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Report on Measurement and Experimental Plans for Load 
Shedding in LA County Buildings 

 
THIS REPORT WAS PREPARED AS A RESULT OF WORK SPONSORED BY THE CALIFORNIA 

ENERGY COMMISSION (COMMISSION).  IT DOES NOT NECESSARILY REPRESENT THE 

VIEWS OF THE COMMISSION, ITS EMPLOYEES, OR THE STATE OF CALIFORNIA.  THE 

COMMISSION, THE STATE OF CALIFORNIA, ITS EMPLOYEES, CONTRACTORS, AND 

SUBCONTRACTORS MAKE NO WARRANTY, EXPRESS OR IMPLIED, AND ASSUME NO LEGAL 

LIABILITY FOR THE INFORMATION IN THIS REPORT; NOR DOES ANY PARTY REPRESENT 

THAT THE USE OF THIS INFORMATION WILL NOT INFRINGE UPON PRIVATELY OWNED 

RIGHTS.  THIS REPORT HAS NOT BEEN APPROVED OR DISAPPROVED BY THE COMMISSION 

NOR HAS THE COMMISSION PASSED UPON THE ACCURACY OR ADEQUACY OF THE 

INFORMATION IN THIS REPORT. 
 
This report documents building characteristics, NILM installation, and load shedding test 
plan and subtasks for CEC/AEC Task 3.5.2.  The body of the report focuses on the load 
curtailment strategies, test plan and subtasks.  Appendix A and B document the building 
characteristics obtained to date.  Appendix C describes the HVAC motor start-up 
signatures obtained during field testing that will be used for NILM training. 
 

Test Locations and Objectives 

The objectives of the load control task are threefold:  

1) characterize transient building cooling loads analytically and empirically,  

2) identify load shedding potential and promising control strategies, 

3) demonstrate and verify the resulting load shedding controls. 

 

Three LA County buildings will be used in the testing:  

The Internal Services Department is administered from one main three-story office 
building called the ISD Building.  Floor areas are 45,646 sf office floor area, 8,511 sf 
mechanical rooms, 14,489 sf circulation areas, 10,388 sf storage, and 80,309 sf gross 
floor area.  The ISD building is cooled by two 4-stage reciprocating chillers with 
constant-volume distribution.  A built up fan system comprising a 60 hp supply fan and a 
20 hp return fan serves the entire building.  

The Edmund Edelman Children’s Court (ECC) is a182,000 (net),  275,530 (gross) square 
foot, six-story building erected in 1992.  The ISD and ECC are about one half mile apart, 
situated at opposite ends of the site.  The ECC is cooled by two 500-ton centrifugal 
chillers with VAV distribution.  A built up fan system comprising two 150 hp supply fans 
and two 50 hp return fans serves the entire building. The chillers, fans, cooling towers 
and boilers are all located at roof or penthouse level. 

The communications building (CM) is a one-story east-west oriented structure situated at 
a higher elevation than the ISD and ECC and about midway between them.  HVAC plant 
and electrical load descriptions are not yet available. 
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Electrical load data and other details are tabulated in Appendix A for ISD and Appendix 
B for ECC. 

Because they are located on the same campus, coordination of load shedding among the 
three buildings should be possible.  Coordination is important for achieving the best 
outcome with respect to electric supply reliability at a regional level.  The County is 
currently installing a Cutler-Hammer monitoring system that will allow operators to track 
all significant loads, in all of the large buildings on the campus, by end-use.  This 
information will be used by the operators to better coordinate their response to a utility 
curtailment and may also be used in our evaluations of the effectiveness of various 
electric load curtailment strategies. 

 

Load Shedding Control Strategies 

A building’s peak electrical demand may be reduced by 

1) reducing non-HVAC loads (lighting and plug loads), and/or  

2) reducing HVAC cooling capacity (fans, chillers, pumps and cooling tower).  

 

Reduction of base load is the first measure that should be considered because energy 
savings accrue for all hours of operation, are not subject to occupant, operator, or 
controller behaviors, and generally result in additional cooling plant and distribution 
system load reductions.  Lighting is a significant base-load component in all three 
buildings.  Office equipment is a significant base load in the ISD and ECC and other 
types of equipment may be significant in CM.  Improvements in chiller plant and air 
distribution efficiency are also classified as baseload reduction measures.  The ISD has 
definite potential for plant efficiency improvements.   

Short-term reductions in plug and lighting loads are generally the second most desirable 
curtailment measure because they produce additional cooling capacity reductions without 
occupant discomfort.  The bonus, of course, is that curtailment of lighting and plug loads 
effects an immediate reduction in cooling load which the control system will sense and 
automatically respond to by effecting exactly the right capacity reduction needed to 
maintain room conditions at setpoint. Dispatchable loads may include such equipment as 
copiers and printers, two-level lighting, general lighting (if task lighting is available) or 
task lighting (if sufficient daylighting is available), and may even be extended to 
workstations of users who are able to indulge in non-computer-related work without 
undue disruption of their productivity.  Most of these additional reductions would be 
controlled manually.  Occupants could be notified by email, phone broadcast, or over a 
public address system.  Some advance training and periodic "fire drills" will be necessary 
in most situations to implement this sort of curtailment strategy effectively.  The ability 
to measure the response during such occupant-implemented load curtailment is probably 
crucial to its effectiveness. 

