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Abstract

This thesis is carried out at the business unit Gripen of Saab Aerospace within the section for
Thermal Analysis and System Simulation of General Systems. The work deals with automatic
fault detection with focus on the Environmental Control System (ECS). The ECS main tasks
are pressurization of cabin and cooling of avionics.

Automatic fault detection is traditionally performed mainly by using limit checking of meas-
ured signals and setpoint errors. An approach with a number of drawbacks such as difficulty in
handling system transients and no systematic way for isolation of faults. Increasing demands
on safety, reliability and economy has caught a growing attention for new diagnosis
approaches. Model based diagnosis is found to be an approach with potential to increase per-
formance and adding desired functionality.

A principle model of the ECS is developed for design and test of a model based diagnosis sys-
tem. Not only the ECS is modeled but also relevant faults, some faults well known from long
experience of the system and some hypothetical faults for the exemplification of diagnosis
methods. The benefits of a model based diagnosis approach is compared to diagnosis methods
implemented in the ECS today.
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Some notations used

In general

F - fault mode
G(s) -model transfer function
AG(s) -model error transfer function
H - hypothesis test
J -threshold
R - set of fault modes
S- diagnosis statement
T - test quantity
y - measured signal
Q - set of all fault modes
Quantities in the principle model
a - valve position [rad]
A - orifice effective open area fin
M - mass flow [kg/s]
P - absolute pressure [kPa]
T - temperature. [K]
V - volume [n7]
Subscripts refering to different parts of the model

amb- ambient

ao - avionics outlet

av - avionics

cab- cabin

cin - inlet of cooling pack

co - cabin outlet

cp - cooling pack

eng- engine, or first part of the principle model

he - heat exchanger

15, 16, 18, 22 valves, corresponding to Saab notation

Abbreviations

ECS - Environmental Control System

FM - Fault Monitoring

SC - Safety Check

RLS - Recursive Least Squares

FDI - Fault Detection and Isolation

MFL - Manual Fault Localization (Isolation)
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1 Introduction

Saab Aerospace is a business area within Saab AB. The main enterprise is the develop-
ment and production of the Gripen fighter. Gripen is a fourth generation aircraft, which
refers to an extended use of integrated computerized systems. Information are provided
from all parts of the aircraft, which opens new possibilities to analyze aircraft conditions.

In this thesis, model based diagnosis is used to evaluate available information with pur-
pose to extract system condition. The work has been performed at the section for system
simulation and thermal analysis of general systems.

1.1 Objectives

The objective with this thesis is to work with model based diagnosis on a general aircraft
system in Gripen. The main task is to exemplify diagnosis concepts and design process by
building a model based diagnosis system. Another important aim is to take an inventory of
diagnosis methods implemented today. An overview of functionality and methods imple-
mented today is obtained by reading documentation and talking to people involved in the
subject. Last of all, the work should sum up to a discussion and reflections on possibilities
with model based diagnosis applied to a general aircraft system.

1.2 Background

The general aircraft systems are characterized by being large, dynamic and nonlinear. Tra-
ditionally these systems are supervised with sensor redundancy or limit and trend check-
ing. Increased requirements on reliability, safety and economy have opened the interest for
new diagnosis methods. Model based diagnosis is an interesting approach to investigate
further. This thesis is a first step to explore the possibilities with model based diagnosis on

the aircraft systems.

A focus is held on the Environmental Control System, which originate is developed by a
subcontractor and integrated in the aircraft. Increasing demands on performance and econ-
omy have made Saab take over the development of the system. This opens the possibility
to add new functionality such as model based diagnosis.

1.3 Outline

Chapter two is a summary of the physics for the components used when building the
model. In chapter three a principle model of the Environmental Control System is built.
Chapter four deals with the building of a diagnosis system on the principle model and pre-
sents some results from simulations with the diagnosis system. In chapter five a short dis-
cussion with conclusions and ideas for further work is presented.
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2 Model based Diagnosis

Traditionally diagnosis has been performed mainly by limit checking. When for example a
sensor signal leaves its normal operating range, an alarm is generated. The normal range is
predefined by using thresholds. This approach has some limitations especially in the case
with highly nonlinear systems when the thresholds must be chosen according to a worst
case scenario or tabulated for different operating conditions. Another disadvantage is the
difficulty in isolating a present fault. There is no natural way of handling such a problem
formulation since knowledge of how different faults affect the process is not built into the
diagnosis system.

Another traditional approach is the use of hardware redundancy, where components are
duplicated or even triplicated. There are at least three major drawbacks with this approach,
hardware is expensive, it requires space and adds weight to the system. Advantages are a
reliable diagnosis system with fast response.

As an alternative to traditional approaches, model based diagnosis have shown to be useful
both as a complement and sometimes on its own. Compared to traditional approaches,
model based diagnosis has a large potential to have the following advantages:

* It can be performed over a large operating range.
* Isolation of different faults becomes possible.

* It can provide higher diagnosis performance, for example smaller faults can be detected
and the detection time is shorter.

» Disturbances can be compensated for, which implies that high diagnosis performance
can be obtained in spite of the presence of disturbances.

* Itis generally applicable to more kinds of components. Not all hardware can be dupli-
cated.
* No extra hardware is needed, which means lower cost, weight and space requirements

The disadvantage of model based diagnosis is the need of a reliable model which calls for
good system knowledge and possibly leads to a more complex design procedure.

