common.

In a three-phase, four-wire wye system it is necessary to use three elements. Three
voltage coils are connected between the three phases and the common neutral
conductor. A current coil is required in each of the three phases.

In modern digital meters, Blondel's Theorem is still applied to obtain proper

metering. The difference in modern meters is that the digital meter measures each
phase voltage and current and calculates the single-phase power for each phase. The
meter then sums the three phase powers to a single three-phase reading.

Some digital meters measure the individual phase power values one phase at a time.
This means the meter samples the voltage and current on one phase and calculates a
power value. Then it samples the second phase and calculates the power for the
second phase. Finally, it samples the third phase and calculates that phase power.
After sampling all three phases, the meter adds the three readings to create the
equivalent three-phase power value. Using mathematical averaging techniques, this
method can derive a quite accurate measurement of three-phase power.

More advanced meters actually sample all three phases of voltage and current
simultaneously and calculate the individual phase and three-phase power values. The
advantage of simultaneous sampling is the reduction of error introduced due to the
difference in time when the samples were taken.
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Phase B
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Phase A

FIGURE 1.6: Three-Phase Wye Load lllustrating Kirchoff's Law and Blondel’s Theorem

Blondel's Theorem is a derivation that results from Kirchoff's Law. Kirchoff's Law states
that the sum of the currents into a node is zero. Another way of stating the same thing
is that the current into a node (connection point) must equal the current out of the
node. The law can be applied to measuring three-phase loads. Figure 1.6 shows a
typical connection of a three-phase load applied to a three-phase, four-wire service.
Kirchoff's Law holds that the sum of currents A, B, C and N must equal zero or that the
sum of currents into Node "n" must equal zero.

If we measure the currents in wires A, B and C, we then know the current in wire N by
Kirchoff's Law and it is not necessary to measure it. This fact leads us to the
conclusion of Blondel's Theorem- that we only need to measure the power in three of
the four wires if they are connected by a common node. In the circuit of Figure 1.6 we
must measure the power flow in three wires. This will require three voltage coils and
three current coils (a three-element meter). Similar figures and conclusions could be
reached for other circuit configurations involving Delta-connected loads.

Power, Energy and Demand

It is quite common to exchange power, energy and demand without differentiating
between the three. Because this practice can lead to confusion, the differences
between these three measurements will be discussed.

Power is an instantaneous reading. The power reading provided by a meter is the
present flow of watts. Power is measured immediately just like current. In many digital
meters, the power value is actually measured and calculated over a one second
interval because it takes some amount of time to calculate the RMS values of voltage
and current. But this time interval is kept small to preserve the instantaneous nature
of power.

EPM 4600 MULTI-FUNCTION POWER METERING SYSTEM - INSTRUCTION MANUAL



CHAPTER 1: THREE-PHASE POWER MEASUREMENT

Energy is always based on some time increment; it is the integration of power over a
defined time increment. Energy is an important value because almost all electric bills
are based, in part, on the amount of energy used.

Typically, electrical energy is measured in units of kilowatt-hours (kWh). A kilowatt-
hour represents a constant load of one thousand watts (one kilowatt) for one hour.
Stated another way, if the power delivered (instantaneous watts) is measured as 1,000
watts and the load was served for a one hour time interval then the load would have
absorbed one kilowatt-hour of energy. A different load may have a constant power
requirement of 4,000 watts. If the load were served for one hour it would absorb four
kWh. If the load were served for 15 minutes it would absorb % of that total or one
kWh.

Figure 1.7 shows a graph of power and the resulting energy that would be transmitted
as a result of the illustrated power values. For this illustration, it is assumed that the
power level is held constant for each minute when a measurement is taken. Each bar
in the graph will represent the power load for the one-minute increment of time. In
real life the power value moves almost constantly.

The data from Figure 1.7 is reproduced in Table 1.2 to illustrate the calculation of
energy. Since the time increment of the measurement is one minute and since we
specified that the load is constant over that minute, we can convert the power
reading to an equivalent consumed energy reading by multiplying the power reading
times 1/60 (converting the time base from minutes to hours).

b2}

g

K]

=

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time (minutes)
FIGURE 1.7: Power Use over Time
Table 1.2: Power and Energy Relationship over Time

Time Interval Power (kW) Energy (kWh) Accumulated Energy
(minute) (kWh)

1 30 0.50 0.50

EPM 4600 MULTI-FUNCTION POWER METERING SYSTEM - INSTRUCTION MANUAL 1-7



CHAPTER 1: THREE-PHASE POWER MEASUREMENT

Table 1.2: Power and Energy Relationship over Time

Time Interval Power (kW) Energy (kWh) Accumulated Energy

(minute) (kWh)
2 50 0.83 1.33
3 40 0.67 2.00
4 55 0.92 2.92
5 60 1.00 3.92
6 60 1.00 492
7 70 117 6.09
8 70 117 7.26
9 60 1.00 8.26
10 70 117 9.43
11 80 1.33 10.76
12 50 0.83 12.42
13 50 0.83 12.42
14 70 117 13.59
15 80 1.33 14.92

As in Table 1.2, the accumulated energy for the power load profile of Figure 1.7 is
14.92 kWh.

Demand is also a time-based value. The demand is the average rate of energy use
over time. The actual label for demand is kilowatt-hours/hour but this is normally
reduced to kilowatts. This makes it easy to confuse demand with power, but demand
is not an instantaneous value. To calculate demand it is necessary to accumulate the
energy readings (as illustrated in Figure 1.7) and adjust the energy reading to an
hourly value that constitutes the demand.