A third curtailment measure that can be implemented involves further reduction in 
cooling capacity, either by direct control or by raising room temperature (and humidity, if 
implemented) set points.  The setpoint changes can be abrupt or gradual, depending on  
the curtailment response desired.   The occupants will experience loss of comfort in either 
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case, and the amount of additional capacity reduction, and its duration, will be limited by 
occupants’ tolerances for elevated temperature and humidity levels. 

The fourth, and most difficult, curtailment measure requires control functions that 
anticipate curtailment by anywhere from one to sixteen hours, and increase cooling 
capacity modestly during this pre-curtailment period so that zone conditions are as cold 
and dry as can be tolerated immediately before the curtailment period and the thermal 
masses of building structure and contents are at or even below this minimum tolerable 
temperature.  With such a favorable initial state, the reduction in cooling capacity and its 
duration can be made significantly larger—i.e., the amount of cooling capacity that can 
be shed during the curtailment event is significantly increased. 

There are at least three distinct schemes for implementing the fourth (precooling) 
measure as a retrofit: 

1) Night cooling (outside air with or without chiller operation) 

2) Extended period of reduced setpoint (starting the day with a lower setpoint or 
ramping it down gradually during the pre-curtailment period) 

3) Short period of reduced setpoint (e.g. extra cooling at lunch hour when the cold 
will affect only the (presumably) small fraction of occupants who don’t go out to 
lunch1) 

 

Monitoring Requirements 

Baseload reductions have already been planned by ISD staff and the first increment is 
under way. The impact of ISD lighting retrofits will (if the timing makes it feasible) be 
assessed by the monitoring equipment to be installed as part of the load control study.   

Note that it is critical to have some way to observe temperature and humidity within the 
occupied zones during a curtailment event so that load shedding can be accomplished 
with a clear understanding of and regard for the comfort impacts.  It is also critical to 
have continuous, local weather (temperature, humidity, and solar radiation) observations 
so that the impact on zone temperatures can be forecast minute-by-minute during the load 
shedding period for each day when load curtailment is required.  However, most 
important is to have continuous observations of the HVAC and non-HVAC electrical 
loads.  Without at least this level of end-use load tracking it will be impossible for an 
operator to implement any but the crudest of load curtailment strategies. 

 

Subtask 1: NILM Training 

Classification of loads is accomplished by matching load step changes and start 
transients. The step change and start transient associated with each load must be provided 
in a data base.  Raw data are obtained by letting the NILM record while turning 
individual loads on and off in a documented sequence.  This process and subsequent 

                                                
1 For the lunch-hour scheme to be most effective, occupants should be trained to turn off lights and other  
unnecessary equipment before going out—at least on days when curtailment can be anticipated.  If 
baseload is not so reduced a new building peak load may result.  Moreover, if many buildings were to adopt 
lunch-hour precooling, the utility peak might actually be shifted from mid-afternoon to the lunch hour. 
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analysis of the record and entry of the resulting load characteristics into a database are 
known as training.  The training data that were collected for the ISD building on 30 
March are described in Appendix C 

The analysis of this data must be completed and the results entered into a classification 
database.  The programs used to produce start transient templates (“v-sections”) are 
currently being revised to establish confidence intervals as well as mean trajectories for 
start transients observed in training.  Better automation of the analysis process will make 
it practical to for the analyst to process larger training samples that will ultimately reduce 
classification errors.  The current program upgrades are also a step along the path to more 
fully automated training.    

 

Subtask 2: Instrumentation 

Two NILM installations will be made in each building, one to track HVAC loads 
(chillers, fans, pumps) and the other to track whole building loads (lighting, plugs, other 
non-HVAC).  Each NILM will be shadowed by a traditional end-use metering logger 
(C160E) with one-minute integration intervals.  

The C160E loggers serve two main purposes: 

1) Verification of NILM end-use disaggregation.  One of the overall project 
objectives is to demonstrate the ability of the NILM to detect and identify the 
status of individual loads and by analyzing changes in panel-level or building-
level aggregate load.  The most convenient and credible way to verify this NILM 
function is to install a traditional end-use metering logger to monitor as many 
individual loads as possible and operate it at its maximum time resolution.  The 
C160E can monitor 16 end-use circuits at 1-minute time resolution. 

2) Monitor non-power variables needed to properly control load shedding activity 
and analyze the effectiveness and comfort impacts of such actions2. The non-
power variables monitored by the C160E loggers will include coil loads, return air 
conditions, and weather conditions, as discussed below. 

Return air temperature and humidity will be measured by a C160E in each building to 
estimate average zone temperature and humidity.  The return temperature is typically a 
biased estimate of average zone temperature when zone air returns through ceiling 
plenums because most of the heat from lights is added to the air as or after it enters the 
ceiling plenum.  This bias will be characterized by deploying room temperature 
microloggers in selected zones for one-week periods.  The humidity of the return air 
(expressed as a mass ratio), on the other hand, usually is a good estimator of zone average 
humidity. 

Room temperature in selected zones will be monitored by unobtrusive battery-powered 
microloggers.  The loggers sample temperature at 2 Hz and the sample averages are 

                                                
2 The variables needed for control, including the end-use loads that will be output by future commercial 
versions of the NILM, would normally be monitored by the control system.  Prototype NILMs may be 
interfaced a control systems in one or more of the project sites after the effectiveness of load shedding has 
been demonstrated.  However, for the initial tests control and monitoring of load shedding actions and 
responses will be implemented independently. 
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recorded at selected intervals.  For the load control tests, microloggers will be configured 
to record every minute.  Data will be retrieved every week and the loggers will be rotated 
weekly so that, over the 5-week testing period, the relation between return air 
temperature and true zone-average temperature may be established with reasonable 
accuracy.  We expect that eight to twelve micro-loggers will be deployed in each building 
with a total of about thirty loggers operating at all times. 

