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An online robust fault detection method is presented in this paper for VAV air handling unit and its implementation. Residual-based
EWMA control chart is used to monitor the control processes of air handling unit and detect faults of air handling unit. In order
to provide a level of robustness with respect to modeling errors, control limits are determined by incorporating time series model
uncertainty in EWMA control chart. The fault detection method proposed was tested and validated using real time data collected
from real VAV air-conditioning systems involving multiple artificial faults. The results of validation show residual-based EWMA
control chart with designing control limits can improve the accuracy of fault detection through eliminating the negative effects of
dynamic characteristics, serial correlation, normal transient changes of system, and time series modeling errors. The robust fault

detection method proposed can provide an effective tool for detecting the faults of air handling units.

1. Introduction

With progress in distributed control and model predictive
control systems, the benefits to various industrial segments
such as chemical, petrochemical, cement, steel, power, and
desalination industries have been enormous [1]. However,
fault detection and diagnosis (FDD) still is a very important
supervisory control task in managing process plants. Fault
detection and diagnosis has been included in control systems
through building automation system (BAS) or embedded
into heating, ventilating, air-conditioning, and refrigeration
systems (HVAC&R) equipment [2]. Successful fault detection
and diagnosis (FDD) can save 15~30% of variable-air-volume
(VAV) air-conditioning system energy consumption [3, 4].
Air handling unit (AHU) which is one of the most important
and extensively operated equipment pieces in large commer-
cial buildings tends to have more faults for higher automatic
control requirements, being customized, and lacks quality
system integration [5]. The broad scope of fault detection
and diagnosis in AHU fields has been increased continuously
because of various computer-aided techniques with low-cost

installation. Extensive research has been conducted during
the past decades to identify different fault diagnosis methods
that are suitable for air handling units. Three approaches
including analytical-based method [6-8], knowledge-based
method [9-11], and data-driven method [12-14] are used in
these researches.

Proper design and normal operation of air handling
units are essential for reliable operation and energy efficiency
of VAV air-conditioning systems. However, in the VAV air
handling unit system, temperature, flow rate, and pressure
are essential process variables to normal operation of air
handling unit system. Supply air temperature control process,
supply air pressure control process, and fresh air flow rate
control process are three main control processes of air
handling units. Most faults of air handling unit are sensitive
to the cumulative small changes as well as some abrupt
changes in supply air temperature values, supply air pressure
values, and fresh air flow rate values. However, supply air
temperature, supply air pressure, and fresh air flow rate at
a short sampling interval (5 minutes) can be proved to be
highly correlated by calculating the autocorrelation function,
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FIGURE 1: Schematic of VAV air handling unit and measurement instrumentation.

respectively. Therefore, residual-based control chart which
is the most widely investigated method for autocorrelated
processes can be used to detect faults and abnormalities of
air handling units.

Literature review shows that there is still a lack of reliable,
affordable, and scalable FDD methods for air handling unit
[5]. The causes of this problem include insufficient sensor
information, modeling limitations, and the complexity of
concurrent faults. An appropriate fault detection approach
for AHU systems should have more desirable characteristics.
One of the main requirements of fault detection method is
that very few false alarms are generated. Because VAV air-
conditioning systems operate under very diverse weather,
varied internal load conditions, and changing operation
points, VAV air-conditioning system is nonstationary and
has more normal transient changes. Variables associated
with air handling unit vary drastically with the changes
of operation conditions. Therefore, fault detection method
should be robust enough to cope with the nonstationary
characteristics and normal transient changes of air handling
unit systems. In this paper, a robust fault detection method
is presented for faults of air handling units by using the
residual-based EWMA control chart method. In order to
provide a level of robustness with respect to modeling errors,
control limits are determined by incorporating time series
model uncertainty information into EWMA control chart.
Residual-based EWMA control chart with designing control
limits can improve the fault detection accuracy through
eliminating the negative effects of dynamic characteristics of
system, serial correlation in monitoring data, normal tran-
sient changes of system, and modeling errors of time series
model.