2.1 Diagnosis system

By using available information about the process we want to extract one fault mode that
can explain the process behavior. Sometimes there are more than one fault mode that can
explain the process behavior and this should be reflected in the diagnosis statement. To
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design a model based diagnosis system, a model of the process is needed. Models of pos-
sible faults and how they affect the process are also needed.

faults ¢ ‘d

Process ]_ >
y

u
Test quantit N
. . generator
Diagnosis
system

Decision
logic

Diagnosis statement

FIGURE 1. Diagnosis system, information flow

In Figure 1, an overview of a diagnosis system is seen. The information available to a
diagnosis system consists of measured signasd control signals. The behavior of

these signals are supervised in order to make a diagnosis statement. The unknown signals,
faults and disturbanced, affect the process but can not be measured. The available sig-
nals,u andy, are fed into an algorithm to generate a number of test quantities. This algo-
rithm, the test quantity generator, is based on a model of the process and models of
possible faults. The test quantities should be constructed to output a value of zero when no
fault is present and non zero when a fault occurs. The test quantities are fed through the
decision logic where they are used for taking decisions in a number of hypothesis tests.
The decisions are combined to a diagnosis statement.

2.1.1 Model

In the work with model based diagnosis it is important to have a reliable model of the pro-
cess. The building of a diagnosis model requires good process knowledge, not for achiev-
ing a very accurate model but to extract the most important behavior of the process. Even
if model accuracy directly affects the maximum diagnosis performance it is shown that
rough models can be used with success. An example of this is the rough valve model used
in Chapter 2.3.3 and later in the developed diagnosis system in Chapter 4.

2.1.2 Fault models

Not only a model of the process is needed, but also models of all faults the system is sup-
posed to detect. Faults not considered in the design of the diagnosis system will have an
unknown affect on performance. To reduce the risk of false alarm it is important to be
aware of which faults are the most common. To achieve a well designed diagnosis system,
good knowledge of possible faults is required. For a system which is not in production,
tools like FTA and FMEA [9] can be used to analyze the system and isolate critical and
likely failures. In the Gripen case, an aircraft with many hours in the air, a lot of experi-
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ence has been gathered which gives an empirical knowledge of faults important to super-
vise.

A set of fault modes are defined to explain the state of the process. In each instant, the
state of the system is assumed to be one of the predefined fault modes. A natural approach
is to assign each fault to one fault mode. A fault mode representing the process in a fault
free state is also considered. This approach works fine as long as only one fault occurs at
the time. If two or more faults are likely to appear at the same time, they must be assigned
to an additional fault mode. If not, a proper diagnosis statement might not be made by the
diagnosis system in that case. The idea with fault modes is to name each possible state of
the supervised process. The diagnosis system is then supposed to give a statement of
which fault mode actually is present. If that is not possible the statement should be a list of
possible fault modes.

2.1.3 Hypothesis test

A decision between two possibilities is generally called a hypothesis test. The idea with
hypothesis tests in a diagnosis system is to figure out which state the supervised process
presently is working in. A decision is made, to tell in which of two sets of fault modes the
actual state is found. A test quantity is used for taking the decision.

Test quantity. The purpose with test quantities is to find deviations from normal process
behavior. Mathematical relations from the process model are used to describe how signals
should relate to each other. Building of test quantities is restricted to available signals from
sensors and known inputs to the system.

A designed test quantity is constructed in such a way that it is not affected by all fault
modes. Fault modes that do not affect the test are decoupled and the hypothesis test
becomes a test between the set of decoupled fault rRpdesl the complemeR,

HO: FoUR, = { set of decoupled fault modes

H: F, O R, = {all other fault modes

If HO is rejected we assunt¢* holds true. This assumption requires that every possible
fault mode is considered. At least all fault modes that the diagnosis system is supposed to
handle. Non considered fault modes will have an unknown affect on the diagnosis state-
ment.

Thresholds.Because of disturbances and measurement noise, the test quantity is usually
not exactly zero in the fault free case. Therefore, we need to use a threshold with the test
guantity to take the decision between the two hypothesis.

HQ is not rejected iff, < J,
HQ is rejected ifT, = J,

The convention used here and also common in hypothesis testing literature [10] is to
assume thati! is true wherHC is rejected, it is not rejected we will not assume any-
thing.
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Statement.The result from a test is the statem§pt

Ss? =Q if Hg is not rejected

=0
Ei = RE if H(k) is rejected

whereQ denotes the set of all fault modes. The statement is a list of possible fault modes
that can explain the process behavior. A test quantity with a small value can be explained
by all fault modes. If the test quantity exceeds the threshold, the fault mode that can
explain the data is not decoupled. The null hypothesis is rejected and the alternative
hypothesis is accepted. The alternative hypothesis says that the present fault mode belongs
to the set of non-decoupled fault modes.

2.1.4 Isolation

Fault isolation can be performed using several different principles. The approach used
here is a structure of hypothesis tests. This makes it possible to diagnose a large variety of
different types of faults within the same framework and the same diagnosis system.

A number of hypothesis test are performed individually, each one coming up with a state-
mentS,. The statement from each test is a list of possible fault modes. The final diagnosis
statemen§, becomes the intersection of all s§ts

S=n<x
k

This implies that the diagnosis statement can contain more than one fault mode. This cor-
responds well to a desirable functionality to get a list of possible faults when more than
one fault mode can explain the process behavior.

2.2 Design of test quantities

A test quantityT,, should be designed such that if a fault mod@gn can explain the pro-
cess behavior, thef should be large. On the other hand if the data match the hypothesis
HO i.e a fault mode iR, can explain the data thah should be small. After modeling all
faults, each fault mode can be seen as an own modé&la@h be used as a measure of
the validity of the different models.

2.2.1 The prediction error principle

Using a model and measurements, it is possible to make a predi¢tjon of the output
y(t). the prediction error is then a natural measure of the validity of the model. The test
guantity can be written as

Ty = rrelinV(e, X) igQ

whereQ is the set of all fault modes afds a set of parameter values for the model corre-
sponding to fault mode V(6,x) is a measure of the validity of the same model. Using the
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prediction error principle a sum of prediction errors is used to measure the validity of the
model.

N

V(8,x) = %IZ ly( -y(t0)]
t=1

if 8 only can have one val#g, the test quantity becomes
T (X) = Vi (6, )

and no minimization has to be performed. In most cases to minimization is quite straight-
forward, but in some cases it may cause heavy computational load. In such a case it is pos-
sible to relax V§,x) with another function {6,x) with optimum close to each other. Then

it is reasonable to use M the calculation of the test quantity and expect approximately
the same result.

