
Section 4: Power Utilization Equipment
4.1 Introduction

4.1.1 Definition of load (Red 15.2.1)

The projected plant load requirements and characteristics should be defined and provided to the utility. During the planning stage, the utility may only require an estimate of the initial and future electrical demand plus a statement about the type of operations anticipated in the plant (e.g., steel rolling mill, metal fabrication, chemical or petroleum processing, etc.).

When firm information about load is not available, reasonable conceptual estimates must be made because certain load characteristics can affect the project scope and requirements. For example, the way in which the plant operates large motors or other loads could influence the basic design. Chapter 2 deals with these planning considerations.
4.2 Building Loads

4.2.1 Load survey (Red 2.4.1.1)
Obtain a general plant or facility layout, mark it with the known major loads at various loca​tions, and determine the approximate total plant load in kilowatts or kilovoltamperes. Initially the amount of accurate load data may be limited; therefore, some loads, such as lighting and air conditioning, may be estimated from generalized data. The majority of industrial plant loads are a function of the process equipment, and such information will have to be obtained from process and equipment designers. Since their design is often concurrent with power sys​tem design, initial information will be subject to change. It is important, therefore, that there be continuing coordination with the other design disciplines. For example, a change from electric powered to absorption refrigeration or a change from electrostatic to high-energy scrubber air-pollution control can change the power requirements for these devices by several orders of magnitude. The power system load estimates will require continual refinement until job completion.

4.2.2 Lighting Systems

4.2.2.1 Introduction (Bronze 7)
While far from the greatest user of energy, lighting is significant because it enters visibly in virtually every phase of modern life. The opportunities for saving lighting energy require that attention be paid to many nonelectric parameters.

Lighting systems are installed to permit people to see. Attention should be paid not only to economics and efficiency but also to the type of work which people do and the space in which they do it. Lighting also affects other environmental and building systems, especially those that heat and cool occupied spaces within buildings. All of these factors should be integrated into the design process.

This chapter presents the state-of-the-art in optimizing the use of lighting energy and it also alerts the lighting designer and user to the problems involved in designing an energy-effective lighting system.

4.2.2.2 General Discussion (Grey 10.1)
The era of electric lighting began a little more than a century ago with the invention of the incandescent lamp. Prior to that time, daylight was the principal illuminant in commercial buildings, with flame sources occasionally used to allow for earlier starting times or somewhat longer operations late in the day after daylight had faded.

Electric lighting has proved to be a high-technology industry, with manufacturers devoting effort to research and development. Consequently, in recent decades, a succession of new, more efficient light sources, auxiliary equipment, and luminaires have been introduced. Research in basic seeing factors has also been pursued for many years, and a succession of developments has provided greater knowledge of many of the fundamental aspects of the quality and quantity of lighting. Some of these developments make it possible to provide for visual task performance using considerably less lighting energy than in the past.

Today, energy conservation, cost, and availability, both present and future, should guide decisions on every energy using subsystem of a building. Despite the dramatic reduction in the energy required to produce effective illumination, lighting continues to account for 40% of commercial building energy use. This chapter will include ways to reduce the energy requirements for lighting, yet provide adequately for the well-being and needs of the occupants and the objectives of the owners.

Since there is much documentation elsewhere on lighting technology and design, reference will be made to the appropriate sources of such information. Application techniques and controls that save energy and costs will also be stressed in the material presented here. Chapter 17 of this book "Electrical Energy Management,' also addresses the subject of lighting, specifically its relationship to energy conservation.
4.2.3 Heating Equipment
[New Material]
4.2.4 Office Equipment
[New Material]
4.2.5 HVAC Equipment

4.2.5.1 HVAC and energy management 
4.2.5.1.1 HVAC monitoring and control (Bronze 4.4)
HVAC monitoring and control includes the automatic monitoring of HVAC equipment and also provides operating personnel with information on the status of these systems and selected components. Temperature, dewpoint, humidity, pressure, flow rate, and other key operating parameters are continuously monitored and displayed upon command or when any abnormal or alarm condition occurs.

An HVAC facility system also provides for the remote control of necessary functions for the operations of HVAC equipment. From the operator-machine or man-machine interface (OMI/ MMI), fans can be switched on or off and their speed can be adjusted, dampers and their control valves can be positioned, pump speed can be controlled, equipment can be started and stopped, control points can be adjusted, and all other functions necessary to properly operate and monitor the mechanical equipment of the facility can be controlled.

HVAC facility systems generally are programmed for several operating modes. These programs are developed by the energy management and facility operating groups. Their data should be incorporated into the software to ensure HVAC operations meet code, occupancy, and energy conservation needs. These HVAC programs will account for seasonal needs as well as day, night, and holiday occupancy in each of the buildings, or building areas, that comprise the facility. In the case of large areas in which occupancy varies greatly over short time periods, the programs may have to include real-time or hourly control of HVAC components and possibly a major portion of the lighting.

The types of equipment typically supervised by an HVAC control system are as follows:

· Air-handling equipment

· Steam absorption chillers

· Direct-fired absorption chillers

· Boilers

· Electric-motor driven water chillers (centrifugal, reciprocating or helical screw) - Steam-turbine driven water chillers

· Diesel-engine driven water chillers

· Air compressors

· Air-cooled condensers

· Dampers
· Evaporators
· Fans
· Heat pumps
· Heat exchangers
· Liquid tanks
· Pumps
· Refrigerators
· Sump equipment
· Valves
· Control switches (electric/pneumatic, pneumatic/electric)
· Reheat devices
· Cooling towers
· Ice-making equipment
· Ice storage systems
· Exhaust fans
· Water softening equipment
· The HVAC conditions and quantities to be monitored or controlled may include the following:
· Optimized start
· Supply air temperature and water temperature reset
· Temperature dead-band operation
· Enthalpy changeover
· Demand limiting
· Damper position
· Flow rates
· Fuel supply and consumption
· Gas volume
· Humidity and dewpoint
· Real and reactive electric power demand and consumption
· Line current and voltage(s)
· Liquid level
· Equipment running time
· Equipment wear (revolutions or cycles)
· Leaks and oil spills
· Fan speed
· Degree days of heating and cooling
· Power failures and irregularities (main, auxiliary, control)
· Pressure
· Programmed start/stop operations
· Status of miscellaneous equipment and systems
· Temperature
· Toxic gases and fluids
· Hazardous gases, dusts, and fluids
· Combustible gases (e.g., methane in sumps and manholes, hydrogen in battery rooms)
· Valve position
· Wind direction
· Wind velocity
· Solar energy available (kJ/m2)
· Daylight available (lx)
· Solar collector tilt angle
· Holiday scheduling
· Run-time reduction
· Night temperature set back

· Central monitoring

· Optimized fresh air usage to meet indoor air quality standards - Trend logging

· Pump speed

· Steam flow

· Chilled water flow and temperature

· Energy of heating or cooling consumed (Btu or MJ) - Indoor air environmental quality

4.4.2 Direct digital control (Bronze 4.4)
Traditionally, mechanical systems for buildings have been designed with automatic temperature control (ATC) for HVAC systems. Considerable experience has been gained both with ATC systems as well as microcomputer applications for process controls. Thus, microcomputer technology offers engineers a powerful tool for the control of HVAC systems.

4.4.2.1 Automatic temperature control  (Bronze 4.4)
In closed-loop control, a sensor provides information about a variable (e.g., temperature) to a controller that actuates a controller device, such as a valve, to obtain a desired setpoint. The output of the controller should operate the controller device to maintain the setpoint (for example, by modulating a chilled water flow through a coil) even if air or water flow rates or temperatures change. This should happen on a continuous basis and should be fast enough to maintain the setpoint, in which case the controller is said to be operating “in real time.”

The creation of a comfortable environment by heating, cooling, humidification, and other techniques is a real-time process that requires closed-loop control. HVAC systems require many control loops. A typical air-handling unit (AHU) needs at least three control loops (one each for fresh air dampers, heating coil, and cooling coil) plus accessory control devices to make them all work in harmony. The way in which these control loops operate has a major effect on the amount of energy used to condition the air.

4.2.5.1.2 Computer control techniques (Bronze 4.4)
When the controller in a closed-loop system is a digital computer, then it is called “direct digital control.”

This seems the obvious way to apply a computer to a control loop. However, most computers in control applications today are not applied in this way. Until recently, most computers were principally used as supervisory systems to supervise the operation of an independent control system.

A supervisory computer monitoring the ATC system and capable of resetting the controller setpoint has some very basic limitations, as follows:

· The most sophisticated supervisory computer cannot improve the operation of the control loop because the controller is really in command. Any deficiencies or inaccuracies in the controller will always remain in the system.

· Interfacing the computer to a controller that is frequently a mechanical or electromechanical device is expensive and inaccurate.

· The computer's sensor and the actual controller's sensor may not agree, leading to a good deal of confusion or a lack of confidence in one system or the other.

4.2.5.1.3 Direct digital control (DDC) computer programs (software) (Bronze 4.4)
A computer's power is in its programming software. When applied to automatic temperature control, properly designed programming software offers dramatic benefits, as follows:

·  Control system design is not “frozen” when a facility is built. Alternative control techniques can be tried at any time at little, if any, additional cost.

·  With software configured control, all control panels can be identical, which facilitates installation, checkout, and maintenance. One standard DDC computer can control virtually any HVAC equipment.
·  The control system can be improved with programming enhancements in the future. No additional equipment or installation normally will be required.
·  Comfort and operating cost tradeoffs are easily made by the flexibility to modify the operating parameters in the control system. Optimum energy savings can be realized without sacrificing occupant comfort.
Flexible software programs should allow changing not only setpoints but control strategies as well. Control actions, gains, loop configurations, interlocks, limits, reset schedules, and other parameters are all in software and should be able to be modified by the user at any time without interrupting normal system operations.

With DDC, an operator, via the program, may access all important setpoints and operating strategies. Accuracy is assured by the computer. Control loops can be reconfigured by revising the loop software, with no rewiring of control devices. Reset schedules can be changed just as easily. For example, heating setpoints and strategies can be set in the summer with complete assurance that the DDC system will perform as expected when winter arrives.

4.2.5.1.4 DDC loops (Bronze 4.4)
Typically, DDC closed loops consist of sensors and actuators, in addition to digital computers, as the controllers. Certain design features should be used to obtain optimum performance from DDC loops. Sensors for DDC loops are very important, since the computer relies on their accuracy to provide the precise control that an HVAC system operator needs. A 1 °F change in some temperatures, such as chilled water, can affect energy consumption by a couple of percentage points, so that a control system with even 1 °F of error is not fully controllable in terms of energy use. So as not to waste the precision of the DDC, quality sensors should be used that do not require field calibration and do not have to be adjusted at all to interface with the DDC computer. Control setpoints are thereby achieved with optimum accuracy under all conditions at all times.

With the computer performing DDC, the traditional problems of temperature fluctuations and inefficient operation can be eliminated. Proportional-integral-derivative (PID) control techniques provide for the fast, responsible operation of controlled devices by reacting to temperature changes in three ways:

·  The difference between setpoint and actual temperature (proportional) 
·  The duration that the difference has persisted (integral)

·  The rate that the actual temperature is changing (derivative)

PID saves energy and increases accuracy simultaneously by eliminating hunting and offset and by decreasing overshoot and settling time.

All digital computers work with binary (either on or off) information. Since it is necessary to modulate controlled devices (e.g., motors that operate dampers or valves), a complicated interface device (transducer) is often employed. A better method to use, which has been perfected in much more demanding process applications, is pulse-width modulation (PWM). The computer's binary outputs are directly connected to a modulating device. PWM uses bidirectional (open/close) pulses of varying time duration to position controlled devices exactly as required to satisfy demand. Wide pulses are used for major corrections, such as a change in setpoint or start-up conditions. The pulse width becomes progressively shorter as less correction is required to obtain the desired control setpoint.

