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Executive Summary

Building HVAC equipment routinely fails to satisfy performance expectations envisioned at design. Such failures often go unnoticed for extended periods of time. Additionally, higher expectations are being placed on a combination of different and often conflicting performance measures, such as energy efficiency, indoor air quality, comfort, reliability, limiting peak demand on utilities, etc. To meet these expectations, the processes, systems, and equipment used in both commercial and residential buildings are becoming increasingly sophisticated. This development both necessitates the use of automated diagnostics to ensure fault-free operation and enables diagnostic capabilities for the various building systems by providing a distributed platform that is powerful and flexible enough to perform fault detection and diagnostics (FDD).

The purpose of the overall research effort, of which the work described here is one part, is to develop and commercialize FDD methods that can detect common mechanical faults and control errors in air-handling units (AHUs) and variable-air-volume (VAV) boxes. The tools are intended to be sufficiently simple that they can be embedded in commercial building control systems and rely only upon sensor data and control signals that are commonly available in commercial building automation and control systems.

AHU Performance Assessment Rules (APAR) is a diagnostic tool that uses a set of expert rules derived from mass and energy balances to detect faults in air-handling units. VAV box Performance Assessment Control Charts (VPACC) is a diagnostic tool that uses statistical quality control measures to detect faults or control problems in VAV boxes.

This test plan describes a demonstration study in which APAR and VPACC will be embedded in commercial HVAC equipment controllers from several manufacturers and tested at a number of field sites.  The goal of the study is to transfer the FDD methods from research to commercial use.

Key words: BACnet, building automation and control, direct digital control, energy management systems, fault detection and diagnostics, cybernetic building systems

Acknowledgments
This work was supported in part by the California Energy Commission and by the U.S. Department of Energy Office of Energy Efficiency and Renewable Energy.  Thanks are due as well to Steve Tom of Automated Logic Corporation and David Smith of Alerton Technologies.

[image: image2.png]NIST

National Institute of Standards and Technology
Technology Administration, U.S. Department of Commerce




Table of Contents

1Test Plan for Field Demonstration of Air Handling Unit and Variable Air Volume Box Fault Detection Tools


41
Introduction


52
Methodology


52.1
AHU Performance Assessment Rules (APAR)


82.2
VAV Box Performance Assessment Control Charts - VPACC


103
Data Sources


103.1
SITE-1


103.2
SITE-2


103.3
SITE-3


103.4
SITE-4


103.5
System Coverage


124
Procedure


145
References





1 Introduction

Building HVAC equipment routinely fails to satisfy performance expectations envisioned at design. Such failures often go unnoticed for extended periods of time. Additionally, higher expectations are being placed on a combination of different and often conflicting performance measures, such as energy efficiency, indoor air quality, comfort, reliability, limiting peak demand on utilities, etc. To meet these expectations, the processes, systems, and equipment used in both commercial and residential buildings are becoming increasingly sophisticated. This development both necessitates the use of automated diagnostics to ensure fault-free operation and enables diagnostic capabilities for the various building systems by providing a distributed platform that is powerful and flexible enough to perform fault detection and diagnostics (FDD).

Most of today’s emerging FDD tools are stand-alone software products that do not reside in a building control system. Thus, trend data files must be processed off-line, or an interface to the building control system must be developed to enable on-line analysis.  This does not scale well because all of the data must be obtained at a single point.  A better solution is to embed FDD in the local controller for each piece of equipment, so that the FDD algorithm is executed as a component of the control logic.  NIST has developed FDD methods that can detect common mechanical faults and control errors in air-handling units (AHUs) and variable-air-volume (VAV) boxes. The tools are sufficiently simple that they can be embedded in commercial building control systems and only rely upon sensor data and control signals that are commonly available in commercial building automation and control systems.

Software tools have been developed to implement APAR and VPACC, then tested and refined using data generated by simulation, emulation, and laboratory testing [1] and data collected from real buildings [2].  APAR and VPACC were also embedded in commercial AHU and VAV box controllers from several manufacturers and tested in emulation and laboratory testing [3].

