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I. Executive Summary 
Packaged rooftop units (RTUs) are used in 46% (2.1 million) of all commercial buildings, serving over 60% (39 
billion square feet) of the commercial building floor space in the U.S. (EIA 2003). The primary energy 
consumption associated with RTUs is over 2.6 quads annually.  Therefore, even a small improvement in 
efficiency or part-load operation of these units can lead to significant reductions of energy use and carbon 
emissions. 
 
In addition to finding ways to improve the part-load performance, there is also a need to improve the 
persistence of RTU operations.  For example, an air-side economizer can offset a significant fraction of the 
cooling needs in mild and dry climates.  However, a number of studies have shown that a significant fraction of 
the economizer controls on RTUs do not work as intended.  Therefore, the State of California has mandated 
automated fault detection and diagnostics (AFDD) for new RTUs sold in California after July 2014.  In addition to 
the operational problems with air-side economizers, a number of studies also have reported problems with the 
refrigerant-side operations as well. 

 

To find solutions to improve the operating efficiency of the installed RTU stock, the U.S. Department of Energy’s 

(DOE’s) Building Technologies Office (BTO) initiated a multi-year research, development and deployment (RD&D) 

effort in FY11.  Initially through detailed simulations, it was shown that significant energy (between 24% and 

35%) and cost savings (~38%) from fan, cooling and heating energy consumption is possible when RTUs were 

retrofitted with advanced control packages. Because the simulation analysis showed a significant savings 

potential from advanced RTU controls retrofits, DOE and the Bonneville Power Administration (BPA) funded an 

extensive evaluation of a retrofit advanced RTU controller in the field. In FY12, a total of 66 RTUs on 8 different 

buildings were retrofitted with a commercially available advanced controller for improving RTU operational 

efficiency. Of the 66 RTUs, 17 were packaged heat pumps and the rest were packaged air conditioners with gas 

heat. The eight buildings cover four building types, including mercantile (both retail and shopping malls), office, 

food sales, and healthcare. The field demonstration showed that the advanced controller reduced the 

normalized annual RTU energy consumption by an average of 57% for all RTUs.  

Although the advanced controller provides a significant improvement in part-load efficiency, it does not ensure 
persistence of operations.  To ensure persistence, there is a need for automated fault detection and diagnostics 
(AFDD).  RTU diagnostics (both air-side and refrigerant-side) have been mostly deployed offline by collecting 
data from the RTUs that are integrated to a building automation system or using a retrofit package. Diagnostics 
using offline methods have limited use because most RTUs typically do not install all the sensors necessary for 
diagnostics, especially to do a refrigerant-side diagnostics.  Use of a retrofit monitoring and diagnostics package 
can alleviate the problem of sensors.  However, it can be expensive to deploy such an AFDD approach.  To 
address the cost, DOE has funded development of a low-cost monitoring and diagnostics approach.  The low-
cost approach reduces the need for sensing by using two (unit power and outdoor-air temperature) or three 
sensors.  The low-cost approach can detect the degradation in RTU operations overtime, but has limitations in 
diagnosing the actual cause of the fault.  Field tests of this approach are still on going.  

 
It is possible to deploy advanced RTU controls and AFDD by integrating both features on a single controller.  By 

integrating these two features, both the part-load efficiency improvements and persistence of operations can be 

addressed more cost effectively because an integrated solution can be easily programmed into the controller 

with very little incremental cost.   
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Therefore, in FY14, BTO funded PNNL to develop and integrate AFDD methods for both air-side and refrigerant-
side fault detection and diagnostics with one of the leading advanced RTU controllers sold in the market today. 
The work also includes testing and validating the integrated solution in the field.  If the results from the field 
demonstrations show reliable fault diagnostics, it will encourage utilities to provide incentives to pursue the 
integrated technology because it makes the retrofit controller more cost effective and could make market 
adoption of the retrofit controller even more attractive to building owners.  
 
Seven AFDD algorithms were developed, deployed and tested on the RTU controller for detecting and 

diagnosing faults with RTU economizer and ventilation operations using sensors that are commonly installed for 

advanced control purposes. The algorithms utilize rules derived from engineering principles of proper and 

improper RTU operations: 

 Compare discharge-air temperatures (DAT) with mixed-air temperatures (MAT) for consistency (AFDD0) 

 Check if the outdoor-air damper (OAD) is modulating (AFDD1) 

 Detect RTU sensor faults (outdoor-air, mixed-air and return-air temperature sensors) (AFDD2) 

 Detect if the RTU is not economizing when it should (AFDD3) 

 Detect if the RTU is economizing when it should not (AFDD4) 

 Detect if the RTU is using excess outdoor air (AFDD5) 

 Detect if the RTU is bringing in insufficient ventilation air (AFDD6). 

 

The intent of these algorithms is to provide actionable information to building owners and operations staff while 

minimizing false alarms.  Therefore, the algorithms have been designed to minimize false alarms. These seven 

algorithms were embedded in the RTU controller.  This implementation has been validated by comparing the 

outputs from the embedded diagnostics with output generated by offline analysis. 

The savings that results from correcting the operational problems detected by these algorithms can vary 

significantly by the size of the unit, utility cost and the severity of the problem.  The user has the ability to set 

the threshold for reporting the errors.  Any problem that does not result in energy cost exceeding the threshold 

are not reported to the user.  There are very few documented studies that report the cost impact from the 

improper economizer operations.  Katipamula et al. (2003) reported a wide range of annual cost savings from 

improper economizer operations ($100 – $12,000) depending on the problem and severity of the problem.  The 

problems ranged from improper supply air controls, scheduling, not fully economizing, excess ventilation air, 

stuck damper, etc.  In addition to these problems other problems were reported as well for which the cost 

impacts are difficult to estimate (e.g temperature sensor problems, mis-calibrated sensor, etc.).  Other 

problems, such as lack of adequate ventilation will not result in excess energy use.   

In addition to the air-side diagnostics, refrigerant-side diagnostics were also deployed on the RTU controller.  
The refrigerant-side diagnostics included: 1) low and high refrigerant charge, 2) condenser fouling and 3) liquid 
line restriction.  Similar to the air-side diagnostics, the refrigerant-side diagnostics were also validated by 
comparing the outputs from the embedded diagnostics with the output generated by offline analysis. 
 
The refrigerant-side diagnostics embedded in the RTU controller run passively when the operating conditions 
are favorable (when the compressor is running and after the conditions reach steady-state).  Based on the 
results reported by Kim (2014), a 25% undercharge of refrigerant can lead to an average reduction of 20% in 
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cooling capacity and 15% in energy efficiency. Furthermore, an undercharge of about 25% would cause an 
average reduction of SEER (seasonal EER) of about 16% and a cost penalty of $60/yr/ton assuming an electricity 
rate of 0.12$/kWh. For evaporator fouling, a reduction of air flow rate of 50% will result in an average capacity 
reduction of 14% and 12% in the energy efficiency. The average SEER reduction is about 10% and annual cost 
penalty of $24/yr/ton. For condenser fouling, a 50% reduction of air flow will result in an average capacity 
reduction of 9% and 22% reduction in the energy efficiency.  It can lead to SEER reduction 20% and cost penalty 
of $80/yr/ton. 
 
These diagnostics will report a code, which includes normal operation, warning and a fault.  In addition to the 
code, the diagnostics also report the impact (capacity and efficiency degradation) of the fault.  Combination of 
the fault and impact  will result in a recommendation to the user/building operator on the action to take, which 
can include a recommendation for immediately repair if the fault is severe.   
 
The air-side diagnostics like refrigerant-side diagnostics run in a passive mode and report a code for each of the 
seven diagnostics.  However, these diagnostics can also be initiated in a proactive way to isolate the fault 
quickly.   

 
The project has shown that air-side and refrigerant-side AFDD can be easily integrated with advanced RTU 

controls.  With the exception of the mixed-air temperature sensor, all other sensors required to conduct the air-

side AFDD are readily available on the RTU controller because they are needed for the advanced control 

operations.  Therefore, the incremental cost of adding air-side diagnostics is minimal.  Although the project has 

shown that integration of the refrigerant-side diagnostics on to the RTU controller is possible, there are a 

number of additional sensors that are needed to deploy the refrigerant-side diagnostics.  Both the air-side and 

the refrigerant-side algorithms assume that the accuracy of the temperature sensor measurement is at least +/- 

1oF.   

For refrigerant side diagnostics, in addition to the cost for the additional sensors, locating the sensors in the 

correct location to measure the parameters also turned out to be a challenge.  Because temperature sensors 

were being used as proxies for pressure measurements, mounting these sensors in the right location was 

critical; otherwise, the uncertainty in the measurement was high.  Accommodating additional sensors also 

means either increasing the input/output capability of the RTU controller or adding another controller to handle 

the additional sensors, which increases the cost of deployment significantly. 

Therefore, for deploying refrigerant-side diagnostics along with advanced RTU controls three hurdles have to be 

overcome: 1) cost of additional sensors, 2) cost of upgrading the RTU controller to handle additional sensors and 

3) solving the installation difficulties of the sensors in the right location. 
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II. Introduction 
Packaged rooftop units (RTUs) are used in 46% (2.1 million) of all commercial buildings, serving over 60% (39 

billion square feet) of the commercial building floor space in the U.S. (EIA 2003). The primary energy 

consumption associated with RTUs is over about 2.6 quads annually.  Therefore, even a small improvement in 

efficiency or part-load operation of these units can lead to significant reductions of energy use and carbon 

emissions. 

Efforts to increase the energy efficiency in commercial buildings have focused mainly on improving the efficiency 

of heating, ventilation and air conditioning (HVAC) equipment at rated (or design) conditions. Focusing on 

improving the rated efficiency will yield some savings, but to make significant reductions in energy consumption, 

solutions that improve the part-load efficiency of RTUs are needed.  Approaches that address the improvement 

in the part-load performance will lead to a significant increase in the operating efficiency of equipment and 

buildings.  

In addition to finding ways to improve the part-load performance, there is also a need to improve the 

persistence of RTU operations.  For example, an air-side economizer can offset a significant fraction of the 

cooling needs in mild and dry climates.  However, a number of studies have shown that a significant fraction of 

the economizer controls on RTUs do not work as intended (New Buildings Institute 2003).  Therefore, California 

State has mandated automated fault detection and diagnostics (AFDD) for new RTUs sold in California after July 

2014.  In addition to the operational problems with air-side economizers, a number of studies also have 

reported problem with the refrigerant-side operations as well (Kim and Braun 2012; New Buildings Institute 

2003).  

The part-load efficiency of an RTU can be significantly improved (over 50%) by use of advanced RTU controls 

(Wang et al. 2011, 2012, 2013; Katipamula et al. 2014).  Similarly, the persistence of correct RTU operations can 

be improved by deploying AFDD tools on RTUs. 

This report documents the development, testing and field validation of the integrated AFDD and advanced RTU 

controls using a single controller.  Section III provides the background for the project.  Sections IV and V describe 

the development of air-side and refrigerant-side diagnostics processes, respectively, that can be implemented 

on an  advanced RTU controller.  Section VI describes the testing and validation methodology, including 

measurement, verification and evaluation plan.  Sections VII and VIII documents the results from validating air-

side and refrigerant-side AFDD methods, respectively.  Section IX provides a summary and discussion, including 

the lessons learned from this effort.  A list of reference used in the reported are provided in Section X. 

The following convention is used in this report to identify the various variables used for diagnostics:       

 Bold style: Constant value 

 Italic style: Calculated value 

 Normal Style: Real-time measurement. 
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III. Background 
To find solutions to improve the operating efficiency of the installed RTUs stock, the U.S. Department of Energy’s 

(DOE’s) Building Technologies Office (BTO) initiated a multi-year research, development and deployment (RD&D) 

effort in FY11.  The objective of the multi-year RD&D effort was to determine the magnitude of energy savings 

achievable by retrofitting existing RTUs with advanced control strategies not ordinarily used on RTUs. In FY11, 

Pacific Northwest National Laboratory (PNNL) was funded to estimate the potential energy and the associated 

cost savings from widespread use of advanced control strategies with RTUs. For that study, the savings were 

estimated based on detailed EnergyPlus (DOE 2014) simulation. The FY11 study was limited to air conditioners 

with gas furnaces (Wang et al. 2011). The results from detailed simulation analysis showed significant energy 

(between 24% and 35%) and cost savings (38%) from fan, cooling and heating energy consumption when RTUs 

were retrofitted with advanced control packages. In FY12, the simulation analysis was extended to packaged 

heat pumps (Wang et al. 2012). The simulation analysis showed that combining multi-speed fan control and 

demand controlled ventilation (DCV) lead to between 35% and 47% savings across all 11 locations for the retail 

building and between 20% and 57% savings for the office building.   

Because the simulation analysis showed a significant savings potential from advanced RTU controls retrofits, 

DOE and Bonneville Power Administration (BPA) decided to fund an extensive evaluation of a retrofit advanced 

RTU controller in the field. In FY12, a total of 66 RTUs on 8 different buildings were retrofitted with a 

commercially available advanced controller for improving RTU operational efficiency. Of the 66 RTUs, 17 were 

packaged heat pumps and the rest were packaged air conditioners with gas heat. The eight buildings cover four 

building types, including mercantile (both retail and shopping malls), office, food sales, and healthcare. These 

buildings are located in four different climate zones, including warm and coastal climate, mixed and humid 

climate, mixed and marine climate, and cool and moist climate. One-minute interval data was collected from 

these 66 units over a 12-month period. During the 12-month monitoring period, the controls on the RTUs were 

alternated between standard (pre-retrofit mode) and advanced control modes on a daily basis. The measured 

actual savings, the normalized annual energy savings, and the savings uncertainties were calculated using the 

methods described in the American Society of Heating, Refrigeration and Air Conditioning Engineers (ASHRAE) 

Guideline 14. Major findings from this work are highlighted below: 

 The advanced controller reduced the normalized annual RTU energy consumption by an average of 57% 

for all RTUs. The fractions savings uncertainty was 12% for normalized savings, significantly lower than 

the average savings. 

 Normalized annual electricity savings were in the range between 0.47 kWh/h (kWh per hour of fan/unit 

operation) and 7.21 kWh/h, with an average of 2.39 kWh/h. 

 Fan energy savings made a dominant contribution to the total RTU electricity savings, while the heating 

and cooling energy savings varied with units and were relatively smaller in comparison to fan energy 

savings. In general, fan energy savings had much less uncertainty than heating and cooling energy 

savings. 

 As expected, savings increased with the RTU size. The electricity savings increased from about 1.0 

kWh/h for the group with RTU cooling capacity less than 10 tons, to 1.9 kWh/h for the group with RTU 
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capacity between 10 and 15 tons, and then to 3.9 kWh/h for the group with RTU capacity greater than 

15 tons. 

 On average, packaged air conditioners (AC units) with gas heat achieved more electricity savings than 

heat pumps (HP units). The AC units saved 2.60 kWh/h, while the HP group saved 1.75 kWh/h. The 

reason for this is that the average size of HPs was smaller than the average size of the ACs. 

 Normalizing the annual savings with unit runtime and fan horse power appeared to be a better indicator 

of the potential savings from this retrofit. The variation of annual normalized RTU electricity savings 

were between 500 and 800 Wh/h/hp, with average savings of approximately 703 Wh/h/hp across all 

eight sites. 

Based on the normalized annual electricity savings and the installed cost of the advanced controller, the simple 

payback period was calculated for three arbitrary electricity rates including 0.05 $/kWh, 0.10 $/kWh, and 0.15 

$/kWh. Note that the gas energy savings were not considered in estimating the payback periods because gas 

consumption was not directly measured. Major findings from the economic analysis include the following: 

 For all RTUs, the average payback period was 6, 3, and 2 years, respectively for the three utility rates. 

These payback periods account for the controller retail cost and labor to install the controller. The 

simple payback period for individual units varied from 9 months to 10 years for the electricity rate of 

0.15 $/kWh. The units with the shortest payback period were either large units (e.g., greater than 15 

tons) or had the longest runtime (e.g., 24/7 operations). 

A. Current State of Art of Deploying Advanced RTU Controls 

There are number of vendors that are offering advanced RTU controls; some have more mature products than 

others (Criscione 2011).  Some also provide remote monitoring and limited diagnostics.  Some new RTUs, for 

example, the RTU Challenge units, also come with some advanced control features that improve the part-load 

efficiency of the RTU significantly. 

Over the past decade DOE and California Energy Commission (CEC) has funded PNNL to develop and test 

economizer and ventilation AFDD (AEC 2003).  During the same period, a number of other researchers were also 

funded by DOE and CEC to develop the refrigerant-side diagnostics for RTUs (Smith and Braun, 2003).  

B. Current State of Art of Deploying RTU Diagnostics 

RTU diagnostics (both air-side and refrigerant-side) have been mostly deployed offline by collecting the data 

from the RTUs that are integrated to a building automation system or using a retrofit package (Quimby et al., 

2014). Diagnostics using offline methods have limited use because most RTUs typically do not install all the 

sensors necessary for diagnostics, especially to do a refrigerant-side diagnostics.  Use of a retrofit monitoring 

and diagnostics package can alleviate the problem of sensors.  However, it can be expensive to deploy such an 

AFDD approach.  To address the cost, DOE has funded development of a low-cost monitoring and diagnostics 

approach.  The low-cost approach reduces the need for sensing by using two (unit power and outdoor-air 

temperature) or three sensors (the third sensor is the supply-air temperature)1.  The low-cost approach can 

                                                           
1 http://buildingsystems.pnnl.gov/building/smds.stm  

http://buildingsystems.pnnl.gov/building/smds.stm
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detect the degradation in RTU operations overtime, but has limitations in diagnosing the actual cause of the 

fault.  Field tests of this approach are still on going. 

C. Opportunity 

It is possible to deploy advanced RTU controls and AFDD by integrating both features on a single controller.  By 

integrating these two features, both the part-load efficiency improvements and persistence of operations can be 

addressed more cost effectively because an integrated solution can be easily programmed into the controller 

with very little incremental cost.   

Therefore, in FY14, BTO funded PNNL to develop and integrate AFDD methods for both air-side and refrigerant-

side fault detection and diagnostics with one of the leading advanced RTU controllers sold in the market today. 

The work also includes testing and validating the integrated solution in the field.  If the results from the field 

demonstrations show reliable fault diagnostics, it will encourage utilities to provide incentives to pursue the 

integrated technology because it makes the retrofit controller more cost effective and could make market 

adoption of the retrofit controller even more attractive to building owners. The field demonstrations are 

important to establish both to the user and the utility confidence in the persistent energy and cost saving 

benefits of the integrated RTU retrofit controller. 
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IV. Development of Air-side RTU Diagnostics 
The automated fault detection and diagnostic process is a two-step process where 1) a fault with equipment 

operation is detected and 2) the cause of the fault is isolated (Figure 1). The process generally relies on analytical 

or physical redundancies to isolate faults during the diagnostic step. Most rooftop units (RTUs) on commercial 

buildings lack physical redundancy because heating, ventilation, and air conditioning (HVAC) systems in 

commercial buildings are considered non-critical. An AFDD process can use proactive diagnostic processes to 

create analytical redundancy to help isolate the cause of a fault. 

 

Figure 1: Illustration of the Automated Fault Detection and Diagnostic Process 

Proactive AFDD is a process that involves automatically initiating changes to cause or to simulate operating 

conditions that may not occur for some time, thus producing results that might not be available for months 

otherwise. Such tests could be automated to cover a more complete range of conditions or to deepen diagnosis 

beyond what might be possible without this capability. The proactive diagnostic process can help diagnose and 

isolate faulty operations to a much greater extent than passive diagnostics, but it is intrusive. Proactive 

diagnostic procedures are capable of providing continuous persistence of performance if they are frequently 

triggered (e.g., once a day, once a week, once a month or perhaps seasonal). These procedures might be 

scheduled to occur during building startup hours or at the end of the day to reduce their intrusiveness or could 

be scheduled on demand.  Because the proactive diagnostics are scheduled during unoccupied period, there 

could be slight increase in energy consumption but not impact on the comfort.  

Seven AFDD algorithms were developed and deployed on the RTU controller for detecting and diagnosing faults 

with RTU economizer and ventilation operations using sensors that are commonly installed for advanced control 

purposes (with exception to mixed-air sensor). The algorithms utilize rules derived from engineering principles 

of proper and improper RTU operations. The seven algorithms include: 

• Compare discharge-air temperatures (DAT) with mixed-air temperatures (MAT) for consistency (AFDD0) 

• Check if the outdoor-air damper (OAD) is modulating (AFDD1) 

• Detect RTU sensor faults (outdoor-air, mixed-air and return-air temperature sensors) (AFDD2) 

• Detect if the RTU is not economizing when it should (AFDD3) 

• Detect if the RTU is economizing when it should not (AFDD4) 

• Detect if the RTU is using excess outdoor air (AFDD5) 

Automated Fault Detection and Diagnostics System

Fault Detection Fault Diagnosis

Inputs

Configuration
Inputs

Actionable 
Information
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• Detect if the RTU is bringing in insufficient ventilation air (AFDD6). 

The diagnostics are available as a proactive test, that can be run on demand, and as a passive test that 

continuously monitors the RTUs sensor readings and command outputs.  The passive test does not alter the 

RTU’s control sequence in any way.  During the passive diagnostics, all seven diagnostics run concurrently and 

diagnostic results are generated as operational conditions permit.   

The intent of these algorithms is to provide actionable information to building owners and operations staff while 

minimizing false alarms.  Therefore, the algorithms have been designed to minimize false alarms. On the other 

hand, if HVAC systems and their controls start to fail, having an indicator (a.k.a. “check engine light”) of a real 

problem is always helpful – especially if it allows operations and maintenance staff to be proactive, rather than 

reactive.   The remainder of this section will provide a more detailed summary of the seven algorithms.  

The temperature sensors (outdoor-air, mixed-air, return-air and discharge-air) required to implement the AFDD 

algorithms are shown in Figure 2.  Although power consumption of the unit and CO2 sensors are also shown in 

the figure, they are optional and not needed.  In addition to the four temperature sensors, a number of status 

signals (including fan, compressor, heating, cooling and economizer) and the outdoor-air damper command are 

also needed. The outdoor-air temperature (OAT) sensor can be installed on an individual RTU, or a shared value 

across the network.  

The advanced RTU controller enables economizing whenever there is a call for cooling and the OAT is less than 

70°F. When the OAT is greater than 70°F and there is a call for cooling, the controller uses differential dry-bulb 

economizer logic. This control logic has been accounted for in the AFDD process. 

The following conditions must be met before the fault diagnostic process can be initiated: 

1. Supply fan status = “ON.”  

2. The OAT is between 50°F and 120°F. 
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Figure 2: Schematic Showing the Location of Various Temperature Sensors 

A. AFFD0: Compare Discharge-air Temperature with Mixed-air Temperature for Consistency 

The first diagnostic check is designed to compare the discharge-air and mixed-air temperature sensor readings 

with each other. Economizer systems often use MAT measurements for feedback control of the outdoor- and 

return-air dampers. In addition, diagnostic methods require accurate measurements of the MAT. However, RTUs 

typically have small chambers for mixing outdoor and return air, and can have non-uniform temperature and 

velocity distributions at the inlet to the direct expansion (DX) coil. As a result, there can be significant bias errors 

associated with employing single-point temperature sensors. Furthermore, the mixing process can change 

significantly as the position of the dampers change with economizer operations. The purpose of this proactive 

diagnostic test is not to identify which sensor(s) is "faulty," but to establish that there is a lack of confidence in 

one or both sensors and their accuracy. 

The compressor (and heating) will be turned off to ensure the consistency of DAT and MAT readings. The MAT 

may increase between 2°F and 4°F after passing the supply fan chamber because of the heat from the supply fan 

motor. The Threshold_AFDD0 can be adjusted to compensate for this during the diagnostic. This test will not be 

activated if the supply fan is off. If the RTU has variable-speed supply fans, this test will not be activated unless 

the fan speed is at 100% (fan speed can be proactively commanded to 100%) to ensure that there is sufficient air 

flow. 

When heating and cooling systems are turned off, (disabled) during this diagnostic check, the temperature 

sensors in the air streams upstream of the fan (mixed-air plenum) and downstream of the fan (discharge-air 

plenum) are compared to each other. The result of this comparison should have temperature readings within 

2oF to 4oF (user-adjustable, depends on the size of fan motor) of each other during steady-state conditions (user-

adjustable time delay required after the heating and cooling systems are turned off). There usually is additional 
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heat in the discharge–air stream from the fan and motor that would create the slight difference (higher 

discharge-air temperature) when this check is made. 