2.2.2 The parameter estimation principle

Using measurements it is possible to estimate parameters in a model of the process. If the
estimated parameter has a nominal vajeorresponding to a fault free case, a test quan-
tity can be constructed by directly using the estimated parameter.

T(x) = [8(x) -8y

Test quantities based on estimates can have very good performance for a fault mode corre-
sponding to the estimated parameter. For other fault modes the performance might be
guite low.

2.2.3 Observers

The building of observers for a diagnosis system are often made according to two common
strategies, dedicated observers and generalized observers. Both uses all process control
signals and a subset of the measured signals. A dedicated observer is driven by only one
measured signal which implies that faults in all other signals are decoupled. The direct
opposite situation is used with generalized observers when all but one measured signal are
used to feed the observer. Such an observer has only one sensor signal decoupled. These
two strategies are used to get a systematic approach for constructing observers, of course
combinations of these are also used when the number of used signals are chosen freely.

2.2.4 Example of transient suppression

This is an example of how a model can be used to suppress the effects of dynamics in a
process. Two test quantities are developed, one static and one dynamic.
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Consider a volume with air flowing in and out of {* -
The flow is driven by a constant inlet and outlet prr ~~ Valve  Volume  Orifice

sure. A valve is attached to the inlet pipe and the ¢ X
let passes through an orificg. The aim is to distingt M Moo
between leakage and transients caused by a chan Py

the valves position. Model errors and sensor noise are

present.

Static test quantity, T, The static larm is based on the assumption that the flow in
equals the flow out of the volume. The process model

is used for constructing a test quantity. Measuring both flod;jn and outM,;, a test
guantity could be calculated as

T= ‘Min_MoutJ

The process model does not hold true in a sudden change of valve position. To reduce the
affect of noise and model error during transients, the test quantity is low-pass filtered

Tstat = LP|Mi =My

stat

_ 1

Tstat T s+ 0.1|Min_MoutI (2.1)
In this test, flow in and out of the volume are measured and used to calculate the test quan-
tity. If an additional signal for the pressure in the volume is available, it can be used to
model transients. The next test quaniigy, is based on a dynamic model and an addi-
tional measure of the pressitg

Dynamic test quantity, Tgy,. A more precise model consider the fact that we have a vol-
ume between in and outlet flow. An equation based on mass continuity will bring time
dependency to the process and the model gets dynamic. The equation of continuity for a
fluid

: RT
I:)v = V(Min_Mout)

is used as a model of the process. A test quantity is calculated from measure of the two
flows and pressur@,, in the volume
V .
Tdyn = |vlin - |vlout_ ﬁpv
This test quantity is also low-pass filtered to suppress noise and. The filter uses used in
Ttat IS Used once again to achieve the same noise level and a fair comparison of the two
test quantities. Now the expression yields
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V .
Tdyn = LP‘Min_Mout_ﬁPV

__1 \Y _|1 s V
Tayn = 550.1)Min ~Mour=g75PY = ‘s+ 0.1Min ~Mow) ~ 535 1RT v

The pressure is considered as a measured signal, volume and temperature as constants.

(2.2)

Simulation. A simulation is performed with the two test quantities working independently

at the same time. The test quantities are found in Figlig2(2.1) is seen to the left and

Tayn (2.2) to the right. First a step in the valve position is made at time, t = 2sec, and then a
leakage occurs at t = 8sec.

Static test quantity Dynamic test quantity
2 27
1 1
0 N of
-1 -1
_2 L L s _2 L L s
0 5 10 15 0 5 10 1
time [s] time [s]

FIGURE 2. System transient followed by leakage

The advantage of using a dynamic model is obvious. The static test quantity almost fire a
false alarm during the transient, but the test quantity based on a dynamic model gives a
good dynamic behavior. A drawback with the dynamic approach is the extra information
needed to make use of the process model. Information about the parameters volume and
temperature and a signal for the volume pressure is needed.

In this example, a sensor is considered to deliver the pressure signal. The use of an extra
sensor may seem unfair when comparing the two tests. The signal could also be calculated
with an observer, based on knowledge of ambient conditions and models for fluid flow in
and out of the volume. If the extra sensor were not used, a more fair comparison of the two
test quantities would be achieved, but in this way the example is more easy to follow. The
purpose with the example is still shown, the benefits with a model based approach for han-
dling transients.

2.3 Thresholds

Thresholds can be chosen in many different ways. In this work two approaches are used.
The first, maximum deflectigns restrictive and easy to automatize. It is used to give all
thresholds an initial value. The second approhligtogram inspectigns used for tuning

the thresholds to improve diagnosis performance. Both approaches are based on Monte
Carlo simulations. No two simulations will give exactly the same result since parameters
are randomly distorted and sensor noise is present. A large number of simulations are per-
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formed and evaluated, the results will hopefully cover model errors and correspond to
what would come from a perfect model.

The adaptive thresholds are of a different nature and can not be chosen in the same way as
the other thresholds. The adaptive thresholds are chosen manually from knowledge of pro-
cess and model errors.

2.3.1 Maximum deflection

Since sensor noise and parameter uncertainties are included in the model no simulations
will give the exact same result. After the test quantities are designed, a long range of sim-
ulations are performed. Each simulation will give a different result and thresholds are
given values larger than the maximum deflection of the corresponding test quantity. The
simulations are performed at different working conditions with steps in all control loops to
excite the system in different directions.

This approach to find thresholds is straightforward, systematic and easy to automatize but
there is a risk of being to restrictive. Some thresholds must be set very high to guarantee
no false alarms. The problem with thresholds set too high is that they will never fire, not
even when a fault occurs.

A more reasonable approach allows a small risk for false alarm, which will lower the
threshold and decrease the risk for missed detection. The test quantity distribution can be
estimated from Monte Carlo simulations. To achieve a good estimate of the tail of the dis-
tribution a lot of simulations are needed. Approximations of tail distributions from a
fewer, more reasonable, amount of simulations is discussed in [12].