2. Air Handling Unit System Description

Air handling unit is one of the most important equipment
pieces in VAV air-conditioning system. Air handling units
are controlled together with distribution terminals to provide
heating, cooling, and fresh air for each conditioned space
in buildings. Air handling unit system is where energy is
exchanged between the liquid system and the air system. Air
handling unit system is where outdoor air is introduced into a
building. Air handling unit consists usually of supply air fan,
return air fan, a mixing box, fresh air damper, exhausted air
damper, recirculation air damper, heating and cooling coils,
PID controller, and sensors. As shown in Figure 1, in the
air handling unit, the mixing box mixes the fresh air and
the recirculation air. The heating and cooling coils heat up
or cool down the mixed air to maintain the required supply
air temperature and humidity. The supply fan equipped with
variable frequency drive can adjust the air flow according to
the load conditions.

The performance of control system is important for
normal operation and energy efficiency of air handling units.
Supply air temperature control system, supply air pressure
control system, and fresh air flow rate control system are three
main control systems of air handling unit. Supply air temper-
ature is controlled at its setpoint by cooling coil, chilled water
valve, PID controller, and supply air temperature sensor.
Supply air pressure is maintained at its setpoint by a fan
controlled by an inverter, a supply air pressure sensor, and a
pressure transducer. Enough fresh air flow rate is provided by
a fresh damper, an air flow rate sensor, fresh air temperature
sensor, and PID controller.
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Faults of air handling unit mean that some components
do not operate properly according to the design intent.
Faults of air handling unit can be separated into four types:
design problem, equipment failure, actuator failure, and sen-
sor and feedback controller failure. Typical design problem
includes too high chilled water temperature setpoint, too
low chilled water temperature setpoint, too high fresh air
fraction setpoint, too low fresh air fraction setpoint, and
undersized cooling coil. Equipment failure can be separated
into system disturbance which normally interacts with a
modeling approach and structural failure that involves mal-
functions in the equipment of air handling unit. Equipment
failure includes faulty supply air fan, belt slippage, and
fouling cooling coil. Actuator (dampers and valves) failure
will directly interact with an AHU plant for modulating
the system inputs, which could cause the deviation of the
plant outputs beyond acceptable limits. Actuator (dampers
and valves) failure includes fresh air damper failure, return
air damper failure, and cooling coil valve failure. Sensor
fault will misrepresent the true condition of the systems.
Sensor and feedback controller failure will cause the perfor-
mance of controllers to degrade gradually. Typical sensor and
feedback controller failure includes supply air temperature
sensor failure, mixed air temperature sensor failure, return
air temperature sensor failure, fresh air temperature sensor
failure, supply air pressure sensor failure, fresh air humidity
sensor failure, fresh air flow rate sensor failure, return air flow
rate sensor failure, and PID controller failure.

3. Robust Fault Detection Method for Air
Handling Units

3.1. Negative Effects of Model Uncertainty on Residual-Based
EWMA Control Chart. Residual-based EWMA control chart
is derived from the control chart method, which is a general
method in statistical control engineering to monitor con-
trolled variables. Residual-based EWMA control chart is one
of the most widely investigated methods which have been
proposed to deal with correlated data recently. In the residual-
based EWMA control chart method, ARMA(p,q) model
with estimated parameters is utilized to generate residuals
which are no longer statistically independent. Then, stan-
dard EWMA control chart is used to monitor the residuals
between the observation and its prediction of ARMA(p,q)
model [15]. In practical engineering, modeling errors of
ARMA(p, q) model are usually unavoidable because of being
estimated from the limited amounts of historical data. When
modeling errors are unavoidable, the residuals generated via
the ARMA(p, q) models are no longer statistically indepen-
dent [16], as shown below:

_$(B)_ $(BOB)
0(B) " 0(B)¢(B

)
0(B)=1-6,B-0,B"—----0,B,

¢ (B)=1-¢B-¢B —-—¢,B,

where x; is the process data at sampling time i; § is an estimate
of the moving average polynomials constructed from the
estimated parameters; ¢ is an estimate of the autoregressive
polynomials constructed from the estimated parameters; g; is
an identically independently distributed zero-mean random
sequence that follows a normal distribution with variance o;;
Bis the backward shift operator; w; is the residual at sampling
time 1.