Coil delta-T and condensate flow rate may be measured in one or more of the three 
buildings.  Air-side temperature difference across the coil will be used to determine 
sensible cooling capacity and will be measured by a thermopile with multiple upstream 
and downstream junctions distributed over the projected coil face area.  Condensate flow 
rate will be used to determine latent cooling capacity and will be measured by tipping 
bucket rain gages plumbed into the condensate drain pipes.  Both signals will be 
monitored by a C160 logger. A typical rain gage produces about 40 pulses per liter and 
the number of pulses sensed by a digital input channel will be accumulated and recorded 
every minute.  The thermopile outputs a very low level signal (about 50 uV per Kelvin 
per pair of junctions) that will be amplified by an auto-zeroing op-amp configured for the 
appropriate gain (200 to 2000 depending on the number of junction pairs in the 
thermopile and the maximum temperature difference expected).  The op-amp output is 
connected to a C160 analog input channel. (C160 input range is fixed at 0 to 5V).  

Weather will be monitored at the CM or ISD building.  Outdoor temperature will be 
measured by an RTD mounted in a radiation shield and solar radiation will be measured 
by a LiCor pyranometer mounted on top of the radiation shield.  Wind will not be 
measured since building thermal loads are not significantly affected by wind during 
occupied hours and other times when the fans are operating. 

 

Subtask 3: Characterization of Envelope Thermal Response 

Supply and return fan operation will be programmed so that transient thermal response of 
the occupied space can be characterized.  Fans will be started about an hour before any 
heating or cooling (economizer or chiller) commences or allowed to run for an extra hour 
at day’s end with zero H/C capacity.  Starting the fans early each day will ensure that the 
building is in thermal equilibrium when the chiller starts.  The thermal response to a step 
change in cooling capacity will thus be obtained each time the chiller starts.  To obtain a 
strong response, it may be necessary to delay the start until zone temperatures approach 
the comfort threshold and, at that point, start the chiller in stage two instead of stage one 
(or start both chillers simultaneously in stage one) to get twice the normal start up 
capacity. 

At the end of the day, chillers are normally shut off completely at some predetermined 
time.  This results in a step change (albeit negative instead of positive) in cooling 
capacity.  To obtain a strong signal in this mode it may be necessary to shut the chiller off 
early, while it is still operating at stage-two or stage-three capacity.  It will then be 
possible to monitor the step response for at least one hour—possibly two—in order to 
observe the tail of the response while there is still a significant cooling load.   

Delay or early shut-down of chillers may not be permissible on days with very large 
cooling loads when the comfort impact is too great.  Weekend step response tests may be 
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conducted instead.  Nevertheless, the step-response method of characterizing load 
response is undesirable from the operator perspective because it entails planning, 
occupant notification, and manual intervention3.  It is desirable to have a method of 
characterizing thermal response that does not rely on step-response tests.   

We will run the minimum number of tests needed to demonstrate repeatability of the 
result.  The system will then be allowed to operate under its normal daily start and stop 
schedule and chiller staging algorithm while the data collection system measures thermal 
response to the time-variations in cooling load and chiller capacity changes that occur as 
the normal compressor staging sequences are played out.  Model identification analysis 
methods will be applied to this data to obtain an alternate characterization of the 
building’s thermal response.  The responses to typical load and chiller capacity changes 
can then be simulated using the two models and the adequacy of the model obtained 
without intrusive step-change tests will be assessed. 

 

Subtask 4: Assess Load Shedding Potential 

Load shedding potential is a function of many variables.  However these may be reduced 
to three primary building characteristics and one control parameter:  

the aggregate magnitude of operating loads (primarily lighting and plug loads) that 
can be shut off at the time that load curtailment is called for;  

the cooling plant efficiency (that is, what is the reduction in HVAC plant power that 
can be realized per kW reduction in lighting and plug loads); and  

the potential for thermal storage within the conditioned space (determines what 
additional reduction in cooling capacity can be achieved). 

In the foregoing list, it is the third building characteristic that determines the relation 
between cooling capacity reduction, duration of curtailment, and comfort impact.  The 
maximum sacrifice in comfort that can be tolerated will be decided in advance by 
managers and facility operators at the site.  Thus the one control parameter that must be 
considered for each curtailment event is the duration of curtailment. 

The impacts of all gains will have been established in the Envelope Thermal Response 
task. The analysis will be carried further after it is determined which internal gains can be 
controlled.  The thermal responses to the shedding of controllable loads will be estimated 
by DOE-2 simulation as well as by the models identified in Subtask 3. 

                                                
3 The responses of return-air temperature and humidity to a step change in cooling 
capacity can be used to identify only one kind of thermal response transfer function. With 
sufficient variation in measured internal gains and weather variables the transfer 
functions governing the building’s thermal response to these other disturbances can be 
characterized only with the help of special identification methods because the necessary 
step change in weather variables are beyond our control. the system must behave as a 
linear time invariant (LTI) system during the observation period regardless of the nature 
of the excitations.  The system is reasonably close to LTI only when the fans are 
operating continuously and after the initial response to fan startup has died away. 
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DOE-2 will be used to assess aggregate impacts on total load at the service entrance and 
the relation between comfort sacrificed and level of load reduction achieved. 

The sensitivity of load shedding potential to weather and occupancy will be established 
by modeling building thermal response with various levels of cooling capacity reduction.  
The relation between capacity reduction and duration will be established by tracking the 
simulated zone conditions over time until the comfort threshold is violated. 