This test validates that these two temperature sensor readings are within a user-adjustable pre-set value (within 

2oF to 4oF). This provides an initial confidence factor in the two sensors and their integrity. If the diagnostic 

check determines that the absolute value of the difference between the two temperature sensors is higher than 

the acceptable threshold, a fault will be generated. The fault does not identify which sensor is "faulty," only that 

there is a lack of confidence in one or both sensors and their accuracy. Typical causes include sensor fault, 

sensor location, sensor wiring, sensor software configuration, cooling (or heating) coil control valve leak (where 

chilled water coils exist in the RTU), etc. 

This AFDD test can be run either in a proactive mode or a passive mode. If it is run in a proactive mode, the 

schedule established on the controller determines when this fault analysis will run for an individual RTU. It is 

generally preferable not to schedule this test prior to normal occupancy or during morning warm up or cool 

down periods (because heating or cooling would be active). The best time of day to run this fault analysis is 15 to 

30 minutes prior to a scheduled unoccupied period (if the intent is to not cause additional run time on the RTU). 

If mixed-air temperature sensor value is not available because it is not typically measured, this test cannot be 

performed. 

Input Parameters Required for AFDD0 Fault 

The RTU controller needs two temperatures, two status and two command signals (Table 1).   The configuration 
parameters needed for this diagnostics are listed in Table 2.  The accuracy of the temperature sensors is assumed 
to be at least +/- 1oF. 

Table 1: Input Parameter Required for AFDD0 Fault 

Description Physical sensor location Range 

Mixed-air temperature Mixed-air plenum   50 ~ 80°F 

Discharge-air temperature Discharge-air plenum  50 ~ 140°F 

Compressor status - On/Off 

Fan status - On/Off 

Heating/cooling command - 1/2 

Supply fan speed command - 0 - 100% 

Table 2: Configuration Parameters Required of AFDD0 Fault Implementation 

Name Description Value 

Threshold_AFDD0 Temperature threshold 5°F 

Time_steadystate Wait for steady-state condition 6 minutes 

N_samples Number of samples to average 5 

Sampling_rate Data sampling rate 1 minute 

Err_code Error code  See Figure 3 

 

AFDD0 Fault Detection and Diagnostics Process 



Rooftop Unit Embedded Diagnostics: Development, Field Testing and Validation Page 20 

 

The primary goal of the AFDD0 process is to establish mixed-air and discharge-air temperature consistancy. The 

implementation details for AFDD0 are show in Figure 3. 

The fault detection and diagnostics process is broken down into several steps, so it is esay to embed in a controller. 
The configuration parameters required for executing this diagnostic are listed in Table 2. 

Step 1. Disable the heating and cooling (compressor(s)) for the RTU and command the supply fan speed to 

100%. 

 

Step 2. Send a command to open the outdoor-air damper (OAD) 100% and force it to remain in that position 

irrespective of the thermostat control signal. After the damper is fully open and steady-state conditions are 

reached (minimum 6 minutes delay time, which can be adjusted by the user), monitor and record the 

discharge-air temperature (DAT) and the MAT. Compute the absolute difference between the MAT and DAT 

(DIFF1) averaged over five samples (adjustable by the user). 

 

Step 3. If the difference between DAT and MAT is greater than the AFDD0 AFFD0_threshold, then the diagnostic 

has detected a problem. Proceed to step 6, otherwise no faults were detected, proceed to the next step. 

o If DIFF1 > Threshold_AFDD0 then a problem exists. 

o Err_code = 5 

Step 4. Command the OAD to a fully closed position. After the OAD closes completely and steady-state conditions 

are reached (minimum 6 minutes delay time, which can be adjusted by the user), monitor and record the DAT 

and the MAT. Compute the absolute difference between the MAT and DAT (DIFF2) averaged over five samples 

(adjustable by the user). 

 

Step 5. If the difference between the DAT and MAT is greater than AFDD0_threshold, then the diagnostic has 

detected a problem, otherwise no faults were detected. 

o If DIFF2 > Threshold_AFDD0 then a problems exists. 

o Err_code = 5 

Step 6. If no problem was detected: 

o    Err_code = 0 

Step 7. Report the diagnostic results (Err_code). 

Some common causes of the DAT and MAT sensor inconsistencies are:  

 Sensor failure or communication failure 

 MAT sensor is out of calibration or improperly located 

 The return air and outdoor air are not well mixed in the mixing chamber 
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 The MAT sensor uses a point measurement instead of a temperature averaging sensor  

 Temperature stratification:  Outside air may stay at the bottom of the duct without good mixing.  

The corrective actions could include: 

 Use an averaging temperature sensor instead of the point measurement for mixed-air temperature.  

 Possible ways to improve the mixing:  

 Rotate the damper sections so that the damper blades direct the air streams into each other as 

they close. This creates turbulence and helps to promote the mixing process. 

 Add baffles to divert the air stream several times before it reaches the coils. This also creates 

turbulence, which promotes mixing. If the baffles are arranged so that the velocity through them is 

low (between 800 to 1,000 fpm), then significant benefits can be realized without significant 

additional pressure drop. 
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Figure 3: Mixed-air and Discharge-air Temperature Consistency Diagnostic Process 

Proactive AFDD0: Mixed-air and Discharge-air
Temperature Consistency Diagnostic
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B. AFFD1: Check if the Outdoor-air Damper is Modulating 

The second diagnostic checks if the outdoor-air damper (OAD) is modulating properly. When the OAD is not 

modulating, there is the potential for energy waste or insufficient ventilation to the spaces served by the RTU. 

For example, if the damper is stuck in a fully closed position, the RTU will fail to provide the necessary 

ventilation and the opportunity for free cooling when outdoor conditions are favorable for economizing will be 

missed, causing energy waste. 

A broken or stuck actuator or linkage that affects damper modulation can cause an economizer to fail. The 

damper fault can increase energy consumption of the RTU in two ways; 1) too much OA is admitted on a cold 

day, this unnecessarily increases the heating load; and 2) too much OA intake on a hot or humid day 

unnecessarily increases the energy expended to cool or dehumidify the excess OA.  On extremely hot or cold 

days, additional load may prevent the RTU from maintaining desired space temperature, causing occupant 

discomfort. Furthermore, an OAD that fails and is stuck closed may reduce the OA ventilation to levels less than 

those required by ANSI/ASHRAE Standard 62, Ventilation for Acceptable Indoor Air Quality, potentially causing 

indoor air quality (IAQ) problems. 

The fault analysis will use the economizer damper command to create two steady-state conditions in the mixed-

air plenum. This diagnostic test will also require that the heating and cooling functions be temporarily disabled 

(similar to “AFFD0” diagnostic check) for both steady-state condition checks. If the RTU has variable-speed 

supply fan, this test will not be activated unless the fan speed is at 100% to ensure that there is sufficient flow 

(fan speed can proactively be commanded to 100%). The first steady-state condition is obtained by commanding 

the OAD to a fully open position (100% outside air). The time to reach steady-state will be a user-adjustable 

parameter (recommended to be at least 5 minutes for steady-state conditions to be established). If the damper 

is fully open, the difference between the OAT and the MAT (DAT if a mixed-air temperature sensor is not 

installed) should be minimal (between 2°F and 4°F).  

The second steady-state condition is obtained by commanding the OAD to a fully closed position (0% outside 

air). If the OAD is fully closed, the difference between the RAT and the MAT sensors (DAT if MAT sensor is not 

installed) should be minimal (between 2°F and 4°F).  

The absolute difference between the sensor measurements is averaged over a user-adjustable number of 

samples to obtain an average absolute difference for each of the steady-state conditions. If the diagnostic check 

determines that the average absolute temperature difference is greater than the acceptable threshold, a fault is 

generated indicating the damper is not modulating properly. 

If the RTU is missing the MAT sensor, the DAT sensor is used instead for both steady-state conditions with 

appropriate change in the threshold value (DAT will be warmer because of the heat gain from supply fan motor).  

If the fault analysis returns a fault for an economizer damper that does not open 100% or close to 0%, the 

diagnostic will recommend that the building owner or designated operations and maintenance (O&M) staff 

physically inspect the damper movements.  
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Input Parameters Required for AFDD1 Fault 

The RTU controller needs three temperatures, two status and three command signals (Table 3).  The configuration 
parameters required for this diagnostics are list in Table 4. 

Table 3: Input Parameters Required for AFDD1 Fault 

Description Physical sensor location Range 

Mixed-air temperature Mixed-air plenum   50 ~ 80°F 

Outdoor-air temperature Outdoor-air intake hood  50 ~ 100°F 

Return-air temperature Return-air plenum 50 ~ 100°F 

Compressor status - On/Off 

Fan status - On/Off 

Heating/cooling command - 1/2 

Supply fan speed command - 0 – 100% 

Damper command -  0 – 100% 

Table 4: Configuration Parameters Required of AFDD1 Fault Implementation 

Name Description Value 

Threshold_Temp, AFDD1 Prerequisite temperature threshold 10°F 

Theshold_damper, AFDD1 OAD modulation threshold 3°F 

Time_steadystate Wait time for steady-state 
conditions 

6 minutes 

N_samples Number of samples to average 5 

Sampling_rate Data sampling rate 1 minute 

Err_code Error code  See Figure 4 

AFDD1 Fault Detection and Diagnostics Process 

The primary goal of the AFDD1 process is to verify whether the OAD is functional (can modulate from 0% to 100% 

open) properly. The implementation details of AFDD1 are shown in Figure 4. The following conditions must be 

met before the fault diagnostic process can be initiated: 

- The OAT is not too close to the RAT. For example, the proactive fault diagnostics process will not be 

initiated if the absolute value of the difference between the OAT and RAT is not greater than 

Threshold_temperature, AFDD1 (10°F by default and user adjustable) as shown below: 

o |RAT-OAT| >  Threshold_Temp, AFDD1 

- Performing a limit check on the temperature sensors can detect a hardware failure and should be 

performed prior to the OAD modulation diagnostic. Ensure that each temperature sensor (OAT, RAT, 

and MAT sensors) are not outside their expected range of operation. If any of the temperature sensors 

are outside their expected range, a diagnostic message will be presented to the user. O&M staff should 

inspect the indicated temperature sensor and fix or replace the sensor. 
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The fault detection and diagnostics process is broken down into several steps, so it is easy to embeded in a 

controller. The configuration parameters required for executing this diagnostic are listed in Table 4. 

Step 1. Disable the heating and cooling (compressor) for the RTU and command the supply fan speed to 100%. 

 

Step 2. Command the OAD to a fully open position and force it to remain in that position irrespective of the 

control signal. After the damper is fully open and steady-state conditions are reached (minimum 6 minutes 

delay time, which can be adjusted by the user), monitor and record the OAT and the MAT (DAT if MAT is not 

available). Compute absolute difference between MAT and OAT (DIFF1) averaged over five samples (the 

number of samples over which this difference is averaged over can be adjusted by the user). 

 

Step 3. Command the OAD to a fully closed position. After the OAD closes and steady-state conditions are 

reached (minimum 6 minute delay time, which can be adjusted by the user), monitor and record the RAT 

and the MAT (DAT if MAT is not available). Compute the absolute difference between the MAT and RAT 

(DIFF2) averaged over five samples (the number of samples over which this difference is averaged over can 

be adjusted by the user). 

Step 4.  Compare DIFF1 and DIFF2 to Theshold_damper, AFDD1. 

o If DIFF1 < Theshold_damper, AFDD1 and DIFF2 < Theshold_damper, AFDD1 then: 

 No problem is detected, the OAD is modulating properly. 

 Err_code = 10 

o If (DIFF1 > Theshold_damper, AFDD1 and DIFF2 < Theshold_damper, AFDD1) or 

   (DIFF1 < Theshold_damper, AFDD1 and DIFF2 > Theshold_damper, AFDD1) then: 

 Check if there was a fault detected for AFDD0. If a fault has been detected for AFDD0, then 

this diagnostic cannot isolate the fault.  

 Err_code = 11 

 If AFDD0 did not detect a fault, then AFDD1 indicates that there is a leaking damper 

(outdoor-air or return-air damper). 

 Err_code = 13 

o The red dashed box in the Figure 4 shows an additional diagnostic step that may be implemented in 

the future. If there is a potential OAD or OAT sensor problem, then the OAT reading associated with 

the RTU will be compared to another OAT sensor, such as an OAT from a local weather station. This 

check will help to decouple temperature sensor and economizer damper problems and add an extra 

measure of confidence in the diagnostic results. 

Step 5. Report the diagnostic results (Err_code). 
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The possible causes for failure of the OAD can be both mechanical or control problems: 

 Broken linkage between damper actuator and damper. 

 Damper or damper actuator mechanical (and/or electrical) failure (including damper seals, damper 

power or blockage/binding). 

 Electrical connection (control wiring) fault between the local controller and the damper actuator 

(no signal or wrong signal). 

 Actuator not rotating correct direction when signal is applied or not sequenced correctly with other 

actuator(s) when multiple actuators exist (first actuator has rotated 50% of travel before other 

actuator(s) start moving). 

Possible corrective actions include: 

 Fix the damper and actuator connection.  

 Make sure the control wiring and data points are mapped correctly. 

 Make sure the actuator sequencing and calibration set up are correct. 
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Figure 4: Check if the Outdoor-air Damper is Modulating 

Proactive AFDD1: Check if the Outdoor-air Damper
(OAD) is Modulating
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problem. (Err_code 11)

Report AFDD1: No modulation of 
OAD (Err_code 12)

Prerequisites:
 Fan Status = “ON”
 Outdoor-air temperature is
      between 50°F  and 100°F
 Abs(OAT-RAT) > Threshold_Temp, AFDD1

Move to Next 
Proactive AFDD 

(AFDD2)

Disable compressor (cooling), 
heating, and set the supply 

fan speed to 100%

DIFF1 < 
Theshold_damper, AFDD1?

Set DIFF1_Fault = False
(Local Diagnostic Variable)

Set DIFF1_Fault = True
(Local Diagnostic Variable)

No

Verify OAT reading is 
reliable:  Compare the 

OAT sensor reading used 

for this RTU (OAT1) to 
another OAT sensor on a 

different RTU (OAT2)

DIFF3 < 
Theshold_damper, AFDD1?

No

Yes

Wait for 
steady state 
conditions 

(Time_steadystate)

Yes

Report AFDD1: OAD can be 
modulated (Err_code 10)

Report AFDD1: Diagnostic 
indicates probable leaking 

damper (Err_code 13)
DIFF1_Fault = True?

DIFF2 < 
Theshold_damper, AFDD1?

DIFF1_Fault = False?

No

AFDD0 Err_code = 0?
(For Current Diagnostic Run)

No
Yes

No

Initialize variables:
Set DIFF = 0

Set DIFF1 = 0
Set i = 0

 Read mixed-air and return-air 
temperature values, store in variables 
MAT and RAT respectively as floats

 Take the absolute difference between the 
mixed-air and return-air temperature 
store this value in DIFF as a float:

DIFF = |MAT – RAT|

 Sum DIFF value at each data sampling  
and store the result of the summation in 
DIFF1 as a float:

DIFF1 = DIFF1 + DIFF

 Increment i:
i = i + 1

i < N_samples?

Wait Sampling_rate 

minutes

Yes

Take average of difference:
DIFF1 = DIFF1/N_samples

No

Initialize variables:
Set DIFF = 0

Set DIFF2 = 0
Set i = 0

 Read mixed-air and outside-air 
temperature values, store in variables 
MAT and OAT respectively as floats

 Take the absolute difference between the 
mixed-air and outside-air temperature 
store this value in DIFF as a float:

DIFF = |MAT – OAT|

 Sum DIFF value at each data sampling  
and store the result of the summation in 
DIFF1 as a float:

DIFF2 = DIFF2 + DIFF

 Increment i:
i = i + 1

i < N_samples?

Wait Sampling_rate 
minutes

Yes

Take average of difference:
DIFF2 = DIFF2/N_samples

Yes

No

Initialize variables:
Set DIFF = 0

Set DIFF3 = 0
Set i = 0

 Read OAT1 and  OAT2 temperature 
values, store as floats

 Take the absolute difference between 
the two outside-air temperatures, store 
this value in DIFF as a float:

DIFF = |OAT2 – OAT1|

 Sum DIFF value at each data sampling  
and store the result of the summation 
in DIFF1 as a float:

DIFF3 = DIFF3 + DIFF

 Increment i:
i = i + 1

i < N_samples?

Wait Sampling_rate 

minutes

Yes

Take average of difference:
DIFF3 = DIFF3/N_samples

Initialize Thresholds and Diagnostic Parameters:
Theshold_damper, AFDD1 = 3 (°F - adjustable)
N_samples = 5 (adjustable)
Time_steadystate = 6 (minutes - adjustable)
Sampling_rate = 1 (minutes between samples)

Threshold_Temp, AFDD1  = 10 (°F - adjustable)

Wait for
steady state
Conditions

(Time_steadystate)

Yes

Yes

No

No
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C. AFDD2:  Detect Temperature Sensor Faults (Outside-, Mixed- and Return-air Temperature) 

The third diagnostic determines if the temperature sensors used on the RTU are reliable and within accepted 

accuracy. This diagnostic requires that the user/owner or designated staff to visually verify that the economizer 

dampers are working (when “AFDD1” indicates a fault) as previously described for one or both of the steady-

state conditions (0% outside-air and 100% outside-air commands). 

Damaged, disconnected wiring, or mis-calibration of temperature sensors can cause an RTU to operate 

inefficiently, such as failing to activate the economizer cycle when OA can provide free cooling, or remaining in a 

high-capacity mechanical cooling mode in an attempt to maintain the DAT when a more energy-efficient 

economizer stage could provide adequate cooling.  

In general, sensor faults fall into two broad categories: 1) complete failure (hardware faults) and 2) partial failure 

(software faults). Sensors with hard faults are relatively easy to detect and diagnose, while soft faults can be 

difficult to detect and diagnose. The most common soft faults are sensor bias and gradual drift. Unlike hard faults, 

soft faults can go undetected and adversely affect the health of occupants (lack of sufficient fresh air) or increase 

energy consumption. 

When the OAD is commanded to a fully closed position (0% outside air), the temperature sensors in the return- 

and the mixed-air (discharge-air temperature sensor if mixed-air temperature sensor is not installed) plenums 

are compared to each other. The result of this comparison should be within 2oF to 4oF after steady-state 

conditions are reached. The time to reach steady-state could be a user-adjustable parameter (recommended to 

be at least 6 minutes for greater accuracy and confidence in the results). 

The second steady-state condition is obtained by commanding the economizer damper to a fully open position 

(100% outside air). When the temperature in the mixed-air plenum is compared to the outside-air temperature, 

the result of this comparison should be within 2°F to 4°F after steady-state conditions are reached. 

This test will not run when outside-air temperatures are extreme (too hot or too cold [OAT < 50°F or OAT > 

100°F]) or when the OAT are within 4°F to 5°F of the RAT value. 

Input Parameters Required for AFDD2 Fault 

The RTU controller needs three temperatures, two status and three command signals (Table 5). The 
configuration parameters required for this diagnostics are listed in Table 6. 
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Table 5: Input Parameter Required for AFDD2 Fault 

Description Physical sensor location Range 

Mixed-air temperature Mixed-air plenum   50 ~ 80°F 

Outdoor-air temperature Outdoor-air intake hood  50 ~ 100°F 

Return-air temperature Return-air plenum 50 ~ 100°F 

Compressor status - On/Off 

Fan status - On/Off 

Heating/cooling command - 0/1/2 

Supply fan speed command - 0 – 100% 

Damper command - 0 – 100% 

Table 6: Configuration Parameters Required of AFDD2 Fault Implementation 

Name Description Value 

Threshold_Temp, AFDD2 Threshold to detect sensor problem 4°F 

Threshold_AFDD2-OAT Threshold to isolate OAT sensor fault 3°F 

Threshold_AFDD2-RAT Threshold to isolate RAT sensor fault 4°F 

Time_steadystate Wait time for steady-state 
conditions 

6 minutes 

N_samples Number of samples to average 5 

Sampling_rate Data sampling rate 1 minute 

Err_code Error code  See Figure 5 

AFDD2 Fault Detection and Diagnostics Process 

The primary goal of the AFDD2 process is to validate the accuracy of the temperature sensors. The FDD process is 

broken down into several steps, so it is easy to embed in the RTU controller. The implementation details for AFDD2 

are show in Figure 5. 

Step 1. Determine if a temperature sensor fault exists.  

o If (RAT -  MAT > Threshold_Temperature, AFDD2 and OAT – MAT > Threshold_Temperature) or 

(MAT -  RAT > Threshold_Temperature, AFDD2 and MAT – OAT > Threshold_Temperature, AFDD2) then: 

 A temperature sensor problem is detected; continue with the diagnostic to isolate the faulty 

temperature sensor (proceed to step 2). 

o If there is not a temperature sensor problem: 

 Err_code = 20 

  proceed to step 8. 

Step 2. Disable heating and cooling (compressor) and command the supply fan speed to 100%. 
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Step 3. Command the OAD to a fully open position and force it to remain in that position irrespective of the 

control signal. After the damper is fully open and steady-state conditions are reached (minimum 6 minutes 

delay time, which can be adjusted by the user), monitor and record the OAT and the MAT (DAT if MAT is not 

available). Compute the absolute difference between the MAT and OAT (DIFF1) averaged over five samples 

(adjustable by the user). 

Step 4. If DIFF1 <  Threshold_temperature, AFDD2-RAT, then the RAT sensor is faulty.   

o Err_code = 25 

o Proceed to step 8. 

Step 5. If the RAT sensor is not faulty, command the OAD to a fully closed position. After the OAD fully closes 

and steady-state conditions are reached (minimum 6 minutes delay time, which can be adjusted by the user) 

monitor and record the RAT and the MAT (DAT if MAT is not available). Compute the absolute difference 

between the MAT and RAT (DIFF2) averaged over five samples (adjustable by the user). 

Step 6. If DIFF2 < Threshold_temperature, AFDD2-OAT, then the OAT sensor is faulty.  

o Err_code = 24 

o Proceed to step 8. 

Step 7. If the both the OAT sensor and the RAT sensor are not found to be faulty then there is a MAT sensor 

fault.  

o Err_code = 26 

Step 8. Report the diagnostic results (Err_code). 

The possible causes of the temperature sensors failure/fault include: 

 The temperature sensor is physically broken or damaged. 

 Connection fault between the local controller and the temperature sensors (no signal or wrong 

signal). 

 Sensor is not connected to local controller. 

 The temperature sensor is out of calibration. 

Possible corrective actions include: 

 Replace the sensor if the sensor is broken or damaged. 

 Fix the sensor and RTU controller connection.  

 Make sure the control wiring and sensor points are mapped and terminated correctly. 

 Make sure the dampers are modulating to a fully open and a fully closed position. 

 Make sure sensors are properly calibrated. 
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Figure 5: Air-side Temperature Sensor (Outside-, Mixed- and Return-air) Diagnostic 

 

Proactive AFDD2: Air-side Temperature Sensor
(Outside-air, Mixed-air, and Return-air) Diagnostic

START

RAT – MAT > 

Threshold_Temp, AFDD2?   
 AND 

OAT – MAT > 

Threshold_Temp, AFDD2?   

MAT – RAT > 

Threshold_Temp, AFDD2?   
 AND 

MAT – OAT > 

Threshold_Temp, AFDD2?   

Report AFDD2: Temperature 
Sensor Problem

Report AFDD2: No 
Temperature sensor fault 

(AFDD2 Error Code 20)

Release OAD, cooling 
(compressor) and heating 

from override state and exit 
diagnostics

Restore normal
operations

Command outdoor-air 
damper (OAD) fully 

open(100%) 

Command outdoor-air 
damper (OAD) fully 

closed(0%)

DIFF1 <

 Threshold_AFDD2-RAT ?