The current research project will build upon past work to resolve the remaining barriers to commercialization of FDD: the lack of confidence in automated diagnostics, the specialized knowledge required to embed FDD in HVAC controllers, and the trial and error method of determining fault thresholds.  This test plan describes a technology demonstration in which APAR and VPACC will be embedded in commercial AHU and VAV box controllers and tested at a number of field sites.  This demonstration is one component of the overall research project, which also includes development of robust FDD parameters for both APAR and VPACC, as well as technology transfer activities to move the FDD algorithms from the research environment to commercial HVAC control products, and a production readiness plan which will describe how APAR and VPACC will be incorporated into existing hardware and software offered by each of the participating manufacturers.

Methodology

1.1 AHU Performance Assessment Rules (APAR)

The basis for the air handling unit fault detection methodology is a set of expert rules used to assess the performance of the AHU. The tool developed from these rules is referred to as APAR (AHU Performance Assessment Rules). A brief overview of APAR is presented here, for a detailed description, see [4].

APAR is applicable to single duct VAV and constant volume AHUs with airside economizers. The operation of this type of AHU during occupied periods can be classified into a number of modes, depending on the heating/cooling load and outdoor air conditions. Each mode of operation can be characterized by a different range of values for each of three control signals:  the heating coil valve, cooling coil valve, and mixing box dampers. For convenience, the operating modes are summarized below:

· Mode 1: heating

· Mode 2: cooling with outdoor air

· Mode 3: mechanical cooling with 100 % outdoor air

· Mode 4: mechanical cooling with minimum outdoor air

· Mode 5: unknown

Once the mode of operation has been established, rules based on conservation of mass and energy can be used along with the sensor information that is typically available for controlling the AHUs. APAR has a total of 28 rules (see Table 2.1). Each rule is expressed as a logical statement that, if true, indicates  the presence of a fault. Because the mass and energy balances are different for each mode of operation, a different subset of the rules applies to each mode. There are also some rules that are independent of the operating mode and are always evaluated. A list of possible causes is associated with each rule.

Table 2.1: APAR Rule Set

Mode
Rule #
Rule Expression (true implies existence of a fault)

Heating

(Mode 1)
1
Tsa < Tma + Tsf - t


2
For  |Tra - Toa| ( Tmin:  |Qoa/Qsa - (Qoa/Qsa)min | > f 


3
|uhc – 1| ( hc   and   Tsa,s – Tsa ( t


4
|uhc – 1| ( hc

Cooling with Outdoor Air

(Mode 2)
5
Toa > Tsa,s - Tsf + t


6
Tsa > Tra - Trf + t


7
|Tsa - Tsf - Tma| > t

Mechanical Cooling with 100% Outdoor Air

(Mode 3)
8
Toa < Tsa,s - Tsf  - t


9
Toa > Tco + t


10
|Toa - Tma| > t


11
Tsa >  Tma + Tsf + t


12
Tsa > Tra - Trf + t


13
|ucc – 1| ( cc   and   Tsa – Tsa,s ( t


14
|ucc – 1| ( cc

Mechanical Cooling with Minimum Outdoor Air

(Mode 4)
15
Toa < Tco - t


16
Tsa >  Tma + Tsf + t 


17
Tsa > Tra - Trf + t


18
For  |Tra - Toa| ( Tmin:  |Qoa/Qsa - (Qoa/Qsa)min | > f


19
|ucc – 1| ( cc   and   Tsa – Tsa,s ( t


20
|ucc – 1| ( cc

Unknown Occupied Modes

(Mode 5)
21
ucc > cc   and   uhc > hc   and   d  <  ud < 1 - d


22
uhc > hc   and   ucc > cc


23
uhc > hc   and   ud > d


24
d  <  ud < 1 - d   and   ucc > cc

All Occupied Modes

(Mode 1, 2, 3, 4, or 5)
25
| Tsa – Tsa,s |  > t


26
Tma < min(Tra , Toa) - t


27
Tma > max(Tra , Toa) + t


28
Number of mode transitions per hour  >  MTmax

Where

     MTmax
=
maximum number of mode changes per hour


Tsa
=
supply air temperature


Tma
=
mixed air temperature


Tra
=
return air temperature


Toa
=
outdoor air temperature


Tco
=
changeover air temperature for switching between Modes 3 and 4


Tsa,s
=
supply air temperature set point


Tsf 
=
temperature rise across the supply fan


Trf 
=
temperature rise across the return fan


Tmin
=
threshold on the minimum temperature difference between the return and outdoor air