The comfort and load reduction impacts will be determined under a range of typical 
weather conditions and occupancies. 

 

Subtask 5: Observe Operator Initiated Load Shedding Strategies 

The load shedding methods typically used by operators and their impacts on demand 
peaks need to be determined.  Information about methods used in the LA County 
buildings will be obtained during the remaining weeks of the 2001 cooling season.  The 
characterization will be based on operator interviews as well as continuous thermal and 
power monitoring.   

Through operator interviews MIT will learn how curtailment signals are received from 
the utility, how much time (advance notice) is given, typical curtailment durations.  The 
amount of load reduction targeted for each building and the means used to shed lighting, 
plug and HVAC loads will be established.  We will then ask the operators to keep a log 
of load shedding activities than can be correlated with NILM measurements to 
quantitatively assess the impacts in terms of both load reduction and loss of comfort for 
occupants. 

The NILMs will monitor electric load changes effected by occupants and plant operators 
during curtailment events and the C180s and microloggers will monitor weather and zone 
comfort conditions as well as coil loads.   

Analysis of the data will determine the following: 

Reductions, from baseload, achieved by curtailment of lighting and plug loads; 

Reduction, from model predicted HVAC load, achieved by the combination of 

Lighting and plug load curtailment, and  

Further reduction in cooling capacity; 

Disaggregation of HVAC load reduction by the two above-mentioned actions; 

Comfort impacts. 

 

Subtask 6: Test and Demonstrate Model-based Load Shedding Strategies 

Reductions in peak HVAC loads, as well as aggregate impacts on total load at the service 
entrance, will be measured under prevailing weather conditions through the Summer of 
2002.  We expect to experience at least two similar hot, humid days so that the peak loads 
with and without load shedding can be compared.  In addition, we expect to be able to 
“pair up” days that have similar conditions.  The objective will be to test capacity 
reduction on one of each of the paired days and not on the other. 



 8 

Because weather cannot be accurately predicted even a day in advance, the sequence of 
daily tests will necessarily be iterative and a decision to reduce capacity will be made 
daily, based on what actions have been taken on previous days with similar conditions 

The operators will be asked to monitor weather conditions and be prepared to reduce 
cooling capacity every day.  A prediction of peak cooling load, expressed as a percent of 
design load, will be made at about noon each day. 

Test Plan.  Five bins will be established to represent 10% increments of design load 
starting at 50%.  These are the 6th through 10th cooling load deciles4.  The impact of 
capacity reduction will be tested on the first day where predicted load is more than 50% 
of design load.  If the predicted load on the next day falls into the same bin as the 
previous predicted peak load, the cooling plant capacity will not be reduced.  The data 
for these two same-bin days will thus let us compare peak electrical demand and thermal 
response of the building with and without reduction in cooling capacity.   

If the predicted load on the second day does not fall in the same bin as the previous 
predicted peak load, but is still more than 50% of design load, the impact of capacity 
reduction will be tested.   

On subsequent days, when the predicted peak cooling load is more than 50% of design 
load, the impact of capacity reduction will be tested if the predicted peak load falls in an 
empty bin and will not be tested if the bin is already populated. 

Continuing for several days in this manner we hope to obtain data for each 10% bin of 
predicted peak load under two conditions: with and without cooling capacity reduction.   

Once the two actions (rather action and inaction) have been tested for a given bin, the 
operator can alternate between reducing and not reducing capacity by keeping a record 
for each bin of the numbers of days with and without capacity reduction.    
 
Schedule: 
Subtask 1:  NILM training:        July 7 – 13 
Subtask 2:  Instrumentation:        July 27 – August 17 
Subtask 3:  Model Thermal Response:    July 30 – August 10 
Subtask 4:  Assess Potential and Strategies:    August 10 – September 28 
Subtask 5:  Observe Operator Load Shedding Strategies: July 29 – September 7 

       First-year Report:     September 30, 2001 
Subtask 6:  Test Model-based Load Shedding Strategies:   June 1 – August 31, 2002  

       Second-year Report:     September 30, 2002 
 

                                                
4 i.e., 50%, 60%, 70%, 80%, and 90% cooling load bins where each 10% bin is denoted by it lower 
percentile limit based on design load being 100%. 
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Appendix A. ISD Building Description, Los Angeles County. 
 
Internal Services Department (ISD) Building 
BIS#7022; LACO#5863 
1100 N Eastern Avenue 
Los Angeles, CA  90063 
Function: Offices 
Completion date: 1 May 1973 
Lighting retrofit: 29 November 1996 
Floor area net/gross (sf): 58,826/45,646 
Operating hours: 11 (M-Thursday) 
Heat: two 1.1 Mbtuh (input) gas-fired hot water boilers 
Cooling: two 2-stage reciprocating chillers 
Distribution: Dual-duct constant volume system; built-up AHU 
Electric Utility: SCE, I-6 (interruptible) rate 
Contact: Ron Mohr 
 
Table A-1.  ISD Building HVAC Electrical Loads. 