After thresholds are given initial values with tl@ximum deflectioapproach, diagnosis
performance may be improved by inspecting histograms.

2.3.2 Histogram inspection

A more fair approach is to set the limit as a compromise between risk of false alarm
(threshold too low) and risk of not detecting a fault (high threshold). A correct built test
guantity is zero for decoupled fault modes and high for others. In Figure 3, two distribu-
tions are seen, showing the typical behavior of a test quantity. One for a fault free system
and the other for a system with a non-decoupled fault present.

distribution when threshold

no fault is prese distribution with

fault present

false alarm
missed detection

FIGURE 3. Test quantity distributions
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The left distribution shows the test quantity when no fault is present or with the present
fault decoupled. The test quantity is distributed around a value of zero. The tail of the dis-
tribution found higher than the threshold corresponds to the risk of false alarm.

The distribution to the right in the figure, shows the typical behavior when a fault affecting
the test quantity is present. The present fault mode is found in the alternative hypothesis
for the corresponding test. The tail of the distribution, lower then the threshold corre-
sponds to the risk of not detecting a fault.

The idea with histogram inspection is to set the threshold by considering the two require-
ments of low false alarm rate and low risk of missed detection. It might be worth lowering
the threshold to increase the possibility to detect faults, on cost of increased false alarm
rate.

In Figure 19 on page 41 an example is seen. A test quantity from the diagnosis system
designed in the work, is evaluated. The histogram comes from 12 simulations with differ-

ent fault modes present. By lowering the threshold, the missed detection probability is

decreased and diagnosis performance will improve.

2.3.3 Adaptive thresholds

The concept of adaptive thresholds is based on knowledge of model errors. To illustrate
this, a valve is chosen as object for supervision. The dynamics of the valve is known and
approximated with a model of reduced order. The approximation will introduce model
errors with known characteristics. An expression of the model error is used to obtain the
adaptive thresholds.

Valve model.A low order model of a valve is studied. The model is used to predict the

valves position and a test quantity is formed according to the estimation error principle.
Assuming that no faults are present, every valve will reach its settling point within a cer-
tain time. In steady state it will always be in the correct position. In other words, at low
frequencies the valve settles correctly, which motivates a model with the transfer function

(2.3)

The valve model transfer functi@(s), is shown in Figure 4 below.
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FIGURE 4. Valve, low order model transfer function, G(s).

Model error. When the set point changes fast, the position is harder to predict. The model
is not reliable at high frequencies, the higher frequency, the higher the model error
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becomes. We can assume a model error that is low at steady state and large when the valve
is moving fast. The transfer functia3(s) is used to tell the size of the model error.

0,1s
0,1s+1

The model error transfer functia(s), is shown in figure Figure 5.

AG(s) = (2.4)
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FIGURE 5. Model error transfer functiohG(s).

A real test. The assumptions above have been tested in a test quantity for evaluating data
from a real valve in the Environmental Control System. The low order model (2.3) of the
valve is used to predict the position. A test quantity is built with the prediction error prin-
ciple according to

T =[G(9u-Y

This test quantity is used together with the adaptive thresligid, The threshold is
derived from Equation (2.4) and yields

Jagp() = K(IAG(9)u+ )

The test works fine most of the time but not in the case of large steps in the position set-
point. This comes from the analog controller that governs the valve, see Figure 6. The
voltage that runs DC-motor in the servo is limited and makes the valve to a non-linear sys-
tem with limited bandwidth. To overcome this problem the position setpoint is limited to a
maximum step size before estimating the position. The limitation makes the estimation
sensitive to the chosen maximum step value. This extra uncertainty should be considered
in the calculation of the threshold.

Servo

position Iirr?ited
Electrical | Setpoint | Apglog | VoOltage Valve
Control Unit Controller DC-motor disc

i

FIGURE 6. Valve overview

position feedback

A test obtained from the test quantity together with the adaptive threshold above, is used to
evaluate data measured on a real valve. Later in Section 4.1.5 the same test quantity is
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used for evaluating simulations on the principle model. Below, two figures are shown for
evaluation of measured real data. In Figure 7 the measured position is seen within an esti-
mated allowed range. In Figure 8 the test quantity is seen together with the corresponding
adaptive threshold.

Position with limits
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FIGURE 7. Measured position within limits

The measured position is plotted and compared to an estimated allowed position range,
derived from the position setpoint. The allowed rayge calculated as

G(s)u—|AG(s)u <y G(9u+ |AG(9) Ul

No data for a faulty valve was available, instead simulations are performed to see if the test
can detect valve failures. In Section 4.4 the same test quantity is used for evaluating simu-
lations with a valve model. The test is shown to generate alarms when a fault occurs.

The idea with adaptive thresholds is shown in Figure 8. The test quantity is plotted
together with the adaptive threshold. The evaluation is performed on the same data as in
Figure 7.

Estimation error
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FIGURE 8. Estimation error with adaptive threshold

The estimation is very accurate during static conditions but because of the low model

order it can not obtain perfect transient behavior. It is seen how the adaptive threshold

increases the allowed region during transients and that it is needed to not get a false larm.
If adaptive thresholds were not used, the threshold had to be set to the maximum value in
the simulation and the performance of the test would be lower.

2.4 Requirements

As in all system design, is it important with requirements to get a measure of the system
performance. When designing a diagnosis system, the three most common requirements
are,false alarm missed detectigrandtime delay
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False alarm rate.Is the risk of getting a larm even when there is no fault present in the
system. The reliability of the system is directly connected to this requirement. An operator
that feels that the system has a high false alarm rate, might not take alarms serious and
even ignore them. Thalse alarm ratancreases with lower thresholds. With low thresh-
olds, alarms fire more easily.