Report AFDD2: Return air 
temperature sensor problem 

(AFDD2 Error Code 25)

Report AFDD2: Outside air 
temperature sensor fault 

(AFDD2 Error Code 24)

Report AFDD2: Mixed air 
temperature sensor fault 

(AFDD2 Error Code 26)

No

Wait for steady state
Conditions (Time_steadystate)

Yes

No

No

Yes

Adjustable Configuration:
 Threshold_Temperature, AFDD2 = 3 (°F - adjustable)
 Threshold_temperature, AFDD2-OAT = 4 (°F - adjustable)
 Threshold_temperature, AFDD2-RAT = 4 (°F - adjustable)
 Time_steadystate= 6 minutes (minutes - adjustable)
 Sampling_rate = 1 (minutes between samples)
 N_samples= 5 (adjustable)

Move to Next 
Proactive AFDD 

(AFDD3)

AFDD1 Error Code = 11.0 ?
(For Current Diagnostic 

Run)

No

Yes

Report AFDD2: Potential 
temperature sensor/OAD 

problem (AFDD2 Error Code 21)

No

DIFF2 < 

Threshold_AFDD2-OAT ?

Initialize variables:
Set DIFF = 0

Set DIFF1 = 0
Set i = 0  Read mixed-air and outside-air 

temperature values, store in variables 
MAT and OAT respectively as floats

 Take the absolute difference between the 
mixed-air and outside-air temperature 
store this value in DIFF as a float:

DIFF = |MAT – OAT|

 Sum DIFF value at each data sampling  
and store the result of the summation in 
DIFF1 as a float:

DIFF1 = DIFF1 + DIFF

 Increment i:
i = i + 1

i < N_samples?

Wait Sampling_rate 

minutes

Yes

Take average of difference:

DIFF1 = DIFF1/N_samples

Prerequisites:
 Fan Status = “ON”
 Outside-air temperature is
       between 50°F  and 100°F

Ensure Controller is set to 
AFDD1 to disable compressor 

(cooling off) and heating

No

Initialize variables:
Set DIFF = 0

Set DIFF2 = 0
Set i = 0

 Read mixed-air and return-air 
temperature values, store in variables 
MAT and RAT respectively as floats

 Take the absolute difference between the 
mixed-air and return-air temperature 
store this value in DIFF as a float:

DIFF = |MAT – RAT|

 Sum DIFF value at each data sampling  
and store the result of the summation in 
DIFF2 as a float:

DIFF2 = DIFF2 + DIFF

 Increment i:
i = i + 1

i < N_samples?

Wait Sampling_rate 

minutes

Yes

Take average of difference:

DIFF2 = DIFF2/N_samples

Yes

No

Initialize Thresholds and Diagnostic Parameters:
Threshold_Temperature, AFDD2 = 3 (°F - adjustable)
Threshold_temperature, AFDD2-OAT = 4 (°F - adjustable)
Threshold_temperature, AFDD2-RAT = 4 (°F - adjustable)
Time_steadystate= 6 minutes (minutes - adjustable)
Sampling_rate = 1 (minutes between samples)

N_samples= 5 (adjustable)

Wait for
steady state
Conditions

(Time_steadystate)



Rooftop Unit Embedded Diagnostics: Development, Field Testing and Validation Page 32 

 

D. AFDD3:  Detect if the RTU is not Economizing when it Should 

The purpose of this proactive diagnostic measure is to verify that the economizing controls are working properly 

when outdoor conditions are favorable for economizing. When the economizer damper does not operate as 

intended, the unit fails to provide free cooling, thus causing an energy penalty during periods when free cooling 

is available. 

The failure of the RTU to economize when it should can be caused by improper control parameter settings, 

improper building pressurization or failure of the actual economizer actuator and/or economizer damper 

components (blades, seals, linkages, etc.). When economizers fail to operate properly, their poor performance 

may go unnoticed for a long time. Few symptoms of failure are perceptible to building occupants because if the 

economizer is not working, the compressors usually picks up the slack. Only in extreme cases does a 

malfunctioning economizer result in unacceptable space temperatures or poor indoor air quality. The proactive 

AFDD process can help to minimize such problems.  

The outdoor-air temperature can be overridden to test the economizer when the outdoor-air temperature is not 

favorable for economizing.  

The embedded diagnostics run in a passive mode continuously and perform active diagnostics on demand. The 

OATBias is not set in the passive mode. In the passive mode, this diagnostic only runs when there is a call for 

cooling from the space served by the RTU and conditions are favorable for economizing. Each diagnostic runs 

independently of the other diagnostics.  Ideally, if a temperature sensor problem is detected, the remainder of 

the diagnostics should return an inconclusive result (the economizer and ventilation diagnostics rely on accurate 

temperature sensors to return a valid diagnostic result).  If a fault is detected that indicates a temperature 

sensor problem (AFDD2), this fault should be corrected first before acting on other diagnostic results. 

Input Parameters Required for AFDD3 Fault 

The RTU controller needs three temperatures, two status and three command signals (Table 7).  The 
configuration parameters required for this diagnostics are listed in Table 8. 

Table 7: Input Parameter Required for AFDD3 Fault 

Description Physical sensor location Range 

Mixed-air temperature Mixed-air plenum   50 ~ 80oF 

Outdoor-air temperature Outdoor-air intake hood  50 ~ 100oF 

Return-air temperature Return-air plenum 50 ~ 100oF 

Compressor status - On/Off 

Fan status - On/Off 

Heating/cooling command - 0/1/2 

Supply fan speed command - 0 – 100% 

Damper command - 0 – 100% 
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Table 8: Configuration Parameters Required of AFDD3 Fault Implementation 

Name Description Value 

Threshold_Temp, AFDD3 Minimum difference between OAT and RAT 4°F 

Threshold_damper, AFDD3 Threshold to detect proper damper position 25% 

Threshold_OAF, AFDD3 Threshold to detect proper OAF value 25% 

Δ Dead band associated with economizer 
control 

1°F 

Time_steadystate Wait time for steady-state conditions 6 minutes 

N_samples Number of samples to average 5 

Sampling_rate Data sampling rate 1 minute 

OAD_minimum Minimum OAD command 15% 

OA_minimum Minimum desired OAF 5% 

Err_code Error code  See Figure 6 

 
To check the amount of outdoor air being brought into the RTU the outdoor-air fraction (OAF) is calculated: 

RAT – MAT  

RAT – OAT 

The OAF should be close to 1.0 (100%) when the outdoor-air damper is fully open for economizing.   

AFDD3 Fault Detection and Diagnostics Process 

The primary goal of the AFDD3 is to validate the economizing controls when outdoor conditions are favorable for 

economizing. The following conditions must be met before the fault diagnostic process can be initiated. The 

implementation details for AFDD3 are show in Figure 6. 

 The OAT is not too close to the RAT. For example, the proactive fault diagnostics process will not be 

initiated if the absolute value of the difference between the OAT and RAT is not greater than 

Threshold_Temp, AFDD3 (4°F by default and user adjustable) as shown below: 

o |RAT-OAT| > Threshold_Temp, AFDD3 (If this condition is not met then Err_code = 38) 

This diagnostic will check the economizer operations during the following modes of operation:   

1. There is a call for cooling from the space served by RTU and outdoor conditions are favorable for 

economizing. 

2. There is a call for cooling from the space served by the RTU and outdoor conditions are not favorable for 

economizing. 

3. There is no call for cooling from the space served by the RTU.   

These modes of operation are handled distinctively in AFDD3 as follows: 

• When there is a call for cooling from the space served by RTU and outdoor conditions are favorable for 

economizing (OAT < RAT - Δ or OAT < 70°F - Δ). 

Step 1. Check the OAD command.  
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o If OAT ≥ DATset point. 

 If (100 – OAD) < Threshold_damper, AFDD3, then the OAD is open and the RTU is 

economizing. 

 Proceed to step 2. 

 Otherwise, a problem has been detected. The RTU is not economizing when it 

should or is under utilizing the economizer. 

 Err_code = 31 

 Proceed to step 3. 

o Else if the OAT < DATset point. 

 If OAD > OAD_minimum, then the OAD is open and the RTU is economizing. 

 Proceed to step 4. 

 Otherwise, a problem has been detected. The RTU is not economizing when it 

should or is under utilizing the economizer. 

 Err_code = 31 

 Proceed to step 3. 

Step 2. If the RTU is economizing properly (no fault was detected in Step 1), the OAF is calculated using 

the OAT, MAT, and RAT. 

o If the OAF is within the expected range (OAF such that OAF < 1.25 and OAF > 0). 

 If OAT ≥ DATset point. 

 If (1.0 – OAF) > Threshold_OAF, AFDD3, then the RTU is not bringing in sufficient 

outdoor air and is not fully realizing the energy savings potential of 

economizing.  

 Err_code = 32 

 Proceed to step 3. 

 Otherwise, no problem was detected for this diagnostic. 

 Err_code = 30 

 Proceed to step 3. 

 If OAT < DATset point. 
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 If OAF > OA_minimum. 

 Err_code = 30 

 Proceed to step 3. 

 If OAF ≤ OA_minimum. 

 Err_code = 32 

 Proceed to step 3. 

o Else the OAF is outside the expected range (OAF such that OAF ≤ 0 or OAF ≥ 1.25). 

 Err_code = 38 

 Proceed to step 3. 

Step 3. Report the diagnostic results (Err_code). 

• When there is a call for cooling from the space served by the RTU and the conditions are not favorable for 

economizing (OAT > RAT + Δ or OAT > 70°F +  Δ): 

Step 1. Send an override command to RTU controller and set the outdoor-air temperature bias (OATBias) to 

simulate conditions favorable for economizing (the RTU should open the damper fully).  

Step 2. Allow a sufficient delay so that conditions in the RTU will reach steady-state (6 minutes adjustable). 

Step 3. Check the OAD command. 

o If OAT ≥ DATset point. 

 If (100 – OAD) < Threshold_damper, AFDD3, then the OAD is open and the RTU is economizing. 

 Proceed to step 4. 

 Otherwise, a problem has been detected. The RTU is not economizing when it should or is 

under utilizing the economizer. 

 Err_code = 31 

 Proceed to step 5. 

o Else if the OAT < DATset point. 

 If OAD > OAD_minimum, then the OAD is open and the RTU is economizing. 

 Proceed to step 4. 
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 Otherwise, a problem has been detected. The RTU is not economizing when it should or is 

under utilizing the economizer. 

 Err_code = 31 

 Proceed to step 5. 

Step 4. If the RTU is economizing properly (no fault was detected in Step 1), the OAF is calculated using the OAT 

(true unbiased OAT), MAT and RAT. 

o If the OAF is within the expected range (OAF such that OAF < 1.25 and OAF > 0). 

 If OAT ≥ DATset point. 

 If (1.0 – OAF) > Threshold_OAF, AFDD3, then the RTU is not bringing in sufficient outdoor 

air and is not fully realizing the energy savings potential of economizing.  

 Err_code = 32 

 Proceed to step 5. 

 Otherwise, no problem was detected for this diagnostic. 

 Err_code = 30 

 Proceed to step 5. 

 If OAT < DATset point. 

 If OAF > OA_minimum. 

 Err_code = 30 

 Proceed to step 5. 

 If OAF ≤ OA_minimum. 

 Err_code = 32 

 Proceed to step 5. 

o Else the OAF is outside the expected range (OAF such that OAF ≤ 0 or OAF ≥ 1.25). 

 Err_code = 38 

 Proceed to step 5. 

Step 5. Release the OATBias (set the OATBias to zero). 
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Step 6. Report the diagnostic results (Err_code). 

• If there is no call for cooling from the space served by the RTU, retry the diagnostic later when there is a call 

for cooling. 

The causes improve economizer controls (not economizing when it should) can be mechanical failure or a 

control failure:  

 An air-temperature sensor fault or failure. Refer to AFDD2 for more details. 

Possible corrective actions include: 

 Replace or calibrate the temperature sensors. 

 Verify CO2 sensors (if used with DCV sequences) are calibrated 

 Check the implemented control logic. 
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Figure 6:  Detect if the RTU is not Economizing When it Should 

E.  AFDD4:    Detect if the RTU is Economizing When it Should Not 

The fifth diagnostic also validates economizer controls, but when the conditions are not favorable for 

economizing.  This diagnostic assumes that the sensors are reliable and that the damper is able to modulate 

(AFDD1 and AFDD2 are fault-free). Even though economizing can reduce cooling energy consumption, 

economizing when it not favorable for economizing has the potential to increase heating and/or cooling energy 

consumption. The diagnostic will use the outdoor-air damper command from the controller to determine if it is 

appropriate during various heating and cooling events, as well as when there is no call for heating or cooling. 

Procactive AFDD3:  RTU is Not
Economizing When it Should

70 – OAT > Δ? 
or

((70 – OAT < Δ)  and 
(RAT – OAT > Δ))?

Call AFDD3 OAD 
command check,

Return True?

No

Report AFDD3: Not 
economizing when RTU should 

(AFDD3 Error Code 31)

Call AFDD3 OAF 
check,

Return True?

Yes

Yes

Calculate Energy Savings Potential:
Cooling=1.08*cfm*(MAT-OAT)/

(1000*EER)

Report AFDD3:  Economizer works 
properly (AFDD3 Error Code 30)

Report AFDD3: Not getting enough 
outside air when economizing  

(AFDD3 Error Code 32)

Set OATBias 
to zero

Move to Next 
Proactive AFDD 

(AFDD4)

No

START

Set OATBias:
 OATBias = OAT – (RAT + 5*Δ)

Or 
OATBias = OAT – (70 + 5*Δ)

(Whichever provides largest 
negative bias) 

No

No

Adjustable Configurations:
 Threshold_OAF, AFDD3 = 0.25 (25% - adjustable)
 Threshold_damper, AFDD3 = 25 (% - adjustable)
 Threshold_Temp, AFDD3= 4°F (adjustable)
 cfm and EER are rated values for RTU
 Time_steadystate = 6 (minutes - adjustable)
 N_samples = 5 (adjustable)
 Sampling_rate = 1 (minutes between samples - adjustable)
 OAD_minimum = 15 (% - adjustable)
 OA_minimum = 5 (% - adjustable)
 Δ - temperature bias to add/subtract from OAT (1°F adjustable) 

Report AFDD3: OAD signal shows the unit 
is economizing but the OAF calculation 

resulted in an unexpected value (AFDD3 
Error Code 36)

OAF < 1.25?
and 

OAF > 0?

Yes

Ensure controller has 
OATBias enabled

Yes

Wait for
steady state
Conditions

(Time_steadystate)

Prerequisites:
 Fan Status = “ON”
 Outdoor-air temperature is between 

50°F  and 100° F
 |RAT-OAT| > Threshold_Temp, AFDD3

 There is a call for cooling from space 
served by the RTU

No

Initialize variables:
Set OAFTemp= 0

Set OAF = 0
Set i = 0

 Read mixed-air, return-air, and ouside-air 
temperature values, store in variables 
MAT, RAT, and OAT  respectively as floats

 Calculate the outside-air fraction for the 
current data samples:

OAFTemp = (MAT – RAT)/(OAT – RAT)

 Sum the OAFTEmp value at each data 
sampling  and store the result of the 
summation in OAF as a float:

OAF = OAF + OAFTemp

 Increment i:
i = i + 1

i < N_samples?

Wait 
Sampling_rate 

minutes

Yes

Find the average OAF:

OAF = OAF/N_samples

Initialize Thresholds and Diagnostic Parameters:
Threshold_OAF, AFDD3 = 0.25 (25% - adjustable)
Δ - temperature bias to add/subtract from OAT (1°F adjustable) 
Threshold_damper, AFDD3 = 25 (% - adjustable)
Threshold_Temp, AFDD3= 4°F (adjustable)
cfm and EER are rated values for RTU
Time_steadystate = 6 (minutes - adjustable)
N_samples = 5 (adjustable)
Sampling_rate = 1 (minutes between samples - adjustable)
OAD_minimum = 20 (% - adjustable)
OA_minimum = 10 (% - adjustable)

Check if conditions
Are favorable for

economizing

DAT Low Alarm = True?
(Catalyst specific)

No

Report AFDD3: Inconclusive diagnostic; 
DAT Low Alarm has driven the damper 

closed (AFDD3 Error Code 37)

Yes

Abs(OAT – RAT) > 
Threshold_Temp, AFDD3 ? 

Report AFDD3: Damper signal is correct 
for economizing but outdoor conditions 
are not favorable for an OAF calculation 

(AFDD3 Error Code 38)

Yes No

AFDD3 OAD command check:
If OAT ≥ DATset point

If (100 – OAD) < Threshold_damper,AFDD3?
Return True

Else if (100 – OAD) > Threshold_damper,AFDD3?
Return False

Else if OAT < DATset point

If OAD > OAD_minimum

Return True
Else if f OAD ≤  OAD_minimum

Return False

AFDD3 OAF check:
If OAT ≥ DATset point

If (1.0 – OAF) < Threshold_OAF, AFDD3?
Return True

Else if OAF ≥ Threshold_OAF, AFDD3?
Return False

Else if OAT < DATset point

If OAF > OA_minimum?
Return True

Else if OAF ≤  OA_minimum?
Return False
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This diagnostic will look at the RTU heating and cooling commands and the outdoor-air damper’s response to 

varying conditions. During unoccupied periods when the controller is trying to maintain minimum or maximum 

space temperatures, the damper should be closed, unless the outside-air temperature is less than the return-air 

temperature and there is a predisposition for cooling. The same is also true during morning warm up periods 

and may also be true during morning cool down periods. This fault diagnostic will alert the building owner or 

operator of possible failure of the economizer control function.  

Because there are so many possible configurations for when the damper should not be open or not be open 

beyond the minimum position, this diagnostic may need to run most of the time (at least during occupied 

periods). If natural conditions are not favorable for economizing, the outdoor-air temperatures can be 

temporarily changed to verify the test.  

The embedded diagnostics can remain in a passive mode continuously or perform active diagnostics on demand. 

The OATBias is not set in the passive mode. In the passive mode, this diagnostic only runs when conditions are 

not favorable for economizing. Each diagnostic runs independently of the other diagnostics.  Ideally, if a 

temperature sensor problem is detected, the remainder of the diagnostics should return an inconclusive result 

(the economizer and ventilation diagnostic rely on accurate temperature sensors to return valid diagnostic 

results).  If a fault is detected that indicates a temperature sensor problem (AFDD2), the sensor fault should be 

corrected before running any other diagnostics. 

Input Parameters Required for AFDD4 Fault 

The RTU controller needs three temperatures, two status and three command signals (Table 9).  The 
configuration parameters required for the diagnostics are listed in Table 10. 

Table 9: Input Parameter Required for AFDD4 Fault 

Description Physical sensor location Range 

Mixed-air temperature Mixed-air plenum   50 ~ 80°F 

Outdoor-air temperature Outdoor-air intake hood  50 ~ 100oF 

Return-air temperature Return-air plenum 50 ~ 100oF 

Compressor status - On/Off 

Fan status - On/Off 

Heating/cooling command - 0/1/2 

Supply fan speed command - 0 – 100% 

Damper command - 0 – 100% 

 



Rooftop Unit Embedded Diagnostics: Development, Field Testing and Validation Page 40 

 

Table 10: Configuration Parameters Required of AFDD4 Fault Implementation 

Name Description Value 

OAD_minimum Minimum OAD command 20% 

Threshold_damper, AFDD4 Threshold for detecting proper OAD signal 10% 

Δ Dead band associated with economizer 
control 

1oF 

Time_steadystate Wait time for steady-state conditions 6 minutes 

N_samples Number of samples to average 5 

Sampling_rate Data sampling rate 1 minute 

Err_code Error code  See Figure 7 

 
To check the amount of outdoor air being brought into the RTU, the OAF is calculated as described previously. 

AFDD4 Fault Detection and Diagnostics Process 

The primary goal of the AFDD4 is to validate economizer controls when the outdoor conditions are not favorable 

for economizing. The implementation details for AFDD4 are shown in Figure 7. During occupied periods, there are 

at least three conditions that should be evaluated to validate the economizer controls: 

1. When there is no call for cooling or heating, the damper command should be at the minimum position.  

2. When there is a call for heating, the damper command should be at the minimum position.  

3. When there is a call for cooling, and the outside-air temperature is greater than the return-air 

temperature, the damper command should be at the minimum damper position. 

These modes of operation are handled distinctively in AFDD4 as follows: 

• If there is a call for cooling from the space served by the RTU and outdoor conditions are not favorable for 

economizing, (OAT > RAT + Δ and OAT > 70°F +  Δ).  

Step 1. Check the OAD command.  

o If (OAD – OAD_minimum)> Threshold_damper, AFDD4, a fault has been detected. The OAD is 

significantly above the minimum value for ventilation and is potentially wasting energy. 

 Err_code = 41 

o Otherwise, no problem is detected for this diagnostic.   

 Err_code = 40 

Step 2. Report the diagnostic results (Err_code). 

• If there is a call for cooling from the space served by the RTU and outdoor conditions are favorable for 

economizing, (OAT < RAT - Δ and OAT < 70°F -  Δ). 
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Step 1. Send an override command to RTU controller and set the OATBias to simulate conditions not 

favorable for economizing (the RTU should close the OAD to the minimum position).  

Step 2. Allow a sufficient delay so that conditions in the RTU will reach steady-state (6 minutes 

adjustable). 

Step 3. Check the OAD command.  

o If (OAD – OAD_minimum)> Threshold_damper, AFDD4, a fault has been detected. The OAD is 

significantly above the minimum value for ventilation and is potentially wasting energy. 

 Err_code = 41 

o Otherwise, no problem is detected for this diagnostic.   

 Err_code = 40 

Step 3. Report the diagnostic results (Err_code). 

• If there is a no call for cooling from the space served by the RTU. 

Step 1. Check the OAD command. 

o If (OAD – OAD_minimum)> Threshold_damper, AFDD4, then a fault is detected. The OAD is 

significantly above the minimum value for ventilation and is potentially wasting energy. 

 Err_code = 41 

o Otherwise, no problem is detected for this diagnostic. 

 Err_code = 40 

Step 2. Report the diagnostic results (Err_code). 

The causes of this fault (economizing when the RTU should not) can be mechanical failure or a control failure:  

 An air-temperature sensor fault or failure. Refer to AFDD2 for more details. 

 If the controls include demand control ventilation (DCV) sequences that rely on one or more CO2 

sensor(s), and if the sensors have failed or are out of calibration (reading at the high end of the 

sensor), this can result in the controls commanding the outside dampers to be open more than 

required. 

Possible corrective actions include: 

 Replace or calibrate the temperature sensors. 

 Verify CO2 sensors (if used with DCV sequences) are calibrated. 

 Check the implemented control logic. 
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Figure 7:  Detect if the RTU is Economizing When it Should Not 

F.  AFDD5:  Detect if the RTU is Using Excess Outdoor Air 

The sixth diagnostic determines if the RTU is introducing excess outdoor air beyond the minimum ventilation 

requirement. This diagnostic assumes that the sensors are reliable and that the damper is able to modulate 

(AFFD1 and AFDD2 are fault-free). Excess outdoor air, when not needed, has the potential to increase heating 

and/or cooling energy consumption.   

Proactive AFDD4: Economizing When the RTU Should NotSTART

Ensure OATBias  is 
enabled

70 – OAT > Δ 
Or

RAT – OAT < Δ?

OAD - OAD_minimum >
Threshold_damper, AFDD4 ?

Report AFDD4: RTU is 
economizing when it should 
not (AFDD4 Error Code 41)

Yes

Report AFDD4: No problem 
detected (AFDD4 Error code 40)

Set OATBias:

 OATBias = (RAT – OAT) + 5*Δ

Or 

OATBias = (70 – OAT)  + 5*Δ

(Whichever provides largest 
negative bias) 

Yes

No

Move to Next Proactive 
AFDD (AFDD5)

Set OATBias to 
zero

Adjustable Configurations:
 OAD_minimum  = 20 (% - adjustable)
 Threshold_damper, AFDD4= 10 (% - adjustable)
 Δ - temperature bias to add/subtract from OAT (1°F adjustable)
 cfm and EER are rated values for RTU
 Time_steadystate = 6 (minutes - adjustable)

Prerequisites: 
 Fan Status = “ON”
 Outside-air temperature is between 50°F  and 100°F

No

Initialize Thresholds and Diagnostic Parameters:
OAD_minimum  = 20 (% - adjustable)
Threshold_damper, AFDD4= 10 (% - adjustable)
Δ - temperature bias to add/subtract from OAT (1°F adjustable)
cfm and EER are rated values for RTU

Time_steadystate = 6 (minutes - adjustable)

Fault Energy Impact:  
Cooling = 1.08*cfm*((OA_minimum*OAT+ (1 – 

OA_minimum)*RAT) – MAT)/(1000*EER)

CoolCall = True?