  Circuit & Motor Ratings 
Name Function Ckt Amps HP rpm 
P1 Chilled water pump 1 30  7.5  
P2 Chilled water pump 2 30  7.5  
P3 Condenser water pump 1 30  10  
P4 Condenser water pump 2 30  10  
P5 Hot water pump 1 15  1.5  
P6 Hot water pump 2 15  1.5  
CP1 Circulation pump 1   0.5  

      
SF Supply fan  200  60  
RF Return fan 60  20  

      
C1.1 Chiller stage 1 compressors     
C1.2 Chiller stage 2 compressors     
C1.3 Chiller stage 3 compressors     
C1.4 Chiller stage 4 compressors 300    
      
TF1A Toilet fan 1A     
TF1B Toilet fan 1B     
TF2 Toilet fan 2     
EF1 Exhaust fan 1   0.5  
EF2 Exhaust fan 2   0.5  
EF3 Exhaust fan 3     
EF4 Exhaust fan 4   0.33  
EF5 Exhaust fan 5   0.25  
EF6 Exhaust fan 6   0.75  
      
CAC1 Control air compressor 1   1  
CAC2 Control air compressor 2   1  
 Strip heater, 13kW     



 

 
Figure A-1.  One of two 2-stage reciprocating chillers in the 
ISD Building. 
DSCN0002.JPG 

 

 
Figure A-2.  ISD Motor Control Center (MCC) serving HVAC 
plant and distribution. 
DSCN0018.JPG



 
Figure A-3. Installation of NILM current transformers on ISD Building electrical service 
bus bars.  The HVAC panel is fed by the two 3-phase conductor sets (exiting the top of 
the cabinet on the left side of the photo, CTs not visible) monitored by a second NILM. 
DSCN0146.JPG 

 

 
Figure A-4. ISD MCC potential transducer (partially hidden in lower right) installation. 
DSCN0144.JPG 



 12

Appendix B.  ECC Building Description, Los Angeles County. 
 
Edmund Edelman Children’s Court 
BIS#5341; LACO#X201 
201 Centre Plaza Drive, 
Monterey Park, CA  91754 
Function: Courtrooms and Offices 
Completion date: 1 May 1992 
Lighting retrofit: 19 January 1999 
Floor area net/gross (sf): 181,958/275,530 
Operating hours: 9 
Heat: two gas-fired hot water boilers 
Cooling: two 500-Ton, 3-stage, inlet vane-modulated centrifugal chillers 
Distribution: Variable-air-volume system; built-up AHU, dual supply & dual return fans 
Electric Utility: SCE, I-6 (interruptible) rate 
Contact: Larry Mahrenholtz 
 
Table B-1.  ECC Building HVAC Electrical Loads. 

  Circuit & Motor Ratings 
Name Function Ckt Amps HP Rpm 
P1 Chilled water pump 1 50 34 30 1760 
P2 Chilled water pump 2 50 34 30 1760 
P3 Condenser water pump 1 75 61 50 1765 
P4 Condenser water pump 2 75 61 50 1765 
CT1 Cooling tower fan 1 30 24.3/9.2 20/5 1750/800 
CT2 Cooling tower fan 2 30 24.3/9.2 20/5 1750/800 

      
P5 Hot water pump 1 30 13.6 10 1755 
P6 Hot water pump 2 30 13.6 10 1755 
P7 Hot water pump 3 30 13.6 10 1755 
      
SF1 Supply fan 1 200 169 150 variable 
SF2 Supply fan 2 200 169 150 variable 
RF1 Return fan 1 75 62.5 50 variable 
RF2 Return fan 2 75 62.5 50 variable 

      
CH1 Chiller 1 500 381   
CH2 Chiller 2 500 381   
      
EF1 Exhaust fan 1   5  
EF2 Exhaust fan 1   2  
EF3 Exhaust fan 1   2  
EF4 Exhaust fan 1   5  
EF5 Exhaust fan 1   1  
F1 Fan 1   2  
F2 Fan 2   2  
      
AC1 Roof-top Unit     
AC2 MW Room; split system     
AC3 Data Comm Room     
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Figure B-1. Entrance (north elevation) to the Edmund Edelman Children’s Court. 
DSCN0062.JPG 

 
 
 

 
Figure B-2. 3-stage centrifugal chillers in the Edmund Edelman Children’s Court. 
DSCN0045.JPG 
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Figure B-3. Cooling towers serving the Edmund Edelman Children’s Court. 
DSCN0035.JPG 

 
 
 

 
Figure B-4. Condenser water pumps serving the Edmund Edelman Children’s Court. 
DSCN0041.JPG 
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Figure B-5. One of two supply fans serving the Edmund Edelman Children’s Court. 
DSCN0049.JPG 

 
 

 
Figure B-6. Three hot water pumps, boiler room, Edmund Edelman Children’s Court. 
DSCN0055.JPG 



Figure B-7.  Motor Control Center (MCC) serving HVAC plant and distribution. 
DSCN0039.JPG & DSCN0040.
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Appendix C.  Training Data for the ISD Building, Los Angeles. 
 
A Non-Intrusive Load Monitor (NILM) was installed in the ISD basement electrical room  
on 2001.03.29.  The CT installation was completed with building power off the morning 
of 2001.03.30 and training tests were conducted that afternoon.  HVAC loads connected 
to the motor control center (MCC) were cycled on and off while recording the power and 
reactive power draw (output by the prep program) of the MCC at 120Hz.  Each pump 
was turned on, allowed to run for about 10 seconds, turned off, and left off for about 10 
seconds.  The on/off sequence was repeated five times.  The supply and return fans were 
operated longer because they have longer start transients.  The chillers also produced long 
on cycles because they have a programmed multi-stage sequence control that requires 
operation at a given stage for a minimum time before switching to the next higher stage.   
 