In the example, the accumulated energy is 14.92 kWh. But this measurement was
made over a 15-minute interval. To convert the reading to a demand value, it must be
normalized to a 60-minute interval. If the pattern were repeated for an additional
three 15-minute intervals the total energy would be four times the measured value or
59.68 kWh. The same process is applied to calculate the 15-minute demand value.
The demand value associated with the example load is 59.68 kWh/hr or 59.68 kwWd.
Note that the peak instantaneous value of power is 80 kW, significantly more than the
demand value.

Figure 1.8 shows another example of energy and demand. In this case, each bar
represents the energy consumed in a 15-minute interval. The energy use in each
interval typically falls between 50 and 70 kWh. However, during two intervals the
energy rises sharply and peaks at 100 kWh in interval number 7. This peak of usage
will result in setting a high demand reading. For each interval shown the demand
value would be four times the indicated energy reading. So interval 1 would have an
associated demand of 240 kWh/hr. Interval 7 will have a demand value of 400 kWh/
hr. In the data shown, this is the peak demand value and would be the number that
would set the demand charge on the utility bill.
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FIGURE 1.8: Energy Use and Demand

As can be seen from this example, it is important to recognize the relationships
between power, energy and demand in order to control loads effectively or to monitor
use correctly.

Reactive Energy and Power Factor

The real power and energy measurements discussed in the previous section relate to
the quantities that are most used in electrical systems. But it is often not sufficient to
only measure real power and energy. Reactive power is a critical component of the
total power picture because almost all real-life applications have an impact on
reactive power. Reactive power and power factor concepts relate to both load and
generation applications. However, this discussion will be limited to analysis of reactive
power and power factor as they relate to loads. To simplify the discussion, generation
will not be considered.

Real power (and energy) is the component of power that is the combination of the
voltage and the value of corresponding current that is directly in phase with the
voltage. However, in actual practice the total current is almost never in phase with the
voltage. Since the current is not in phase with the voltage, it is necessary to consider
both the inphase component and the component that is at quadrature (angularly
rotated 900 or perpendicular) to the voltage. Figure 1.9 shows a single-phase voltage
and current and breaks the current into its in-phase and quadrature components.
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FIGURE 1.9: Voltage and Complex Current

The voltage (V) and the total current (I) can be combined to calculate the apparent
power or VA. The voltage and the in-phase current (IR) are combined to produce the
real power or watts. The voltage and the quadrature current (IX) are combined to
calculate the reactive power.

The quadrature current may be lagging the voltage (as shown in Figure 1.9) or it may
lead the voltage. When the quadrature current lags the voltage the load is requiring
both real power (watts) and reactive power (VARs). When the quadrature current leads
the voltage the load is requiring real power (watts) but is delivering reactive power
(VARs) back into the system; that is VARs are flowing in the opposite direction of the
real power flow.

Reactive power (VARS) is required in all power systems. Any equipment that uses
magnetization to operate requires VARs. Usually the magnitude of VARs is relatively
low compared to the real power quantities. Utilities have an interest in maintaining
VAR requirements at the customer to a low value in order to maximize the return on
plant invested to deliver energy. When lines are carrying VARs, they cannot carry as
many watts. So keeping the VAR content low allows a line to carry its full capacity of
watts. In order to encourage customers to keep VAR requirements low, some utilities
impose a penalty if the VAR content of the load rises above a specified value.

A common method of measuring reactive power requirements is power factor. Power
factor can be defined in two different ways. The more common method of calculating
power factor is the ratio of the real power to the apparent power. This relationship is
expressed in the following formula:

Total PF = real power / apparent power = watts/VA

This formula calculates a power factor quantity known as Total Power Factor. It is
called Total PF because it is based on the ratios of the power delivered. The delivered
power quantities will include the impacts of any existing harmonic content. If the
voltage or current includes high levels of harmonic distortion the power values will be
affected. By calculating power factor from the power values, the power factor will
include the impact of harmonic distortion. In many cases this is the preferred method
of calculation because the entire impact of the actual voltage and current are
included.
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A second type of power factor is Displacement Power Factor. Displacement PF is
based on the angular relationship between the voltage and current. Displacement
power factor does not consider the magnitudes of voltage, current or power. It is solely
based on the phase angle differences. As a result, it does not include the impact of
harmonic distortion. Displacement power factor is calculated using the following
equation:

Displacement PF = cos#6

where g is the angle between the voltage and the current (see Fig. 1.9).

In applications where the voltage and current are not distorted, the Total Power
Factor will equal the Displacement Power Factor. But if harmonic distortion is present,
the two power factors will not be equal.

Harmonic Distortion

Harmonic distortion is primarily the result of high concentrations of non-linear loads.
Devices such as computer power supplies, variable speed drives and fluorescent light
ballasts make current demands that do not match the sinusoidal waveform of AC
electricity. As a result, the current waveform feeding these loads is periodic but not
sinusoidal. Figure 1.10 shows a normal, sinusoidal current waveform. This example
has no distortion.
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FIGURE 1.10: Nondistorted Current Waveform

Figure 1.11 shows a current waveform with a slight amount of harmonic distortion.
The waveform is still periodic and is fluctuating at the normal 60 Hz frequency.
However, the waveform is not a smooth sinusoidal form as seen in Figure 1.10.
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FIGURE 1.11: Distorted Current Waveform

The distortion observed in Figure 1.11 can be modeled as the sum of several
sinusoidal waveforms of frequencies that are multiples of the fundamental 60 Hz
frequency. This modeling is performed by mathematically disassembling the distorted
waveform into a collection of higher frequency waveforms.

These higher frequency waveforms are referred to as harmonics. Figure 1.12 shows
the content of the harmonic frequencies that make up the distortion portion of the
waveform in Figure 1.11.
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FIGURE 1.12: Waveforms of the Harmonics

The waveforms shown in Figure 1.12 are not smoothed but do provide an indication of
the impact of combining multiple harmonic frequencies together.
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