4.2.5.1.5 DDC energy management (Bronze 4.4)
Many strategies have been developed to effectively manage and save energy in HVAC system operation. DDC systems can be intelligently integrated with temperature control functions in the same computers, in such a way that energy reductions are achieved without compromising the basic temperature control functions. This will also eliminate the need to supplement a conventional ATC system with an add-on energy management system (EMS), which will save equipment, installation, and maintenance costs.

4.2.5.1.6 DDC distributed networks (Bronze 4.4)
Implementing DDC in an entire facility with numerous HVAC equipment can be accomplished with any number of computer and process control systems. Starting with a basic control loop, a system can expand to control an entire facility.

A DDC computer should be capable of handling a number of control loops (four to eight is typical). Accessory on/off control and monitoring functions should also be controlled by the same computer. Each computer should be capable of independent operation and be able to perform all essential control functions without being connected to any other computer. This suggests that each separate major HVAC equipment (such as an air handler, boiler, or chiller) has its own DDC computer, in the same way that each would have independent conventional control panels. These are then connected together with a local area network (LAN) for communications. This results in a truly distributed processing network in which each computer can perform all control functions independently.

Twisted-pair, low-voltage control wiring (foil shielded) is an economical choice for the interconnections, although coaxial cable or fiber-optic cable systems can be used if they are installed in the facility to provide a variety of communication services.

Somewhere in this LAN, a “window” is required to allow for the staff operator to interface with the DDC computers. This is accomplished with a different type of computer, connected to the network at any location, which provides access to the DDC computers. All control setpoints and strategies can be programmed from this access computer, and all sensor readings can be monitored.

4.2.5.1.7 Network protocols (Bronze 4.4)
The specific set of coded instructions that enable microprocessor devices connected to the LAN to communicate are network protocols. The most common network protocols are the peer-to-peer type (e.g., Ethernet or ARCNET) and the IEEE 802.4 token-passing open system. Although these networks are advertised as “open systems,” most manufacturers have specific message structures that are proprietary. Thus, integration of several manufacturers' protocols over the same network necessitates sharing of proprietary information.

The American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) has developed an open protocol that will enable the exchange of data between devices made by different manufacturers. Called BACnet (for Building Automation and Controls Networks), the protocol has been published as ANSI/ASHRAE 135-1995 [B1]
4.2.5.1.8 System integrity (Bronze 4.4)
A DDC system can be designed for high reliability and for much shorter mean time to repair (MTTR) than a conventional ATC system. The major design requirements are as follows:

·  Independent control computers. In a distributed processing network, these computers ensure that the failure of one computer will not adversely affect the operation of other computer systems.

·  Remote data-link diagnosis. Allows the computer manufacturer's factory experts to telephone into the DDC system and troubleshoot control problems.

·  Universal computer replacement. Requires that all control computers be identical, regardless of the HVAC equipment being controlled.

Since the access computer in a distributed network is not capable of any real control, it may not need any special
backup system. Remote data link diagnosis can quickly pinpoint an access computer problem, and repair does not have to be immediate to maintain environmental comfort. All HVAC systems are under the control of the independent DDC computers, which should continue to function normally.
System integrity considerations should also include what happens when a computer fails. A safe condition has to exist when this happens. Therefore, whenever a DDC computer is used, all standard safety devices (i.e., for overload, smoke control, freeze protection, etc.) should remain in the system with the computer. These are usually very simple devices that have been proven in many years of HVAC system design, and are not rendered obsolete when a computer is used for direct digital control of the system.
4.2.5.2 HVAC and Energy Management (Grey 14.6)
4.2.5.2.1 HVAC Monitoring and Control (Grey 14.6)
This function includes the automatic monitoring of HVAC equipment. It also provides operating personnel with information on the status of these systems and selected components. Temperature, dewpoint, humidity, pressure, flow rate, and other key operating parameters are continuously "monitored and displayed upon command or when any abnormal or alarm condition occurs.

HVAC facility systems are programmed for several operating modes. These programs are developed by the energy management and facility operating groups. Their data should be incorporated into the software to ensure HVAC operations meet code, occupancy, and energy conservation needs. These HVAC programs will account for seasonal needs as well as day, night, and holiday occupancy in each of the buildings, or building areas, that comprise the facility. In the case of large areas in which occupancy varies greatly over short time periods, the programs may have to include real-time or hourly control of HVAC components and possibly a major portion of the lighting.

The types of equipment typically supervised by an HVAC control system are

1) Air-handling equipment

2) Steam absorption chillers

3) Boilers

4) Electrically driven water chillers (compressors, reciprocating or helical screw)

5) Air compressors

6) Air-cooled condensers

7) Dampers

8) Evaporators

9) Fans

10) Heat pumps

11) Heat exchangers

12) Liquid tanks

13) Pumps

14) Refrigerators

15) Sump equipment

16) Valves

17) Control switches (electric/pneumatic; pneumatic/electric)

18) Reheat devices

19) Cooling towers

20) Icemaking equipment

21) The HVAC conditions and quantities to be monitored or controlled may include

22) Optimized start

23) Supply air and water reset

24) Temperature dead-band operation

25) Enthalpy changeover

26) Demand limiting

27) Damper position

28) Flow rates

29) Fuel supply and consumption

30) Gas volume

31) Humidity/dewpoint

32) Real and reactive electric power demand and consumption

33) Line current and voltage(s)

34) Liquid level

35) Equipment running time

36) Equipment wear (revolutions or cycles)

37) Leaks and oil spills

38) Fan speed

39) Degree day heating/cooling

40) Power failures (main, auxiliary, control)

41) Pressure

42) Programmed start/stop operations

43) Status of miscellaneous equipment and systems

44) Temperature

45) Toxic gases and fluids

46) Combustible gases (e.g., methane in sumps and manholes, hydrogen in battery rooms)

47) Valve position

48) Wind direction

49) Wind velocity

50) Holiday scheduling

51) Run-time reduction

52) Night temperature set back

53) Central monitoring

54) Optimized fresh air usage

55) Trend logging

56) Pump speed

57) Steam flow

58) Amount of chilled water generated

59) British thermal units (Btus) of heating or cooling consumed

60) Amount of daylight

61) Amount of solar energy

62) Solar collector tilt angle

63) Indoor air environmental quality

4.2.5.2.2 Direct Digital Control (Grey 14.6)
Traditionally, mechanical systems for buildings have been designed with automatic temperature control (ATC) for HVAC systems. Building on this experience plus proven techniques from process control, microcomputer technology offers engineers a powerful tool for the control of HVAC systems.

4.2.5.2.2.1 Automatic Temperature Control (Grey 14.6)
In closed-loop control, a sensor provides information about a variable (e.g., temperature to a controller that actuates a controller device (e.g., a valve) to obtain a desired setpoint. The output of the controller should operate the controlled device to maintain the setpoint (for example, by modulating a chilled water flow through a coil) even if air or water flow rates or temperatures change. This should happen on a continuous basis and should be fast enough to maintain the setpoint, in which case the controller is said to be operating "in real time"

The creation of a comfortable environment by heating, cooling, humidification, and other techniques is a real-time process that requires closed-loop control. HVAC systems require many control loops. A typical air-handling unit (AHU) needs at least three (one each for fresh air dampers, heating coil, and cooling coil) plus accessory control devices to make them all work in harmony. How these control loops operate has a major effect on the amount of energy used to condition the air.

4.2.5.2.2.2 Supplying Computers to Control (Grey 14.6)
When the controller in a closed-loop system is a digital computer, then it is called "direct digital control."

This seems the obvious way to apply a computer to a control loop. However, most computers in control applications today are not applied in this way. Until recently, most computers were principally used as supervisory systems to supervise the operation of an independent control system.

A supervisory computer monitoring the ATC system and capable of resetting the controller setpoint has some very basic limitations.

64) The most sophisticated supervisory computer cannot improve the operation of the control loop because the controller is really in command. Any deficiencies or inaccuracies in the controller will always remain in the system.

65) Interfacing the computer to a controller that is frequently a mechanical or electromechanical device is expensive and inaccurate.

66) The computers sensor and the actual controller's sensor may not agree, leading to a good deal of confusion or a lack of confidence in one system or the other.

4.2.5.2.3 Direct Digital Control Software (Grey 14.6)
A computer's power is in its software. When applied to automatic temperature control, properly designed software offers dramatic benefits.

67) Control system design is not "frozen" when a facility is built. Alternative control techniques can be tried at any time, at little, if any, additional cost.

68) With software configured control, all control panels can be identical, which facilitates installation, checkout, and maintenance. One standard DDC computer can control virtually any piece of HYAC equipment.

69) The control system can be upgraded with improved software in the future. No additional equipment or installation will be required.

70) Comfort and operating cost trade-offs are easily made by the flexibility to modify the operating parameters in the control system. Optimum energy savings can be realized without sacrificing occupant comfort.

Flexible software should allow changing not only setpoints, but control strategies as well. Control actions, gains, loop configurations, interlocks, limits, reset schedules, and other parameters are all in software and can be modified by the user at any time without interrupting normal system operations.

With DDC, an operator, via software control, may access all-important setpoints and operating strategies. Accuracy is assured by the computer. Control loops can be reconfigured by revising the loop software, with no rewiring of control devices. Reset schedules can be changed just as easily. For example, heating setpoints and strategies can be set in the summer with complete assurance that the DDC system will perform as expected when winter arrives.

4.2.5.2.4 Direct Digital Control (DDC) Loops (Grey 14.6)
Typically, DDC closed loops consist of sensors and actuators, in addition to digital computers, as the controllers. Certain design features should be used to obtain optimum performance from DDC loops. Sensors for DDC loops are very important, since the computer relies on their accuracy to provide the precise control that an HYAC system operator needs. A 1° change in some temperatures, such as chilled water, can affect energy consumption by a couple of percentage points, so that a control system with even 1° of error is not fully controllable in terms of energy use. So as not to waste the precision of the DDC, quality sensors should be used that do not require field calibration, and do not have to be adjusted at all to interface with the DDC computer. Control setpoints are thereby achieved with absolute accuracy under all conditions, at all times.

With the computer performing DDC, the traditional problems of temperature fluctuations and inefficient operation can be eliminated. Proportional-integral-derivative (PID) control techniques provide for the fast, responsive operation of controlled devices by reacting to temperature changes in three ways: 
71) The difference between setpoint and actual temperature (proportional)

72) How long the difference has persisted (integral)

73) How fast the actual temperature is changing (derivative)

PID saves energy and increases accuracy simultaneously by eliminating hunting and offset, and by decreasing overshoot and settling time.

All digital computers work with binary (either on or off) information. Since it is necessary to modulate controlled devices (e.g., motors that operate dampers or valves), a complicated interface device (transducer) is often employed. A better method to use, which has been perfected in much more demanding process applications, is pulse-width modulation (PWM). The computer's binary outputs are directly connected to a modulating device. PWM uses bidirectional (open/close) pulses of varying time duration to position controlled devices exactly as required to satisfy demand. Wide pulses are used for major corrections, such as a change in setpoint or start-up conditions. The pulse width becomes progressively shorter as less correction is required to obtain the desired control setpoint.
4.2.5.2.5 DDC Energy Management (Grey 14.6)
Many strategies have been developed to effectively manage and save energy in HYAC system operation. DDC systems can be intelligently integrated with temperature control functions in the same computers, in such a way that energy reductions are achieved without compromising the basic temperature control functions. This will also eliminate the need to supplement a conventional ATC system with an add-on energy management system (EMS), which will save equipment, installation, and maintenance costs.

4.2.5.2.6 DDC Distributed Networks (Grey 14.6)
Implementing DDC in an entire facility with numerous pieces of HYAC equipment can be accomplished with any number of computer and process control systems. Starting with a basic control loop, a system can expand to control an entire facility.