NILM Installation. 
Primary sensors were installed on all three phases (A, B, and C) and connected, via 
isolating transducers, to the NILM's analog input card.  The NILM is currently 
programmed to monitor A-phase current and A-phase-to-neutral potential and to compute 
spectral envelope time series of the fundamental and 2nd through 7th harmonics of A-
phase real and reactive power.  The program can be modified to monitor B- or C-phase 
power instead.  It is thus possible to remotely initiate checks on any phase of the MCC 
load.  A version that will monitor all three phases simultaneously is under development. 

In early March we developed a new NILM isolating transducer configuration to 
accommodate a standard (utility end-use metering equipment) 3-phase potential 
transducer suitable for 480-volt service.  Use of standard metering-grade current 
transformers with 5-amp secondary windings is also supported in the new design.  This 
allows us to instrument any service entrance or circuit current capacity using readily 
available and economical off-the-shelf primary sensors.   For example, in the ISD 
Building, the main circuit is monitored by 1500-amp CTs 5 and the MCC is monitored by 
600-amp CTs.   

The NILM may be programmed to accept user input of the CT (primary) amp rating and 
convert it to an appropriate scale factor.  However, the necessary program change has not 
been made yet and the location within prep/setpcl of the existing scale factor is not 
documented and was therefore not changed before the training tests.  The numbers 
presented in this appendix must be multiplied by 6.66 to obtain A-phase power and by 20 
to obtain an estimate of three phase power. 
 
Training Process Overview. 
HVAC loads were cycled on and off, one load at a time, while recording at 120Hz the 
power, P, and reactive power, Q, fed to the MCC.  Second and higher harmonic spectral 
envelopes were not recorded during these training tests.  When interpreting the recorded 
signals it is important to keep in mind that the spectral envelope is not an instantaneous 

                                                
5 1500-amp CTs were installed on the mains and a second NILM will be installed in July to monitor whole-
building power based on the phase currents measured by these CTs 
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signal but rather a one-cycle moving average of the selected harmonic (in this case the 
60Hz fundamental) of the power signal.   
 
Each pump was turned on, allowed to run for about 10 seconds, turned off, and left off 
for about 10 seconds.  This standard on/off sequence was repeated five times for each 
pump.  The supply and return fans were operated longer because they have longer start 
transients.  The chillers also produced long on cycles because they have a programmed 
multi-stage sequence control that requires operation at a given stage for a minimum time 
before switching to the next higher stage.   
 
V-sections were fit to all start and stop transients by the interactive Matlab program 
vtrain.  The program locates events and allows the user to define the section boundaries 
and averaging weights used to aggregate points taken from all (or a subset) of the 
observed transients. 
 
The mean values of P & Q and their standard deviations were computed for data points 
recorded after each load had reached steady state. 
 
Training Time Series Plots. 
Plots of all training time series data are presented in this appendix to document the 
essential character and repeatability of each load transient.  The real and reactive power 
traces for a given load can be distinguished by the fact that real power is always positive 
while the reactive power is almost always negative.  Note that negative reactive power 
(lagging power factor) is the expected and typical situation for motor loads. 
 
Pumps. 
Pumps 1 and 2 (chilled water) were tested first.  The entire sequence is plotted in Figure 
C-1.  The trace on the positive side is true power.  The negative-going trace is reactive 
power (lagging power factor).  The five Pump1 transients are overlaid on an expanded 
time scale in Figure C-2.  The interaction of motor torque-rpm characteristic with the 
flow-pressure characteristic of the hydraulic load is clearly seen.  The motor imposes a 
very large load from timestep 16 to timestep 26.  Between timestep 26 and 34 the load 
drops rapidly as the rotor approaches synchronous speed.  From  timestep 36 to 80, power 
is proportional to the product of flow rate and pressure drop, the former being roughly 
proportional to rpm; all are increasing asymptotically toward their equilibrium values.  
Note also a decaying oscillatory mode.  It is clear that this oscillation, like the final 
asymptotic approach to a steady value of (the real component of) electrical load, is of 
mechanical or hydrodynamic origin because the oscillations, while clearly present on the 
real power trajectory, are totally absent from the reactive power trace.  
 
The repeatability of the start transients is shown in Figure C-2, and will be seen again in 
the overlays of start transients recorded for the hot water pumps in Figures C-6 and C-7. 
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Figure C-1.  On-off training sequences for chilled water pumps P1 and P2. 
 

Figure C-2. Overlay of five start transients for chilled water pump P1. 
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The five Pump1 stop transients are shown in Figure C-3.  The current actually drops to 
zero instantaneously but, because the sensor/spectral envelope processor system acts as a 
band-pass filter, the spectral envelope trace takes a full cycle to return to zero.  The off 
transient thus appears with one or two (depending on exactly where in the half cycle the 
switch contacts opened) intermediate points, instead of as a clean step function.  Off  
transients of all devices controlled by simple switches behave in exactly this same way 
and off-transient training data thus serves only to confirm the expected behavior. 
 
Pumps 3 and 4 (condenser water) were tested, resulting in the sequence plotted in Figure 
C-4.  The trace on the positive side is true power and the negative-going trace is reactive 
power (lagging power factor).  The start transients are very similar to the chilled water 
pump start transients (see exemplar summary in Appendix D) 
  
Pumps 5 and 6 (hot water) test sequences are plotted in Figure C-5.  The trace on the 
positive side is true power and the negative-going trace is reactive power (lagging power 
factor).  The hot water pumps draw less than one-fourth the power of the chilled and 
condenser water pumps.  In terms of shape and duration, however, the start transient is 
very similar to the chilled water pump start transient.   
 