Qoa/Qsa
=
outdoor air fraction = (Tma - Tra)/(Toa - Tra)

(Qoa/Qsa)min
=
threshold on the minimum outdoor air fraction


uhc
=
normalized heating coil valve control signal [0,1] where uhc = 0 indicates the valve is closed and uhc = 1 indicates it is 100 % open


ucc
=
normalized cooling coil valve control signal [0,1] where ucc = 0 indicates the valve is closed and ucc = 1 indicates it is 100 % open


ud
=
normalized mixing box damper control signal [0,1] where ud = 0 indicates the outdoor air damper is closed and ud = 1 indicates it is 100 % open


t
=
threshold for errors in temperature measurements


f
=
threshold parameter accounting for errors related to airflows (function of uncertainties in temperature measurements)


hc
=
threshold parameter for the heating coil valve control signal


cc
=
threshold parameter for the cooling coil valve control signal

d
=
threshold parameter for the mixing box damper control signal

VAV Box Performance Assessment Control Charts - VPACC

The challenges presented in detecting and diagnosing faults in VAV boxes are similar to those encountered with other pieces of HVAC equipment. Generally there are very few sensors, making it difficult to ascertain what is happening in the device. Limitations associated with controller memory and communication capabilities further complicate the task. The number of different types of VAV boxes and lack of standardized control sequences add a final level of complexity to the challenge. These needs and constraints led to the development of VAV Box Performance Assessment Control Charts (VPACC), a fault detection tool that uses a small number of control charts to assess the performance of VAV boxes. A brief overview of VPACC is presented here, for a detailed description, see [5].

VPACC implements an algorithm known as a CUSUM (cumulative sum) chart [6]. The basic concept behind CUSUM charts is to accumulate the error between a process output and the expected value of the output. Large values of the accumulated error are indicative of an out of control process. In order to make VPACC independent of the control strategy used in a particular controller/VAV box application, four generic errors were identified: the airflow rate error, the absolute value of the airflow rate error, the temperature error, and the reheat coil differential temperature error. As long as the VAV box controller has an airflow setpoint, as well as heating and cooling temperature setpoints, VPACC will function independently of the control strategy used.  Common mechanical and control faults will result in a deviation of one or more of these errors from its value during normal operation, which can be detected by a CUSUM chart. 

The airflow rate error, Qerror, is defined as the difference between the measured airflow rate and the airflow rate set point. The absolute value of the airflow rate error, |Qerror|, is defined simply as the absolute value of the difference between the measured airflow rate and the airflow rate set point. Only one CUSUM value is defined for this error since the error is never negative. For dual duct boxes, two airflow errors (Qerror,hot and Qerror,cold) and two absolute value airflow errors (|Qerror, hot| and |Qerror, cold|) will be calculated.

The temperature error, Terror, is defined as 


Terror = Tzone – CSP
:  If Tzone > CSP



Terror = 0
:  If HSP < Tzone < CSP



Terror = Tzone – HSP
:  If Tzone < HSP


where

Tzone
= zone temperature

CSP
= cooling set point

HSP
= heating set point.

The reheat coil differential temperature error, (Terror, is only used for VAV boxes with hydronic reheat. The (Terror is only calculated when the reheat coil valve is fully closed, otherwise it is set equal to zero. It is defined as the difference between the VAV box discharge air temperature and the entering air temperature.

The errors and CUSUMs are only calculated during occupied periods.  During unoccupied periods, the errors are not computed, and the CUSUMs are reset to zero.  The first hour of the occupied period is treated the same as the unoccupied period, to allow steady state conditions to develop.

2 Data Sources

In order to demonstrate the effectiveness, robustness, and reliability of APAR and VPACC in detecting commonly found mechanical faults and control problems, it is necessary to establish field sites with a variety of HVAC system configurations. Furthermore, one of the goals of this study is to develop modifications to APAR and VPACC to enable their application to a variety of different system types.

The four field sites already identified are described below. Additional sites will be identified and brought online as the field test progresses.