A DDC computer should be capable of handling a number of control loops (four to eight is typical). Accessory on/off control and monitoring functions should also be controlled by the same computer. Each computer should be capable of independent operation and be able to perform all essential control functions without being connected to any other computer. This suggests that each separate major piece of HYAC equipment (such as an air handler, boiler, or chiller) has its own DDC computer, in the same way that each would have independent conventional control panels. These are then tied together in what is called a local area network (LAN) for communications. This results in a truly distributed processing network in which each computer can perform all control functions independently.

Twisted-pair, low-voltage wiring (foil shielded) is an economical choice for the interconnections, although coaxial cable or fiber-optic systems can be used if they are installed in the facility to provide a variety of communication services.

Somewhere in this LAN, a "window" is required to allow for human interface with the DDC computers. This is accomplished with a different type of computer, connected to the network at any location, which provides access to the DDC computers. All control setpoints and strategies can be programmed from this access computer, and all sensor readings can be monitored.

4.2.5.2.7 System Integrity (Grey 14.6)
A DDC system can be designed for high reliability and for much shorter mean time to repair (MTTR) than a conventional ATC system. The major design requirements are:
74) Independent control computers Ñ In a distributed processing network, these computers ensure that the failure of one computer will not adversely affect the operation of other computer systems.

75) Remote data link diagnosis Ñ Allows the computer manufacturer's factory experts to dial into the DDC system and troubleshoot control problems.

76) Universal computer replacement Ñ Requires that all control computers be identical, regardless of the HYAC equipment being controlled.

Since the access computer in a distributed network is not capable of any real control, it does not need any special backup system. Remote data link diagnosis can quickly pinpoint an access computer problem, and repair does not have to be immediate to maintain environmental comfort. All HYAC systems are under the control of the independent DDC computers, which will continue to function normally.

System integrity considerations should also include what happens when a computer fails. A safe condition has to exist when this happens. Therefore, whenever a DDC computer is used, all standard safety devices (i.e., for overload, freeze protection, etc.) should remain in the system with the computer. These are usually very simple devices (certainly less complex than a computer) that have been proven in many years of HVAC system design, and are not rendered obsolete when a computer is used for direct digital control of the system.

4.2.5.3 Energy Management (Grey 14.6)
The energy management function of the FAS, which is accomplished primarily through the control of HVAC equipment, is a major item in the reduction of operating costs and the use of energy. The issue of energy and the specifics of control are covered more extensively in Chapter 17. The FAS will provide the capability to implement the energy management plan. Here, especially, the FAS designer should have close coordination with the energy management engineers. During the preliminary design period, many things happen all at once. Fuel and utility costs change, codes change, techniques change, operating methods change, all in short, and sometimes overlapping, time spans.

The initial decision to implement a single or redundant CPU and to use distributed processing for HVAC should be made early, and backed up with cost and operational data. Thus, the FAS designer and the energy management group should develop a basic plan and get it approved quickly. Once that is done, the space requirements and other details can be distributed to all concerned. Selection of sensors and methods for responses can then be developed within their own timeframes. Similarly, shutdown alarms and other features can be developed as the design proceeds. To reiterate, the FAS designer and energy management team should develop the basic system early. Standards such as ANSI/UL 916- 1987, Energy Management Equipment [12]86 should be required reading before the equipment is selected.
4.2.5.4 Chillers

[New Material]
4.2.5.5 Motor Operated Equipment

[New Material]
4.3 Instrumentation and Control

4.3.1.1 Introduction (Emerald 5.1-5.5)
Power quality site surveys and longer term monitoring programs both require proper instrumentation in order to be effective. A wide variety of measuring equipment is available to support the investigator. The challenge is in selecting the most appropriate instrumentation for a given test or measurement (see Clemmensen [B4]).1
The intent of this chapter is to provide the reader with an overview of the available tools that may be used to perform a power quality site survey. Emphasis is placed on the fact that most building electrical systems support utilization equipment that does not draw sinusoidal current, which contributes to distortion of the voltage sine wave; therefore, true root-mean-square (rms) instrumentation should be used to measure these voltages and currents. This issue will be discussed in more detail in 5.5.

The chapter is subdivided into four main subclauses.

· 5.2 lists the range of instrumentation available to perform the various levels of a power quality survey.

· 5.3 describes the range of methods and hardware used to measure voltages and currents. — 5.4 describes each measuring device and its use during the site survey.

· 5.5 describes factors related to measurement accuracy and the limitations that can be encountered when incorrect instruments are selected for voltage or current measurements.

4.3.1.2 Range of available instrumentation (Emerald 5.1-5.5)
Chapter 6 describes the recommended practice for conducting measurements with the appropriate instruments during various levels of a site survey based on the following steps:

b) Determine the soundness of the power distribution (wiring) and grounding system supplying the equipment.

c) Determine the quality of the ac voltage supplying the equipment.

d) Determine the sources and impact of power system disturbances on equipment performance.

e) Analyze the survey data to identify cost-effective improvements or corrections, both immediate and in the future.

Recommended instruments required to implement these steps are shown in Table 5-1. These instruments are discussed further in 5.5.

4.3.1.3 Voltage and current measurements (Emerald 5.1-5.5)
The tools used to analyze components of power flow rely on accurate information gathered from either voltage or current measurements, and in many cases, both. As previously stated, recommended practice is to use true rms metering equipment when conducting the site survey because algorithms used for computing power flow parameters such as harmonic distortion, power factor, efficiency, etc., rely on the accuracy of the sampled voltages and currents. This subclause describes the various techniques and hardware used to obtain correct measurements of voltages and currents. Emphasis is on the techniques that lend themselves to ease of use when conducting the site survey.

Table 5-1—Recommended test instruments for conducting a site survey

	Instrument
	Minimum required instrumentation
	Multiple function or special purpose
instrumentation

	
	True rms multi- meter
	True rms clamp on am- meter
	Ground impedance tester
	Earth
ground
tester
	Oscilloscope with current trans​ducer
	Oscillo‑
scope
with line

de-
coupler
	Power
line
monitor
	Spec‑
trum
analyzer

	Measurement
	Voltage
conti-
nuity
	Current
	Impe-
dance
	Resist- ance impe- dance
	Current
wave-
forms
	Voltage
wave-
forms
	Voltage current har- monics
	Har​monics noise spectra

	Neutral-ground bond

(1) Grounding electrode conductor connections
	√ a
	
	
	
	
	√
	√
	

	(2) Main bonding jumper connections
	√ a
	
	
	
	
	√
	√
	

	(3) Extraneous bonds downstream from

service entrance and/or separately derived secondary bond
	√
	√
	
	
	√
	√
	√
	

	Neutral conductor

sizing, routing

(1) Parity or greater than phase conductor neutral sizing
	
	√
	
	
	√
	
	√
	

	(2) Shared (daisy- chained) neutrals
	
	√
	
	
	√
	
	√
	

	Equipment grounding system

(1) Equipment grounding conductor (EGC) impedance
	
	
	√
	
	
	
	
	

	(2) EGC integrity when used with supplementary grounding

electrodes
	√
	
	
	
	
	
	
	

	Dedicated feeders,

direct path routing

(1) Other equipment on the circuit of interest
	
	√
	
	
	√
	
	√
	

	(2) EGC impedance
	
	
	√
	
	
	
	
	

	(3) Mixed grounding means problems
	
	√
	
	
	√
	
	√
	

	Grounding electrode impedance

(1) Resistance of the grounding electrode
	
	
	
	√
	
	
	
	

	(2) Grounding electrode conductor integrity
	
	√
	
	
	
	
	
	


Table 5-1—Recommended test instruments for conducting a site survey (continued)

	Instrument
	Minimum required instrumentation
	Multiple function or special purpose
instrumentation

	
	True rms multi- meter
	True rms clamp- on am- meter
	Ground impe- dance tester
	Earth
ground
tester
	Oscillo​scope with current trans​ducer
	Oscillo‑
scope
with line

de-
coupler
	Power
line
monitor
	Spec‑
trum
analyzer

	Measurement
	Voltage
conti-
nuity
	Current
	Impe-
dance
	Resist- ance impe- dance
	Current
wave-
forms
	Voltage
wave-
forms
	Voltage current har- monics
	Har​monics noise spectra

	Conduit/enclosure
ground continuity

(1) Metallic enclosure, conduit, raceway, panelboard continuity
	√
	
	√
	
	
	√
	√
	

	(2) Bonding jumpers where nonmetallic conduit is used
	√
	
	√
	
	
	√
	√
	

	(3) Continuity of expan- sion joints telescoping raceway and wire molds
	√
	
	√
	
	
	√
	√
	

	Separately derived

system grounding

(1) Verify neutral as sepa​rately derived and not interconnected
	√
	
	√
	
	
	
	
	

	(2) Impedance of neutral- ground bond on

secondary
	
	
	√
	
	
	√
	√
	

	(3) Grounding electrode conductor connections
	
	
	√
	
	
	√
	√
	

	Insulated ground (IG) systems

(1) Conductor insulation from conduit ground systems
	√
	
	
	
	
	
	
	

	Power line variations

(1) Undervoltages or overvoltages
	√
	
	
	
	
	√
	√
	

	(2) Momentary sags and swells
	
	
	
	
	
	√
	√
	

	(3) Subcycle transient events
	
	
	
	
	
	√
	√
	√

	(4) Voltage notching
	
	
	
	
	
	√
	√
	

	(5) Voltage interruptions
	
	
	
	
	
	√
	√
	

	(6) Electrical noise
	
	
	
	
	
	√
	√
	√

	(8) Harmonics (voltage and current)
	
	
	
	
	
	
	√
	√

	(9) Frequency variations
	
	
	
	
	
	
	√
	√


aMicroohm meter.

4.3.1.3.1 Voltage measurements (Emerald 5.1-5.5)
AC meters are designed to measure the “effective value” of the ac voltage (or current) in delivering energy to the load, so that 1 W of ac voltage and current produces exactly the same amount of heat as 1 W of dc voltage and current. Mathematically this effective value is found by taking the square root of the mean of the sum of the squared values for the fundamental and harmonic voltage and current samples of interest, and hence the name rms.

Before the advent of digital electronics, ac meters had magnetic movements with a needle attached to them. The most common was the D’Arsonval meter in which the meter movement responded to the average of a rectified sine wave. A scale was placed on the face of the meter with a “form factor” built in to convert the reading to an equivalent rms value. Note that the meter actually measures the average of the rectified wave, and the form factor converts it to rms based on the assumption that the waveform is sinusoidal.

Early digital meters (and low-cost ones today) utilize this same method of either averaging a rectified wave or measuring the peak of the wave and multiplying the result by a scaling factor to obtain the equivalent rms. As with the analog meter movement, the rms value obtained is correct only when the measured wave shape is sinusoidal. To address the issue of nonsinusoidal wave shapes, “true rms” meters have come into widespread use. These true rms meters will accurately measure the rms value, regardless of the wave shape.

4.3.1.3.1.1 True rms voltmeters (Emerald 5.1-5.5)
True rms reading voltmeters indicate the square root of the sum of the squares of all instantaneous values of the cyclical voltage waveform. A variety of true rms voltmeters are in use, including the thermocouple type, square-law type, and sampling type. These meters will indicate the correct or true rms value for every type of wave shape from sinusoidal waves to pure square waves and are therefore the preferred voltage- measuring instrument for the site survey.

4.3.1.3.1.1.1 Thermocouple type (Emerald 5.1-5.5)
The rms value of a voltage is defined in terms of the heat it will produce in a resistive load. Thus, a natural way to measure true rms voltage is by means of a thermocouple device, which includes a heating element and a thermocouple in an evacuated chamber. The heating element produces heat in proportion to the rms voltage across it, and the thermocouple produces a dc voltage in proportion to the generated heat. Since thermocouples are affected by inherent nonlinearities and by environmental temperature, a second thermocouple is typically added in a feedback loop to cancel these effects and produce a workable rms​responding voltmeter. The major drawback to this type of measurement is the time it takes for the temperature of the measuring element to stabilize.