Suppose a residual-based EWMA control chart is utilized
to monitor ARMA processes. The residual-based EWMA
control chart is defined as

zi=(1-MNziy +\w, )

where z; is the value of EWMA statistic at sampling time i;
z;_, is the value of EWMA statistic at sampling time i — 1; w;
is the residual at sampling time i; EWMA parameter A is a
suitable constant, 0 < A < 1, A being determined by using the
method proposed in Montgomery [17].

The upper control limit (UCL) and lower control limit
(LCL) of EWMA control chart are calculated as follows:

UCL = fi, + L5,

o 3)
LCL = p, - Lo,

where UCL is the upper control limit of EWMA control chart;
LCL is the lower control limit of EWMA control chart; i, is
an estimate of in-control process mean of the residuals; the
constant L is chosen to provide a desired in-control average
run length, and tables developed by Lucas and Saccucci [18]
are used in this study to determine suitable L values; 7, is
an estimate of in-control process standard deviation of the
residuals.

In presence of estimation errors, the actual standard
deviation of the residuals o, may differ from the in-control
process standard deviation of the residuals o, [14]. Autocor-
relation in modeling errors will have large impact on the in-
control average run length of residual-based EWMA control
charts [19, 20]. o, will be larger than o, and the resulting in-
control average run length will be shorter than the desired
one [19].

3.2. Designing of Control Limits of Residual-Based EWMA
Control Chart. In order to provide a level of robustness with
respect to modeling errors, model uncertainty information is
incorporated into the EWMA control charts. Equation (4) is
used in this paper to determine chart limits for the residual-
based EWMA control chart:

UCL = ji, + Lo,

A @)
LCL = &, - Lo,

where UCL is the upper control limit of EWMA control chart;
LCL is the lower control limit of EWMA control chart; i, is
an estimate of in-control process mean of the residuals; the
constant L is chosen to provide a desired in-control average
run length, and tables developed by Lucas and Saccucci [18]
are used in this study to determine suitable L values; o, is the
actual standard deviation of the residuals.
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where 0 is coeflicient vector of moving average model; ) is
variable moving average parameter estimate; ¢ is coefficient
vector of autoregressive model; ¥, is variable autoregressive
parameter estimate; Z‘P@ is covariance between autoregressive
parameter estimates and moving average parameter esti-
mates; y is ARMA parameter vector; y is the estimated
parameter vector of ARMA model; },, is covariance matrix

(8)

of ARMA parameter estimates; Gﬁl? is conditional EWMA
variance for y; g; is impulse response function of EWMA
model [21]; E is the expectation operator; v = 1 — A; A is
EWMA parameter.

The EWMA variance for ARMAC(L, 1) processes becomes
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where n is the number of observations used to estimate
ARMA model.

For AR(1) and MA(1) processes, the results are similar.
Substituting Zy = (1—(/5%)/11 into (10) with )y = Zw =60=0,
the EWMA variance for AR(1) processes becomes
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Substituting £, = (1 - 67)/n into (10) with Y = Y45 =
¢ = 0, the EWMA variance for MA(1) processes becomes
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In this study, ARMA model parameters are unknown,
so 0, cannot be directly used in (4) to calculate the control
limits. The recommended procedure is to substitute the
parameter estimates for their true values in (9), (10), (11),
and (12). The extent to which the control limits are widened
depends on the level of model uncertainty. The EWMA
control chart with designing control limits can cope with
modeling errors well.