Wait for
steady state
Conditions

(Time_steadystate)

Yes

No

Energy Impact is not 
implemented on most RTUs
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This diagnostic relies on calculated outdoor air fraction (OAF) value, which was described previously.  The 

accuracy of the OAF is less reliable when the OAT and the RAT are close to each other (within 4 to 5°F). 

Therefore, the diagnostic will only run when this is not the case. 

The calculated OAF is compared to an OAF threshold (adjustable) to determine if excess outdoor air is being 

introduced into the space. If the calculated outdoor air percent (OAF × 100) is more than 25% to 50% (user 

adjustable) greater than the OAF threshold, a fault is issued.  

The embedded diagnostics can run in a passive mode continuously or perform active diagnostics on demand. 

The OATBias is not set in the passive mode. In the passive mode, this diagnostic only runs when there is a call for 

heating/cooling from the space served by the RTU and when the outdoor air conditions are not favorable for 

economizing; or when the RTU is in the ventilation mode. Ideally, if a temperature sensor problem is detected, 

the remainder of the diagnostics should return an inconclusive result (the other economizer and ventilation 

diagnostic rely on accurate temperature sensors to return valid diagnostic results).  If a fault is detected that 

indicates a temperature sensor problem (AFDD2), the sensor fault should be corrected before attempting to run 

other diagnostics. 

Input Parameters Required for AFDD5 Fault 

The RTU controller needs three temperatures, two status and three command signals (Table 11).  The 
configuration parameters required for this diagnostics are listed in Table 12. 

Table 11: Input Parameter Required for AFDD5 Fault 

Description Physical sensor location Range 

Mixed-air temperature Mixed-air plenum   50 ~ 80oF 

Outdoor-air temperature Outdoor-air intake hood  50 ~ 100oF 

Return-air temperature Return-air plenum 50 ~ 100oF 

Compressor status - On/Off 

Fan status - On/Off 

Heating/cooling command - 1/2 

Supply fan speed command - 0 – 100% 

Damper command - 0 – 100% 

 

Table 12: Configuration Parameters Required of AFDD5 Fault Implementation 

Name Description Value 

Threshold_Temp, AFDD5 Minimum difference between OAT and RAT 4oF 

OAD_minimum Minimum OAD command 15% 

Threshold_damper, AFDD5 Threshold to detect proper damper position 10% 

OA_minimum Minimum desired OAF 5% 

Threshold_OAF, AFDD5 Threshold to detect proper OAF value 10% 

Δ Dead band associated with economizer 
control 

1oF 

Time_steadystate Wait time for steady-state conditions 6 minutes 
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N_samples Number of samples to average 5 

Sampling_rate Data sampling rate 1 minute 

Err_code Error code  See Figure 8 

 

AFDD5 Fault Detection and Diagnostics Process 

The primary goal of AFDD5 is to validate that the RTU is not bringing in excess outdoor air beyond the minimum 

required. The implementation details for AFDD5 are shown in Figure 8. The following conditions must be met 

before the fault diagnostic process can be initiated. 

 The OAT is not too close to the RAT. For example, the fault diagnostics process will not be initiated if the 

absolute value of the difference between the OAT and RAT is not greater than Threshold_Temp, AFDD5 (4 °F 

by default and user adjustable) as shown below: 

o |RAT-OAT| > Threshold_Temp, AFDD5 (If this condition is not met then Err_code = 58) 

This diagnostic will check the minimum damper position setting during the following modes of operation: 

1. There is a call for cooling from the space served by RTU and outdoor conditions are not favorable for 

economizing. 

2. There is a call for cooling from the space served by the RTU and the conditions are favorable for 

economizing. 

3. There is not a call for cooling (ventilation or heating) from the space served by the RTU. 

These modes of operation are handled distinctively in AFDD5 as follows: 

• If there is a call for cooling from the space served by the RTU and outdoor conditions are not favorable for 

economizing (OAT > RAT + Δ or OAT > 70oF + Δ): 

Step 1. Check the OAD command.  

o If (OAD – OAD_minimum) > Threshold_damper, AFDD5, a fault was detected. The OAD is significantly 

above the minimum set point for ventilation.   

 Err_code = 53 

 Proceed to the step 4.   

o Otherwise, report that the OAD is commanded to the correct position, proceed to the next 

step. 

Step 2. Calculate the OAF using the OAT, RAT, and MAT. 

o If the OAF is within the expected range (OAF such that OAF < 1.25 and OAF > 0). 

 Proceed to step 3. 
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o Else if the OAF is outside the expected range (OAF such that OAF ≤ 0 or OAF ≥ 1.25). 

 Err_code = 56 

 Proceed to step 4. 

  

Step 3. Compare the OAF with the pre-defined minimum outdoor-air intake ratio (OA_minimum).   

o If (OAF - OA_minimum) > Threshold_OAF, AFDD5, a fault was detected.  The OAD is commanded to 

the correct position for ventilation but the RTU is bringing in excess outdoor air.  

 Err_code = 51 

o Otherwise, no problem is detected for this diagnostic.   

 Err_code = 50 

Step 4. Report the diagnostic results (Err_code). 

• If there is a call for cooling from the space served by the RTU and outdoor conditions are favorable for 

economizing (OAT < RAT - Δ or OAT < 70 oF - Δ): 

Step 1. Send an override command to RTU controller and set the OATBias to simulate conditions not 

favorable for economizing (the RTU should position the damper at the minimum position).  

Step 2. Allow a sufficient delay so that conditions in the RTU will reach steady-state (6 minutes 

adjustable). 

Step 3. Check the OAD command.  

o If (OAD – OAD_minimum) > Threshold_damper, AFDD5, a fault was detected. The OAD is significantly 

above the minimum set point for ventilation.   

 Err_code = 53 

 Proceed to the step 6.   

o Otherwise, report that the OAD is commanded to the correct position, proceed to the next 

step. 

Step 4. Calculate the OAF using the OAT (true unbiased OAT), RAT, and MAT. 

o If the OAF is within the expected range (OAF such that OAF < 1.25 and OAF > 0). 

 Proceed to step 5. 

o Else if the OAF is outside the expected range (OAF such that OAF ≤ 0 or OAF ≥ 1.25). 
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 Err_code = 56 

 Proceed to step 6. 

Step 5. Compare the OAF with the pre-defined minimum outdoor-air intake ratio (OA_minimum).   

o If (OAF - OA_minimum) > Threshold_OAF, AFDD5, a fault was detected.  The OAD is commanded to 

the correct position for ventilation but the RTU is bringing in excess outdoor air.  

 Err_code = 51 

o Otherwise, no problem is detected for this diagnostic.   

 Err_code = 50 

Step 6. Set the OATBias to zero. 

Step 7. Report the diagnostic results (Err_code). 

• If there is no call for cooling from the space served by the RTU:  

Step 1. Check the OAD command.  

o If (OAD – OAD_minimum) > Threshold_damper, AFDD5, a fault was detected. The OAD is significantly 

above the minimum set point for ventilation.   

 Err_code = 53 

 Proceed to the step 4.   

o Otherwise, the OAD is commanded to the correct position, proceed to the next step. 

Step 2. Calculate the OAF using the OAT, RAT, and MAT. 

o If the OAF is within the expected range (OAF such that OAF < 1.25 and OAF > 0). 

 Proceed to step 3. 

o Else if the OAF is outside the expected range (OAF such that OAF ≤ 0 or OAF ≥ 1.25). 

 Err_code = 56 

 Proceed to step 4. 

Step 3. Compare the OAF with the pre-defined minimum outdoor-air intake ratio (OA_minimum).   

o If (OAF - OA_minimum) > Threshold_OAF, AFDD5, a fault was detected.  The OAD is commanded to 

the correct position for ventilation but the RTU is bringing in excess outdoor air.  
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 Err_code = 51 

o Otherwise, no problem is detected for this diagnostic.   

 Err_code = 50 

Step 4. Report the diagnostic results (Err_code). 

The causes of excessive outdoor-air intake can be mechanical failure or a control failure:  

 The minimum OAD set point is too high. If the minimum damper position is set too high, mechanical 

cooling costs will increase during warm weather because of higher ventilation rates, and comfort 

may be compromised if this extra load exceeds available cooling capacity. Heating costs will 

increase during cool weather because of higher ventilation rates, and comfort may be compromised 

if this extra load exceeds available heating capacity. 

 The OAD set to the minimum position. 

 CO2 DCV sensors are out of calibration or DCV control sequence parameters are not configured 

properly. 

Possible corrective actions include: 

 Check the outdoor-air intake requirements based on the existing occupancy. Input a reasonable 

minimum OAD.  

 Fix the OAD if it cannot be closed to the minimum position. 
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Figure 8:  Excess Outdoor-air Intake Diagnostic 

Proactive AFDD5: Excessive Outdoor-air Intake
START

OAT + Δ < 70F
Or

OAT + Δ  < RAT ?

Yes

Set OATBias:

 OATBias = (RAT – OAT) + 5*Δ

Or 

OATBias = (70 – OAT)  + 5*Δ

(Whichever provides largest 
negative bias) 

Yes

Ensure OATBias is 
enabled

OAD - OAD_minimum >
Threshold_damper, AFDD5 ?

(OAF – OA_minimum) > 
Threshold_OAF, AFDD5 ?

Report AFDD5: Excess OA 
intake (AFDD5 Error Code 51)

Report AFDD5: No Fault detected 
(AFDD5 Error Code 50)

No

Yes

Set OATBias to 
zero

No

Report AFDD5: Damper should 
be at minimum fault (AFDD5 

Error Code 53)

Adjustable Configurations:
 Threshold_Temp, AFDD5 = 4 (°F - adjustable)
 OA_minimum = 0.05 (5% - adjustable)
 Threshold_damper, AFDD5 = 10 (% -adjustable)
 OAD_minimum = 15 (% - site specific)
 cfm and EER are rated values for RTU
 Threshold_OAF, AFDD5= 0.25 (25% - adjustable)
 Δ - temperature bias to add/subtract from OAT (1°F adjustable) 
 Time_steadystate = 6 (minutes - adjustable)
 N_samples = 5 (adjustable)
 Sampling_rate= 1 (minutes between samples - adjustable)

Prerequisites:
 Fan Status = “ON”
 |OAT-RAT| > Threshold_Temp, AFDD5 (Else Err_code = 58)
 Outside-air temperature is between 50°F  and 

100°F   

Report AFDD5: OAD is correctly at 
minimum but OAF calculation 

resulted in an unexpected value 
(AFDD5 Error Code 56)

OAF < 1.25?
And 

OAF > 0?

Yes

No

Move to Next Proactive 
AFDD (AFDD6)

No

Initialize variables:
Set OAFTemp= 0

Set OAF = 0
Set i = 0

 Read mixed-air, return-air, and ouside-air 
temperature values, store in variables 
MAT, RAT, and OAT  respectively as floats

 Calculate the outside-air fraction for the 
current data samples:

OAFTemp = (MAT – RAT)/(OAT – RAT)

 Sum the OAFTEmp value at each data 
sampling  and store the result of the 
summation in OAF as a float:

OAF = OAF + OAFTemp

 Increment i:
i = i + 1

i < N_samples?

Wait Sampling_rate 

minutes

Yes

Find the average OAF:

OAF = OAF/N_samples
Check if conditions
Are favorable for

economizing

Initialize Thresholds and Diagnostic Parameters:
Threshold_Temp, AFDD5 = 4 (°F - adjustable)
OA_minimum = 0.05 (5% - adjustable)
Threshold_damper, AFDD5 = 10 (% -adjustable)
OAD_minimum = 15 (% - site specific)
cfm and EER are rated values for RTU
Threshold_OAF, AFDD5= 0.25 (25% - adjustable)
Δ - temperature bias to add/subtract from OAT (1°F adjustable) 
Time_steadystate = 6 (minutes - adjustable)
N_samples = 5 (adjustable)
Sampling_rate= 1 (minutes between samples - adjustable)

Fault Energy Impact:  
Cooling = 1.08*cfm*((OA_minimum*OAT+ (1 – 

OA_minimum)*RAT) – MAT)/(1000*EER)

CoolCall = True?

Wait for
steady state
Conditions

(Time_steadystate)

Yes

No

Yes

No

Energy Impact is not 
implemented on most RTUs
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G. AFDD6:  Detect if the RTU is Using Insufficient Outdoor Air 

The seventh and final diagnostic validates the ventilation requirements. This diagnostic assumes that the sensors 

are reliable and that the damper is able to modulate (AFDD1 and AFDD2 are fault-free). 

Insufficient outdoor air has the potential to contribute to possible “sick building” syndrome effects, including 

increased levels of CO2 gases and could also lead to potentially negative building pressurization problems, which 

can contribute to infiltration of unwanted dust, moisture, pollens, cold air or hot air (from other parts of the 

building). All of these unwanted infiltration issues can impact occupant health and in some cases the safety of 

the building (cold air infiltrating can freeze nearby pipes, if not adequately insulated). Moisture can contribute to 

the growth of molds, which is also unwanted. The intent is to ensure that ventilation air from outside is brought 

into the building through the RTUs outdoor-air dampers, which are designed with filtration systems, 

conditioning systems and moisture capture systems. If the dampers are verified to be working properly, this 

fault analysis will determine if there is an insufficient amount of outdoor air being introduced to the RTU’s 

supply-air stream. 

This diagnostic will calculate the outdoor-air fraction (OAF), similarly to AFDD5. The accuracy of this equation is 

less reliable when the outside-air temperature and the return-air temperatures are within 4 to 5oF. Therefore, 

the diagnostic will only run when this is not the case.  The calculated OAF is compared to a minimum OAF 

threshold to determine if insufficient ventilation air is being introduced into the space. If the difference between 

the calculated outdoor air percent and the minimum OAF is more than 10% (user-adjustable), a fault is issued. 

 

The embedded diagnostics can run in a passive mode continuously or perform active diagnostics on demand. 

The OATBias is not set in the passive mode. In the passive mode, this diagnostic only runs when there is a call for 

heating/cooling from the space served by the RTU and conditions are not favorable for economizing or there is 

no call for heating/cooling from the space. Each diagnostic runs independently of the other diagnostics.  Ideally, 

if a temperature sensor problem exists, this diagnostics will return an inconclusive result (the other economizer 

and ventilation diagnostic rely on accurate temperature sensors in order to return valid diagnostic results).  If a 

fault is detected that indicates a temperature sensor problem (AFDD2) this should be corrected before other 

diagnostic are run.  

Input Parameters Required for AFDD6 Fault 

The RTU controller needs three temperatures, two status and two command signals (Table 11Table 13).  The 
configuration parameters required for this diagnostics are listed in Table 14. 
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Table 13: Input Parameter Required for AFDD6 Fault 

Description Physical sensor location Range 

Mixed-air temperature Mixed-air plenum   50 ~ 80oF 

Outdoor-air temperature Outdoor-air intake hood  50 ~ 100oF 

Return-air temperature Return-air plenum 50 ~ 100oF 

Compressor status - On/Off 

Fan status - On/Off 

Heating/cooling command - 0/1/2 

Supply fan speed command - 0 - 100% 

Table 14: Configuration Parameters Required of AFDD6 Fault Implementation 

Name Description Value 

Threshold_Temp, AFDD6 Minimum difference between OAT and RAT 4°F 

OAD_minimum Minimum OAD command 15% 

Threshold_damper, AFDD6 Threshold to detect proper damper position 15% 

OA_minimum Minimum desired OAF 5% 

Threshold_OAF, AFDD6 Threshold to detect proper OAF value 10% 

Δ Dead band associated with economizer 
control 

1°F 

Time_steadystate Wait time for steady-state conditions 6 minutes 

N_samples Number of samples to average 5 

Sampling_rate Data sampling rate 1 minute 

Err_code Error code  See Figure 9 

 

AFDD6 Fault Detection and Diagnostics Process 

The primary goal of AFDD6 is to validate the ventilation requirements. The implementation details for AFDD6 are 

shown in Figure 9. The following conditions must be met before the fault diagnostic process can be initiated. 

 The OAT is not too close to the RAT. For example, the proactive fault diagnostics process will not be 

initiated if the absolute value of the difference between the OAT and RAT is not greater than 

Threshold_Temp, AFDD6 (4°F by default and user adjustable) as shown below: 

o |RAT-OAT| > Threshold_Temp, AFDD6 

This diagnostic will check the economizer operations during the following modes of operation: 

1. There is a call for heating/cooling from the space served by RTU and outdoor conditions are not favorable 

for economizing. 

2. There is a call for cooling from the space served by the RTU and the conditions are favorable for 

economizing. 

3. There is not a call for heating/cooling (ventilation mode) from the space served by the RTU. 
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These modes of operation are handled distinctively in AFDD6 as follows: 

• If there is a call for heating/cooling from the space served by the RTU and outdoor conditions are not 

favorable for economizing, (OAT > RAT + Δ or OAT > 70°F + Δ): 

Step 1. Check the OAD command.  

o If (OAD_minimum - OAD) > Threshold_damper, AFDD6, then a fault was detected. The OAD is 

significantly below the minimum set point for ventilation.  

 Err_code = 64 

  Proceed to the step 4.   

o Otherwise, the OAD is commanded to the correct position, proceed to the next step. 

Step 2. Calculate the OAF using the OAT, RAT, and MAT. 

o If the OAF is within the expected range (OAF such that OAF < 1.25 and OAF > 0). 

 Proceed to step 3. 

o Else if the OAF is outside the expected range (OAF such that OAF ≤ 0 or OAF ≥ 1.25). 

 Err_code = 66 

 Proceed to step 4. 

Step 3. Compare the OAF with the pre-defined minimum outdoor-air intake ratio (OA_minimum).   

o If (OA_minimum - OAF) > Threshold_OAF, AFDD6, then a fault was detected.  The OAD is 

commanded to the correct position for ventilation but the RTU is bringing in insufficient 

outdoor air.  

 Err_code = 61 

o Otherwise, no problem is detected for this diagnostic.   

 Err_code = 60 

Step 4. Report the diagnostic results (Err_code). 

• If there is a call for cooling from the space served by the RTU and outdoor conditions are favorable for 

economizing (OAT < RAT - Δ or OAT < 70 oF - Δ): 

Step 1. Send an override command to RTU controller and set the OATBias to simulate conditions not 

favorable for economizing (the RTU should open the damper fully).  
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Step 2. Allow a sufficient delay so that conditions in the RTU will reach steady-state (6 minutes 

adjustable). 

Step 3. Check the OAD command.  

o If (OAD_minimum - OAD) > Threshold_damper, AFDD6, then a problem was detected. The OAD is 

significantly below the minimum set point for ventilation.  

 Err_code = 64 

  Proceed to the step 6.   

o Otherwise, the OAD is commanded to the correct position, proceed to the next step. 

Step 4. Calculate the OAF using the OAT (true unbiased OAT), RAT, and MAT. 

o If the OAF is within the expected range (OAF such that OAF < 1.25 and OAF > 0). 

 Proceed to step 5. 

o Else if the OAF is outside the expected range (OAF such that OAF ≤ 0 or OAF ≥ 1.25). 

 Err_code = 66 

 Proceed to step 6. 

Step 5. Compare the OAF with the pre-defined minimum outdoor-air intake ratio (OA_minimum).   

o If (OA_minimum - OAF) > Threshold_OAF, AFDD6, then a problem was detected.  The OAD is 

commanded to the correct position for ventilation but the RTU is bringing in insufficient 

outdoor air.  

 Err_code = 61 

o Otherwise, no problem is detected for this diagnostic.   

 Err_code = 60 

Step 6. Set the OATBias to zero. 

Step 7. Report the diagnostic results (Err_code). 

• If there is no call for heating/cooling from the space served by the RTU:  

Step 1. Check the OAD command.  

o If (OAD_minimum - OAD) > Threshold_damper, AFDD6, then a problem was detected. The OAD is 

significantly below the minimum set point for ventilation. 
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 Err_code = 64 

  Proceed to the step 4.   

o Otherwise, the OAD is commanded to the correct position, proceed to the next step. 

Step 2. Calculate the OAF using the OAT, RAT, and MAT. 

o If the OAF is within the expected range (OAF such that OAF < 1.25 and OAF > 0). 

 Proceed to step 3. 

o Else if the OAF is outside the expected range (OAF such that OAF ≤ 0 or OAF ≥ 1.25). 

 Err_code = 66 

 Proceed to step 4. 

Step 3. Compare the OAF with the pre-defined minimum outdoor-air intake ratio (OA_minimum).   

o If (OA_minimum - OAF) > Threshold_OAF, AFDD6, a problem was detected.  The damper is 

commanded to the correct position for ventilation but the RTU is bringing in insufficient 

outdoor air. 

 Err_code = 61 

o Otherwise, no problem is detected for this diagnostic.   

 Err_code = 60 

Step 4. Report the diagnostic results (Err_code). 

The causes of insufficient outdoor-air intake can be mechanical failure or a control failure:  

 The minimum outdoor-air damper set point is close to 0% open.  

 The outdoor-air damper cannot be opened because of the mechanical/electrical failure. 

 The static pressure in mixed-air chamber is positive. 

 The intake screens and/or filters are plugged 

 The return fan or powered exhaust fan cannot be overcoming the supply fan, causing more return 

air to spill over into the mixed-air chamber. 

Possible corrective action include: 

 Check the outdoor-air intake requirements based on the existing occupancy. Input a reasonable 

minimum outdoor-air damper position.  

 Fix the outdoor-air damper, if it cannot be opened. 
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 Fix/replace screens or filters. 

 Fix control of powered exhaust fan or return fan, if they are contributing to the problem. 
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Figure 9:  Insufficient Outdoor-air Intake Diagnostic 

Proactive AFDD6: Insufficient Outdoor-air Intake
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 N_samples = 5 (adjustable)
 Sampling_rate= 1 (minutes between samples - adjustable)
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V. Development of Refrigerant-side RTU Diagnostics 
This section presents the implementation details of a refrigerant-side AFDD that can be embedded on a RTU 

controller. The following AFDD methods are described: (1) low or high refrigerant charge, (2) condenser 

(outdoor coil) fouling, (3) liquid line restriction, and (4) other system fault (e.g., compressor or expansion device 

damage). 

The AFDD methods do both detection and diagnostics in a single step, and thus no separate diagnostic 

classification is necessary. For fault isolation, fault detection based on decoupling models is applied to individual 

components (e.g., refrigerant charge, condenser, and liquid line) and isolated to choose the specific fault from 

the possible component faults. With the decoupling approach, it is not necessary to have a separate diagnostic 

classifier. Fault diagnoses results directly from fault identification when the output value from the AFDD 

methods deviate significantly from expected value or normal value. The output values that are generated 

include the cooling capacity and the energy efficiency (e.g., coefficient of performance - COP). 

A. Refrigerant Charge (undercharge/overcharge) Fault Detection and Diagnostics 

The purpose of this diagnostic measure is to identify and isolate refrigerant charge faults (over and under). This 

fault can result from improper charge by the service technician or refrigerant leak that occurs when a seal or 

joint within the refrigeration system is compromised and allows refrigerant to leak into the surrounding 

environment.  Improper refrigerant charge can lead to compressor damage and a significant increase in energy 

consumption or reduction in system efficiency. 

Kim and Braun (2012a) found that a refrigerant charge reduction of 25% led to an average energy efficiency 

reduction of about 15% and capacity degradation of about 20% and can lead to reduced equipment lifespan. 

Furthermore, refrigerant charge leakage can contribute to greenhouse effect and global warming in the long 

term. The other long-term impacts include additional carbon dioxide emissions from fossil-fuel power plants 

because of lower energy efficiency.  

Despite the fact that there are slight differences between manufacturers, the typical approach currently used to 

verify refrigerant charge in the field involves the use of either superheat at the compressor inlet or subcooling at 

the condenser outlet. These approaches can only determine whether the charge is high or low, not the level of 

charge. To find a charge level, a technician needs to evacuate the system and weigh the removed charge. The 

correct amount of charge is then added to the system by weighing the charge that is added to the system. This is 

time-consuming and costly. In addition, the current charge verification protocols utilize compressor suction and 

discharge pressure to determine refrigerant saturation temperatures that are used in calculating superheat and 

subcooling. However, the measurement of pressures requires the installation of gauges or transducers that can 

lead to refrigerant leakage. 