4.3.1.3.1.1.2 Square-law type (Emerald 5.1-5.5)
This voltmeter uses the nonlinear characteristics of a P-N junction to produce an analog squaring circuit. From this, the rms voltage is calculated as the square root of the mean of the squared values.

4.3.1.3.1.1.3 Sampling devices (Emerald 5.1-5.5)
The ac voltage is sampled at relatively high rates; the sampled values are squared and then averaged over one or more complete ac cycles. The square root of the result is then displayed as the true rms value. This technique lends itself nicely to digital manipulation without the drifting overtime and temperature inherent in analog square-law devices.

4.3.1.3.1.2 Average responding rms voltmeters (Emerald 5.1-5.5)
All rms meters are calibrated to read in rms units. AC voltmeters that respond to average, peak, or rms values are commonplace. Typical analog voltmeters are an “average actuated, rms calibrated” device. The assumption is that the measured wave is sinusoidal and that the ratio between the rms and average values is always a constant. A multiplier called the form factor is used to convert the averaged value to the equivalent rms value. The 1.1 multiplier used by these instruments is based on the assumption that the waveform is sinusoidal and that the rms value of a sine wave is 1.1 times the average value of the same rectified sine wave.

4.3.1.3.1.3 Peak responding voltmeters (Emerald 5.1-5.5)
AC voltmeters that respond to the peak value of the waveform are also calibrated to display an rms value. The peak value of the waveform is detected and a multiplier is used to convert the peak value to the equivalent rms value. Like the average responding circuit, the waveform must be sinusoidal or the displayed value will be erroneous.

4.3.1.3.2 Current measurements (Emerald 5.1-5.5)
AC current measurements are slightly more difficult to perform during a site survey compared to voltage measurements, but there are many instruments available to simplify the process. This subclause will focus on the techniques and hardware used in conjunction with a metering device to obtain current readings. As with voltage measurements, recommended practice is to use true-rms-reading meters when performing a site survey because of the nonlinear nature of the electronic loads likely to be encountered. True rms ammeters include two types of indirect reading ammeters: current transformers (CTs) and Hall-effect types.

4.3.1.3.2.1 Current-transformer ammeters (Emerald 5.1-5.5)
A transformer is commonly used to convert the current being measured to a proportionately smaller current for measurement by an ac ammeter. There is very little resistive loading with these ammeters, and when a split-core transformer is used, the circuit to be measured is not interrupted. Clamp-on CTs cannot be used to measure dc currents. Caution is recommended when interpreting readings obtained with a CT-type device because some of these ammeters may not be true-rms-reading meters.

The transformer inductively couples the current being measured to a secondary consisting of N turns of wire (Ns). If the current being measured is I, and if we assume the primary is equivalent to a single turn, the secondary current, Is, is calculated as shown in Equation (5.1):

IS = I⁄NS
(5.1)

4.3.1.3.2.2 Hall-effect ammeters (Emerald 5.1-5.5)
The “Hall-effect” is the ability of semiconductor material to generate a voltage proportional to the current passed through the semiconductor, in the presence of a magnetic field. This is a “three-dimensional” effect, with the current flowing along the x-axis, the magnetic field along the y-axis, and the voltage along the z-axis. The generated voltage is polarized so that the polarity of the current can be determined. Both ac and dc currents can be measured.

Negative-feedback technology has eliminated (or greatly reduced) the effects of temperature variations and high-frequency noise on Hall-effect current probes. Hall-effect ammeters are affected by temperature variations (as is any semiconductor device) and by extreme high-frequency noise. Filtering is added to reduce this effect.

4.3.1.3.2.3 Direct-reading ammeters (Emerald 5.1-5.5)
Direct-reading ammeters employ a current shunt and carry some of the line current through them for measurement purposes. They are part of the circuit being measured. Direct-reading ammeters include electrodynamometer types, moving-iron-vane meters, and thermocouple types that drive dc-responding D’Arsonval meters. All of these ammeter types respond directly to the current squared and are not true rms meters. The direct-reading ammeter does not lend itself well to the power quality site survey because the circuit to be measured must be broken to insert the device.

4.3.1.3.2.4 Current measurement considerations (Emerald 5.1-5.5)
When using a current measurement device, there are several factors that must be considered in order to ensure that the intended measured parameter has been accurately obtained. These include issues with dc currents, steady-state vs. transient measurements, and high crest-factor loads.

4.3.1.3.2.4.1 DC component on ac current (Emerald 5.1-5.5)
All the ac ammeters discussed here are capable of responding to ac currents with dc components. The low- frequency response of CT-type ammeters falls off rapidly as the dc component of the measured current increases. This is due to nonlinear characteristics of the core near the saturating region. Another possible effect of dc current arises from the fact that any magnetic core can become magnetized by passing relatively large dc currents through it. The result is a need for periodic degaussing.

4.3.1.3.2.4.2 Steady-state values (Emerald 5.1-5.5)
Most multimeters commonly used by the electrical industry are intended for providing steady-state values of current or voltage. The measured rms current or voltage is sampled or “averaged” over several cycles. By necessity, real-time meters cannot display cycle-by-cycle activity for a 60 Hz system. The response time of analog meter movements is much greater than the 16 ms period of 60 Hz. In fact, digital meters deliberately delay updating the display to eliminate bothersome flicker that occurs with updates quicker than about 0.1 s.

Steady-state load current in all phases and neutral conductors should be measured with a true rms ammeter as per the wiring and grounding tests described in Chapter 6. Steady-state peak current should be measured with an oscilloscope and current probe or power monitor. Measurements with a moving coil or “peak hold” ammeter can give erroneous information.

4.3.1.3.2.4.3 Inrush and start-up current values (Emerald 5.1-5.5)
It is often desirable to accurately measure the transient currents and voltages that result from the turn-on of electronic loads and other equipment. For example, during start-up of an induction or dc motor, these initial currents can be several times the steady-state value.

To measure such brief currents, a fast-responding ammeter is required, along with a matching circuit to either display the peak current or record it. It is also possible to use an oscilloscope or power monitor with a fast responding CT-type current probe.

Direct-reading ammeters are far too slow to respond to rapid changes. Both the CT-type and Hall-effect ammeters are capable of response up to hundreds of megahertz, or even gigahertz, although additional circuitry must be added to hold the desired peak values. In any case, the specifications of the probe and ammeter selected should be reviewed to ensure that the current range and frequency response are within the window needed to accurately record the event in question.

4.3.1.3.2.4.4 Crest factor (Emerald 5.1-5.5)
The ratio of peak-to-rms current is known as crest factor. This measurement is important in the assessment of nonlinear loads. As an example, personal computers and many other loads that use switch-mode power supplies contain a bridge rectifier and storage capacitor. These loads can produce current wave shapes with typical crest factors of 2.5. When many of these loads are paralleled, the high crest factor contributes to the total harmonic distortion of both the voltage and current waveforms at the site.

Measurement instruments typically specify an accuracy limit when measuring high crest-factor loads. If a high crest factor is measured, it is important to make sure the instrument is capable of interpreting the wave shape correctly.

4.3.1.4 Descriptions of site survey tools (Emerald 5.1-5.5)
Site survey instrumentation can be divided into two categories. These categories are instruments used to

f) Measure or analyze power flow components such as voltage, current, energy, and harmonics.

g) Measure or verify the physical power delivery infrastructure such as grounding integrity, solid wir​ing connections, and proper wiring configuration.

The available measurement equipment commonly used to perform various portions of the power quality survey was shown in Table 5-1, along with the applicable analysis function. Subclauses 5.4.1 through 5.4.12 describe each tool with more detail as to the benefits or limitations associated with each instrument.

4.3.1.4.1 Infrared detector (Emerald 5.1-5.5)
The overheating of transformers, circuit breakers, and other electrical apparatus is often impossible to detect from current and voltage measurements. Infrared detectors produce images of the area under investigation. Overheated areas become apparent in contrast to normal temperature images. The availability of small handheld versions of these devices has made them more feasible for the power quality site survey.

4.3.1.4.2 Receptacle circuit testers (Emerald 5.1-5.5)
Receptacle circuit testers are devices that use a pattern of lights to indicate wiring errors in receptacles. These devices have some limitations. They may indicate incorrect wiring, but cannot be relied upon to indicate correct wiring especially in cases where poor connections exist.

4.3.1.4.3 Ground circuit impedance testers (Emerald 5.1-5.5)
Ground impedance testers are multifunctional instruments designed to detect certain types of wiring and grounding problems in low-voltage power distribution systems. Some instruments are designed for use on 120 V ac single-phase systems while others can be used on both single- and three-phase systems up to 600 V ac. The primary test function is impedance measurement of the EGC or neutral (grounded conductor) from the point of test back to the source neutral-ground bond. Additional test functions include detection of wiring errors (e.g., reversed polarity, open EGC, and open neutral), voltage measurement, the presence of neutral-ground shorts, and IG shorts.

4.3.1.4.4 Earth ground resistance testers (Emerald 5.1-5.5)
In practice, the resistance of the earth grounding electrode is tested when the building is inspected, following its construction, but at no other time. It is recommended that ground resistance tests be conducted with a fall-of-potential method instrument (see IEEE Std 81TM-1983 [B8]).

4.3.1.4.5 Oscilloscope measurements (Emerald 5.1-5.5)
In its simplest form, the oscilloscope is a device that provides a visual representation of a voltage plotted as a function of time. Even a limited-feature oscilloscope can be quite useful in detecting the presence of harmonics on an electrical system. The use of oscilloscopes in site surveys has become more popular with the introduction of lightweight, battery-operated handheld versions.

4.3.1.4.5.1 Line decoupler and voltage measurements (Emerald 5.1-5.5)
Voltage measurements are relatively straightforward using an oscilloscope. The input is connected to the voltage of interest with the appropriate lead. If a voltage above the range of the oscilloscope is to be examined, probes with resistance-divider networks are available to extend the range of the instrument by a factor of 10 or more. Capacitively coupled voltage step-down devices are also available. The frequency responses of the capacitively coupled voltage step-down devices are nearly constant from the power frequency to the lower radio-frequency range.

Care is advised when attempting single-ended voltage measurements on energized power conductors. Only phase-to-neutral or phase-to-ground voltages should be measured, such that the ground of the oscilloscope probe is never connected to a hot conductor. This condition could produce a hot chassis and a ground-fault condition. Even if the scope is battery powered, care must be taken to ensure that the use of two single- ended probes does not provide a fault path in the event that one of the probes is reversed. Two channels should be used to measure line-to-line voltages as a difference between the channels. Whenever possible it is recommended that a voltage isolator be used to measure power line voltages. The practice of opening the equipment ground at the oscilloscope power cord is strongly discouraged and is prohibited (see IEEE Std C62.45TM).2
4.3.1.4.5.2 Clamp-on current transducer and current measurements (Emerald 5.1-5.5)
The oscilloscope cannot measure current directly, only a voltage produced as a current is passed through a resistance. Measurements of currents based on the use of a shunt (current-viewing resistor) can be made with a differential input provided on oscilloscopes. If only a single-ended input is available, the signal is then applied between the high input and the oscilloscope chassis, creating a ground loop. Attempts are sometimes made to break this ground loop by disconnecting the EGC of the oscilloscope. As previously stated, this practice of “floating the scope” is a safety risk and is strongly discouraged.

Clamp-on CTs provide a means of isolating the oscilloscope from the circuit being tested. Some models have a resistance in place across the secondary of the CT to facilitate use with test equipment. In cases where the user must supply the secondary resistor, the resistance should be kept to a minimum to prevent saturation of the CT core. If the core becomes saturated, the oscilloscope waveform will show a different harmonic content than is present in the primary circuit.