n

n

(12)
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3.3. Errors of Air Handling Unit Control Processes. Supply
air temperature control process, supply air pressure control
process, and fresh air flow rate control process are three
main control processes in air handling units. Supply air
temperature error, supply air pressure error, and fresh air
flow rate error are identified in this paper as three generic
errors. The supply air temperature error is defined as the error
between measured supply air temperature and its setpoint.
The supply air pressure error is defined as the error between
measured supply air pressure and its setpoint. The fresh air
flow rate error is defined as the error between measured fresh
air flow rate and its setpoint. Most faults of air handling
units will result in a deviation of one or more of the three
errors from its value during normal operation, which can
be detected by the residual-based EWMA control chart. The
supply air pressure error is effective for detecting slipping
supply fan drive belt, tuning problem with the air flow control
PID loop, sequencing logic error, and supply air pressure
sensor fault. The supply air temperature error is effective for
detecting cooling coil valve fault, too high or low chilled
water supply temperature, fouled cooling coil, chilled water
circulating pump failure, undersized cooling coil, too high or
low fresh air fraction, and supply air temperature sensor fault.
The fresh air flow rate error is effective for detecting fresh air
damper failure, wrong control logic, and too high or low fresh
air fraction.

3.4. Overviews of Fault Detection Method of Air Handling
Unit. When residual-based EWMA control chart is applied
to monitoring the control processes of air handling unit, the
process parameters representing some quality characteristic
of the control processes are unknown. Modeling errors are
usually unavoidable because of being estimated from the
limited amounts of historical data. Therefore, residual-based
EWMA control chart with designing control limits is used in
this paper to detect faults of air handling units. Flow chart of
fault detection method of air handling units using residual-
based EWMA control chart is shown in Figure 2. The fault
detection method includes the following three steps: (1) In-
control process parameters and ARMA model parameters are
offline estimated from historical, fault-free operating data. (2)
Upper and lower control limits are determined by using the
method presented in Section 3.2. (3) Residual-based EWMA
control chart with designing control limits is online used to
detect faults or abnormalities of air handling units.

When the VAV air-conditioning systems operate, z values
of supply air temperature error, supply air pressure error, and
fresh air flow rate error are calculated, respectively. z values
will be reset to zero when the VAV air-conditioning systems
are shut down. If LCL < z; < UCL, it means the air handling
unit operates normally. If z; > UCL or z; < LCL, it implies
a fault or abnormity in the corresponding air handling unit.
The advantage of the fault detection method presented is that
residual-based EWMA control chart with designing control
limits can improve the fault detection accuracy through
eliminating the negative effects of dynamic characteristics
of system, serial correlation in monitoring data, normal
transient changes of system, and modeling errors of time
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FIGURE 2: Flow chart of fault detection for VAV air handling units.

series model. The fault detection method proposed can be
conveniently implemented on real buildings as it relies only
upon the rated parameters of air handling units as well as
sensor and control signals that are commonly available in
energy management and control systems (EMCS).

4. Validation and Discussions

4.1. Building and Faults Introduction. The fault detection
method proposed was validated on VAV air-conditioning
systems of an office building. Every floor of the office building
is served by a single duct VAV air-conditioning system. The
building employs a fully automated energy management and
control system, which performs the environmental control of
the indoor spaces. Operating data of VAV air-conditioning
systems is gathered and stored in a database (SQL server)
at 5-minute interval. The huge amount of data available in
the SQL server provides rich information for monitoring,
optimization, and diagnosis of VAV air-conditioning systems.
A computer program based on the fault detection method
proposed was developed and connected to the SQL server.
The computer program can access operating data from the
SQL server and detect faults of VAV air handling units. In
order to obtain the quality characteristic of control processes
and determine parameters of time series models, half-year
operation data of VAV air-conditioning systems were logged
at 5-minute interval. To test the fault detection method
proposed, data sets for several types of artificial faults were
collected from the real office building. Artificial faults are
intentional man-made faults by introducing a faulty compo-
nent or setting. Introducing artificial faults is often the only
solution for testing a fault detection and diagnosis method

in a real environment. Descriptions of the fault introductions
and fault detection results are provided below.