Two different models (model 1 and model 2) are used to detect the refrigerant charge level.  The charge level 

estimated from these models is then used to detect and then diagnose the improper charge level.  Model 1 is 

less reliable at low ambient conditions; therefore, two independent models are used to estimate the charge 

level.  The charge levels estimated from each of the two models is compared with each other if they do not 

match a warning is issued.  In addition, the refrigerant charge level estimated from model 2 is used to compare 

with a threshold to identify either undercharge or an overcharge condition.  The input, the constants and the 
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default values used in those two models are described in the following subsection, followed by the steps 

required to detect and diagnose improper refrigerant charge. 

Input Parameters Required for Refrigerant Charge Fault 

The RTU controller needs five temperature measurements to implement the refrigerant charge fault detection 

(Table 15).  If there are multiple refrigerant circuits, these measurements have to be repeated for each circuit as 

shown in Figure 10. 

Table 15: Input Parameter Required to Detect and Diagnosis the Refrigerant Charge Fault 

Input Description Physical sensor location Range [°F] 

T_c_s Condenser saturation temperature Condenser tube band 95 ~ 135 

T_e_s Evaporator saturation temperature Evaporator inlet line 5 ~ 65 

T_liq Liquid line temperature Condenser exit line 85 ~ 125 

T_suc Compressor suction temperature Compressor suction line 0 ~ 60 

T_dis Compressor discharge temperature Compressor discharge line 95 ~ 135 

 

 

Figure 10: Temperature and Power Sensor Locations in a RTU 

The location of the temperature sensors is critical for the refrigerant charge alogrithms.  The ideal location of the 

sensors is described in this section. Five temperature sensors (1. condenser saturation (T_c_s), 2. evaporator 

saturation (T_e_s), 3. liquid line (T_liq), 4. compressor suction (T_suc), and 5. compressor discharge (T_dis)) are mounted 

on the outer surface of the refrigerant tubing and insulated by sticky foam shown in Figure 10.  
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The evaporator saturation temperature (T_e_s) can be measured using a surface-mounted temperature sensor 

located on the inlet tube to the evaporator. However, the condenser saturation temperature (T_c_s) requires that 

the sensor be located on a return somewhere in the middle of the coil where a two-phase condition exists under 

a wide variety of operating conditions. The temperature sensors should be installed at the tube bends of the 

condenser and evaporator inlet line and insulated to measure the saturation temperatures as shown in Figure 11. 

 

Figure 11: Saturation Temperature Sensor Locations of Condenser and Evaporator 
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Constant Parameters Required for Refrigerant Charge Fault 

Table 16 shows three rated constant values:  1) rated subcooling (T_sc,r), 2) rated suction superheat (T_sh,r) and 3) 

rated discharge superheat (T_dsh,r) for the refrigerant charge model 1 and model 2.  These constant are 

determined in the absence of faults under rated indoor and ambient conditions.  

The rated conditions are not that critical as long as the values of T_sc,r, T_sh,r ,and T_dsh,r are available for the same 

condition and at a known refrigerant charge level. These three rated constant values can be obtained from the 

initial temperature measurements or from the technical data (product specification) provided by manufacturers.  

Table 16 shows the initial rated constant values based on data available from existing test (Kim and Braun 

2012b).  

Table 16: Required Constants (at rated condition) for Refrigerant Charge Fault Detection 

Value Description Range [°F] Initial values [°F] 

T_sc,r Subcooling  0 ~ 30 10 

T_sh,r Suction superheat  0 ~ 40 8 

T_dsh,r Discharge superheat  30 ~ 70 55 

 

Other Constant Parameters Required for Refrigerant Charge Fault 

Two constant parameters, K_sc and K_sh are required for refrigerant charge detection model 1 and three constant 

parameters, A_sc, A_sh and A_dsh for required for refrigerant charge detection model 2.  Those parameters are 

constant regardless of RTU system capacity, component type(e.g., compressor and expansion device), heat 

exchanger geometry, and manufacture.  The subcript ‘sc’, ‘sh’, and ‘dsh’ indicate constant characteristic related 

to condenser subcooling, evaporator superheat and discharge superheat of compressor. To determine those 

default values for these constants, the available data sets (Kim and Braun 2012b and 2012c) were used and 

these are shown in Table 17 and Table 30. However, these parameters can be refined using the data from the 

field. 

Table 17: Default Constants for Refrigerant Charge Model 1 

 
 

Table 18: Default Parameters for Refrigerant Charge Algorithm Model 2 

 

 

K_sc K_sh 

0.17 0.35 

A_sc A_sh A_dsh 

0.18 0.27 0.11 
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Refrigerant Fault Detection and Diagnostics Process 

The primary goal of the refrigerant charge fault detection and diagnostic process is to determine if the RTU 

circuits are improperly charged.  The fault detection and diagnostics process is broken down into several steps, 

so it is esay to embed in a controller.  

Step 1. Assign the three rated constant values, four threshold values and seven default parameters to 

constant values. 

 

(1-1) Three rated constant values:  (1) T_sh_r, (2) T_sc_r, and (3) T_dsh_r  (Table 16). 

 

(1-2) Seven default parameters:  (4) K_sc and (5) K_sh (Table 17) for model 1, (6) A_sc, (7) A_sh, and (8) A_dsh 

(Table 18) for model 2, and (9) Time_st and (10) n. 

 

(1-3) Four threshold values:  (11) Th_sd, (12) Th_pa, (13) Th_u_ch, and (14) Th_o_ch.  

 

Step 2. Assign the five temperature measurements from the corresponding input channels from the 

controller. 

 

The controller assigns in real-time five temperature measurements to correponding input variables from 

the five temperature sensors ( (1) condenser saturation [T_c_s],(2) evaporator saturation [T_e_s], (3)  liquid 

line [T_liq],(4) compressor suction [T_suc], and (5) compressor discharge [T_dis]). 

 

Step 3. Calculate T_sc, T_sh, and T_dsh. 

 

Calculate the three dervied input values using five surface-mounted temperature sensors from step 2. 

Once five temperature measurements are collected, the measured temperatures are used to calculate 

the three derived inputs, as shown in Table 19.  

 

(3-1) Subcooling (T_sc) = T_c_s − T_liq. 

(3-2) Suction superheat (T_sh) = T_suc − T_ e_s. 

(3-3) Discharge-superheat (T_dsh) = T_dis − T_ e_s.    

Table 19: Input for Model 1 and Model 2 

Value Description Calculation Range [°F] 

T_sc Subcooling =  T_c_s −  T_liq 0 ~ 30 

T_sh Suction superheat =  T_suc −  T_ e_s 0 ~ 40 

T_dsh Discharge superheat =  T_dis −  T_ e_s 30 ~ 70 

 

Step 4. Filter out the transient data using the steady-state detection process. 
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The refrigerant charge algorithm is based on the steady-state operating conditions. Therefore, the steady-

state detection filter is needed to remove the transient data.  The steady-state filter uses the standard 

deviation (SD) about the mean value of suction superheat (T_sh) as a basis to detect the steady-state 

condition.  The SD is calculated using the equation (1). 
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where n is the number of data points, t is the time of last reading. The time between readings is 

called the sampling intervals, δ (δ=10 sec as default value).   

Figure 12 shows the fixed-length sliding window of suction superheat (T_sh). The current time limit (Time_st) 

for steady-state condition is determined when seven sampling interval are taken. Initially, the predefined 

current time limit was set to 70 seconds (Time_st =10 sec × 7) as default value, which will result in data 

point (n) of 8.   

After the RTU system starting time (t_s) has reached (t_s = 7 minutes after system startup, which can be 

adjusted), the steady-state detector will confirm that the conditions are at steady-state or discard the 

measurement readings, as shown in Table 20. The threshold (Th_sd) for standard deviation (SD) about 

suction superheat (T_sh) were determined as 1.0. 

 

A small threshold leads to more stable states, but less input data for refrigerant charge. On the other 

hand, large thresholds increase the uncertainty of the refrigerant charge prediction. Therefore, it is 

necessary to find thresholds (Th_sd)  that minimize the uncertainty of the refrigerant charge prediction 

while maximizing the use of input data.  

Table 20: State Condition after Steady-state Detection Process 

State Condition Action 

Steady-state  SD < (Th_sd = 1.0 as default  value)  Go to step 5 

Unsteady-state (Dischard data) SD > (Th_sd = 1.0 as default  value)  Go to step 2 
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Figure 12: Fixed-length Sliding Window of Suction Superheat 

Step 5. Calculate the refrigerant charge algorithm using model 1 (m_r_ch1). 

 

The refrigerant charge algorithm uses: 1) three input measurements from Table 19,  2) rated constant 

values from Table 16, and 3) default constant parameters from Table 17. The refrigerant charge algorithm 

displays the current refrigerant charge level (m_r_ch1) at steady-state.  

  

Refrigerant charge model 1 estimates the refrigerant charge level in terms of superheat and subcooling 

(T_sh and T_sc) as shown in Equation 2. The refrigerant charge level can be obtained by using two rated 

constant values (T_sh_r and T_sc_r) and two default parameters (K_sc and K_sh). The refrigerant charge level 

(m_r_ch1) is expressed as 
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Step 6. Calculate refrigerant charge using model 2 (m_r_ch2). 

 

The refrigerant charge algorithm uses: 1) three input measurements from Table 19,  2) rated constant 

values from Table 16 , and 3) default parameters from Table 18. 

 

Under low ambient temperature, the superheat (T_sh) and subcooling (T_sc) are almost zero. In these cases, 

model 1 cannot predict the accurate refrigerant charge level (m_r_ch1). Therefore, a refrigerant charge 

model 2 was developed to provide improved refrigerant charge level in these situations.  
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The refrigerant charge algorithm model 2 is a modification of the Equation 2 that includes a correlation 

for refrigerant charge in terms of the discharge superheat (T_dsh). The refrigerant charge level can be 

obtained by using three default parameters (A_sc, A_sh, and A_dsh) and three rated constant values (T_sh_r, 

T_sc_r, and T_dsh_r).   The refrigerant charge level (m_r_ch2) is expressed as 
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(3) 

Step 7. Compare the difference between model 1 and model 2 with threshold (Th_pa), as shown Table 21. If 

the difference of charge level estimates from model 1 and 2 is less than the threshold, no action is needed.  

However, if the difference is greater than the threshold, a warning is issued (Wan_c_p). The recommended 

default value for the threshold (Th_pa) is 30%.   

Table 21: Warning Condition for Default Parameters  

State Condition Action 

Normal 
pachrchr Thmm __2__1__   No action is needed. 

Parameter Warning 
pachrchr Thmm __2__1__   Display Wan_c_p 

 

Step 8. Compare m_r_ch2 with the threshold (Th_u_ch = 70%) for refrigerant undercharge fault (Error code: Err_u_c 

). 

 

This step is used to determine if a refrigerant undercharge fault is present. The recommended default 

value for the threshold (Th_u_ch) for the refrigerant undercharge fault is 70% (Kim and Braun 2012b). The 

m_r_ch2 is compared to Th_u_ch to identify whether a refrigerant undercharge fault is present as shown in 

Table 22.  

 

Refrigerant undercharge fault is identified if m_r_ch2 is lower than Th_u_ch and an error code is issused (Error 

code: Err_u_c). When a refrigerant undercharge fault is reported, the controller can also provide the 

refrigerant charge level (m_r_ch2) so the technician can add the correct amount of additional refrigerant 

charge to the RTU.  

Table 22: Fault Condition for Refrigerant Charge Fault  

State detection Fault condition Action 

Refrigerant undercharge 
chuchr Thm __2__   Undercharge error (Error code: Err_u_c ) 

No undercharge fault 
chuchr Thm __2__   Go to step 9. 

 

Step 9. Compare m_r_ch2 with the threshold (Th_o_ch = 140%) for refrigerant overcharge fault (Error code: 

Err_o_c). 
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This step is used to determine if a refrigerant overcharge fault is present. The recommended default value 

for the threshold (Th_o_ch) is 140% (Kim and Braun 2012b). The value m_r_ch2 is compared to Th_o_ch to 

identify if the refrigerant overcharge fault is present as shown in Table 23. 

 

Refrigerant overcharge fault is identified if the refrigerant charge level is greater than Th_o_ch.  When a 

refrigerant overcharge fault is reported, the controller can also provide the refrigerant charge level 

(m_r_ch2) so the technician can remove the correct amount of refrigerant charge to the RTU.  

Table 23: Fault Condition for Refrigerant Charge Fault  

State detection Fault condition Action 

Normal (No fault) 
chochr Thm __2__   No action is needed. 

Refrigerant overcharge 
chochr Thm __2__   Overcharge error (Error code: Err_o_c) 

 

The refrigerant charge approach presented in this section is better than most existing charge checking methods 

because it indicates the charging amount and not just whether the charge is high or low. Kim and Braun (2012a) 

developed this approach and showed that it is independent of the other faults.  With the decoupling approach, it 

is not necessary to have a separate diagnostic classifier.  The implemenation details are shown in form of a flow 

chart in Figure 13. 
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Start

Step 4: Optional steady state detection based on T_sh         
 SD  < Th_sd

Step 5 Refrigerant charge algorithm 
model 1  (m_r_ch1)  

Step 6 Refrigerant charge algorithm 
model 2  (m_r_ch2) 

Step 7
|m_r_ch1 - m_r_ch2 |≥ Th_pa

Yes

NO
(Transient data)

Step 3-3: Compute 
the discharge superheat 

(T_dsh)  =  T_dis −  T_ e_s 

Step 3-1: Compute
 the subcooling 

(T_sc) =  T_c_s −  T_liq  

Step 2: Assign the measured five temperatures (1) T_c_s, (2)  T_e_s, (3) T_liq, (4) T_dis, and (5) T_suc

Step 3-2: Compute 
the suction superheat
 (T_sh)  =  T_suc −  T_ e_s

No

Yes

Step 8
m_r_ch2  ≤ Th_u_ch

 Controller shows
parameters warning  (Wan_c_p)

Yes

No action is needed. 

No

Controller shows 

current refrigerant charge level (m_r_ch2) 

and undercharge fault alarm (Err_u_c)

Step 9
m_r_ch2  ≥ Th_o_ch

No

No action is needed.

Yes

Controller shows 

current refrigerant charge level (m_r_ch2)

and overcharge fault alarm (Err_o_c)

Step 1: Assign the constant values 
Rated constant values:  (1) T_sh_r, (2) T_sc_r, and (3) T_dsh_r

Parameters: (4) K_sc, (5) K_sh, (6) A_sc, (7) A_sh, (8) A_dsh, (9) Time_st, and (10) n
Thresholds: (11) Th_sd, (12)Th_pa, (13) Th_u_ch, (14)Th_o_ch

 

Figure 13: Implementation Details of Detect Improper Refrigerant Charge 
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B. Methodology to Estimate the Fault Impact  

Once the fault is detected and the cause of the fault is identified, proper action should follow to correct the 

problem, adapt the control, or flag it for continued monitoring. The estimation of fault impact is useful information 

for diagnosing the severity of a fault before deciding if service is needed. To evaluate the impact of fault on 

performance, capacity and loss of energy efficiency are calculated and compared to expected reference values. In 

addition, this information can be used in real-time monitoring to support condition-based maintenance.   

Input Parameters Required for Estimating the Fault Impact 

The RTU controller needs five temperature measurements and compressor power to estimate the fault impact 

(Table 24).  If there are multiple refrigerant circuits, these measurements have to be repeated for each circuit, as 

shown in Figure 10.  

Table 24: Inputs Required for Estimating Fault Impact 

Value Description Physical sensor location Range [°F]/Btu/min 

T_c_s Condenser saturation temperature Condenser tube band 95 ~ 135 

T_e_s Evaporator saturation temperature Evaporator inlet line 5 ~ 65 

T_liq Liquid line temperature Condenser exit line 90 ~ 130 

T_suc Compressor suction temperature Compressor suction line 0 ~ 60 

T_dis Compressor discharge temperature Compressor discharge 
line 

95 ~ 135 

W_comp Compressor input power Compressor input wire >0  

 

The condensing and evaporating saturated pressure can be estimated using the saturation temperature 

measurements and refrigerant saturated lookup table. The saturation lookup table of refrigerant R410A and R22 

are shown in Appendix .  The refrigerant saturated pressure can be calculated by a linear interpolation method. 

The linear interpolation is a method of calculating new data point, P (T) within the range of a discrete set of known 

data points as shown in Equation 4. Becauase T is midway between Ta and Tb, the linear interpolation method 

takes two values, Pa (Ta) and Pb (Tb) in the lookup table. 

 
𝑃 (𝑇) = 𝑃𝑎 + (𝑃𝑏 − 𝑃𝑎) ∙ (

𝑇 − 𝑇𝑎   

𝑇𝑏 − 𝑇𝑎
 ) 

(4) 

 

For example, the R410A refrigerant saturation pressure P (T=109.5°F) can be obtained between P (T=108 [°F]) = 

369.7 psia and P (T=110 °F) = 379.6 psia, which yields 377.42 psia.  

𝑃( 109.5 °𝐹) = 𝑃( 108 °𝐹) + (𝑃( 110 °𝐹) − 𝑃( 108 °𝐹)) ∙
(109.5 − 108)[𝐹]

(110 − 108)[𝐹]
= 377.42 (𝑝𝑠𝑖𝑎) 

The next step is to calculate superheated vapor enthalpy of the refrigerant.  The compressor discharge enthalpy 

and suction enthalpy can be estimated using the refrigerant saturation pressure, temperature measurement, 

and refrigerant superheated vapor enthalpy lookup table. The linear interpolation method takes two enthalpy 

points in superheated lookup tables of refrigerant R410A and R22 in Appendix . 
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As stated earlier, the linear interpolation is a method of calculating new data point h (T, P) within the range of a 

discrete set of two known data points, as shown in Equation 5 . The linear interpolation method takes two values 

(ha[Ta, Pa] and hb[Tb, Pa]) from the lookup table.  To estimate a new enthalpy h(T,P), use the enthalpy value at 

pressure that is closest to P and then interpolate for the difference in temperatures.  If P is closer to Pa then the 

new enthalpy will be estimated as follows:  

 
ℎ (𝑇, 𝑃) = ℎ (𝑇, 𝑃𝑎) = ℎ𝑎 + (ℎ𝑏 − ℎ𝑎) ∙ (

𝑇 − 𝑇𝑎   

𝑇𝑏 − 𝑇𝑎
 )    

(5) 

 

For example, the R410A refrigerant enthalpy at compressor discharge (h) at P = 377.4 psig and T = 167.7 °F can be 

obtained using the lookup table where h (370 psig, 150°F) = 138.2 Btu/lb and h (370 psig, 180°F) = 147.3 Btu/lb, 

which yields 143.56 Btu/lb.   

ℎ(167.7 °𝐹, 377.4 𝑝𝑖𝑠𝑎) = 138.2 + (147.3 − 138.2) ∙
(167.77 − 150)[°𝐹]

(180 − 150)[°𝐹]
= 143.56 [𝐵𝑡𝑢 𝑙𝑏⁄ ] 

Similarly, refrigerant liquid line enthalpy can be estimated using the refrigerant saturated lookup table and liquid 

line temperature measurement. Because T is between Ta and Tb, the linear interpolation method takes two 

values (ha (Ta) and hb (Tb)) from the lookup table to estimate the new enthalpy, as shown in the equation below. 

For example, the R410A discharge refrigerant enthalpy (h) at T = 102.74°F can be obtained between h (102°F) = 

47.08 Btu/lb and h (104°F) = 48.02 Btu/lb, which yields 47.43 Btu/lb.   

ℎ(102.74°𝐹) = 47.08 + (48.02 − 47.08) ∙
(102.74 − 102)[°𝐹]

(104 − 102)[°𝐹]
= 47.43 𝐵𝑡𝑢 𝑙𝑏⁄  

The enthalpy (h_dis) at the compressor discharge, enthalpy (h_suc) at the compressor suction, and liquid line 

enthalpy (h_liq) can be calculated using the look table for the revelevant refrigerant type (R410A, Ref_tp = 1 or R22, 

Ref_tp = 0) and five temperature measurements. Table 25 summarizes the inputs and calculated inputs necessary 

to estimate the three enthalpies.  

Table 25: List of Inputs and Calculated Inputs Necessary for Estimating Enthalpies for Fault 
Impact  

Value Description Input  Calculated Input Range[ Btu/lb] 

h_dis Compressor discharge enthalpy T_c_s and T_dis P_c_s 100 ~ 300 

h_suc Compressor suction enthalpy T_e_s and T_suc P_e_s 100 ~ 300 

h_liq Liquid line enthalpy T_liq  0 ~ 200 

 

Refrigerant mass flow rate is an important parameter for monitoring equipment performance and enabling fault 

detection and diagnostics. However, a traditional mass flow meter is expensive and difficult to install on RTU 

circuits.  An alternative apporach is to use an energy balance on the compressor to estimate refrigerant mass 
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flow rate (m_ref_2) as shown in Equation 6. The method provides refrigerant flow estimates based on the 

compressor power consumption (W_comp).  
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Estimating the Fault Impact 

In this section, the process used to estimate the capacity and energy efficiency in real-time is broken down into 
several steps, so it is easy to implement in the RTU controller.   

Step 1. Assign the constant values.  

 

The assign the two rated constant values, three threshold values and refrigerant type. 

 

(1-1) Two rated constant values:  1) Q_ref_r and 2) COP_r. 

(1-2) Three default parameters: 3) Ref_tp, 4) Time_st, and 5) n.  

(1-3) Three threshold values: 6) Th_sd, 7) Th_cp, and 8) Th_COP.  

 

Step 2. Assign the compressor power measurements (W_comp).  

 

The power meter provides the compressor power consumption (W_comp), as shown in Figure 10.  

 

Step 3. Assign the five temperature measurements to the relevant variables: 1) T_c_s, 2) T_e_s, 3) T_liq, 4) T_suc, 

and 5) T_dis. 

 

The controller assigns five temperature measurements from the correponding input channels.  

 

Step 4. Calculate T_sc, T_sh, and T_dsh. 

 

Calculate the three derived input values using five surface-mounted temperature sensors from step 3. 

Once five temperature measurements are collected, the measured temperatures are used to calculate 

the three derived inputs.  

 

(4-1) Subcooling (T_sc) = T_c_s − T_liq. 

(4-2) Suction superheat (T_sh) = T_suc − T_ e_s. 

(4-3) Discharge-superheat (T_dsh) = T_dis − T_ e_s.  

 

Step 5. Filter out the transient data using the steady-state detection process. 

 

The fault impact estimates are only realiable when the system is in the steady-state operating condition. 

Therefore, the steady-state detection filter is used to remove the transient data using the standard 
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deviation (SD) about T_sh as a basis as shown Equation 1. The state conditions after the steady-state 

detection process is complete are oulined in Table 26. 

Table 26: State Condition after Steady-state Detection Process  

State Condition Action 

Steady-state  SD < (Th_sd = 1.0 as default  value)                                       Go to step 6 

Unsteady-state (Dischard data) SD > (Th_sd = 1.0 as default  value)                                    Go to step 2 

 

Step 6. Read refrigerant enthalpy lookup table based on refrigerant type (Ref_tp). 

 

The controller reads the enthalpy lookup table (Appendix ) based on Ref_tp.  

(6-1) R410A:  Ref_tp = 1  

(6-2) R22:  Ref_tp = 0 

 

Step 7. Calculate P_c_s and P_e_s.  

 

The controller calculates the condenser saturation pressure (P_c_s) and evaporator saturation pressure 

(P_e_s ) based on saturation lookup table, temperature measurements (T_c_s and T_e_s) and Ref_tp. 

 

Step 8. Calculate the three enthalpies (h_dis, h_suc and h_liq). 

 

The controller calculates two superheated vapor enthalpies (h_dis and h_suc) based on the superheated 

lookup table and four temperature measurements (T_c_s, T_e_s, , T_suc, and  T_dis) and liquid line enthalpy 

(h_liq) based on the saturation lookup table and liquid line temperature measurement (T_liq). 

 

Step 9. Calculate the refrigerant mass flow rate (m_ref_2).  

 

The refrigerant mass flow rate (m_ref_2) is estimated based on the h_dis,, h_suc  and W_comp, as shown in  

Equation 6.  

 

Step 10. Calculate system capacity (Q_ref). 

 

The capacity (Q_ref) is calculated based on m_ref_2 with h_suc and h_liq, shown in Equations 7.  

 

       liqliqsucsesucrefref ThTPhmBtuQ ______2___ ,sec/      (7) 

 

Step 11. Compare difference between Q_ref and Q_ref_r with Th_cp to flag capacity degradation (Error code: 

ERR_cap ). 