One bothersome characteristic of CTs, in general, is a nonlinear frequency response. Typical CTs give accurate current reproduction only over the range of 50 Hz to 3 kHz. Units with “flat” frequency response up through several kilohertz are available but costly. In some current probes, digital correction of frequency response is possible.

4.3.1.4.6 Power line monitors (Emerald 5.1-5.5)
Power monitors are a new class of instrumentation developed specifically for the analysis of voltage and current measurements (see Figure 5-1). Time-domain and limited frequency-domain measurements are possible. Where their cost can be justified, power monitors are recommended instruments for conducting site surveys or longer term monitoring programs. Table 5-1 lists the measurements power line monitors can make. It is a matter of user preference as to whether power monitors that are likely to concentrate on wiring and grounding measurements should be employed in the early stages of a site survey. The multiple-featured power monitors often contain true rms voltage and current measurement capability, which is necessary for most of these measurements.
Although developed for the common application of detecting voltage aberrations that affect the operation of electronic equipment, it should be understood that simply because a power line variation was detected, the event was not necessarily damaging or disruptive to the load equipment. A few examples of typical power anomalies recorded by power line monitoring equipment can be found in Dorr [B5], Hughes and Chan [B7], and Sabin et al. [B12]. Power line monitors are of four basic types: event indicators, text monitors, waveform analyzers, and steady-state power analyzers.
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Figure 5-1—Power line monitor

WARNING

Workers involved in opening energized power panels are required to abide by the prescriptions of
NFPA 70E-2004 [B11] concerning appropriate protective equipment, as well as government regulations
codified in CFR Title 29, Parts 1910 [B2] and 1926 [B3], and in the National Electrical Safety Code®
(NESC®) (Accredited Standards Committee C2-2002) [B1].

At present, there are no standards for categorizing types of events recorded by these power monitors. Consequently, the type of event recorded by different power monitors may vary from manufacturer to manufacturer. The 1159 Working Group on monitoring power quality has provided a set of terms to describe power line variations (see IEEE Std 1 159TM-1995 [B9]). This recommended practice is likely to impact the future terminology used by power line monitor manufacturers to describe or categorize each kind of power line variation.

4.3.1.4.6.1 Event indicators (Emerald 5.1-5.5)
The simplest and least expensive types of power line monitors are known as event indicators. Event
indicators detect, classify, and indicate power line variations when they occur. Individual events are not identified by time of occurrence. Data output consists of an illuminated display or alarm that indicates the prior occurrence of an event. Event indicators are recommended for identifying the need for additional power line monitoring with more sophisticated instrumentation.

4.3.1.4.6.1.1 Data capture techniques (Emerald 5.1-5.5)
Event indicators capture disturbance data by comparing the monitored parameter, usually ac voltage, to one or more threshold parameters. When the threshold parameter is exceeded, an event is detected and indicated. The comparison of monitored parameter to threshold parameter may be accomplished by analog techniques, digital techniques, or by combinations of analog and digital comparison circuits. Threshold parameters may be fixed or adjustable by the user over a specified range to accommodate different monitoring circumstances. Some examples of common threshold parameters include the following:

h) AC rms voltage. With rms sensing or average sensing, the measurement interval should be an integral number of half-cycles of the fundamental power frequency. With peak sensing, the measurement interval should be one half-cycle of the fundamental power frequency.

i) Surge (transient) voltage. Peak detection should be used for disturbance events of short duration.

j) Frequency. The measurement interval should be small in comparison with the duration of the event to be measured.

Characteristics of threshold parameters determine the types of events that are detected. Therefore, a complete understanding of the threshold parameters of a given instrument is essential for proper application of the event indicator.

4.3.1.4.6.1.2 Recording and reporting mechanisms (Emerald 5.1-5.5)
Having detected the power line variation, event indicators store the data as a count, an amplitude, or both. Event data are then reported as a cumulative count or as an amplitude, possibly accompanied by blinking lights, audible alarms, or other forms of annunciation.

4.3.1.4.6.1.3 Analysis functions (Emerald 5.1-5.5)
Event indicators provide minimal analytical capability. The user is alerted to the prior occurrence of a disturbance event, but lacking descriptive information and time of occurrence of individual events, the user is unable to analyze causes or consequences of the events that occurred. Therefore, very little guidance concerning the nature and solution of the suspected ac power problem is possible.

4.3.1.4.6.2 Text monitors (Emerald 5.1-5.5)
Text monitors detect, classify, and record power line abnormalities. Individual events are recorded by time of occurrence and alphanumeric descriptions that are representative of events occurring during a given time interval. Data output may be reported on paper or electronic media, possibly accompanied by alarm annunciation.

4.3.1.4.6.2.1 Data capture techniques (Emerald 5.1-5.5)
Text monitors use threshold comparison techniques, which are similar to those of event indicators (see 5.4.6.1.3), to detect events. Monitored parameters are continually compared to one or more threshold parameters. When a threshold parameter is exceeded, an event is detected and numerous characteristics of the event may be stored. As with event indicators, threshold comparison may be analog or digital, fixed or adjustable, over a specified range. Some examples of common threshold parameters are as follows:

k) AC rms voltage. With rms sensing or average sensing, the measurement interval should be one or more periods of the fundamental power frequency. With peak sensing, the measurement interval should be no more than one-half period of the fundamental power frequency.

l) Surge (transient) voltage. Peak detection should be used for disturbance events having short duration.

m) Frequency. The measurement interval can be less frequent than that for transients but should still be small with respect to the rms change being measured.

Characteristics of the threshold parameters determine the types of events that are detected. Therefore, a complete understanding of the threshold parameters and detection methods of a given instrument is essential for proper usage of the text monitor.

4.3.1.4.6.2.2 Recording and reporting mechanisms (Emerald 5.1-5.5)
The recording and reporting mechanisms of text monitors facilitate the incorporation of numerous measurement capabilities. When an event is detected, these measurements are recorded to comprise an alphanumeric description that is representative of the event. The accuracy of this alphanumeric representation depends upon measurement parameters, measurement techniques, and the extent of recorded detail. An extensive variety of measurements is possible, but the most common include the following:

n) Time of occurrence. The time that the event begins should be measured with as much precision as may be required for a given application. Specifications range from the nearest second to the nearest millisecond.

o) AC rms voltage. Each half-period of the fundamental power should be measured.

p) Surge (transient) voltage. Peak voltage amplitude measured with respect to the power frequency sine wave. Duration, rise time, phase, polarity, and oscillation frequency may also be measured.

q) Frequency. The measurement interval should be from 0.1 s to 1.0 s.

r) Total harmonic distortion. The measurement interval should be from 0.1 s to 1.0 s. Amplitude and phase of individual harmonic numbers may also be measured.

The text monitor stores all recorded characteristics of the event, and then composes the measured data into an alphanumeric format that is representative of the original recorded event. A sequential series of alphanumeric descriptions is then reported to paper printout or electronic media.

Text monitors may have other features, beyond the five most common. Examples include common-mode noise detection, temperature, humidity, and dc voltage and current measurement.

4.3.1.4.6.2.3 Analysis functions (Emerald 5.1-5.5)
The sequential recording of events, with precise time of occurrence, by text monitors enables the user to correlate specific power line disturbances with misoperation or damage of susceptible equipment. Furthermore, the alphanumeric description of the event is useful in determining the cause and probable consequences. Other data contained within the alphanumeric description can be statistically related to determine the probability of various power line deviations occurring at the monitored site. Analysis functions are limited only by the extent of the alphanumeric description and by the skill and experience of the user. Therefore, the analysis capabilities of text monitors may be very extensive.

4.3.1.4.6.3 Waveform analyzers (Emerald 5.1-5.5)
Waveform analyzers are power line monitors that detect, capture, store, and record power line aberrations as complete waveforms supplemented by alphanumeric descriptions common to text monitors. The ability to capture, store, and recall waveforms makes the waveform analyzer the preferred choice for intensive analysis of ac power quality. Individual events are recorded by time of occurrence with waveforms and alphanumeric measurements that are representative of events occurring during a given time interval. Data output may be reported on paper or electronic media or via the Internet, possibly accompanied by alarm annunciation.

4.3.1.4.6.3.1 Data capture techniques (Emerald 5.1-5.5)
Waveform analyzers use sampling techniques to decompose the ac voltage waveform into a series of discrete steps that can be digitally processed, stored, and eventually recombined to represent the original ac voltage waveform. Waveform sampling occurs continuously at a fixed or variable rate. High sampling rates result in better representation of the disturbance waveform and greater storage requirements.

Although waveform sampling is continuous, waveform analyzers store only the sampled data when an “out- of-bounds” event is detected. Event detection is determined by comparison of threshold parameters with the monitored parameter. As with text monitors, threshold comparison may be analog or digital, fixed or adjustable, over a specified range.

Due to the continuous waveform sampling, threshold comparison algorithms tend to be more complex than those of text monitors. However, this complexity provides tremendous flexibility in controlling the types of disturbance waveforms that are detected. As with all power disturbance monitors, a complete understanding of the threshold parameters and detection methods of a given instrument is essential for proper usage of the waveform analyzer. It should also be understood that the waveform analyzer processes data based on the assumption that proper wiring and grounding preexists.

4.3.1.4.6.3.2 Recording and reporting mechanisms (Emerald 5.1-5.5)
When an event is detected, the digitized samples are stored in memory. As subsequent processing, measurement, and reporting of the event will be based entirely upon the stored samples, the waveform analyzer must retain sufficient data from before and after the detection point to accurately reconstruct the entire power line variation.

Having captured and stored the digitized data, the waveform analyzer is able to compute numerous parameters related to an event. These measurements of power quality characteristics are at least as extensive and as accurate as those available from text monitors. Furthermore, the digitized data can be formatted to provide a detailed graphic representation of the waveform associated with the recorded event.

This graphic reporting may be accomplished by paper printout or electronic media such as magnetic tape, diskettes, and cathode-ray tube (CRT) displays, or Internet Web sites. With accuracy of the graphic and alphanumeric representation of the event limited only by measurement techniques and storage capacity, waveform analyzers can provide the most complete description of a power line variation that is practical from a power analyzer.

4.3.1.4.6.3.3 Analysis functions (Emerald 5.1-5.5)
The graphic reporting of the recorded waveform enables the user to perform several additional analysis functions. First, the time-based correlation of disturbance waveforms with misoperation of electronic equipment can facilitate more meaningful susceptibility testing followed by corrective design improvements. These design improvements, both at the system and equipment levels, can lead to improved immunity against disturbing types of ac power line variations. Second, the characteristic waveform of certain disturbance sources can facilitate the identification, location, and isolation of these disturbance sources. These analytical functions make the waveform analyzer most suitable for analyzing complex power quality problems when properly applied by the knowledgeable user.

4.3.1.4.6.4 Steady-state power analyzers (Emerald 5.1-5.5)
A counterpart to the transient event analyzer is the steady-state type, which is very useful in performing analysis of the nominal energy demand characteristics of a facility. By sampling voltage and current on multiple channels, these monitors can display or calculate a large number of power line or load parameters, such as voltage, current, distortion power factor, displacement power factor, watts, volt-amperes, reactive volt-amperes, total harmonic voltage distortion, total harmonic current distortion, phase imbalance, and efficiency.

4.3.1.4.6.4.1 Data capture techniques (Emerald 5.1-5.5)
Steady-state analyzers use sampling techniques to decompose the ac voltage waveform into a series of discrete steps that can be digitally processed, stored, and eventually recombined to represent the original ac voltage waveform. Waveform sampling occurs at a fixed or variable rate. Although waveform sampling is continuous, steady-state analyzers only update their display or readout every second or so to eliminate nuisance toggling of reported values.