Missed detection.The risk of not detecting a fault present in the system. When designing

a restrictive diagnosis system, that does not fire alarms easily, the risk increases for not
detecting an alarm. The probability fmissed detectiomcreases with higher thresholds,
therefore this requirement in many cases goes in conflict with the requirementfalsiew
alarm rate

Time delay.Requirements for the time it takes for the diagnosis system to detect a fault
are important. The most common requirement isntiean delay timethe mean time it

takes to detect a certain fault mode. Another common requirementsaki@um delay

time, an upper limit of how much time that can pass by before the diagnosis system detects
a fault.
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3 The Gripen Environmental Control System

This work is performed at the department of General Systems which is responsible for
several systems as hydraulic, electrical power, fuel and environmental systems. In order to
work with model based diagnosis one of the systems was chosen to focus on. The choice
fell on the Environmental Control System, ECS. The ECS is a system with many interest-
ing characteristics, such as being dynamic, non-linear and large. The system is built up
from numerous components and the physics behind compressible fluids gives a highly
nonlinear system with dynamic behavior.

Redundancy management is built into the system to guarantee performance. The redun-
dancy consists of auxiliary units and possibility to shut off parts off the system. Supervi-
sion is required to manage this system redundancy. It is desirable to increase reliability
and functionality of this supervision, and to extend it with a diagnosis system to automa-
tize fault localization.

3.1 Environmental Control System, ECS

The Environmental Control System, ECS, has a number of different tasks to perform. The
most important are pressurization of cabin and cooling of electronics. It is important to
always keep a pressure in the cabin that does not distress the human body. The cooling of
some electronics such as the flight computer is also of great importance since it is neces-
sary to keep the fighter in the air.

Other, less critical tasks also has to be performed, like comfort to the cabin, defrosting the
windshield and pressurization of tanks and gearboxes. An onboard oxygen generator will
eventually be installed and also driven by the ECS.

The ECS can schematically be divided into three pAitsSupply Air Conditioningand
Distribution. The three parts can be found in a schematic overview of the ECS, in
Figure 9.

Air Supply | [ Air Conditioning | Distribution

;

FIGURE 9. ECS overview

The ECS system is supplied with air from the engine, so called bleed air. The bleed air is
hot and at high pressure that must be reduced to more handy working levels. The pressure
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is reduced in a pressure reducing valve and the temperature is decreased in the primary
heat exchanger. A bypass valve, around the heat exchanger, is used to get a first coarse
control of the temperature. After this first step of adjusting the air temperature and pres-
sure, a fraction is distributed to the defroster and for pressurization of tanks and gearboxes.

When the engine is off or if it is not desirable to load it more than necessary, additional air
supply can be provided by the use of an Auxiliary Power Unit, APU. The APU is also used
to deliver air for starting up the engine.

The next section, the air conditioner, which is also called the cooling pack, starts with a
valve used to control the pressure at the outlet of the cooling pack. The next step in the
process of air conditioning is to send it through the cold air unit. The pressure is increased
in a compressor which results in increased temperature. The air passes through the second-
ary heat exchanger followed by the condenser and an efficient water separator. Dry air is
of great importance to sustain a long lifetime of the electronics.

The last step in the cooling process is to expand the gas through the cooling turbine. Now
the air has a temperature below the freezing point and in order to reach the desired temper-
ature of OC, hot air is bypassed the cold air unit and mixed with the outlet of the cooling
pack.

The distribution part has two main pipes, one for the cabin and one for the electronics. The
temperature to the cabin is once again mixed with hot air to get the comfort in the cabin
the pilot wishes. The flow is controlled separately to each branch.

The idea with the cooling pack is to remove
moisture from the air, and to lower the temper oyperaturec] isobars
ature below ambient temperature. The cours
of events can, from a thermophysical point o
view, be divided into five steps.

1. Compression of ambient air in the engine
high pressure compressor.

2. Cooling in the primary heat exchanger
Heat is transferred to the ambient air.

3. Compression in the cold air unit compres-
sor. Compression of the air is needed to easily achieve an additional heat transfer to the
ambient air.

4. Cooling in the secondary heat exchanger. Removing more heat from the air. Now, the
energy in the air is low enough to get the required temperature.

5. Expansion in the turbine of the cold air unit, with additional temperature loss as a con-
sequence.

Two conditions must be fulfilled to get a proper cooling. The first condition is the need of
bleed air supply, quite obvious. Some extreme operating points may violate this condition,
but is easily overcome by increased engine thrust. The second is the need of external air
passing the primary and the secondary heat exchanger. The air flow depends on aircraft
velocity. On ground and at low velocities the flow can be increased by the use of ejectors
that take high pressured air from the ECS system, and uses it to accelerate the flow
through the ram air channel.

entropy [J/ °C]
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Cabin pressurization above external ambient pressure is required to maintain a breathable
atmosphere and avoid human distress at high altitude. In civil aircraft this results in cabin
pressure being maintained at a value equivalent to altitudes no greater than 2400 metres
and a requirement that cabin altitude should never exceed 5500 metres, not even in an
emergency. Passenger comfort also dictates limitations on the rate of change of pressure.
For military aircraft similar considerations apply but, since the crew are deemed to be fit
and healthy and breathing oxygen is constantly supplied, the requirements are consider-
ably relaxed. Cabin pressure differential is reduced to minimum in order to minimize
structural weight.

3.2 Opinions and reflections about the ECS

A lot of information about the ECS and about diagnosis of the system has been gathered.
This involved both reading of files from archives and talking to people involved in these
issues. Here is a collection of thoughts and reflections encountered during the work.

The general opinion about the ECS is that so far it has been a quite problematic system.
This is mainly due to outsourcing of system development and production to a subcontrac-
tor. Supervision and diagnosis was added at a late stage in the development process and as
a a consequence a lower level of accuracy in the requirements was held.

Initially the diagnosis system suffered from many false alarms and undetected faults.
Since the system was not developed at Saab there was no easy way to modify it. Some
problems could be solved by adjusting thresholds and installing extra sensors, whereas
some alarms simply were shut off.