 

The rated system capacity (Q_ref_r, Btu/sec) can be obtained from the manufacturer data or rated test data. 

If the actual capacity is severely degraded, then it warrants a visit from the technician to correct the fault. 
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If the percent difference between Q_ref and Q_ref_r is within threshold (Th_cp = 40%), then no action is need.  

However, if the difference exceeds the threshold, it is flagged as an error and a technician visit is 

recommended (Table 27).   

Table 27: Rules to Flag Capacity Degradation 

State Condition Action 

Normal 
 

[%])40(100 _

__

___



cp

rref

rrefref
Th

Q

QQ  
Normal operation 

Capacity 
degradation fault 

 
[%])40(100 _

__

___



cp

rref

rrefref
Th

Q

QQ  Display the capacity degradation fault 
(Error code: ERR_cap ) 

 

Step 12. Calculate system energy efficiency (COP_ref). 

 

The energy efficiency (COP_ref) is calculated based on Q_ref and and W_comp, shown in Equation 8.  
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Step 13. Compare difference between COP_ref and its COP_r with Th_cop to flag energy efficiency degradation 

(Error code: ERR_cap ). 

 

The rated system energy efficiency (COP_r) can be also obtained from the manufacturer data or rated test 

data. If the difference between COP_ref and its COP_r is within efficiency threshold (Th_cop=40%), no action 

is recommended.  However, if the difference is greater than the threshold, it is flagged as an error and a 

technician visit is recommended (Table 28).   

Table 28: Rules to Flag Energy Efficiency Degradation 

State Condition Action 

Normal 
 

[%])40(100 _

_

__



cop

r

rref
Th

COP

COPCOP  
Normal operation 

Energy efficiency  
degradation fault 

 
[%])40(100 _

_

__



cop

r

rref
Th

COP

COPCOP  Display the efficiency degradation 
fault (Error code: ERR_cop ) 

 

The current approach based on an energy balance model has the limitation of not being valid when subcooling 

(T_sc) at the outlet of the condenser is zero. This condition is typically associated with low refrigerant charge 

(m_r_ch2), which can be diagnosed using the refrigerant charge algorithm model 2. The implementation detail of 

the fault impact process is shown as a flow chart in Figure 14. 
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Step  9: Calculate m_ref_2 

Step 11

Show capacity reduction 
Fault alarm (Err_cp) Normal

Yes

Start

Step 5: Optional steady state detection based on T_sh         
 SD  < Th_sd

Transient data

Step 3: Assign the measured five temperatures (1) T_c_s, (2)  T_e_s, (3) T_liq, (4) T_dis and (5) T_suc

Step4: Compute the suction superheat  (T_sh)  =  T_suc −  T_ e_s

Step 2: Assign the measured compressor power (W_comp)

Step 8: Calculate (1) h_dis, (2) h_suc and (3) h_liq 

Step 10: Calculate system capacity  (Q_ref)

Step 12: Calculate system energy efficiency 
(COP_ref) 

Step 13

Show energy efficiency reduction 
Fault alarm (Err_cop)

No

Yes

Step 1: Assign the constant values 

Thresholds: (1) Th_sd, (2)Q_ref_r, (3) COP_r, (4)Th_cp , (5)Th_cop ,(6) Ref_tp, (7) Time_st, and (8) n

Step 6: Read refrigerant enthalpy lookup table 
based on Ref_tp

Step 7: Calculate (1) P_c_s and (2) P_e_s 

using saturation look-up table based on Ref_tp

 

Figure 14: Fault Impact Estimation Process 
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C. Condenser Fouling Fault Detection 

The purpose of this diagnostic measure is to identify and isolate condenser fouling. Fouling of air-side heat 
exchanger (e.g., the deposit of dust and other particulate matter) increases system pressure drop, decreases heat 
transfer rate and, correspondingly, decreases system air flow and RTU performance. The condenser can become 
dirty if it is not periodically cleaned, inhibiting heat transfer from the refrigerant-side to the air-side. Sometimes, 
the outdoor air flow may also decrease because of a defective fan motor. Based on a survey and analysis of 215 
RTU (New Buildings Institute 2003), 39% of the units had very low condenser air flow rate. The average flow rate 
of all systems was about 20% less than the rated value. This study reported that reduced air flow increased annual 
cooling energy by about 9%. 

The air flow measurements are generally very expensive and unreliable for application in the field. The air flow 

rates can be estimated using energy balances between air-side and refrigerant-side on the condenser. 

Input Parameters Required for Condenser fouling Fault 

The RTU controller needs five temperature measurements and the compressor power listed in Table 24 to 

implement the condenser fouling fault.  In addition to the five temperatures, two additional air-side 

temperatures are also needed (Table 29).  If there are multiple refrigerant circuits, these measurements have to 

be repeated for each circuit as shown in Figure 10, with the exception to the two temperatures listed in Table 

29. 

Table 29: Input Parameter Required for Condenser Fouling Fault 

Value Description Physical sensor location Range (°F) 

T_c_a_i Ambient temperature Ambient   50 ~ 110 

T_c_a_o Condenser air-side outlet temperature Condenser air-side outlet  70 ~ 130 

 

The condensing and evaporating saturation pressure can be estimated using the saturation temperature 

measurements and refrigerant saturated lookup table, as described previously (Methodology to Estimate the 

Fault Impact).  Next, the superheated vapor enthalpy and the liquid line enthalpy of the refrigerant can also be 

calculated as described previously (Methodology to Estimate the Fault Impact).  The mass flow rate (m_ref_2) 

of the refrigerant can be estimated using the Equation 66666. That method estimates the refrigerant 

flow based on the compressor power consumption (W_comp) and suction and discharge refrigerant 

enthalpies. 

Condenser Fouling Fault Detection and Diagnostics Process 

The primary goal of the condenser fouling fault detection and diagnostic process is to determine if the condenser 

is fouled.  The fault detection and diagnostics process is broken down into several steps, so it is easy to embed in 

a controller. 

Step 1. Assign one rated constant value, three default parameters to constant values and two thresholds.  

 

(1-1) Rated constant values:  (1) V_a_r. 

(1-2) Three default parameters: (2) Ref_tp, (3) Time_st, and (4) n.  
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(1-3) Two threshold values: (5) Th_sd and (6) Th_cond.  

 

Step 2. Assign the compressor power measurements (W_comp) from the corresponding input channel. 

 

The controller assigns in real-time the power consumption of the compressor (W_comp). 

 

Step 3. Assign the seven temperature measurements from the corresponding input channels from the 

controller. 

 

The controller assigns in real-time the seven temperature measurements to correponding input variables 

(condenser saturation [T_c_s]] evaporator saturation [T_e_s], liquid line [T_liq], compressor suction [T_suc], 

compressor discharge [T_dis], ambient temperature [T_c_a_i] and condenser air-side outlet temperature 

[T_c_a_o]). 

 

Step 4. Calculate T_sc, T_sh, and T_dsh. 

 

Calculate the three dervied input values using five surface-mounted temperature sensors from step 2. 

Once five temperature measurements are collected, the measured temperatures are used to calculate 

the three derived inputs.  

 

(3-1) Subcooling (T_sc) = T_c_s − T_liq. 

(3-2) Suction superheat (T_sh) = T_suc − T_ e_s. 

(3-3) Discharge-superheat (T_dsh) = T_dis − T_ e_s.    

 

Step 5. Filter out the transient data using the steady-state detection process.  

 

The fault impact estimates are only realiable when the system is in the steady-state operating condition. 

Therefore, the steady-state detection filter is used to remove the transient data using the standard 

deviation (SD) about T_sh as a basis as shown Equation 1.  The state conditions after steady-state detection 

process is complete are oulined in Table 30. 

Table 30: State Condition after Steady-state Detection Process is Complete 

State Condition Action 

Steady-state  SD < (Th_sd = 1.0 as default  value) Go to step 6 

Unsteady-state (discard data) SD > (Th_sd = 1.0 as default  value) Go to step 2 

 

Step 6. Read refrigerant enthalpy lookup table based on refrigerant type (Ref_tp). 

 

The controller reads the enthalpy lookup table (Appendix A) based on Ref_tp. 

(6-1) R410A:  Ref_tp = 1  

(6-2) R22:  Ref_tp = 0 
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Step 7. Calculate P_c_s and P_e_s  

 

The controller calculates the condenser saturation pressure (P_c_s) and evaporator saturation pressure 

(P_e_s ) based on saturation lookup table, temperature measurements (T_c_s and T_e_s) and Ref_tp. 

  

Step 8. Calculate the three enthalpies (h_dis,, h_suc and h_liq). 

 

The controller calculates two superheated vapor enthalpies (h_dis and h_suc) based on the superheated 

lookup table and four temperature measurements (step 3) and liquid line enthalpy (h_liq) based on the 

saturation lookup table and liquid line temperature measurement (step 3).  

 

Step 9. Calculate the refrigerant mass flow rate (m_ref_2).  

 

The refrigerant mass flow rate (m_ref_2) is estimated based on the h_dis,, h_suc  and W_comp, as shown in 

Equation (7). 

 

Step 10. Calculate the condenser air flow rates (V_a_cd). 

 

The condenser air flow rates (V_a_cd) can be estimated using energy balances between air-side and 

refrigerant-side using Equation 9.  Refrigerant-side capacity can be obtained using Equation 7. The specific 

volume of air (v_c_a) can be calculated using the two air-side temperature measurements using Equation 

10. 
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Step 11. Compare the difference between V_a_cd and its V_a_r, with Th_cond to flag condenser fouling fault 

(Error code: ERR_cd ). 

 

The condenser air flow rate is constant for RTU with fixed-speed fan. The estimated V_a_cd can be 

compared with its rated condneser air flow rate (V_a_r, unit: sec/3ft ). If the percent 

difference between V_a_cd and V_a_r is within condenser fouling threshold (Th_cond= 30%), no action is 

required. However, if the difference exceeds the threshold, it is flagged as an error as shown in Table 31.   
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Table 31: Fault Condition for Capacity Impact 

State Condition Action 

Normal 
[%])30(100 _

__

____



cond

ra

racda
Th

V

VV  
Normal operation 

Condenser fouling fault 
[%])30(100 _

__

____



cond

ra

racda
Th

V

VV  
Identify the condenser 
fouling fault (Error code: 
ERR_cd ) 

 

The current approach based on an energy balance model has the limitation of not being valid when subcooling at 

the outlet of the condenser is zero.  This condition is typically associated with low refrigerant charge and can lead 

to inaccurate estimate of the condenser air flow rate (V_a_cd).  The implementation details of the condenser fouling 

fault detection and diagnostic process is outlined as a flow chart in Figure 15. 



Rooftop Unit Embedded Diagnostics: Development, Field Testing and Validation Page 76 

 

Step 10: Calculate condenser air flow rate  (V_a_cd) 

Step 11: 
Fault detection 

Show condenser fouling
fault alarm (Err_cd) Normal

No

Yes

Step  9: Calculate m_ref_2 

Start

Step 5: Optional steady state detection based on T_sh         
 SD  < Th_sd

Transient data

Step 3: Assign the measured seven temperatures from figure 2 and 7 
(1) T_c_s, (2)  T_e_s, (3) T_liq, (4) T_dis ,(5) T_suc, (6) T_c_a_c, and (7)T_c_a_o

Step4: Compute the suction superheat  (T_sh)  =  T_suc −  T_ e_s

Step 2: Assign the measured compressor power (W_comp)

Step 8: Calculate (1) h_dis, (2) h_suc and (3) h_liq 

Step 1: Assign the constant values 

(1) Th_sd, (2)V_a_r, (3) Th_cond,(4) Ref_tp, (5) Time_st, and (6) n

Step 6: Read refrigerant enthalpy lookup table 
based on Ref_tp

Step 7: Calculate (1) P_c_s and (2) P_e_s 

using saturation look-up table based on Ref_tp

 

Figure 15: Condenser Fouling Fault Detection and Diagnostic Process 
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D. Liquid Line Restriction Fault Detection and Diagnostics 

The purpose of this fault detection and diagnostic feature is to identify and isolate liquid line restriction fault.  

This fault generally results from clogged or dirty filter/dryer. The filter/dryer is installed in the liquid line is to 

remove moisture and tiny particles introduced during refrigerant charging or metal parts from the piping 

connections. Accumulation of these substances overtime can block the filter/dryer, causing a reduction in the 

refrigerant mass flow. When the restrictions are severe, the TXV (thermostatic expansion valve) with variable 

opening may be fully open and behave like a fixed orifice. 

The RTU controller needs six temperature measurements to implement the liquid line restriction fault detection 

and diagnostic (Table 32).  If there are multiple circuits, these measurements have to be repeated for each 

circuit, as shown in Figure 10. 

Table 32: Input Parameters Required to Detect and Diagnosis Liquid Line Restriction 

Value Description Physical sensor location Range (°F) 

T_c_s Condenser saturation temperature Condenser tube band 95 ~ 135 

T_e_s Evaporator saturation temperature Evaporator inlet line 5 ~ 65 

T_suc Compressor suction temperature Compressor suction line 0 ~ 60 

T_liq Liquid line temperature Condenser exit line  

T_dis Compressor discharge temperature Compressor discharge line  

T_TXV_i Expansion valve inlet temperature  Expansion valve inlet line 95 ~ 135 

Liquid Line Fault Detection and Diagnostic Process 

The primary goal of the liquid line fault detection and diagnostic is to determine if there is liquid line restriction in 
the RTU refrigeration circuit.  The implementation details of liquid line restriction fault detection are given in 
Figure 16.  The process of detection and diagnostics is broken down into several steps, so it is easy to implement 
in a controller. 

 

Step 1. Assign one the rated constant value, two default parameters and two threshold values.  

 

(1-1) Rated constant values:  (1) T_l_d. 

(1-2) Two default parameters: (2) Time_st, and (3) n. 

(1-3) Two threshold values: (4) Th_sd and (5) Th_liq.  

 

Step 2. Assign the six temperature measurements from the corresponding input channels from the controller.  

 

The controller assigns six temperatures measurements to correponding input variables (condenser 

saturation [T_c_s], evaporator saturation [T_e_s], compressor suction [T_suc], liquid line [T_liq], compressor 

discharge [T_dis], and expansion valve inlet [T_TXV_i]).  

 

Step 3. Calculate T_sc, T_sh, and T_dsh. 
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Calculate the three derived input values using five surface-mounted temperature sensors from step 2. 

Once five temperature measurements are collected, the measured temperatures are used to calculate 

the three derived inputs.  

 

(3-1) Subcooling (T_sc) = T_c_s − T_liq. 

(3-2) Suction superheat (T_sh) = T_suc − T_ e_s. 

(3-3) Discharge-superheat (T_dsh) = T_dis − T_ e_s. 

 

Step 4. Filter out the transient data using the steady-state detection process. 

 

The liquid line fault detection and diagnostic is only realiable when the system is in the steady-state 

operating condition. Therefore, the steady-state detection filter is used to remove the transient data using 

the standard deviation (SD) about T_sh as a basis as shown Equation 1. The state conditions after steady-

state detection process is complete are oulined in Table 33. 

Table 33: State Condition after Steady-state Detection Process  

State Condition Action 

Steady-state  SD < (Th_sd = 1.0 as default  value) Go to step 1 

Unsteady-state (discard data) SD > (Th_sd = 1.0 as default  value) Go to step 5 

 

Step 5. Compute the liquid line temperature difference (T_l_d) 

 

The liquid line temperature difference (T_l_d) between T_liq and T_TXV_i is used to detect liquid-line restriction 

fault conditions as shown in Equation (11.  

 

 
iTXVliqdl TTT _____     (11) 

 

Step 6. Compare difference of T_l_d and its T_l_r with Th_liq to flag liquid line error (Error code: ERR_liq ). 

 

If the computed liquid line percent difference T_l_d is less than reference difference (T_l_r), then no action 

is needed. However, if the computed percent difference is greater than the reference difference, a liquid 

line fault is flagged (Table 34).   

Table 34: Rules to Flag Liquid Line Restriction Fault Condition  

 

State Condition Action 
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[%])100(100 _
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____
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TT  
Identify the condenser fouling fault 
(Error code: ERR_liq ) 
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Step 5: Compute the liquid line temperature difference ( T_l_d )

Start

Step 4: Optional steady state detection based on T_sh         

 SD < Th_sd

Transient data

Step 2: Assign the measured seven temperatures

(1) T_liq, (2)  T_e_s, (3) T_suc, and (4)T_TXV_i

Step 6 
Fault detection

Show liquid line restriction

fault alarm (Err_liq) Normal

No

Yes

Step 3: Compute the suction superheat  (T_sh)  =  T_suc −  T_ e_s

Step 1: Assign the constant values 

(1) T_l_r, (2) Time_st, (3) n, (4) Th_sd, and (5)Th_liq 

 

Figure 16: Liquid Line Restriction Fault Detection and Diagnostic Process 
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VI. Testing and Validation Methodology for both Air- and Refrigerant-side Embedded Diagnostics  
The air-side and refrigerant-side diagnostics described previously were embedded on to an advanced RTU 

controller.   

The validation of the embedded diagnostics was done in two steps: 1) comparison of various outputs generated 

by the algorithms embedded in the controller with outputs generated from programming the algorithm in an 

Excel spreadsheet and 2) validating the diagnostic results generated by the algorithms embedded in the 

controller with offline analysis of the raw data.   

For the first comparison, the controller was programmed to output various “debug” data.  The same “debug” 

data was also generated by programming the algorithm in an Excel spreadsheet.  By comparing the two sets of 

results, it was confirmed that the algorithms programmed in the controller were generating accurate results.  

The second set of validation was done by comparing the diagnostic results generated by the controller to results 

generated by offline analysis of the same input data.  This validation is described in the next section. 

A. Demonstration Site Description 

The refrigerant-side testing conducted on five RTUs at an office building in Kent, WA and on four RTUs at a 

grocery store in Phoenix, AZ. The air-side diagnostics were tested on the same five RTUs in Kent, WA and 2 RTUs 

on a retail store in Seattle, WA.  Each RTU was instrumented to provide all the data needed for the controller to 

conduct the fault detection and diagnostics in online and in real-time.  The field tests were conducted in the 

summer of 2014 (June through September).  Figure 17 show the external view for office building, located in 

Kent, WA.  The five RTUs located on the roof of that building are shown in Figure 18.  The details of the five RTUs 

are listed Table 35.  These five units were used to validate both the air-side and refrigerant diagnostics.  Figure 

19 shows an external view of grocery store in Phoenix, AZ.  The four RTUs located on the roof of that building 

are shown in Figure 20.  The details of the four RTUs are listed Table 36, these units were only used to validate 

the refrigerant-side diagnostics.  Two RTU were used at the third site to validate just the air-side diagnostics 

(Table 37). 
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Figure 17: External View for Office 
Building, Kent, WA 

 

Figure 18: Locations of RTUs on 
the Office Building 

Table 35: Details of the RTUs on the Office Building in Kent, WA (FXO: Fixed Orifice and TXV: 
Thermal Expansion Valve) 

Equipment 
ID 

RTU 
Model 

System 
Type 

Number 
of 

Circuit 

Refrigerant 
Type 

Capacity 
[tons] 

Numbe
r of 

Conden
ser Fan 

Type of 
Expansion 

Device 

Rated 
Refrigerant 

Charge 
[lbm] 

Unit 425 48GS-
030 

Air 
Conditioner 

1 R22 3 1 FXO 4.2 

Unit 1327 48TJE01
4 

Air 
Conditioner 

2 R22 12.5 2 FXO 8.6 

Unit 1328 8.4 

Unit 1329 50TC050 Heat Pump 1 R410A 4 1 TXV 5.2 

Unit 1330 48TFD01
4 

Air 
Conditioner 

2 R22 12.5 2 FXO 8.6 

Unit 1331 8.4 

Unit 1332 50EZA24 Heat Pump 1 R410A 2 1 TXV 4.3 
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Figure 19: External View for 
Grocery Store in Phoenix, AZ 

 

Figure 20: Locations of RTUs on 
the Grocery Store 

Table 36: Details of the RTUs on the Grocery Store Building in Phoenix, AZ (FXO: Fixed Orifice 
and TXV: Thermal Expansion Valve) 

Equipment 
ID 

RTU 
Model 

System 
Type 

No. of 
Circuit 

Refrigerant 
Type 

Capacity 
[tons] 

No. of 
Condenser 

Fan 

Type of 
Expansion 

Device 

Rated 
Refrigerant 

Charge [lbm] 

Unit 1333 48HJF01
7 

Air 
conditioner 

2 R22 15 3 TXV 20.7 

Unit 1334 13.4 

Unit 1335 48HJF02
0 

Air 
conditioner 

3 R22 18 4 TXV 13.1 

Unit 1336 12.7 

Unit 1337 48HJF01
2 

Air 
conditioner 

2 R22 10 2 FXO 9.4 

Unit 1338 10.6 

Unit 1339 48HJF00
8 

Air 
conditioner 

2 R22 7.5 2 FXO 7.6 

Unit 1340 8.1 

Table 37:  Details of the RTUs at a Retail Site in Seattle, WA  

Equipment ID No. of 
Compressors 

Cooling 
Capacity (tons) 

System Type 

37 2 10 AC w/gas heat 

38 2 10 AC w/gas heat 

B. Metering and Monitoring Plan 

This effort involves integrating and testing refrigerant-side and air-side diagnostics into an advanced RTU 

controller.  Although the same RTU controller is used to deploy both the refrigerant-side and air-side 
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diagnostics, the metering and monitoring requirements for the two sets of diagnostics are different.  Therefore, 

the metering and monitoring plans are discussed separately.  The data required for both sets of diagnostics are 

recorded at 1-minute interval (instantaneous values).  The recorded data is used to validate the diagnostic 

results reported by the RTU controller.  The details of the metering for the air-side and the refrigerant side were 

discussed previously in Development of Refrigerant-side RTU Diagnostics and Development of Air-side RTU 

Diagnostics, respectively.   

The monitoring plan consisted of collection of data (both raw sensor and diagnostic output) at each RTU at 1-

minute intervals, storing it locally on the roof, and streaming the data in real-time to the Cloud for further 

analysis.  The cellular network was used to upload data from each site to the Cloud.  In case of loss of 

communication between the site and Cloud, the logged data stored locally at each site had a maximum storage 

capacity to store data for couple of days.  Figure 21 schematically shows the entire monitoring process.   

 

Figure 21: Schematic of the RTU Monitoring 
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VII. Validation of Air-side Embedded Diagnostics 
As noted previously seven AFDD algorithms were developed and deployed on the RTU controller for detecting 

and diagnosing faults with the RTU economizer and ventilation operations using sensors that are commonly 

installed for advanced control purposes.  In this section, the embedded air-side diagnostics implemented in the 

RTU controller was validated through offline analysis of sensor data from the RTU controller.  The algorithms 

utilize rules derived from engineering principles of proper and improper RTU operations, including: 

• Compare DAT with MAT for consistency (AFDD0) 

• Check if the OAD is modulating (AFDD1) 

• Detect RTU sensor faults (OAT, RAT and MAT sensors) (AFDD2) 

• Detect if the RTU is not economizing when it should (AFDD3) 

• Detect if the RTU is economizing when it should not (AFDD4) 

• Detect if the RTU is using excess outdoor air (AFDD5) 

• Detect if the RTU is bringing in insufficient ventilation air (AFDD6). 

The diagnostics are available as a proactive test that can be run on demand, and as a passive test that 

continuously monitors the RTUs sensor readings and command outputs.  The passive tests do not alter the RTU’s 

control sequence in any way.  During the passive diagnostics, all seven diagnostics run concurrently and 

diagnostic results are generated as operational conditions permit.  Table 38 shows a summary of the RTUs 

cooling and ventilation operations. 

Table 38:  Summary of RTU Cooling Operations 

Mode OAT 58°F and Below OAT Between 58°F and 70°F OAT 70°F and Above 

Ventilation 
(No call for 

cooling) 

Supply fan speed at 40%; 
minimum OAD at 13% 

Supply fan speed at 40%; 
minimum OAD at 13% 

Supply fan speed at 40%; minimum 
OAD at 13% 

1st Stage 
Cooling 

Economizer only 
operation;  

supply fan speed at 75%; 
no mechanical cooling; 

OAD at 100% 

Economizer only operation; 
supply fan speed at 90%; no 
mechanical cooling; OAD at 

100% 

1st stage mechanical cooling and 
integrated economizing;  

supply fan speed at 75%; minimum 
OAD at 7% 

2nd Stage 
Cooling 

Economizer only 
operation;  

supply fan speed at 90%  

1st stage mechanical cooling 
and integrated economizing;  

supply fan speed at 90%  

2nd stage mechanical cooling and 
integrated economizing;  

supply fan speed at 90%; minimum 
OAD at 6% 

 

The first diagnostic check (AFDD0) is designed to compare the DAT and MAT sensor readings with each other.  