4.3.1.4.6.4.2 Recording and reporting mechanisms (Emerald 5.1-5.5)
The steady-state analyzer is able to compute numerous parameters based on the sampling of voltages and currents. The reporting mechanism is typically a digital display, and an additional paper-tape printout is usually available.

4.3.1.4.6.4.3 Analysis functions (Emerald 5.1-5.5)
The reporting of numerous power flow parameters enables the user to gain valuable insight into the characteristics of load and power distribution. The signature waveforms of certain loads can facilitate the identification, location, and isolation of these loads when they are found to be disturbing to parallel equipment. These analytical functions make the steady-state power monitor most suitable for analyzing site and load characteristics when properly applied by the knowledgeable user.

4.3.1.4.7 Harmonic measurements (Emerald 5.1-5.5)
In order to obtain measurements of harmonic distortion relative to the power frequency, a true rms sample of the voltage or current of interest is required. The most popular method is to obtain a digitized sample of the wave shape and perform a fast Fourier transform (FFT) computation. The result of the FFT analysis yields the percentages for the fundamental frequency and for the multiples of the fundamental. Power line wave- shape analyzers and oscilloscopes with FFT options are popular choices to perform this harmonic analysis.

Low-frequency or broadband spectrum analyzers may also be used to perform harmonic analysis. The newest devices available to measure harmonics are lightweight handheld instruments, similar in size to a multimeter, which are capable of both wave-shape display and harmonic analysis.

4.3.1.4.8 Expert systems (Emerald 5.1-5.5)
Knowledge-based and expert-system software are available for recording and analyzing power quality site survey data and reporting the results.

4.3.1.4.8.1 Data collection techniques (Emerald 5.1-5.5)
Expert systems use data input by the user, data encoded as procedures or as rules, and possibly data from instrumentation. Embedded and other instrumentation-based expert systems have data capture (of collected data) mechanisms that are specific to the instrument being used. Instrument-independent expert systems collect data by presenting questions to the user for response. Both instrumentation-based and instrument- independent expert systems use data encoded in the form of knowledge structures to process measurement or input data.

4.3.1.4.8.2 Reporting mechanisms (Emerald 5.1-5.5)
Measurements and user-input data are typically recorded onto mass storage media. Communications interfaces may be used to accomplish data recording. A common technique in data recording is to store the data in an electronic database that can be accessed by the expert system. Processed data and analysis results are reported on the computer screen or by means of printed reports. Reports typically include tutorial information explaining the expert system’s reasoning.

4.3.1.4.8.3 Analysis functions (Emerald 5.1-5.5)
Expert systems for power quality analysis differ in scope and depth, and hence, in analysis capabilities. Embedded and instrument-based expert systems are designed to assist in the analysis of specific measured data, including one or more types of power disturbance. Expert systems that are not instrument-dependent have broader scope, but perhaps less depth relative to analyzing measured data. Site survey analysis software is an example of this type of expert system, the scope of which includes wiring, grounding, surge protection, power monitoring, data analysis, and power conditioning equipment recommendation.

Expert systems can provide consistency and help in the collection, analysis, and reporting of power quality data if appropriately applied by the user.

4.3.1.4.9 Circuit tracers (Emerald 5.1-5.5)
Location of a specific phase or breaker may be easily accomplished with a circuit tracer. Various methods are used to draw or inject a special frequency or signal at the receptacle to be traced. A receiver is then used back at the panel box to detect the signal. Typically the receiver will have an adjustable gain so that the circuit in question can be pinpointed.

4.3.1.4.10 Electrostatic discharge (ESD) (Emerald 5.1-5.5)
Electrostatic charge can be measured with special handheld meters designed for that purpose.
4.3.1.4.11 Radio-frequency interference and electromagnetic interference (EMI) (Emerald 5.1-5.5)
Electric and magnetic field probes measure broadband field strength. A field-strength meter equipped with a suitable probe for electric or magnetic field sensing can be used to assess radio-frequency interference (RFI) or EMI more generally.

4.3.1.4.12 Temperature and relative humidity (Emerald 5.1-5.5)
Temperature and relative humidity is measured with a power monitor equipped with special probes. The rate of change of these parameters is at least as important as the absolute values of the temperature and relative humidity.

4.3.1.5 5.5 Measurement considerations (Emerald 5.1-5.5)
There are several factors related to either capabilities or limitations of measurement equipment that must be taken into consideration before deciding upon the appropriate instrument for a given measurement. These factors include, but are not limited to, bandwidth, sampling rate, refresh rate, resolution, and true rms response capability. These general considerations to be aware of are described in 5.5.1 through 5.5.4. Caution should be exercised when choosing instrumentation to investigate a problem. For example, though a transient is not recorded by a waveform analyzer, it cannot be assumed that no transient occurred unless it is certain that the bandwidth, sampling rate, and resolution are such that the transient was within the instrument’s capture capabilities.

4.3.1.5.1 Bandwidth (Emerald 5.1-5.5)
The frequency spectra within which accurate measurements can be obtained are limited to the bandwidth of the equipment being used. The bandwidth of the instrument used should be wider than the frequency spectra of the expected events to be monitored. For 60 Hz steady-state monitoring this bandwidth issue is likely not a problem, but if the event of interest is a high-frequency transient caused by a switching event or by a lightning surge, the bandwidth must be higher than the rise time of the event to be captured (typically, megahertz ranges).

4.3.1.5.2 Sampling rate (Emerald 5.1-5.5)
This specification is important when the power wave shape in question must be digitized in order to perform computational analysis. The sampling rate should be at least twice the highest frequency of interest for a given computation. For example, a harmonic analysis out to the 50th harmonic (3000 Hz) would require a sampling rate of at least 6000 Hz. For sampled data, anti-aliasing filters built in to the metering device are typically necessary to ensure accuracy of the reported information.

4.3.1.5.3 Resolution (Emerald 5.1-5.5)
The vertical resolution of a wave shape is dependent upon the sampling rate as well as the number of bits available for storage or processing of the acquired sample. Most digitizing instruments utilize at least 8 bits to obtain reasonable vertical resolution. This yields measurement accuracy roughly within ±3% of the actual value for ac voltage wave shapes.

4.3.1.5.4 True rms considerations (Emerald 5.1-5.5)
It is extremely important to understand the potential limitations of the instrumentation being used to measure either voltage or current. Table 5-2 and Table 5-3 illustrate the point that there can be considerable differences in the displayed or reported quantities for different types of instruments. Table 5-2 shows the differences one might encounter when measuring some typical wave shapes with several popular handheld multimeters. Note that only the true rms type meter was able to correctly report the actual rms value for all of the wave shapes.

Because the electrical environment contains loads that are typically nonlinear in nature, it is recommended practice to use true rms measurement equipment to monitor voltage and current parameters.

Table 5-2—Displayed values from different meters for some typical
current waveforms

	Meter type
	Circuit
	Sine wave
	Square wave
	Distorted
wave
	Light
dimmer
	Triangle
wave

	Peak method
	Peak/1.414
	100%
	82%
	184%
	113%
	121%

	Average responding
	Sine average
1.1
	100%
	110%
	60%
	84%
	96%

	True rms
	RMS
converter
	100%
	100%
	100%
	100%
	100%


Table 5-3—Reported event magnitude and duration for
some common power line monitors

	Event description
	Possible text reported or
response by monitor A
	Possible text reported or
response by monitor B
	Possible text reported or
response by monitor C

	Capacitor switching transient
	May miss the event if thresholds are set incorrectly
	Reported as a transient with amplitude equal to the initial falling edge value
	May report the event as both a subcycle variation and as a transient

	1/4 cycle interruption (dropout)
	May miss the event if thresholds are set incorrectly
	Reported as a sag to 50% of Vnom with duration of 10 ms
	Reported as a sag to 90% of Vnom with duration of 100 ms

	1 cycle interruption
	Reported as a 1 cycle interruption
	Reported as an

interruption with duration 20 ms
	Reported as a sag to 83% of Vnom with duration of 100 ms

	Extraneous zero crossings
	Reports multiple

transients with same amplitude
	Reports multiple transient events with same

amplitude and may report frequency variations
	Reports multiple transient events with same

amplitude and may report frequency variations

	10 cycle voltage sag to 80% of Vnom
	Reports voltage sag to 80% of Vnom with

duration of 10 cycles
	Reports voltage sag to 80% of Vnom with

duration of 10 cycles
	Reports voltage sag to 80% of Vnom with

duration of 10 cycles


Table 5-3 illustrates the differences that one might encounter when analyzing the text reports from several common power line monitors. Note that even though all of the monitors are true rms type the reported text is not the same (even when the graphical display is).

The point of Table 5-3 is not to find fault in any particular monitor brand, but merely to point out that there can and will be differences in the way the various monitor brands capture and report short duration events (microseconds to several cycles). Therefore, the user of a particular monitoring instrument should become familiar enough with that instrument to be able to correctly interpret the information that is collected and recognize the fact that two different instruments connected at the same point may not capture and report events identically.

Provided the event is within the capture capability of the monitor, and the printed or displayed waveform has enough resolution to display the captured event clearly, actual capture of the graphical voltage or current wave shape is the best way to ensure that a monitored event is truly what was reported.

4.3.1.5.5 Instrument calibration verification (Emerald 5.1-5.5)
As a final point for consideration, it is recommended that measurement equipment be calibrated periodically to ensure accuracy. It is also a good practice to periodically compare the readings of the site survey instruments to a second piece of equipment that is known to read accurately. This is particularly important when the measuring devices are frequently shipped or transported to survey locations. Mishandling of the equipment during shipping can cause it to become less accurate. Simply having a valid calibration sticker does not necessarily guarantee accuracy.

4.3.2 Instrument transformer burdens (Bronze 6.11)
The burden on an instrument transformer is simply the load on its secondary. It is usually expressed in voltamperes at rated voltage or current, as the case may be and at a specified power factor.

The phase angle and ratio of a voltage transformer are affected by its secondary burden. This burden consists of the potential circuits of the watthour meter, wattmeter, voltmeter, etc. Variations of the line voltage also affect the errors, but since the voltage is practically constant, the small variations need not be considered.

In the current transformer, the phase-angle and ratio errors depend upon the secondary burden and also upon the primary current. The primary current may vary over a comparatively wide range because of the changes of the load, and the errors are different for each value of current, consequently the watthour meter can be corrected for only one value of current. The secondary burden consists of the current coils of wattmeter, watthour meter, ammeter, etc.

The power factor of the line in no way affects the ratios and phase angles of the instrument transformers, and should not be confused with the power factor of the secondary burdens.

Typical performance curves of the various types of instrument transformers can usually be obtained from the manufacturers. If the burdens are known, the errors can be determined from the curves.

Detailed information on instrument transformers can be found in IEEE Std C57. 13-1993 [B9].32

4.3.3 Switchboard and panel instruments (Red 11.3-11.6)
Switchboard and panel instruments are permanently mounted, and most are single-range devices used in the continuing operation of a plant. The current coils of most instruments are rated 5 A; their potential coils are typically rated 120 V. Whenever the current and voltage of a circuit exceed the rating of the instruments, current and voltage (potential) transformers are required.

In general, switchboard instruments are physically larger, have longer scale lengths, are more tolerant of transients and vibrations, and are more accurate than an equivalent panel instru​ment. For example, an analog ammeter for switchboards might be 4Ð5 in square with a scale length of 6 in and an accuracy of ±1% of full scale. An equivalent analog panel ammeter might have a diameter of 2Ð3 in, a scale length of 1.5 in, and an accuracy of ±2% of full scale. Accuracy at low scale decreases significantly with some instruments. Digital instruments often have accuracy ratings as a percentage of the reading plus or minus one or more reading digits. With both types of instruments, it is always recommended to specify the size, scale, and accuracy needed. Some of the common instruments are discussed below. (Also see ANSI C39.1-1981 [B4]1 for standard sizes, scales, and accuracies.)