4.2. Too Low Supply Air Pressure. Too low supply air pressure
was introduced to the AHU system at the 27th floor through
sticking the cooling coil with plastic tapes from sample 1.
Plastic tapes increase the local resistance of cooling coil,
which results in that measured supply air pressure is sub-
stantially less than the supply air pressure setpoint. EWMA
corresponding to too low supply air pressure is shown in
Figure 3. EWMA values exceed the designed lower control
limit at sample 10. It indicates that a fault of air handling unit
is detected by the fault detection method successfully. The
potential causes of this fault include slipping faulty fan, supply
fan drive belt, wrong control logic, and supply air pressure
sensor fault. On-site personnel investigation is needed to find
the fault source.

4.3. Supply Air Temperature Sensor Fault. Supply air tem-
perature sensor fault was introduced to the AHU system at
the 27th floor through replacing the supply air temperature
sensor with a faulty one from sample 37 in the SQL server
(database). The supply air temperature setpoint is 15°C. The
measured supply air temperature can match its setpoint well
before introducing the supply air temperature sensor fault.
The measured supply air temperature is around 12.909°C after
introducing the supply air temperature sensor fault. EWMA
corresponding to supply air temperature sensor fault is shown
in Figure 4. EWMA values do not exceed the designed upper
and lower control limits before introducing the supply air
temperature sensor fault. EWMA values exceed the designed
upper control limit at sample 46. It means that a fault of
air handling unit is found by the fault detection method
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successfully. The potential causes of this fault include faulty
cooling coil valve, too high chilled water supply temper-
ature, fouled cooling coil, chilled water circulating pump
failure, undersized cooling coil, too high fresh air fraction,
and supply air temperature sensor fault. On-site personnel
investigation is needed to determine the fault cause.

4.4. Stuck Cooling Coil Valve. An artificial fault was intro-
duced to cooling coil valve of the AHU system at the 27th
floor through manually constraining valve from sample 37.
Normally, the supply air temperature control system will turn
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FIGURE 5: EWMA corresponding to cooling coil valve fault.

up cooling coil valve when the supply air temperature is
higher than its setpoint. The measured supply air temperature
can match its setpoint well before introducing the artificial
cooling coil valve fault. The measured supply air temperature
is much lower than its setpoint after introducing the artificial
cooling coil valve fault. However, chilled water valve of cool-
ing coil is always higher than 48.707%. EWMA correspond-
ing to the artificial cooling coil valve fault is shown in Figure 5.
EWMA values do not exceed the designed upper and lower
control limits before introducing the artificial cooling coil
valve fault. EWMA values exceed the designed upper control
limit at sample 39. It flags that a fault of air handling unit is
found by the fault detection approach presented successfully.
The potential causes of this fault include stuck cooling coil
valve, too low chilled water supply temperature, too low fresh
air fraction, and supply air temperature sensor fault. On-site
personnel investigation is needed to find the fault source.

5. Conclusions

The increasing performance demands on control system and
the growing complexity of VAV air-conditioning system have
created a need for fault detection tool. A fault detection
method has been presented in this paper for VAV air
handling units by using residual-based EWMA control charts
with designing control limits. The fault detection method
proposed is validated by using the operation data from real
VAV air-conditioning systems involving multiple artificial
faults. Results of validation show that residual-based EWMA
chart with designing control limits can monitor the operating
status of air handling unit and detect faults of air handling
unit correctly. Residual-based EWMA control chart with
designing control limits can improve the fault detection
accuracy through eliminating the negative effects of dynamic
characteristics of system, serial correlation in monitoring
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data, normal transient changes of system, and modeling
errors of time series model. The fault detection method relies
only upon the sensor and control signals that are commonly
avaijlable in energy management and control systems. The
fault detection method presented can provide an online and
effective tool for detecting faults of air handling units.
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