The purpose of this proactive diagnostic test is not to identify which sensor is "faulty," but to establish whether 
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there is a lack of confidence in one or both sensors and their accuracy.  RTU 451 showed inconsistencies 

between the MAT and DAT (AFDD0 returned a fault during the diagnostic).   

The validation process involved using the raw sensor data from the RTUs, conducting an offline analysis and 

generating diagnostics results.  The offline diagnostics results were then compared to the diagnostics results 

output by the controller.  Figure 22  shows that there is a significant deviation in the MAT and DAT sensor 

readings when the OAD is open to 100%.  AFDD0 does not isolate the cause of the problem but draws attention 

to the fact that a fault may exist.  The results from the embedded diagnostics also reported this fault for that 

period of time. 

 

Figure 22:  Validation of Embedded AFDD0 Air-side Diagnostics  

Figure 22 shows that when the OAD is fully open, the unit is economizing (see Table 38 for operational details), 

there was a significant deviation between the MAT and DAT.  The MAT was 59.9°F and the DAT was 64.4°F, a 

difference of 4.5°F (the threshold for calling a fault on AFDD0 was 4°F).  Figure 22 shows that a short time later, 

when the OAD is in the minimum position this difference is much smaller, less than 1°F.   

The second diagnostic (AFFD1) determines if the OAD is modulating properly. This diagnostic was initiated both 

as a passive and proactive diagnostic on the RTU controller.  For the proactive diagnostics, AFDD1 will use the 

OAD command to create two analytical redundancies to detect and diagnose the OAD modulation fault.  The 

first condition is obtained by commanding the OAD to a fully open position (100% outdoor air). The second 
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condition is obtained by commanding the OAD to a fully closed position (0% outdoor air).   If the damper is fully 

open, the difference between the OAT and the MAT should be minimal (between 2°F and 4°F).  If the damper is 

closed, the difference between the RAT and the MAT should be minimal.   

Unlike the proactive diagnostic, the passive diagnostic does not modify the RTU’s controls but instead waits for 

the right conditions (RTU operations) to evaluate this fault.  The required difference between the OAT and RAT 

for the passive diagnostic was chosen to be 10°F, although this value could be adjusted.  None of the RTUs in the 

field exhibited AFDD1 problem.  The offline analysis of the data also confirmed that finding by the embedded 

diagnostics.  Figure 23 shows the passive diagnostic process where the MAT and OAT temperatures are nearly 

equal when the OA damper was fully open (100%) and MAT and RAT temperatures were nearly equal when the 

OA damper fully closed (minimum OA position).   

 

Figure 23:  Validation of Embedded AFDD1 Air-side Diagnostics  

The third diagnostic determines if there is a temperature sensor problem. The initial step in the temperature 

sensor diagnostic is to identify if a temperature sensor problem is present.  Because the mixed-air is a mixture of 

the outdoor-air stream and the return-air stream the MAT reading should always fall between the RAT and OAT 

sensor readings.  When the MAT sensor reading is significantly larger than both the OAT and RAT or if the MAT 

sensor reading is significantly less than both the OAT and RAT, a temperature sensor problem exists.  No air-

temperature sensor faults (AFDD2) were detected for any of the RTUs at the two sites.  Figure 24 shows the 
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temperature sensor readings during operational hours for one RTU.  The MAT is consistently between the OAT 

and RAT.  This behavior was consistent for all the RTUs monitored. 

 

Figure 24:  Validation of Embedded Air-side Diagnostics AFDD2  

The purpose of AFDD3 diagnostic is to identify conditions when the economizer controls are not working 

properly or when the economizer is not being fully utilized when outdoor conditions are favorable for 

economizing.  The RTU controller enables economizing whenever there is a call for cooling and the OAT is less 

than 70°F. When the OAT is greater than 70°F and there is a call for cooling, the RTU controller uses differential 

dry-bulb economizer logic.  The RTUs at both sites consistently executed the control logic for the economizer 

correctly.  When there was a call for cooling from the space served by the RTU and outdoor conditions were 

favorable for economizing, the OAD was fully opened to allow the maximum outdoor air into the RTU.  Although 

the controller executed the control logic correctly and modulated the damper accordingly, AFDD3 did detect 

that all RTUs at both sites consistently provided far less than 100% outdoor air, even when the OAD was 

command to be fully open (100% open).  Figure 25 illustrates that problem using the data from one RTU.  When 

the OAD is fully open, the OAF should be 100%, but it is only 60%.  This condition is a result of leakage of air 

from the return air damper, because the return-air temperature is much warmer than the outdoor-air 

temperature the OAF is less than 100%. 
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Figure 25:  Validation of Embedded Air-side Diagnostics for AFDD3  

The purpose of AFDD4 diagnostic measure checks if the RTU controls are commanding the OAD to (or near) the 

minimum damper command position when conditions are not favorable for economizing.  All RTUs at both sites 

executed the economizer control logic correctly.  Figure 26 shows the operation of one RTU when there is a call 

for cooling and the OAT is less than the RAT.  The OAD correctly opens to 100%, the RTU is economizing, using 

the cool outdoor air to help maintain space temperatures.  When the call for cooling ends, the OAD modulates 

to the minimum position required to meet the ventilation needs.  When there is a call for cooling but the OAT is 

greater than the RAT, the OAD stays at the minimum position.   
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Figure 26:  Execution of Economizer Control Logic (AFDD3 and AFDD4) for RTU 449 

The sixth diagnostic (AFDD5) validates if the RTU is introducing excess outside air beyond the value required to 

provide minimum ventilation.  When the damper is closed or at the minimum position, the OAF also should be 

equal to the minimum value.  If the calculated OAF (or OA as percent) is above the minimum value by more than 

10% (adjustable), a fault is generated for AFDD5.  The data for one RTU is plotted in Figure 27.  For this particular 

RTU, the minimum OA intake is configured by the building owner as 20%.  Therefore, there is no AFDD5 fault 

during this period or at any other period. 
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Figure 27:  Validation of Embedded Air-side Diagnostics AFDD5  

The seventh and final diagnostic check determines if the RTU is introducing insufficient outdoor air below the 

minimum ventilation requirement.  The calculated OAF is compared to a minimum OAF threshold to determine 

if insufficient ventilation air is being introduced into the space.  The minimum OAF threshold used for this 

diagnostic was 5% (adjustable parameter).  Figure 28 shows the OA intake (as percent) during typical ventilation 

only operations for one RTU.  If the calculated OA intake falls below 5% a fault is generated. However, for this 

RTU, AFDD6 fault did not occur. 
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Figure 28:  Validation of Embedded Air-side Diagnostic AFDD6  
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VIII. Validation of Refrigerant-Side Embedded Diagnostics 
In this section, implementation of the embedded refrigerant-side diagnostics in the RTU controller is validated.  

Because all the RTUs in the field tests did not exhibit significant refrigerant-side fault conditions, it was decided 

that faults would be artificially instigated in two RTUs in the field to validate the diagnostics.  Therefore in this 

section, first the validation of diagnostics using “faulty” data is described followed by the offline analysis of the 

data from the field.   

A. Validation of Refrigerant-side Diagnostics using Artificial “Faults” in the Field 

The refrigerant charge and condenser blockage faults were artificially introduced in two RTUs in the field.  Table 

39 shows the details of the two air conditioners that are located on the rooftop of an office building in Kent, WA. 

Each system has two separate circuits which are connected to a separate compressor. The RTUs used R-22 as the 

refrigerant with a fixed orifice expansion device. The rated condenser air flow rate, capacity and coefficient of 

performance (COP) were obtained from estimated values when the AFDD approach was implemented assuming 

that there is no fault. The rated refrigerant charge amount was obtained from technical specification provided by 

manufacturers. 

Table 39 Details of the RTUs used for AFDD Validation 

System Unit Refrigerant Expansion 
valve 

Rated Condenser 
Air Flow Rate 

(CFM) 

Rated Refrigerant 
Charge Amount (lbs) 

Rated 
Capacity 

(Btu/min) 

Rated  
COP 

I 1327 

R22 
Fixed 
orifice 

880 8.6 1345 4.7 

1328 960 8.4 1500 4.7 

III 1331 1050 8.6 1700 4.8 

1332 900 8.4 1450 4.8 

 

The tests were run under a wide range of outdoor conditions with seven actual refrigerant charge levels and three 

different condenser blocking levels (Table 40). During the field test period, the outdoor-air temperature varied 

between a high of 92°F and a low of 62°F.  The condenser fouling (improper outdoor-air-flow rate) fault was 

implemented by blocking the heat exchanger with paper towels. The condenser fouling fault level is defined as 

the ratio of blocked face area with paper divided by the total face area of the outdoor heat exchanger. Three 

fouling levels were considered 0%, 50% and 75%. A refrigerant charge fault was simulated by reducing or 

increasing the total amount of refrigerant charge. The refrigerant charge level is determined as a ratio of the 

charge to the rated charge. The simulated charge level ranged between 50% and 140%.   
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Table 40 Validation Tests for Refrigerant-Side Diagnostics  

Unit Outdoor-Air Dry 
Temperature (°F) 

Condenser Fouling  
Fault Levels (%) 

Damper 
Opening 

Refrigerant Charge Level (%) 

1327 62 ~ 89 

0, 50, 75 0  or 100 

50, 60, 70, 85, 100, 115, 130 

1328 65 ~ 89 100 

1331 65 ~ 92 50, 60, 70, 85, 100, 115, 130 

1332 66 ~ 92 100 

 

B. Refrigerant Undercharge and Overcharge Tests  

Improper refrigerant charge causes problems in the field (such as compressor damage) and could lead to a 

significant energy consumption increase. The refrigerant charge fault was simulated by removing or adding charge 

to the two units in the field, as shown in Figure 29.  For the overcharge condition, the refrigerant was added from 

an R-22 refrigerant tank using a manifold gauge. The tank was initially weighed using a digital scale to ensure that 

the system was correctly charged, and then the charge was added or removed based on the test. For the 

undercharge tests, refrigerant was recovered from the system into a tank connected to the manifold gauge.  The 

recovered refrigerant amounts were also weighed using a digital scale.  

 

Figure 29 Refrigerant Charging Method: Adding Refrigerant (left) and Removing Refrigerant 
(right)  

Figure 30 shows the comparison of the predicted and actual refrigerant charge level for the two RTUs. The charge 

predictions were made using the algorithms described previously (Refrigerant Charge (undercharge/overcharge) 

Fault Detection and Diagnostics) of the under/over charge detection.  The parameters for refrigerant charge 

detection were tuned using historical data points. Overall, the predicted charge levels were within 10% of the 

measured charge level covering a wide range of outdoor conditions. Based on the data analyzed by Kim and Braun 

(2102), it appears that undercharging a unit by 10% would result in less than a 5% impact on capacity and 
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overcharging by 10% would have a minimal impact. Therefore, a prediction accuracy that is within 10% is 

acceptable. 

 

Figure 30 Comparison of Predicted Refrigerant Charge Amount with Actual Charge Level 

Once the refrigeration charge is estimated from the FDD, the next step in the diagnostics is to estimate its impact 

on the cooling capacity. Figure 31 shows the cooling capacity reduction from refrigerant-undercharge fault as a 

function of the refrigerant charge level. The refrigerant undercharge level is defined as the ratio of the actual 

refrigerant charge to that of the rated charge under fault-free condition. The capacity reduction is the ratio of the 

actual capacity to the rated capacity under fault-free operation. The intersection of the vertical line for the 

refrigerant-undercharge fault threshold and the horizontal line for the capacity threshold can separate fault, 

warning, and normal regions in the Figure 31.  Note that the fault threshold for undercharge fault was set at 40% 

capacity reduction.  It appears that at approximately 30% undercharge condition, there is a 40% degradation in 

cooling capacity.   
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Figure 31 Validation of Embedded Refrigerant Undercharge Diagnostics  

Figure 32 shows the screen shots from the RTU controller showing the results from the embedded diagnostics for 

60% and 100% refrigerant charge level testing for unit 1330. The display shows various temperatures and power 

measurement under the ‘STATUS’ column, number of diagnostic results under the ‘FAULTS’ column and a number 

of calculated values under the ‘CALCULATED VALUES’.   

To validate the charge diagnostics, the RTU system was charged with 60% refrigerant charge level to simulate the 

undercharged condition. Figure 32 (left side) shows the estimated charge level (‘M_r_ch2’) at 61%, which is close 

to the actual charge. Both the estimated cooling capacity (‘Q_ref’) and the efficiency (‘COP_ref’) are at 53% and 

57% of the rated values, respectively. It is clear from the results generated by the embedded charge diagnostics 

correctly identified the undercharge fault. 

After completing the 60% undercharge test, the system was recharged to 100% charge level (rated charge).  Figure 

32 (right side) shows the estimated charge level (‘M_r_ch2’) of 97%, which is close to the actual charge level of 

100%.  Both the estimated cooling capacity (Q_ref’) and the efficiency (‘COP_ref’) are at 94 % and 100%, 

respectively, close to the rated value of 100%, indicating normal conditions. The display also correctly shows that 

there are on other faults (‘V_a_cd’ and ‘T_l_d’). 
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Figure 32: Screen Shots of Undercharge Refrigerant-side AFDD Results Generated by the 
RTU Controller: 60% Charge (left) and 100% Charge (right) 

Improper Condenser Air Flow (condenser blockage) Tests  

The condenser can be easily clogged by debris and dust. A clogged condenser without service for several years 

may become dirty, inhibiting heat transfer from the refrigerant-side to the air-side.  Sometimes, the outdoor-air 

flow degradation can also be caused by a defective fan motor. To simulate condenser fouling or a defective fan 

motor fault for the RTU system, the heat exchanger area was blocked by one layer of paper towel as shown in 

Figure 33.  

Figure 34 shows the estimated condenser air flow rate as a function of the condenser blockage for the two test 

RTUs. The estimated air flow rates based on an energy balance between air-side and refrigerant-side can be 

compared to the rated condenser air flow rate to detect condenser fouling. The AFDD approach predicted the 

rated condenser air flow rate within 15% under normal condition. Based on a survey and analysis of 215 RTUs 

(New Buildings Institute, 2003), the 15% reduced condenser air flow rate increases annual energy efficiency by 

about 5%.  Therefore, the accuracy of the AFDD method to estimate the air flow rate within 15% is acceptable.  As 

the severity of the condenser fouling increases, the estimated air flow rate decreases. A 75% blockage of the 

condenser area resulted in the air flow rate that was 60% of the rated air flow rate.  
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Figure 33 Simulation of Condenser Blockage: 50% (Left) and 75% (Right)  

 

Figure 34 Estimated Condenser Air Flow Rate as a Function of Condenser Blockage 

Figure 35 shows percent reduction in COP as a function of percent condenser air flow reduction for the two test 

RTUs. The percent condenser air flow reduction is computed as a ratio of the estimated condenser air flow and 

the rated condenser air flow under fault-free conditions. COP was chosen as the performance index because of 

its greater sensitivity to condenser fouling compared to cooling capacity. The percent reduction in the COP is 

estimated as a ratio of the estimated COP and the COP at the rated conditions and fault-free operation. 
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Figure 35 Percent Reduction in COP as a Function of Percent Condenser Air Flow Reduction 

A COP reduction threshold of 40% is used to report the condenser fouling fault. When the air flow rate decreased 

by 30%, the resulting reduction in COP was over 40%.  The embedded diagnostic reports a fault when there is a 

40% reduction the COP and a warning when the percent air flow rate reduces by 30% but the COP reduction is 

less than 40% as shown in Figure 35.  

Figure 36 shows the screen shots of results generated by the embedded diagnostics on the RTU controller for 0% 

and 75% blockage for one of the test RTU. The condenser fouling fault detection requires three refrigerant-side 

temperature inputs: (1) condensing (‘T_c_s’), (2) discharge line (‘T_dis’), and (3) liquid line (‘T_liq’) and two air-

side temperature inputs: (1) condenser air inlet (‘T_c_a_i’) and (2) condenser air outlet (‘T_c_a_o’).   

When 75% of the face area of the heat exchange is blocked, the condenser air flow rate (‘V_a_cd’) drops to 35% 

of a rated value. A condenser fouling fault was detected by comparing this estimated air flow rate with the rated 

condenser air flow rate.  The ‘COP_ref’ was also reduced to 60% by a condenser fouling fault. The results 

demonstrate that the impact of condenser fouling on energy efficiency is large for the 75% condenser fouling level 

at this operating condition. Based on the readings, the diagnostic outputs indicate that service is needed for this 

condenser fouling fault. When the condenser blockage was removed, the AFDD results indicated the normal 

operation.  
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Figure 36 Screen Shots of Condenser Fouling Refrigerant-Side AFDD Results Generated by 
the RTU Controller:  75% Condenser Fouling (left) and 0% Condenser Fouling (right) 

Simultaneous Refrigerant Undercharge and Condenser Fouling Fault Tests 

In addition to independently validating the refrigerant charge fault and condenser fouling fault, a test with 

combined charge and condenser fouling was conducted.  When a refrigerant charge fault and condenser fouling 

fault exist at the same time, the subcooling at the liquid line is decreased.  The increasing condenser fault levels 

could lead to large errors in refrigerant charge predictions.  Occasionally, the faulty component causes faults in 

other system components. The AFDD algorithms must be able to diagnose both fault sources. If only one fault is 

diagnosed and repaired, the system will continue to operate with an undiagnosed fault, which could cause the 

repaired component(s) to fail again.  

Therefore, a fault diagnostics system should be able to analyze a given set of fault levels and identify which faults 

are affecting the system at any given point in time. For the combined fault, a 70% refrigerant charge-fault level 

was simulated with 50% and 75% condenser-fouling level faults, simultaneously, as shown in Figure 37.  

Figure 38 shows the screen shots of results generated by the embedded diagnostics on the RTU controller for 

the combined charge and condenser-fouling faults for one of the test RTU. When the condenser blockage levels 

were 50% and 75%, the condenser air flow rate (‘V_a_cd’) decreased by 28% and 42%, respectively, compared 

to the rated value. The reduction of condenser air flow rate is proportional to the condenser-fouling fault level 

and is independent of refrigerant-charge level. The refrigerant-charge level (‘M_r_ch2’) of 69% and 67% was 

reported. The refrigerant charge level prediction was within 5% of the actual charge level regardless of the 

existence of condenser-fouling fault. Even though the unit had two simultaneous faults, the embedded 

refrigerant-side diagnostics detected both of them correctly.   
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Figure 37  Refrigerant-Charge Fault and Condenser-Fouling Fault: 70% Charge and 50% 
Blockage (left) and 70% Charge and 75% Blockage (right) 

 

Figure 38 Screen Shots of Combined Charge and Condenser Fouling Refrigerant-Side AFDD 
Results Generated by the RTU Controller:  70% Refrigerant Charge Level + 50% Condenser 

Fouling (left) and 70% Refrigerant Charge + 75% Condenser Fouling (right)  
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C. Summary of Validation of the Embedded Refrigerant-side Diagnostics with Artificial Faults  

The embedded AFDD algorithms on the RTU controller were tested under various refrigerant charge levels and 

condenser blockages. The AFDD algorithms successfully identified the charge faults when the system was 

undercharged by 30% or more, and when the condenser blockage exceeded 50%.  The AFDD algorithms were also 

successful in identifying simultaneous charge and condenser-fouling faults. 

Validation of the Embedded Refrigerant-side Diagnostics with Offline Analysis 

The embedded refrigerant-side diagnostics included detection of three commonly faults in the vapor 

compression systems:  

1. Refrigerant charge 

2. Condenser fouling  

3. Liquid line restriction. 

 

To validate the embedded refrigerant-side diagnostics, the same data used by the RTU controller was used to 

conduct an offline analysis.  The same diagnostic algorithms that were embedded in the RTU controller were 

also implemented in the spreadsheet to validate the algorithms embedded on the controller.   

Parameters needed for the Refrigerant-Side Fault Detection and Diagnostics 

Nine parameters are needed to implement the refrigerant-side AFDD algorithms. Because some of these 

parameters are not known for the RTUs initially, defaults were assigned based on past experience of the 

authors.  After the data collection from RTUs was initiated, the default parameters were refined.  The approach 

used to update the default parameters is explained in a companion report.  Table 41 shows the default 

parameter and “tuned” (updated) parameters for each RTU.  To determine reasonable default parameters, 

existing test data available from Kim (2013) was used to estimate values for the nine parameters. However, the 

default parameters may not be reliable because each RTU system has different capacity, configurations (e.g., 

heat pump and air conditioner) and components (e.g., expansion device and compressor).  

The three parameters, Tsc,r, Tsh,r  and Tdsh,r were readily obtained from the test data of each RTU.  The three 

parameters are determined in the absence of faults at the “rated” indoor and outdoor driving conditions. The 

“rated” condition is not that critical as long as the values of Tsc,r, Tsh,r  and Tdsh,r are available for the same driving 

condition.  

The three parameters for Asc, Ash, and Adsh were “tuned” to improve accuracy using the data that was available 

over a range of operating conditions. The parameter tuning is accomplished using the linear regression 

technique and can minimize the errors between predicted and known refrigerant-charge levels.   

The three tuned parameters, Va,r, Q,ref_r, and COP,r can be determined by the estimated average values based on 

the “rated” data set.  

Table 41 Comparison of Default Parameter and “Tuned” Parameter (first row below the 
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labels represents the default parameter for all units) 

Validation of Refrigerant-Side Embedded Diagnostics with Offline Analysis  

In this section the results from the embedded diagnostics are compared to the results generated by the offline 

analysis.  Table 42 shows the fault detection thresholds used by the AFDD algorithms (refer to Development of 

Refrigerant-side RTU Diagnostics for more details on the thresholds). The thresholds were determined from 

previous laboratory and field data (Kim, 2013).  The selection of thresholds is critical because if the thresholds 

are too aggressive, it may lead to false alarms. On the other hand, if thresholds are conservative, the AFDD 

algorithms may miss faults that potentially reduce system performance. Therefore, it is very important to define 

reasonable thresholds for appropriate fault detection.   

Table 42 Fault Detection Thresholds used by the AFDD Algorithms 

 Refrigerant 

Overcharge Fault 

Refrigerant 

Undercharge Fault 

Condenser Fouling 

Fault 

Liquid Line Restriction 

Fault 

Threshold 30% 30% 30% 100% 

 

Figure 39 shows the outputs from the embedded diagnostics for the four refrigerant-side faults for one unit in 

the field.  The outdoor temperature during this period ranged between 86°F and 93°F. For the refrigerant-charge 

fault diagnostics, the parameter used to detect a fault is the charge level.  If the estimated charge degradation 

exceeds 30% (i.e., if the actual charge is less than 70% of the rated charge), then a charge fault is reported.  For 

RTU system Tsc,r Tsh,r Tdsh,r Asc Ash Adsh Va_r Qref_r COP_r 

Default parameters 10.0 8.0 55.0 0.18 0.10 0.11 1000 675 4.5 

WA 
Site 

48GS-030 Unit 425 3.7 4.8 72.7 0.25 -0.15 -0.35 1930 670 5.0 

48TJE014 Unit 1327 18.8 3.0 49.0 0.05 -1.26 -3.36 880 1350 4.7 

Unit 1328 17.3 2.4 53.9 0.05 -1.26 -3.36 980 1520 4.5 

50TC050 Unit 1329 8.2 0.0 36.4 0.25 -0.15 -0.35 650 630 4.8 

48TFD014 Unit 1330 23.3 12.1 56.4 0.05 -1.26 -3.36 1050 1700 4.8 

Unit 1331 12.9 3.1 46.2 0.05 -1.26 -3.36 820 1430 4.7 

50EZA24 Unit 1332 6.4 2.9 28.7 0.25 -0.15 -0.35 2300 840 7.6 

AZ 
Site 

48HJF017 Unit 1333 15.2 12.6 61.9 0.34 -0.27 -0.43 1950 2140 4.1 

Unit 1334 13.8 10.5 65.4 0.34 -0.27 -0.43 1000 1180 3.7 

48HJF020 Unit 1335 17.9 23.1 55.2 0.34 -0.27 -0.43 1920 1490 5.6 

Unit 1336 18.7 21.3 60.7 0.34 -0.27 -0.43 1770 1360 5.2 

48HJF012 Unit 1337 17.7 12.4 58.5 0.05 -1.26 -3.36 1930 1450 4.9 

Unit 1338 17.9 12.2 55.9 0.05 -1.26 -3.36 1670 1250 4.9 

48HJF008 Unit 1339 18.5 0.7 35.7 0.05 -1.26 -3.36 2270 1230 6.3 

Unit 1340 15.6 9.8 43.9 0.05 -1.26 -3.36 2170 1180 6.1 
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this unit, the refrigerant-charge degradation was mostly less than 10%, which was significantly below the 30% 

threshold, so the embedded diagnostics did not report a charge fault for this unit.  Similarly, the charge for the 

rest of the units was also normal and therefore, no charge faults were reported of any of the nine units. 