The full-scale reading for analog instruments equals, or is a function of, the primary rating of the instrument transformers. For example, a full-scale reading with a 1200:5 current trans​former will be 1200 A for a 5 A instrument. If the load current is considerably less than 1200 A, the readings will be less accurate and may be difficult to read. In this example, the user may wish to specify a 2.5 A instrument for better accuracy and ease of reading.

Digital instruments normally permit programming the instrument transformer ratio and have low burden. They have higher resolution and accuracy over a wider range. This offers users greater flexibility when specifying instrument transformer ratios and instrument full scale ratings.

4.3.3.1 Ammeters (Red 11.3-11.6)
Ammeters are used to measure the current that flows in a circuit. If the current is less than 5 A, an ammeter is directly connected in the circuit to be measured. If the current is high, the ammeter is connected to a current transformer or to a shunt. Selector switches are often installed so that one ammeter may be connected to any phase or turned off.

4.3.3.2 Voltmeters (Red 11.3-11.6)
Voltmeters are used to measure the potential difference between conductors or terminals. A voltmeter is connected directly across the points between which the potential difference is to be measured. Voltage (potential) transformers are generally required when more than 120 V is monitored. Selector switches are often installed so that one voltmeter may be connected between any phases or turned off.

4.3.3.3 Wattmeters (Red 11.3-11.6)
A wattmeter measures the magnitude of electric power being delivered to a load. Proper application of this instrument requires correct polarity and phasing of both voltage and cur​rent. Scale factors for wattmeters typically indicate kilowatts or megawatts.

4.3.3.4 Varmeters (Red 11.3-11.6)
A varmeter measures reactive power. Varmeters usually have the zero point at the center of the scale, since reactive power may be leading or lagging. The varmeter has an advantage over a power-factor meter in that the scale is linear; thus small variations in reactive power can be read. Scale factors for varmeters typically indicate kilovars or megavars.

4.3.3.5 Power-factor meters (Red 11.3-11.6)
A power-factor meter indicates the power factor of a load. The meter indicates unity power factor at center scale, leading power factor to the left of center, and lagging power factor to the right of center. Power-factor meters are reasonably accurate only when adequately loaded. When accuracy is desired throughout the load range, a wattmeter and a varmeter should be used in combination. Many power-factor meters can monitor only one phase at a time. This often leads to erroneous conclusions if the phase loads are not similar and if only one reading is taken. The proper selection of a power-factor meter or other instrument intended to monitor multiphase systems depends on the system to be monitored; for example, 3-phase, 3-wire; 3- phase, 4-wire wye; 3-phase, 4-wire delta, etc.

4.3.3.6 Frequency meters (Red 11.3-11.6)
The frequency of an ac power supply can be measured directly by a frequency meter. Two commonly used types are the pointer-indicating and the vibrating-reed. These instruments are connected in the same way as voltmeters.

4.3.3.7 Synchroscopes (Red 11.3-11.6)
A synchroscope shows the phase-angle difference between two systems and is used wherever two generators or systems are to be connected in parallel or where a generator will be oper​ated in parallel with the utility system. A synchroscope has the appearance of a switchboard instrument except that the pointer is free to revolve 360û. When the frequency of the system being synchronized is too low, the pointer rotates in one direction; when it is too high, the pointer rotates in the opposite direction. When the frequency is the same, the pointer stands still. When the voltages are equal and the pointer indicates a zero angular difference, the cir​cuits are in phase, and the systems may be safely paralleled.

4.3.3.8 Elapsed-time meters (Red 11.3-11.6)
Elapsed-time meters have a small, synchronous motor that drives cyclometer dials. The dials register the cumulative amount of time a circuit or apparatus is in operation.

4.3.4 Portable instruments (Red 11.3-11.6)
A portable instrument has the same functions as a switchboard instrument but is typically
installed in a case for protection. Ordinarily, portable instruments have many ranges and
functions. They are useful for special tests or for augmenting other measuring instruments mounted on a switchboard. Portable current and voltage (potential) transformers are also available for situations when the range of the portable instrument is not sufficient for the val​ues to be measured. They thus provide flexible instrumentation for various conditions.

Users of portable instruments must be aware of the maximum voltage, current, and other rat​ings of the instrument. Attempting to use an instrument beyond its capabilities may cause serious injury to the user. Also, care must be exercised to be sure the test leads are properly connected before applying the test probes to the energized circuit. Measuring voltage with a multimeter connected for current could result in a damaged meter, an unexpected process shutdown, or even injury.

4.3.4.1 Clamp-on ammeters (Red 11.3-11.6)
A clamp-on ammeter uses a split-core current transformer to encircle a conductor and deter​mine the amount of ac current flowing. It usually has several current ranges. Hall effect clamp-on current transformers will read dc currents in addition to ac currents.

4.3.4.2 Volt-ohmmeter (VaM), digital multimeter (DMM) (Red 11.3-11.6)
This instrument can indicate a wide range of voltages, resistances (in ohms), and currents (in milliamperes). It is particularly useful for investigating circuit problems. Several of these instruments record higher currents using portable clamp-on current transformers with typical ratios of 1000:1 in conjunction with a milliampere scale on the VOM. Hall effect devices are also available that typically produce 1 mV/A.

4.3.5 Recording instruments (Red 11.3-11.6)
Many direct-reading, indicating instruments are available as recording or curve-drawing instruments for portable or switchboard use. Older recording methods use strip or circular charts. The record may be continuous, or readings can be taken at regular intervals. The chart moves at a constant speed by a spring or electrical clock. Recording instruments have special design problems that indicating instruments do not have. One problem is the need to over​come pen friction without impairing the accuracy of the recording.

Modern instruments and meters are available with electronic recording capability, or with memory which can be read by other computers. These instruments permit more data storage and thereby allow additional calculations and analysis. They eliminate the maintenance and service required for chart type recorders.

4.3.5.1 Power line disturbance analyzers (Red 11.3-11.6)
Power line disturbance analyzers are a class of specialized recording instrumentation designed to record voltage and/or current disturbances in power systems. Some record tem​perature, humidity, radiated radio-frequency energy, sequence of events, and other useful data. They have adjustable disturbance thresholds that often include fast transients usually less than 1 ms, waveshape disturbances, momentary changes in average voltage lasting between about 1 cycle and 2 s, long-term changes in average voltage, and harmonic distor​tion. Disturbance analyzers report data in non-volatile memory, computer diskettes, video displays, paper tape, or any combination of these. Several have the ability to interface with personal computers by means of direct connection, modem, or floppy diskette.

Users must be careful to interpret the output from disturbance analyzers because of their unique properties. For example, many waveform disturbance analyzers will not record or dis​play impulses less than the threshold setting. The display may show impulses above the threshold but may not display impulses less than the threshold even though they occurred in the same "event.'

4.3.5.2 Load profile recorders (Red 11.3-11.6)
Load profile recorders are microprocessor controlled instruments that record voltage, current, watts, vars, power factor, voltamperes, and harmonic power levels in a power system. Demand intervals, min/max readings, and other reporting characteristics are programmable. These recorders often can interface with personal computers in manners similar to distur​bance analyzers.

4.3.5.3 Computer data acquisition systems (Red 11.3-11.6)
Several add-on circuit modules are available that operate with custom software to convert personal computers into powerful data acquisition systems and data loggers. These systems typically offer 8 to 16 channels that feed a multiplexed analog and digital converter. The con​verter typically has 12- or 16-bit resolution for very accurate recordings so long as a large portion of the dynamic range is used. These systems typically require signal conditioning amplifiers to provide voltage reduction and isolation and to prevent aliasing errors.

4.3.5.4 Oscillographs (Red 11.3-11.6)
An oscillograph is an instrument for observing and recording rapidly changing values of short duration, such as the waveform of alternating voltage, current, or power transients. They are available for a wide range of frequencies.

4.3.6 Miscellaneous instruments (Red 11.3-11.6)
4.3.6.1 Temperature indicators (Red 11.3-11.6)
Temperature-indicating and temperature-control devices include liquid, gas, or saturated- vapor thermometers; resistance thermometers; bimetal thermometers; and radiation pyrome​ters. Some have electric contacts for use on an alarm device or relay circuit. Their application determines the type of sensor required.

4.3.6.2 Megohmmeters (Red 11.3-11.6)
A megohmmeter tests the insulation resistance of electric cables, insulators, buses, motors, and other electric equipment. It consists of a hand-cranked or motor-driven dc generator and resistance indicator. It is calibrated in megohms and is available in different voltage ratings, usually 500 Vdc, 1000 Vdc, or 2500 Vdc.

A resistance test of the electrical insulation, before placing equipment in service or during routine maintenance, will show the condition of the insulation. Wet or defective insulation can be very readily detected. A high reading, however, does not necessarily mean that the equipment's insulation can withstand rated potential since the megohmmeter's voltage nor​mally is not equal to the equipment's rated potential. A high-potential test is commonly per​formed after the equipment has passed the megohmmeter test. Periodic testing and plotting the resistance readings will show trends that indicate possible problems.

4.3.6.3 Ground ohmmeters (Red 11.3-11.6)
A ground ohmmeter measures the resistance to earth of ground electrodes. It is calibrated in ohms, usually 0Ð300. Some types also provide for the measurement of soil resistance.

4.3.6.4 Oscilloscopes (Red 11.3-11.6)
Oscilloscopes are electronic instruments used to study very high frequencies or phenomena of short duration. They can be used to study transients that occur in power circuits. These instruments use electronic controls and an electron beam, thereby eliminating the inertia of mechanical instruments. Oscilloscopes can be used for frequencies up to millions of hertz. A storage scope will display this waveform for a short period, and a camera can be used with the oscilloscope to record the waveform permanently. Many oscilloscopes store and display the signal in a digital format of individual samples.

4.3.6.5 Phase rotation indicators (Red 11.3-11.6)
These instruments connect directly to all three phases of a three-phase system. They deter​mine the phase rotation direction, ABC or CBA, to help assure motors will spin in the proper direction.
4.3.7 Instrument Transformers

See 4.4
4.3.8 Meters (Bronze 6.7)
4.3.8.1 Utility meters (Bronze 6.7)
Before taking steps to reduce a plant's electric bill, it is important to become familiar with the instruments utilities use to meter electric power consumption. The basic unit is the watthour meter, and the electromechanical style industrial meters are very similar to those used in residential service. They are more complex due to the polyphase power source and use of instrument transformers to obtain voltage and current for the meter.

Watthour meters measure electrical energy through the interaction of magnetic fluxes generated by the voltage and current coils acting to produce eddy currents in the rotating aluminum disk. Eddy current flow generates magnetic lines of force that interact with the flux in the air gap to produce turning torque on the disk. The meter is thus a carefully calibrated induction motor, the speed of which depends on the energy being measured. Each revolution of the meter disk represents a fixed value of watthours. The register counts these revolutions through a gear train and displays this count as watthours. Jewel or magnetic bearings are used to support the disk and the gear assembly is designed to impose minimum load on the disk.

The upper part of figure 6-3 is a simplified diagram showing how the kilowatt demand value is obtained from the utility kilowatthour meter. Each time the meter disk makes one complete revolution under the influence of the voltage and current coils, the photocell energizes the relay and transfers contacts A and B, providing kilowatthour output pulse. At the end of the demand interval, usually 15, 30, or 60 min, a clock pulse is given for 2–6 s, signifying that a new interval has begun.
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Figure 6-3 —Simplified watthour meter

The A, B, and clock contacts are used by the demand monitoring or control equipment to develop the curve shown in the lower part of figure 6-3. The kilowatthour pulses are merely added to each other over the demand interval. A line connecting the tops of the columns of pulses describes the accumulation of kilowatthour pulses during the interval. The actual kilowatthour per pulse and the number of total pulses recorded during the interval will depend on the plant load and the Potential Transformer (PT) and Current Transformer (CT) ratios for the specific kilowatthour meter.