The main problem with the diagnosis of the ECS is not to detect faults, but to isolate them.
As the diagnosis is implemented today, it mainly supervises system output to be close to
the setpoint. This sometimes cause the diagnosis system to fire an alarm when the ECS is
saturated. Not entirely perfect, since an alarm is not only supposed to give a warning, but
also a recommendation of suitable measures to take. An alarm caused by system saturation
has a completely different message to the pilot than a larm caused by system failure.
Another advantage with better isolation capabilities in the diagnosis system would be to
facilitate maintenance on the ground. Today isolation are performed manually, a work that
would be made a lot faster with a well working diagnosis system.

By experience it is well known what the most common faults are. It seems like the
mechanic construction is very robust and problems occur almost only in parts with electric
connections, like valves and sensors. The valves life is shorter than expected, probably due
to non tuned control laws. A worn out valve shows symptoms like stiction with discontin-
uous position changes. Other symptoms are slower movements and increased friction.
Other faults known to occur on the valves are displaced potentiometers, displaced valve
discs, and loose connections. Displaced potentiometers results in a biased feedback and
the valves settles at the wrong position. Displaced valve discs leads to an incomplete oper-
ating range. Sensor connections that are loose give a total loss of sighal every now and
then.

Another thing worth to notice is the lack of redundancy. Once again, not from a mechani-
cal point of view. Crucial tasks are covered with auxiliary systems. Also other safety
arrangements like safety valves appear. However, as mentioned earlier, the electrical part
has some drawbacks. Each control loop operates only with one sensor and one actuator,
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even when redundant components exist. This makes the system sensitive to faults in such a
component.

One reason that the supervision is not working satisfactorily is that the ECS have been
modified in several steps since the start, but not the supervision. Old thresholds and other
limits should be updated to fit the system of today.

One opinion is to only supervise periods of stable system performance avoiding transient
events. This would be easier in some ways, like better understanding of system behavior.
An existing model is verified and usable for simulation. This approach would still leave
some questions. How do you decide when the flight is static or not? Is there enough stati-
cal time in a typical flight session?

From an economic point of view is it not obvious to automate all diagnosis. Tests that must
not be run too frequently, may be cheaper to execute manually. An automatic system
involves a large cost in development and implementation. On the other hand is usage very
cheap. The situation is the direct opposite with a manual procedure that involves less
development, but takes a lot of time at each occasion and becomes costly in the long run.

3.3 Diagnosis today

The ECS, manufactured by a subcontractor, has the same supervision and control system
as from the beginning. Today it is in a need of revision. Rapid controller loops wear
unnecessarily on valves. Supervision does not match the modified system of today and
hardly no diagnosis is present. With that in mind Saab, decided to take over the responsi-
bility of the system and develop their own controller box.

The supervision of the ECS as it looks today can be divided into two categories, as the ter-
minology at Saab goeBault Monitoring (FM) andSafety CheckSC).

Fault Monitoring. The Fault Monitoring is run continuously during flight. It is supposed

to detect faults in subsystems and when necessary switch to available auxiliary systems.
The supervision is a passive on-line system assigned to guarantee safety and performance
demands. Today it mainly checks that important quantities like different temperatures and
pressures are within specified limits. The most important of these are cooling capacity to
avionics and pressurization of the cabin.

Safety Check.Safety Check is performed at startup before each flight. It is done once and
must be quite fast without leaving uncertainty about system safety. The test is truly auto-
matic and runs before, during and a short time after engine start. If the test is run clear, the
aircraft is supposed to be safe and can be taken in the air. The test is also run at service
occasions. The tests performed here are online and combined active and passive. Commu-
nication between computers is one big test, another is fast repositioning of the valves to
check the settling times.

Actually, there is one more category, called Functionality Check (FC) but it is not an auto-
matic system and not considered in this work. The Functionality Check is a length, time
demanding procedure, performed in cooperation with an operator only at special service
occasions. Most steps are actually completely manual tests that checks performance and
safety. Inspection of installations, performance of controllers, and functionality tests of
redundant systems that can not be performed automatically. Examples are inspection of
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leakage in pipes and functionality of safety valves. The most important task is the test of
redundant systems which are not needed in normal flight, but critical for safety at failure
of other parts.

The procedures mentioned above are implemented with the intention to guarantee safety
and performance. A focus is held on detecting deviations in system output and finding
faults on a system level. For maintenance purposes it would be desirable to isolate faults,
to track them down to a component level. When detecting a fault, the supervision gives a
recommendation of suitable measures to take. Only in a few cases this leads to isolation of
likely faulty components. Instead, the most common recommendation is MFL, Manual
Fault Localization. This has given the service crew a lot of experience in manual diagnosis
of the system. A tool for propagating this knowledge is developed, which here is referred
to as symptomatic diagnosis. As the name reflects, it is based on examination of deviations
in the general behavior of the system.

To meet customer demands a maintenance manual [6] has been written. Normally such
manuals are based on Fault Tree Analysis, FTA [9], but this is not suitable in the ECS due
to its size and complexity. A complete fault tree analysis would fast become very large and
unwieldy. Instead aymptom based diagnogisocedure is inserted in the manual.

Symptom based diagnosidNith the symptom based diagnosis procedure, the fault isola-

tion is performed off-line, manually, by taking a closer look at recorded signals. The idea
is to extract interesting behavior according to predefined criteria and match in a fault
matrix to generate a list of probable faults. The procedure can be divided into four steps.

1 Get data 2 Exceeded 3) Actuator 4 Fault
limits performance matrix

FIGURE 10. Procedure for symptom based diagnosis

1. Examine registered data from the actual flight. Extract a region without transients close
to the event of the alarm.

2. Find sensor signals that have exceeded their limits and make a mark if the signal is too
high or low.

3. Look at the corresponding actuator performances. Every quantity has one actuator to
control it. If the actuator quantity has exceeded a tolerance limit, the actuator should be
saturated. Mark a yes for correct saturation, and no otherwise.