2.1 SITE-1

SITE-1 is a private office building.  APAR will be embedded in two VAV AHUs with hydronic heating coils and staged cooling coils.  VPACC will be embedded in the controllers of several pressure independent, single-duct, parallel fan powered VAV boxes with hydronic reheat.  VPACC will also be embedded in the controllers of several pressure independent, single-duct, throttling (no fan), cooling-only VAV boxes.

2.2 SITE-2

SITE-2 is a large federal office building in California.  APAR will be embedded in the controller(s) of one or more constant-volume AHUs with hydronic heating and cooling coils.  VPACC will be embedded in the controllers of several pressure independent, single-duct, throttling (no fan), cooling-only VAV boxes.  VPACC will also be embedded in the controllers of several pressure independent dual-duct boxes.

2.3 SITE-3

SITE-3 is a private office building with some light industrial spaces.  APAR will be embedded in one VAV AHU with staged heating and cooling coils.  VPACC will be embedded in the controllers of several pressure independent, single-duct, throttling (no fan), cooling-only VAV boxes.

2.4 SITE-4

SITE-4 is a federal building with a combination of office and laboratory spaces.  APAR will be embedded in the controller(s) of one or more constant-volume AHUs with hydronic heating and cooling coils.

2.5 System Coverage

Tables 3.1 and 3.2 show the extent of AHU and VAV box system types that will be studied, as well as the coverage of those system types by the four field sites already identified. 

Table 3.1. AHU System Types.

Site
Cooling Medium
Heating Medium
Volume Control


Chilled Water
DX
Hot water / Steam
Staged (Electric Resistance or Combustion)
VAV
Constant Volume

SITE-1

X
X

X


SITE-2
X

X


X

SITE-3

X

X
X


SITE-4
X

X


X

Table 3.2. VAV Box System Types.

Site
System Type
Fan Configuration
Reheat Medium


Single Duct
Dual Duct
Throttling (No Fan)
Parallel Fan-Powered
Series Fan-Powered
No Reheat
Electric Reheat
Hydronic Reheat

SITE-1 (Type 1)
X


X



X

SITE-1 (Type 2)
X

X


X



SITE-2 (Type 1)
X

X


X



SITE-2 (Type 2)

X
X


X



SITE-3
X

X


X



3 Procedure

The following procedure will be applied to each field site:

1. Collect the HVAC control system points list and the relevant control application programs from the site.

2. Modify the control application programs to incorporate the FDD algorithms.

3. Download the modified control application programs to the appropriate controllers at the site.

4. Establish trend logs of selected raw data along with the results of the FDD algorithms. 


For each AHU, trend the following data points:

· AHU run status (on - off)

· Supply air temperature setpoint

· Supply air temperature

· Return air temperature

· Outdoor air temperature

· Mixed air temperature

· Return air enthalpy or humidity, if used in economizer control sequence

· Outdoor air enthalpy or humidity, if used in economizer control sequence

· Cooling coil valve control signal, if chilled water is used for cooling; or mechanical cooling status, if DX cooling is used

· Heating coil valve control signal, if hot water or steam is used for cooling; or heating status, if electric resistance or combustion heating is used

· Mixing box dampers control signal

· Status of each APAR rule (on - off)


For each VAV box, trend the following data points:

· Occupancy status (on - off)

· Zone temperature

· Heating setpoint

· Cooling setpoint

· Airflow rate (if box is dual duct, then trend both hot and cold airflow rates)

· Airflow rate setpoint (if box is dual duct, then trend both hot and cold airflow rate setpoints)

· Damper control signal

· Reheat coil valve control signal, if reheat coil is present

· Discharge air temperature, if sensor is present

· Supply air temperature from the AHU serving the VAV box, if discharge air temperature sensor is present

· Status of each VPACC alarm (on - off)

5. Once per week, collect and analyze the trend data to evaluate the performance of the FDD algorithms. The data can be made available by either enabling online access to the building control system’s trend log database, or by exporting the trend logs to text files and submitting them via email or CD.

6. Follow up with the facility maintenance staff to verify the presence of any faults detected by either of the FDD algorithms. Also, verify whether the actual cause of the fault is one of the causes listed by the FDD algorithm.

7. Record the presence and cause of any faults detected through any other means that were not detected by the FDD algorithms.
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