Figures C-6 and C-7 each show the five start transients for Pump5 and Pump6 on 
expanded time scales.   Note the asymptotic approach to steady load in the final phase of 
each transient but the lack of a significant oscillatory mode.  
 
Pumps 5 and 6 circulate water through the same loop.  A hydraulic load difference could 
arise only from different check valve flow-pressure characteristics since valve 5 is open 
and 6 is closed when pump 5 is running whereas valve 6 is open and 5 is closed when 
pump 6 is running.  Figure C-8 is an overlay of the traces from Figures C-6 and C-7.  
There appears to be a small systematic difference in the reactive components of the 
Pump5 and Pump6 start transients.  This may only be coincidence, i.e. the times at which 
the contacts closed could have clustered near one point on the voltage sine wave for 
Pump5 and near another point for Pump6.  Larger samples are needed before a statement 
about the electrical differences, if any, between the two pumps can be made with any 
confidence.  The lack of any discernable difference in the real power trajectories is strong 
empirical evidence that there is no difference in hydraulic load and that the pumps are 
nearly identical in terms of their electrical, mechanical and hydraulic characteristics. 
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Figure C-4.  On-off training sequence for condenser water pumps P3 and P4. 
 

Figure C-3. Overlay of five stop transients for chilled water pump P1. 
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Figure C-5.  On-off training sequence for hot water pumps P5 and P6. 
 

Figure C-6. Overlay of five start transients for hot water pump P5. 
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Figure C-7. Overlay of five start transients for hot water pump P6. 
 

Figure C-8. Overlay of all ten start transients for hot water pumps P5 and P6. 
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Fans. 
Figure C-9 shows the load observed when the supply and return fan were started together 
and the return fan was subsequently turned off  after about 130 seconds. The very distinc-
tive features of the start transient are shown on the expanded time scale of Figure C-10 
and in yet greater detail on the further expanded time scale of Figures C-11 and C-12. 
 
Three more start-stop cycles are shown in Figure C-13.  The first two are with the supply 
fan alone and the third is with the supply and return fans together.  Note that the second 
start was initiated prematurely, before the supply fan and motor had completely stopped.  
The result is a lower peak load and a shorter time to reach wye-delta transition and final 
operating speeds. 
 
For diagnostic purposes, it is important to identify the start characteristic of each fan 
alone.  Figure C-14 shows the result of turning on the supply fan about 11 seconds after 
the return fan.  The return fan was turned off sometime later (possibly at the small notch 
near sample 3100 visible in the real power trace) and then started again near sample 
14100. 
 
The first two start transients of Figure C-14 are re-plotted on the expanded time scale of 
Figure C-15.  The return fan transient appears to be that of a motor with low starting 
torque, which happens to be characteristic of very high efficiency 3-phase induction 
motors.  Both motors use a 2-stage wye-delta starting sequence.  The windings are first 
excited in a wye configuration at 277 volts until a certain time, current, or rpm value is 
reached.  The excitation is then switched to the delta configuration (with an abrupt shift 
in the phase angle of the rotating field) to put 480 volts across the stator windings as the 
motor is brought up to final speed.  The starter transition is clearly seen near the end of 
both the return and supply fan start traces.  The point at which the return fan was shut off 
at about sample 2516 is now also very obvious. 
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Figure C-9. Transient load of supply and return fans starting together. 
 

Figure C-10.  First 15 seconds of transient for supply and return fans starting together. 
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Figure C-12. Transient detail from Figure C-10 (supply and return fans starting together). 
 

Figure C-11. First 100ms of supply and return fans starting together (detail from Fig. C-10). 
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Figure C-13.  Two start-stop cycles for supply fan alone followed by one with return fan as well. 
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Figure C-14.  Fan test sequence: return on; supply on; return off; return on.  
 
 

Figure C-15.  First two start transients of Figure C-14, expanded time scale. 

ISD MCC Supply and Return Fans (rtn off during sply start @~timestep=3000)

-20000

-15000

-10000

-5000

0

5000

10000

15000

1 2401 4801 7201 9601 12001 14401 16801 19201 21601 24001 26401 28801 31201

4.4m @120Hz from 2001.03.30 13:41

ISD MCC Supply and Return Fans (return off at 2516/120 seconds)

-20000

-15000

-10000

-5000

0

5000

10000

15000

1 241 481 721 961 1201 1441 1681 1921 2161 2401 2641 2881

25s @120Hz from 2001.03.30 13:36



  29

Fan Shaft Harmonics. 
Before looking at the last of the training (chiller) sequences we digress briefly from 
start/stop transients to consider another identifying feature common to many motor loads.  
Reduced shaft-speed (e.g., belt-driven) loads tend to have distinctive real-power 
harmonic content at frequencies below the standard 60-Hz line frequency.  The 
harmonics can result from driven rotor flaws such as imbalance or bent blades; from 
driving or driven sheave flaws such as imbalance, out of roundness, or runout; from shaft 
flaws including a bent shaft, worn bearing, or shaft imbalance; and from belt flaws.  
 
A 15 Hz return fan mode is evident in Figure C-16 and a lower (possibly beat) frequency 
of about 2Hz is also apparent.   The 15 Hz  mode is almost certainly associated with the 
motor shaft-rotor-sheave assembly which turns at just under 30 revolutions per second 
(1800 rpm). 
 
A 3.3 Hz mode is evident in Figure C-17, a typical portion of the steady supply fan load 
history.  This is associated with the blower shaft turning at about 200 rpm.   
 