For the condenser-fouling fault, degradation in condenser air flow rate is used to detect a presence of the fault.  

If the estimated air flow degradation exceeds 30% (i.e., if the actual condenser air flow rate is less than 70% of 

the rated air flow rate), then a condenser fouling fault is reported.  For this unit (Figure 39), the condenser air-

flow degradation estimated by the embedded diagnostics never exceeded more than 20%.  Although for the 

most part the air flow degradation was less than 10%, the degradation shows relatively larger deviations 

compared to other parameters primarily as a result of inaccuracy in measuring the condenser outlet air 

temperature. When the air temperature distribution in the condenser is non-uniform, the outlet air 

measurement becomes inaccurate when a single-point measurement is used. Depending on the placement of 

the RTD temperature sensor, the inaccuracy can become significant.  An averaging probe might reduce the 

uncertainity of the measurement but placement of the averaging sensor could be a challenge. 

The liquid line restriction fault is meant to represent a dirty filter/dryer. For this fault, the pressure drop across 

the filter/dryer is used to detect the presence of the fault.  For this unit (Figure 39), the increase in the pressure 

drop across the filter/dryer between 0% and 10%, is significantly lower than the threshold.  This method was 

insensitive to variations in operating conditions. 

To validate the degradation parameters estimated by the embedded diagnostics, the diagnostics were 

implemented in a spreadsheet and analyzed using the same sensor input data from the RTU controller.  The 

results from the offline analysis were almost identical to the results from the embedded algorithms, as shown in 

Figure 40.   

In addition to estimating the degradation of the various parameters, the embedded diagnostics also estimate 

the performance impact (degradation in cooling capacity and COP).   Figure 41 shows the degradation of 

capacity or COP for a unit in WA.  Unless a fault leads to a capacity or COP reduction of 40%, it is not reported as 

a fault.  There is a relatively large deviation in the estimated capacity and COP primarily because of a large 

variation of indoor and/or outdoor conditions.  At low outdoor temperatures (below 70oF), the method used to 

estimate the capacity and COP have a large uncertainty.  Therefore, as the outdoor temperature decreased, 

capacity and COP degradation estimates increased to 15% and 25%, respectively. These values are still below the 

fault threshold of 40%.       

To validate the capacity and COP degradation estimated by the embedded diagnostics, these parameters were 

estimated using the offline analysis. The results from the offline analysis were almost identical to the results 

from the embedded algorithms, as shown in Figure 42. 
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Figure 39: Outputs Showing the Estimated Fault Level from the Embedded Diagnostics for 
Refrigerant Charge, Liquid line Restriction, and Condenser Fouling for one Unit in WA 

 

Figure 40: Comparison of Degradation Parameters Estimated by the Embedded Diagnostics 
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and Offline Analysis 

 

Figure 41 Outputs Showing the Performance Impact Estimated by the Embedded 
Diagnostics for Refrigerant Charge, Liquid line Restriction, and Condenser Fouling for one 

Unit in WA 

 

Figure 42: Comparison of Capacity and COP Degradation Estimated by the Embedded 
Diagnostics and Offline Analysis 

Figure 43 shows the outputs from the embedded diagnostics for the four refrigerant-side faults for 
another unit in the field in AZ.  For this unit, the refrigerant-charge degradation was mostly less than 
10%, which was significantly below the 30% threshold, so the embedded diagnostics did not report a 
charge fault for this unit. The condenser air flow degradation estimated by the embedded diagnostics 
ranged between 0% and 20%.  The increase in pressure drop across the filter/dryer was between 10% 
and 15%.  The results from the offline analysis were almost identical to the results from the embedded 
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algorithms, as shown in Figure 44.   

Figure 45 shows the degradation of capacity or COP for a unit in AZ.  Like the other unit reported previously 

(Figure 41), there is a relatively large deviation in the estimated capacity and COP primarily because of a large 

variation of indoor and/or outdoor conditions.  However, these values are still below the fault threshold of 40%. 

The results from the offline analysis were almost identical to the results from the embedded algorithms, as 

shown in Figure 46. 

 

Figure 43 Outputs Showing the Estimated Fault Level from the Embedded Diagnostics for 
Refrigerant Charge, Liquid line Restriction, and Condenser Fouling for one Unit in AZ 

 

Figure 44: Comparison of Degradation Parameters Generated by the Embedded Diagnostics 
and Offline Analysis 
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Figure 45 Outputs Showing the Performance Impact Estimated by the Embedded 
Diagnostics for Refrigerant Charge, Liquid line Restriction, and Condenser Fouling for one 

Unit in AZ 

 

Figure 46: Comparison of Capacity and COP degradation Estimated by the Embedded 
Diagnostics and Offline Analysis 
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IX. Summary and Discussion 
This report documented the development, testing and field validation of the integrated AFDD and advanced RTU 

controls using a single controller.  The AFDD included both the air-side and the refrigerant-side faults that are 

commonly found in the RTUs.   

Seven AFDD algorithms were developed, deployed and tested on the RTU controller for detecting and 

diagnosing faults with RTU economizer and ventilation operations using sensors that are commonly installed for 

advanced control purposes. The algorithms utilize rules derived from engineering principles of proper and 

improper RTU operations: 

• Compare discharge-air temperatures (DAT) with mixed-air temperatures (MAT) for consistency (AFDD0) 

• Check if the outdoor-air damper (OAD) is modulating (AFDD1) 

• Detect RTU sensor faults (outdoor-air, mixed-air and return-air temperature sensors) (AFDD2) 

• Detect if the RTU is not economizing when it should (AFDD3) 

• Detect if the RTU is economizing when it should not (AFDD4) 

• Detect if the RTU is using excess outdoor air (AFDD5) 

• Detect if the RTU is bringing in insufficient ventilation air (AFDD6). 

 

The intent of these algorithms is to provide actionable information to building owners and operations staff while 

minimizing false alarms.  Therefore, the algorithms have been designed to minimize false alarms. These seven 

algorithms were embedded in the RTU controller.  This implementation has been validated by comparing the 

outputs from the embedded diagnostics with output generated by offline analysis. 

In addition to the air-side diagnostics, refrigerant-side diagnostics were also deployed on the RTU controller.  

The refrigerant-side diagnostics included: 1) low and high refrigerant charge, 2) condenser fouling and 3) liquid 

line restriction.  Similar to the air-side diagnostics, the refrigerant-side diagnostics were also validated by 

comparing the outputs from the embedded diagnostics with the output generated by offline analysis. 

A. Discussion and Lessons Learned 

The project has shown that air-side and refrigerant-side AFDD can be easily integrated with advanced RTU 

controls.  With the exception of the mixed-air temperature sensor, all other sensors required to conduct the air-

side AFDD are readily available on the RTU controller because they are needed for the advanced control 

operations.  Therefore, the incremental cost of adding air-side diagnostics is minimal.  Although the project has 

shown that integration of the refrigerant-side diagnostics on to the RTU controller are possible, there are a 

number of additional sensors that are needed to deploy the refrigerant-side diagnostics. 

In addition to the cost for the additional sensors, locating the sensors in the correct location to measure the 

parameters also turned out to be a challenge.  Because temperature sensors were being used as proxies for 

pressure measurements, mounting these sensors in the right location is critical; otherwise, the uncertainty in 

the measurement will be high.  Accommodating additional sensors also means either increasing the 

input/output capability of the RTU controller or adding another controller to handle the additional sensors, 

which increase the cost of deployment significantly. 
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Therefore, for deploying refrigerant-side diagnostics along with advanced RTU controls three hurdles have to be 

overcome: 1) cost of additional sensors, 2) cost of upgrading the RTU controller to handle additional sensors and 

3) overcoming the installation of the sensors in the right location. 
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Appendix - Refrigerant Property Table 

Table A- 1 Saturation lookup table of refrigerant R410A 

Temperature pressure Liquid enthalpy Vapor enthalpy 

°F pisa Btu/lb Btu/lb 

–20.00 41.58 4.99 110.56 

–10.00 51.53 7.64 111.7 

0 63.27 10.41 112.78 

10 77.03 13.29 113.81 

12 80.05 13.88 114.01 

14 83.15 14.47 114.21 

16 86.35 15.08 114.4 

18 89.64 15.68 114.59 

20 93.03 16.29 114.78 

22 96.52 16.91 114.96 

24 100.11 17.53 115.14 

26 103.81 18.16 115.32 

28 107.6 18.79 115.5 

30 111.51 19.43 115.67 

32 115.52 20.08 115.85 

34 119.65 20.73 116.01 

36 123.89 21.38 116.18 

38 128.24 22.05 116.34 

40 132.71 22.71 116.5 

42 137.3 23.39 116.65 

44 142.01 24.07 116.8 

46 146.85 24.76 116.95 

48 151.81 25.45 117.09 

50 156.89 26.15 117.23 

52 162.11 26.85 117.37 

54 167.46 27.57 117.5 

56 172.94 28.28 117.63 

58 178.56 29.01 117.76 

60 184.32 29.74 117.88 

62 190.21 30.48 118 

64 196.25 31.23 118.11 

66 202.44 31.99 118.22 

68 208.77 32.75 118.32 

70 215.25 33.52 118.42 

72 221.88 34.3 118.52 

74 228.67 35.09 118.61 

76 235.61 35.88 118.69 

78 242.71 36.68 118.77 

80 249.97 37.5 118.85 

82 257.39 38.32 118.92 

84 264.98 39.15 118.98 



Rooftop Unit Embedded Diagnostics: Development, Field Testing and Validation Page 113 

 

Temperature pressure Liquid enthalpy Vapor enthalpy 

86 272.74 39.99 119.04 

88 280.66 40.84 119.1 

90 288.76 41.7 119.14 

92 297.03 42.57 119.19 

94 305.47 43.45 119.22 

96 314.1 44.34 119.25 

98 322.9 45.24 119.27 

100 331.89 46.15 119.29 

102 341.06 47.08 119.29 

104 350.43 48.02 119.3 

106 359.98 48.98 119.29 

108 369.72 49.94 119.27 

110 379.66 50.93 119.25 

112 389.79 51.92 119.22 

114 400.13 52.94 119.18 

116 410.66 53.97 119.13 

118 421.4 55.02 119.07 

120 432.35 56.09 119 

122 443.5 57.18 118.92 

124 454.87 58.3 118.82 

126 466.44 59.44 118.72 

128 478.24 60.6 118.6 

130 490.25 61.8 118.47 

132 502.48 63.02 118.32 

134 514.93 64.29 118.16 

136 527.61 65.59 117.97 

138 540.51 66.93 117.77 

140 553.64 68.33 117.55 

142 567.01 69.78 117.3 

144 580.61 71.31 117.02 

146 594.44 72.91 116.71 

148 608.52 74.61 116.37 

150 622.83 76.43 115.97 

152 637.39 78.4 115.52 

154 652.19 80.58 114.99 

156 667.24 83.06 114.35 

158 682.54 86.01 113.54 

160 698.09 89.87 112.41 

 

Table A- 2  Saturation lookup table of refrigerant R22 

Temperature Pressure Liquid enthalpy Vapor enthalpy 

°F pisa Btu/lb Btu/lb 
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Temperature Pressure Liquid enthalpy Vapor enthalpy 

–30 19.573 2.547 101.348 

–28 20.549 3.061 101.564 

–26 21.564 3.576 101.778 

–24 22.617 4.093 101.992 

–22 23.711 4.611 102.204 

–20 24.845 5.131 102.415 

–18 26.02 5.652 102.626 

–16 27.239 6.175 102.835 

–14 28.501 6.699 103.043 

–12 29.809 7.224 103.25 

–10 31.162 7.751 103.455 

–8 32.563 8.28 103.66 

–6 34.011 8.81 103.863 

–4 35.509 9.341 104.065 

–2 37.057 9.874 104.266 

0 38.657 10.409 104.465 

2 40.309 10.945 104.663 

4 42.014 11.483 104.86 

6 43.775 12.022 105.056 

8 45.591 12.562 105.25 

10 47.464 13.104 105.442 

12 49.396 13.648 105.633 

14 51.387 14.193 105.823 

16 53.438 14.739 106.011 

18 55.551 15.288 106.198 

20 57.727 15.837 106.383 

22 59.967 16.389 106.566 

24 62.272 16.942 106.748 

26 64.644 17.496 106.928 

28 67.083 18.052 107.107 

30 69.591 18.609 107.284 

32 72.169 19.169 107.459 

34 74.818 19.729 107.632 

36 77.54 20.292 107.804 

38 80.336 20.856 107.974 

40 83.206 21.422 108.142 

42 86.153 21.989 108.308 

44 89.177 22.558 108.472 

46 92.28 23.129 108.634 

48 95.463 23.701 108.795 



Rooftop Unit Embedded Diagnostics: Development, Field Testing and Validation Page 115 

 

Temperature Pressure Liquid enthalpy Vapor enthalpy 

50 98.72 24.275 108.953 

52 102.07 24.851 109.109 

54 105.5 25.429 109.263 

56 109.02 26.008 109.415 

58 112.62 26.589 109.564 

60 116.31 27.172 109.712 

62 120.09 27.757 109.857 

64 123.96 28.344 110 

66 127.92 28.932 110.14 

68 131.97 29.523 110.278 

70 136.12 30.116 110.414 

72 140.37 30.71 110.547 

74 144.71 31.307 110.677 

76 149.15 31.906 110.805 

78 153.69 32.506 110.93 

80 158.33 33.109 111.052 

82 163.07 33.714 111.171 

84 167.92 34.322 111.288 

86 172.87 34.931 111.401 

88 177.93 35.543 111.512 

90 183.09 36.158 111.619 

92 188.37 36.774 111.723 

94 193.76 37.394 111.824 

96 199.26 38.016 111.921 

98 204.87 38.64 112.015 

100 210.6 39.267 112.105 

102 216.45 39.897 112.192 

104 222.42 40.53 112.274 

106 228.5 41.166 112.353 

108 234.71 41.804 112.427 

110 241.04 42.446 112.498 

112 247.5 43.091 112.564 

114 254.08 43.739 112.626 

116 260.79 44.391 112.682 

118 267.63 45.046 112.735 

120 274.6 45.705 112.782 

122 281.71 46.368 112.824 

124 288.95 47.034 112.86 

126 296.33 47.705 112.891 

128 303.84 48.38 112.917 
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Temperature Pressure Liquid enthalpy Vapor enthalpy 

130 311.5 49.059 112.936 

132 319.29 49.743 112.949 

135 331.26 50.778 112.956 

140 351.94 52.528 112.931 

145 373.58 54.315 112.858 

150 396.19 56.143 112.728 

160 444.53 59.948 112.263 

170 497.26 64.019 111.438 

180 554.78 68.498 110.068 

190 617.59 73.711 107.734 

200 686.36 80.862 102.853 
 

  

Table A- 3  Superheated lookup tables of refrigerant R410A 

Absolute pressure Temperature Enthalpy 

psia F Btu/lb 

30 -30 115.8 

30 0 121.8 

30 30 127.8 

30 60 133.9 

30 90 140 

30 120 146.2 

30 150 152.6 

30 180 159 

30 210 165.7 

30 240 172.5 

50 0 119.9 

50 30 126.3 

50 60 132.6 

50 90 139 

50 120 145.4 

50 150 151.9 

50 180 158.4 

50 210 165.2 

50 240 172 

50 270 179 

70 30 124.7 

70 60 131.4 

70 90 137.9 
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Absolute pressure Temperature Enthalpy 

70 120 144.5 

70 150 151.1 

70 180 157.8 

70 210 164.6 

70 240 171.5 

70 270 178.5 

70 300 185.7 

100 30 122 

100 60 129.3 

100 90 136.3 

100 120 143.2 

100 150 150 

100 180 156.9 

100 210 163.8 

100 240 170.8 

100 270 177.9 

100 300 185.1 

130 60 127.2 

130 90 134.7 

130 120 141.9 

130 150 148.9 

130 180 155.9 

130 210 163 

130 240 170.1 

130 270 177.3 

130 300 184.5 

130 330 191.9 

150 60 125.6 

150 90 133.5 

150 120 140.9 

150 150 148.1 

150 180 155.3 

150 210 162.4 

150 240 169.6 

150 270 176.8 

150 300 184.2 

150 330 191.6 

170 60 123.9 

170 90 132.2 

170 120 139.9 
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Absolute pressure Temperature Enthalpy 

170 150 147.4 

170 180 154.6 

170 210 161.9 

170 240 169.1 

170 270 176.4 

170 300 183.8 

170 330 191.2 

200 90 130.2 

200 120 138.4 

200 150 146.1 

200 180 153.6 

200 210 161 

200 240 168.4 

200 270 175.7 

200 300 183.2 

200 330 190.7 

200 360 198.3 

220 90 128.8 

220 120 137.4 

220 150 145.3 

220 180 152.9 

220 210 160.4 

220 240 167.8 

220 270 175.3 

220 300 182.8 

220 330 190.3 

220 360 198 

240 90 127.3 

240 120 136.3 

240 150 144.4 

240 180 152.2 

240 210 159.8 

240 240 167.3 

240 270 174.8 

240 300 182.4 

240 330 190 

240 360 197.7 

260 90 125.7 

260 120 135.1 

260 150 143.6 
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Absolute pressure Temperature Enthalpy 

260 180 151.5 

260 210 159.2 

260 240 166.8 

260 270 174.4 

260 300 182 

260 330 189.6 

260 360 197.3 

280 120 133.9 

280 150 142.6 

280 180 150.8 

280 210 158.6 

280 240 166.3 

280 270 173.9 

280 300 181.6 

280 330 189.3 

280 360 197 

300 120 132.7 

300 150 141.7 

300 180 150 

300 210 158 

300 240 165.8 

300 270 173.5 

300 300 181.2 

300 330 188.9 

300 360 196.7 

320 120 131.4 

320 150 140.7 

320 180 149.3 

320 210 157.4 

320 240 165.2 

320 270 173 

320 300 180.8 

320 330 185.9 

320 360 196.3 

320 390 204.2 

340 120 130 

340 150 139.7 

340 180 148.5 

340 210 156.7 

340 240 164.7 
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Absolute pressure Temperature Enthalpy 

340 270 172.5 

340 300 180.3 

340 330 188.2 

340 360 196 

340 390 203.9 

360 120 128.5 

360 150 138.7 

360 180 147.7 

360 210 156.1 

360 240 164.2 

360 270 172.1 

360 300 179.9 

360 330 187.8 

360 360 195.7 

360 390 203.6 

400 150 136.5 

400 180 146 

400 210 154.8 

400 240 163 

400 270 171.1 

400 300 179.1 

400 330 187 

400 360 195 

400 390 203 

400 420 208.4 

450 150 133.5 

450 180 143.9 

450 210 153 

450 240 161.6 

450 270 169.9 

450 300 178 

450 330 186.1 

450 360 194.2 

450 390 202.2 

450 420 210.4 

500 150 130.1 

500 180 141.5 

500 210 151.2 

500 240 160.1 

500 270 168.7 
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Absolute pressure Temperature Enthalpy 

500 300 177 

500 330 185.2 

500 360 193.3 

500 390 201.5 

500 420 209.7 

 

 

 

Table A- 4 Superheated lookup tables of refrigerant R410A 

Absolute pressure Temperature Enthalpy 

psia F Btu/lb 

30 -10 103.64 

30 0 105.19 

30 10 106.74 

30 20 108.3 

30 30 109.86 

30 40 111.43 

30 50 113.01 

30 60 114.6 

30 70 116.19 

30 80 117.8 

30 90 119.41 

30 100 121.04 

60 30 108 

60 40 109.7 

60 50 111.39 

60 60 113.07 

60 70 114.76 

60 80 116.44 

60 90 118.13 

60 100 119.82 

60 110 121.52 

60 120 123.22 

60 130 124.93 

60 140 126.65 

80 40 108.42 

80 50 110.2 

80 60 111.97 

80 70 113.73 
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Absolute pressure Temperature Enthalpy 

80 80 115.48 

80 90 117.22 

80 100 118.97 

80 110 120.71 

80 120 122.45 

80 130 124.2 

80 140 125.96 

80 150 127.72 

100 60 110.79 

100 80 114.46 

100 100 118.07 

100 120 121.66 

100 140 125.24 

100 160 128.83 

100 180 132.45 

100 200 136.08 

100 220 139.75 

100 240 143.45 

100 260 147.19 

100 280 150.97 

100 300 154.78 

120 80 113.37 

120 100 117.13 

120 120 120.83 

120 140 124.5 

120 160 128.16 

120 180 131.84 

120 200 135.53 

120 220 139.24 

120 240 142.98 

120 260 146.75 

120 280 150.55 

120 300 154.39 

140 80 112.2 

140 100 116.14 

140 120 119.96 

140 140 123.73 

140 160 127.48 

140 180 131.21 

140 200 134.96 
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Absolute pressure Temperature Enthalpy 

140 220 138.71 

140 240 142.49 

140 260 146.3 

140 280 150.13 

140 300 154 

140 320 157.89 

160 100 115.08 

160 120 119.06 

160 140 122.94 

160 160 126.77 

160 180 130.57 

160 200 134.37 

160 220 138.18 

160 240 142 

160 260 145.84 

160 280 149.7 

160 300 153.6 

160 320 157.62 

180 100 113.95 

180 120 118.11 

180 140 122.11 

180 160 126.04 

180 180 129.92 

180 200 133.78 

180 220 137.64 

180 240 141.5 

180 260 145.38 

180 280 149.28 

180 300 153.2 

180 320 157.15 

180 340 161.12 

200 100 112.73 

200 120 117.1 

200 140 121.25 

200 160 125.28 

200 180 129.25 

200 200 133.17 

200 220 137.08 

200 240 140.99 

200 260 144.91 
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Absolute pressure Temperature Enthalpy 

200 280 148.84 

200 300 152.79 

200 320 156.77 

200 340 160.77 

225 120 115.75 

225 140 120.12 

225 160 124.3 

225 180 128.38 

225 200 132.4 

225 220 136.38 

225 240 140.35 

225 260 144.32 

225 280 148.29 

225 300 152.28 

225 320 156.29 

225 340 160.32 

225 360 164.38 

250 120 114.27 

250 140 118.91 

250 160 123.27 

250 180 127.48 

250 200 131.59 

250 220 135.66 

250 240 139.69 

250 260 143.71 

250 280 147.73 

250 300 151.76 

250 320 155.81 

250 340 159.87 

250 360 163.95 

275 140 117.61 

275 160 122.19 

275 180 126.54 

275 200 130.77 

275 220 134.91 

275 240 139.02 

275 260 143.1 

275 280 147.17 

275 300 151.24 

275 320 155.32 
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Absolute pressure Temperature Enthalpy 

275 340 159.41 

275 360 163.53 

300 140 116.2 

300 160 121.04 

300 180 125.56 

300 200 129.91 

300 220 134.15 

300 240 138.33 

300 260 142.47 

300 280 146.59 

300 300 150.71 

300 320 154.83 

300 340 158.95 

300 360 163.09 

325 140 114.63 

325 160 119.81 

325 180 124.53 

325 200 129.02 

325 220 133.37 

325 240 137.63 

325 260 141.83 

325 280 146.01 

325 300 150.17 

325 320 154.33 

325 340 158.49 

325 360 162.66 

325 380 166.85 

350 140 112.86 

350 160 118.3 

350 180 123.38 

350 200 128.1 

350 220 132.53 

350 240 136.89 

350 260 141.18 

350 280 145.41 

350 300 149.62 

350 320 153.82 

350 340 158.02 

350 360 162.23 

350 380 166.43 
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