It is important to note at this point that the slope of the line in figure 6-4, mathematically speaking, is defined as rise over run, which is kilowatts divided by time (one-half hour in this case), which is equal to kilowatthour demand. That is to say, the total kilowatthour of energy consumed, divided by the time over which it was consumed, yields average kilowatt demand (kWd) for power over that time interval. This means that by detecting the slope of the line early in the interval, corrective action can be taken to reduce the slope by shutting off loads, lowering the average kWd to a more acceptable value. It follows that a flat line of zero slope would indicate no further energy consumption, a zero demand for power. Taken to the extreme, a line with a negative slope would indicate negative energy consumption, with a reversal of power flow; i.e., on-site generation of power back into the utility company's transmission system. This is unlikely to be realized since most utility meters are ratcheted to prevent reverse registration. Meters would be added to separately register kilowatthour being exported to the utility system.
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Figure 6-4 —Demand curve

The exact length of the demand interval will vary by utility, one of the most common being 30 minutes. This interval length is most frequently associated with the time for power company generators, transformers, and transmission lines to build up sufficient heat due to overload conditions to do permanent damage to the equipment.

However, as kWd peaks increase, and as a few utility customers attempt “peak-splitting,” the demand intervals are being reduced to 15 or even five minutes. In a few tariffs, a “sliding interval” is used, where there is no identified beginning and end to the interval. The kWd peak is then the highest average kWd for any successive 30 minutes during the power company billing period. There are some extreme situations where the utility will refuse to supply the customer with kilowatthour pulse information. In that case, PTs and CTs and appropriate kilowatthour meter or other transducer must be installed in order to obtain kilowatt demand information. If the utility meter is accessible, an optical transducer can be placed over the face of the meter and the transducer can “read” the utility meter. The transducer output can then be sent to the EMS system. The EMS can then be programmed to properly interpret the meter reading.

Utilities would like to supply power on a smooth continuous basis, with no peaks and valleys that require large swings in the amount of generating equipment being called into service. For that reason, utility bills reflect the effect of such swings in demand using a concept of load factor. Load factor is defined as the ratio of average demand to peak demand and is illustrated by the truck traveling along the mountain road in figure 6-5. With large peaks and deep valleys the truck, representing the utility, has to use a lot of gas to reach the top of the mountain peaks, and has to brake hard to slow down in the deep valleys. This arrangement yields a relatively low load factor of 0.5.
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Figure 6-5 —Load factor without peak demand control

The load factor can be improved by limiting the peak values and filling in the valleys as shown in figure 6-6. Now a small car, representing a smaller kilowatt load on the utility, can be used to travel over the smaller mountain peaks with less braking required in the shallow valleys. This improved load factor is now 0.63. The ideal load factor is 1.0, meaning that the demand is absolutely constant with no peaks and valleys. This, of course, is not actually possible. About the best that can be expected will be approximately 0.98 for a monthly period, and 0.85 for an annual value.

The face of a conventional electromechanical kilowatthour meter is shown in figure 6-7. The diagram illustrates a PT and a CT connected to one of the three input phases to the meter. The CTR on the meter face stands for “CT ratio” and the 800 to 5 indicates that when 800 A flow through the phase conductor, 5 A flow through the CT secondary into the meter. The PTR on the meter face stands for “PT ratio” and the 60/1 indicates that with 120 V on the secondary serving the meter potential coils, the primary is connected to a 7200 V supply (120 V × 60 = 7200 V).
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Figure 6-6 —Load factor with redistribution of peak load
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Figure 6-7 —Electromechanical kilowatthour meter

Reading the dial to obtain the kilowatthour value is sometimes a great source of confusion, because the dials turn in opposite directions. The rightmost dial turns one complete revolution, which advances the left adjacent dial one number. In this example, the rightmost dial is read as 5 (and remains a 5 until the hand actually touches the mark for the 6). The second dial from the right is read as an 8, and will become a 9 when the rightmost dial hand points straight up to 0. The third dial from the right is read as a 9 (not a 0 as you might expect), and will not become a 0 until the hand on the second dial from the right points straight up to 0.

Using the same reasoning, the second dial from the left is read as a 5, and the leftmost dial is read as a 1. It becomes apparent that the meter dials must be read from right to left to determine the correct values from the dial hand position. The meter readings would thus be recorded as 15985. That value would be used as the current reading, from which a previous reading would be subtracted. That difference is then multiplied by 10 000 to obtain the kilowatthour that passed through the primary feeders during the specified time interval, such as a week or month.

Six sample meter faces are presented in figure 6-8 with their meter readings.
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Figure 6-8 —kilowatthour meter readings
4.3.8.2 Meters (Red 11.7)
Meters are devices that distinguish and register the integral of a quantity over time.
4.3.8.2.1 Kilowatthour meters (Red 11.7)
A kilowatthour meter measures the amount of energy consumed by a load. AC kilowatthour meters often use an induction-disk type of mechanism. The disk revolves at a speed propor​tional to the rate at which energy passes through the meter. The metered kilowatthours are indicated on a set of dials driven by the revolving disk through a gear train.

Solid-state kilowatthour meters use a wide variety of electronic methods to integrate energy over time. Many solid-state meters also record other quantities, such as kilovarhours, volts, amperes, and power factor.

The kilowatthour meter may be used to calculate the power being used by a load at the moment of testing. To calculate power, count the seconds for a given number of revolutions of the disk, and then use this formula:
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r 
is the number of revolutions
Kh
 is the meter disk constant in watthours per revolution
The Kh will be noted on the kilowatthour meter.The multiplier is 1 unless a meter is installed with instrument transformers. If current transformers are installed, the multiplier is equal to the ratio of the current transformer. For example, 400:5 current transformers have a ratio of 80:1, and so the meter multiplier would be 80. If voltage (potential) transformers are also installed, the meter multiplier is the product of the current transformer ratio and the voltage transformer ratio. A meter connected to 400:5 (80:1 ratio) current transformers and 14 400:120 (120:1 ratio) voltage transformers would have an overall multiplier of 80 times 120, or 9600. Some newer electronic meters allow the user to program the meter with the multiplier. These meters display actual kilowatthours on the register.
Kilowatthour meters come in several classes. Below is a listing of the common classes along with the maximum current each can safely monitor.

· Class 10
10 A

· Class 20
20 A

· Class 100
100 A

· Class 200
200 A

· Class 320
320 A

High-current services would require a Class 10 or Class 20 meter employed with current transformers. For example, a 1000 A service would use 1000:5 (200:1 ratio) current trans​formers and a Class 10 (or Class 20) meter.

Kilowatthour meters typically are rated for either 120 or 240 V potential coils. Higher voltage applications require the use of voltage transformers.

The following kilowatthour meter application data can be used only as a general guideline. The number of phases, the number of wires, the amount of phase-to-phase current, and power-factor balance all have an effect on the number of stators (or coils) the kilowatthour meter should have. An unbalanced condition exists if the phase-to-phase differences in load current or load power factor are great.

The data in table 11-1 define the number of stators and, if required by the service voltage or load size, the number of current and voltage (potential) transformers required to properly meter common services.

Table 11-1 —Metering and instrument transformer requirements

	Service voltage
	Stators
	CTs
	PTs
	Assumed load
characteristic

	1-phase, 2-wire
	1
	1
	1
	

	1-phase, 3-wire
	1
	2
	1
	

	1-phase, 3-wire
	2
	2
	2
	

	1-phase, 3-wire (wye)
	2
	2
	2
	

	3-phase, 3-wire (delta)
	2
	2
	2
	

	3-phase, 4-wire (wye)
	21/2
	3
	2
	balanced conditions

	3-phase, 4-wire (wye)
	3
	3
	3
	

	3-phase, 4-wire (delta)
	3
	3
	3
	

	3-phase, 4-wire (delta)
	2
	3
	2
	balanced mid-tap voltage


Other factors used in selecting kilowatthour meters include the following:

Ñ Type of mountings: socket, bottom-connected, switchboard Ñ Voltage: 120, 240, 240/120, etc.

Ñ Register: clock, cyclometer (like an odometer), digital Ñ Type of load current bypass: automatic, manual

There is a high probability of error in selecting or connecting a kilowatthour meter, especially when using instrument transformers. If there is any doubt, consult a metering specialist. The high probability for error also applies to kilovarhour and demand meters. An excellent refer​ence on all aspects of meters is the Handbook for Electricity Metering [B7].

4.3.8.2.2 Kilovarhour meters (Red 11.7)
A kilovarhour meter measures the amount of reactive energy—the integral of reactive power—drawn by a load. The internal mechanisms of the kilovarhour meter are identical to those of a kilowatthour meter. However, the potential applied to this meter is shifted 90 elec​trical degrees. A standard kilowatthour meter and a phase-shifting transformer can be con​nected to function as a kilovarhour meter.

To calculate kilovar demand, apply the timing formula defined in 11.7.1. Data from a kilovar​hour meter and a kilowatthour meter may be used to calculate power factor by the following formula:
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Most kilovarhour meters have a ratchet-type assembly to prevent them from running back​wards. For this reason, depending upon the connection, they can record only lagging or lead​ing kilovarhours.

4.3.8.3 Q-hour meter (Red 11.7)
A Q-hour meter is a kilowatthour meter with voltages displaced 60 electrical degrees (lagging) from the standard connection. Separate voltage phase-shifting transformers are not needed. A Q-hour meter combined with a watthour meter can measure power factor between limits of 0.50 lagging and 0.866 leading. The equation for calculating kilovarhours from kiloQ-hours is as follows:
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4.3.8.4 Demand meters (Red 11.7)
Demand meters register the average power demand during a specified time interval. They record the demand for each interval or indicate the maximum demand since the meter was last reset. Demand meters are normally an attachment or added feature to kilowatthour meters.

A lagged demand meter indicates demand by a thermally driven pointer on a scale. The inter​nal thermal characteristics of the meter determine the time interval. A red indicating demand pointer shows the load through the course of the high-load period. This pointer moves a black maximum pointer upscale with it. The black pointer will stay at the maximum value until the meter is read and reset. The demand of a constant load is reasonably approximated by this type of meter after two time intervals.

A demand meter records the average power during a specific interval. A kilowatthour meter equipped with a contactor device provides information on energy usage, with each impulse (contact closure) representing the usage of a specified amount of energy. The recording demand meter records the total number of impulses received during each time interval. The record may be on printed paper tape, a chart, punched tape, magnetic tape, or a computer memory system.
4.3.8.5 Voltage-squared ( V2 ) meters (Red 11.7)
Identified by a coined name (which is misleading because the meter reading directly determines effective voltage and not the square of voltage), a Vmeter is an integrating meter sim​ilar in construction to a kilowatthour meter. The effective (rms) voltage for a time interval is the dial reading difference divided by the interval. (Red 11.7)
4.3.8.6 Ampere-squared ( A ) meters (Red 11.7)
Identified by a coined name (which is misleading because the meter reading directly determines effective current and not the square of current), an Ameter is an integrating meter similar in construction to a kilowatthour meter. The effective (rms) current for a time interval is the dial reading difference divided by the interval.
4.3.8.7 Ammeters

[New Material]
4.3.8.8 Voltmeters

[New Material]
4.3.8.9 Power Meters

[New Material]
4.3.8.10 Analog

[New Material]
4.3.8.11 Digital

[New Material]
4.3.9 Programmable Logic Controllers

[New Material]
4.4 Control of Devices, Communication & Signals Within Power Systems

[New Material]
4.4.1 Point-to-Point Communication: Analog, Discrete and serial

[New Material]
4.4.2 Large System Communications: SCADA, Netowrks & Standards

[New Material]
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