4. Match the combination of high/low/yes/no in a matrix to identify a fault or a list of pos-
sible faults. The matrix consists of a row for each fault and a column for each symptom.
By matching a combination of symptoms in the matrix, a list of possible faults can be
found.

Symptom based diagnosis has been tested for some time in the swedish airforce, with pos-
itive feedback from those who have tried it. A thought that immediately occurs is that it
seems to be a very systematic procedure, well suited for automation, and possible to
implement as an automatic built in test. The problem is to know when signals have
exceeded their tolerance limits. No firm limits exist and under some circumstances limits
can be stretched, e.g. at system transients.
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3.4 Motivation for the principle model

In order to perform model based diagnosis, a model of the process is needed. A model of
the ECS already exists, built in a simulation software called Easy5. This model exhibits
good performance in static simulations, but has not been verified in dynamic cases. Since
this work involves dynamic aspects, the existing Easy5 model is not suitable. Instead a
principle model is built in Matlab/Simulink, Appendix B: The principle model in Sim-
ulink. A lot of effort was made to convert the model from a component-level to a function-
ality-level. Not every single component has been modeled, but the most important
functionality is present. The intention is to extract behavior from ECS to get a base for
exemplification of diagnosis concepts.

The principle model embraces the main features of the real system. In Figure 11, the three
parts of the ECS are found, Air Supply, Air Conditioning and Distribution. A valve for
each control loop is also seen in the figure. Distribution to the two main air-consumers,
avionics and cabin, are present. Two control loops for the flow distributed, one for each
consumer. An air conditioning part with control loops for temperature and pressure. Air
supply with hot, highly pressurized air. The aim was first set to handle all five main control
loops, one to control cabin temperature in addition to those mentioned above. After some
considerations the control of cabin temperature was removed. As well as the bypass pipe
to perform this functionality. This reduction of model order made the simulations run
faster.

Air Supply Air Conditioning Distribution
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FIGURE 11. Principle model with main features

The model starts with a valve, found in the real system downstream the primary heat
exchanger. This means that the air actually already is given a coarse regulation before it
enters the model.

The cold air unit, that in reality consists of components like compressor, turbine and two
heat exchangers, is here present as only one heat exchanger. This is motivated with the
major purpose of the unit, cooling of air.

The air-conditioning part consists of a heat exchanger with a bypass valve to control outlet
temperature. This construction symbolizes the cooling pack. A temperature sensor at the
outlet of the cooling pack is used to control the valve. The two distribution pipes are con-
nected at the outlet.

As mentioned earlier, all cold air users are not included in the model, e.g. defrosting of the
windshield and pressurization of tanks and gearboxes. Consumers not needed all the time,
like radar and ejectors, are not modeled, or hypothetically shut off.
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Consecutive pipes and compartments have been added together to one volume. Distribu-
tion pipes with the same origin and destination have been replaced with one approximated
orifice.

Parameters in the principle model have been extracted from the model in Easy5 as far as
possible, Appendix A: Model parameters.

The purpose has been to extract the typical behavior of the system, not to keep track of
every fraction of flow distributed to the more than fifteen electronic boxes.

3.5 Air components

In order to build a model of the ECS, based on physical relations, knowledge of compo-
nents and air dynamics is needed. In this chapter, all components needed for building the
principle model are described. The principle model is developed in Chapter 3.6.

Building of models in simulink is made a lot easier if the system is divided into different
objects. In this chapter components needed for building the process model are described.
Flow and pressure are the two primary quantities needed for simulation of the fluid
dynamics. These are calculated from relations for flow restrictions and volumes. Flow
restrictions are modeled with the two components orifices and valves. A component for
describing the heat exchanger is also used.

3.5.1 A Nozzle

A flow restriction with minimal energy loss would be a nozzle. A nozzle has a well
rounded inlet and a smooth outlet profile. The nozzle have some peculiarities like it
chokes when the flow stream velocity reaches a sonic limit. Beyond the sonic limit no fur-
ther pressure difference can increase the stream velocity. Further such a device can, with
minimal energy loss, be used for indirectly measuring the air mass flow. The air flow cal-
culated from measure of static pressure loss in the restriction and temperature and absolute
pressure upstreams the restriction. Such a arrangement is better known as a venturimeter
and used in the ECS for measuring and controller feedback of flow distribution to cabin
and avionics.

The nozzle is not used in the principle model, instead orifices are used to model flow
restrictions. The orifice is a more correct model when dealing with turbulent fluids.

3.5.2 The Oirifice

The classic orifice is characterized by a circular, sharp edgedhc
mounted in a circular duct. Since the flow enters the orifice withou
favorable inlet shaping, the cross section will continue to contract fer |
a short distance downstream. The mass flow rate will therefore b

less than for a nozzle having the same throat diameter. More details

about flow restrictions can be found in [7].

A compressible gas flowing through a sharp edged orifice may be calculated according to
the empirical formula.

Orifice
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KoA
M= X /P2_P2 (3.1)

ﬁ u
M = mass flow rate [kg/s]
A = orifice area [mrfi
P, = pressure upstream [kPa] abs
P4 = pressure downstream [kPa] abs
T = inlet temperature [K]
Ko = constant of proportionality 8, 5690116

It will be noted that an orifice, unlike the nozzle, never chokes. With an orifice the condi-
tions downstream always affect the conditions upstreams, no matter of sonic limit.

3.5.3 The Valve

Valves are modeled as orifices with variable area. The model con-
sists of two parts, one with the mechanical dynamics for calculating
the valves position. The second part with equations for the fluid rela+
tions. The input signal to the valve is an angle setpoint which gives a
simulated actual angle. The actual angle is transformed to an open

area with the relation

Valve

A, = Ay(1-cos(a))

where

a = valve angle
Ay = maximum effective open area
A = actual effective open area.

The actual effective open arég,is used in the fluid relations as a flow restriction with the
same characteristics as an orifice.