Figure C-18 shows how the supply fan's driven shaft harmonic is obscured when the two 
fans are running together.  However, spectral analysis of Figures C-19 through C-21, 
corresponding to the samples shown in Figures C-16 through C-18, show that the shaft 
harmonic signatures are indeed present, and can be reliably extracted by the appropriate 
analysis. 
 
Figure C-19 shows the supply fan power spectrum.  All of the driven shaft harmonics up 
to the Nyquist frequency (3.3, 6.7, 10.0, 13.4, 16.7, 20.0, 23.4, 26.7, 30.0, 33.4, 36.7, 
40.0, 43.4, 46.7, 50.1, 53.4, and 56.7Hz) are visible.  The motor shaft harmonics are not 
as strong, but also visible at 7.4, 14.7, and 29.5 Hz. 
 
The return fan sample shown in Figure C-16 does not actually represent steady state 
operation.  The sample begins less than 10s after the motor was started and the system is 
still therefore accelerating toward final shaft speeds.  The resulting power spectrum 
contains little useful information.  The difference between the power spectrum obtained 
with both fans running and that of the supply fan alone gives a fairly good picture of the 
return fan spectrum.  This result is shown in Figure C-20 
 
The power spectrum obtained with both fans running is shown in Figure C-21.  The 
supply fan driven-shaft harmonics are still visible.  The new return fan driven-shaft 
harmonics are also visible.  The supply and return fan motors turn at nearly—but not 
exactly—the same speed.  The modes at 7.4, 14.7, and 29.5 Hz are therefore somewhat 
broader than the corresponding peaks in the supply fan spectrum.  A distinct beat 
frequency is not likely in this case because the return fan driving shaft speed is not 
constant but, rather, varies periodically as a result of driven-shaft flaws.  Beat frequency 
analysis of MCC real power may, however, be a useful general tool for identifying the 
mix of loads in operation at any given time. 
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Figure C-16.  Periodic steady-state load of the return fan. 
 
 

Figure C-17.  Periodic steady-state load of the supply fan.
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Figure C-18.  Periodic steady-state load of the supply and return fans together. 
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Figure C-19. Supply fan power spectrum
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Figure C-20. Return fan power spectrum (inferred from combined and supply-only spectra) 
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Figure C-21.  Power spectrum of supply and return fans together. 
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Chiller. 
Figures C-22 through C-24 show three Chiller1 start sequences.  The chiller consists of 
four separately switched motor-driven compressors sharing a common evaporator and a 
common condenser.  The HVAC control system is programmed to treat Friday as an 
unoccupied day (no chiller operation).  By mid-afternoon on Friday, 2001.03.30, the 
room temperatures were enough above set point that the chiller, when forced on by the 
operator, ran up through all four stages to maximum capacity.  However, the building 
was cooled sufficiently in the first test that the chiller only reached stage-3 capacity in the 
second and third tests. Chiller2 was not tested. 
 

Figure C-22. First of three Chiller1 start sequences with supply and return fans running.

ISD MCC Chiller1-test#1

-15000

-10000

-5000

0

5000

10000

15000

20000

1 2401 4801 7201 9601 12001 14401 16801 19201 21601 24001 26401 28801 31201

4.4m @120Hz from 2001.03.30 14:29:33



  34

Figure C-23. Second of three Chiller1 start sequences with supply and return fans running. 
 

Figure C-24. Third of three Chiller1 start sequences with supply and return fans running. 
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Steady-State Loads. 
The steady state loads are summarized in Table 1. Steady state load values (mean and 
standard deviation) serve two purposes.  Both the real and reactive components are used 
to identify off transitions and the real power component is used to estimate energy used 
by a given load during each of its operating periods.  The standard deviations are 
generally 1% of average load.  However, the standard deviations for the two small pumps 
(P5 and P6) are about 3% of average load.  These numbers suggest a simple "base-value-
plus-percent-of-signal" noise model.  Note that two sets of lead-lag pumps have 
significantly different steady state loads: P1,P2 (chilled water loop) and P5,P6 (heating 
water loop).  We may be able to learn more from further testing if the site maintenance 
team can assist in measuring flow and pressure. 
 
 
Table C-1.  Summary of steady state loads recorded during the ISD NILM training 
activity (multiply P and Q values by 20). 

  Circuit & Motor Ratings P (W) Q (VAR)  Change 
Name Function Ckt Amps HP Rpm Average s.d. Average s.d. PF P(W) Q(VAR) PF 
P1 ChW 30  7.5  287.7 2.9 -344.9 2.5 0.64    
P2 ChW 30  7.5  268.1 2.7 -202.5 2.3 0.80    
P3 CndW 30  10  488.7 4.3 -336.7 2.6 0.82    
P4 CndW 30  10  465.3 5.0 -332.8 2.8 0.81    

              
P5 HW 15  1.5  69.7 2.3 -87.3 2.2 0.62    
P6 HW 15  1.5  77.8 2.1 -98.8 2.2 0.62    

              
S+R fans     1869 42 -1456 13 0.79    
SF fan  200  60  1460 35 -1092 7 0.80 409 -364 0.75 
RF fan 60  20  476 28 -391 10 0.77    

              
 Fans     2002 40 -1420 26 0.82    

C1.1 Chiller     2775 45 -2115 26 0.80 773 -695 0.74 
C1.2 Chiller     4162 47 -3470 23 0.77 1387 -1354 0.72 
C1.3 Chiller     5581 55 -5023 22 0.74 1419 -1553 0.67 
C1.4 Chiller 300    6762 48 -6475 17 0.72 1181 -1453 0.63 

 

 