3.5.4 A Volume

The pressure in a constant volume is calculated by considering-the
flow in and out of it. The equation of state for a perfect gas, yields

PV =mRT

\olume

P = absolute pressure [Pa]

V = volume [n7]

m = mass in volume [kg]

R = gas constant = 287 [J/kg/K]
T = temperature [K]

Assuming constant temperature in the volume, and differentiating the equation for state of
a perfect gas gives the expression

doy=
F(PV=mRT)
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PV = mRT = MRT

Assuming mass continuity, the air flowing in and out of the volume must equal the mass
change in the volum&) = M;;, - Mg The expression becomes

. _ RT
P = V(Min_Mout) (3.2)

M = mass change in volume
M;,, = mass flow in to volume [kg/s]
Mout = mass flow out of volume [kg/s]

The expression (3.2) is used for calculating the pressures in the principle model. Each
pressure becomes a state in the state-space model explaining the fluid dynamics.

3.5.5 Heat exchanger

The idea behind the heat exchanger is to let two fluids be in thei-
mal contact without mixing with each other. Some different

design approaches exist. In Gripen a cross-flow heat exchanger i
used, a choice that implies a reduced weight and size.

Heat exchanger

cold air flow
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hot air flow| —————%, ©2
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FIGURE 12. Cross sectional heat exchanger

Heat is transferred from the hot to the cold air. Energy balance requires that thegenergy
received by one fluid must be emitted by the other fluid.

q= thp, h(Thl_Thz) = McCp, c(Tcz_Tcl)

M = mass flow [kg/s]

T = temperature [K]

Cp = specific heat = 1,006 [kJ/kg/C], (air at’Z})

indicesh for hot air,c cooling air,1 for inlet, 2 outlet
When calculating inlet or outlet temperature in a heat exchanger the most common
method [1] is based on the effectiveness of the heat transfer. The heat-exchanger effective-
ness is defined as

actual heat transfeq

Effectivenesse = . .
* = maximum possible heat transfqf,
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With knowledge about the capacity of the heat exchanger and working conditions, the
temperature loss in the hot air can be calculated by

Tho = Thl__M%p (3.3)
This expression is used in the principle model for calculating temperature loss in the heat
exchanger.

3.6 The principle model

The principle is supposed to simulate the most the typical behavior of the ECS. It also sim-
ulates possible faults that may occur on the ECS. Signals corresponding to the sensor sig-
nals in the real ECS are extracted from the principle model and fed to a diagnosis system.
The diagnosis system is developed in Section 4.

The principle model is composed of a couple of basic components. These are volumes,
valves, orifices and one heat exchanger, all found in Section 3.5. The components are
combined to a system that reflects the functionality of the ECS. The three steps with Air
Supply, Conditioner and Distribution are included. Distribution is limited to the two main
consumers, avionics and cabin. The model is not intended to simulate all behavior of the
real ECS, but to reflect the most important features and typical characteristics. The work is
focused on diagnosis of this system, not getting accuracy with the real ECS.

amb

Mcab Meo
FIGURE 13. Principle model, notation

To keep the size of the model as small as possible some assumptions and simplifications
had to be included. The notation is explained together with the model in Section 3.6.1 to
Section 3.6.5.

The principle model is described on state space form. In order to get a better overview, the
model is divided into two parts, see Figure 14. The first part with calculations of fluid
dynamics and the second with calculations of the valve dynamics. The split is suitable
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since the valve dynamics are assumed to be determined by valve setpoint signal only, the
fluids have no direct influence on valve position.

The principle model

Valve position Valve Valves Fluid Measured
setpoints ™| dynamics |position | dynamics > signals

8 states 4 states

FIGURE 14. Principle model on state space form

The model of the fluid dynamics consists of four states. The valve dynamics consists of
four valves, each valve model adding two states to the model.

Fluid dynamics. The fluid dynamics consists of four states, one for the pressure in each
volume. The fluid dynamics expressed in state-space form yields

yPcp Pcp

chp Tcp

B _ L YMav |vlav

I:)(:in A22 YTav Tav

x = f(x, u) Pep U= Asg y = Ypcab| _ Pcab
y = h(X) I:)av A15 YMcab |vlcab
_Pcakg _A16_ YTcab Tcab

Yo15 a5

Yo16 a6
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Valve dynamics.

The state space model of the valve explains the relation between valve setpoint and valve
position. This requires two states, positarand velocityw The valve equations are dis-
cussed in Section 3.6.4, on state space form they yield

>'<=Dr?llD= 0 1lx+ 0u,y:a
FAE 0-1 1

The input signall, is the voltage driving the valve dc-motor. The valve model is explained
in more detail in Section 3.6.4. Equations for state space models of fluid dynamics are
described in Section 3.6.1 to Section 3.6.3. In Section 3.7, the principle model will be
extended with model errors and in chapter 3.8 with models of possible faults.
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3.6.1 Avionics

The avionics in the ECS consists of a number of pipes for cooling of more than fifteen
electronic boxes. All consecutive pipes are replaced with one volume and all outlets are
replaced with one orifice with the same total open area. The only outlet in the model leads
to ambient, a simplification not totally true since some of the pipes are used for cooling of
cabin avionics and therefore should discharge in the cabin compartment. Valve 15 is
mounted at the inlet and controls the air flow through the avionics. Equations for the flows
to and from the avionics are used to yield an expression for the avionics piegsure
These are expressed as

A15K0 [
Mav = ng - Pazlv
/Tcp

AaoKo
|vlao i ng_Pgmb
N Tav
- RT,,
Pav = V_(Mav_Mao) (3.4)

av

3.6.2 Cabin

The cabin is, just like the avionics, modeled with a volume with one inlet and one outlet
pipe. The outlet is a constant orifice and valve 16 is mounted in the inlet pipe to control
cabin pressure. The equations looks like

A16K0
|vlcab = N} ng - I:)gab
JTer
cp
A

K

_ Tco'™M0
Mco - A Pgab_Pazlmb

JTean

. RT
Pcab = V—Cab(Mcab—Mco) (3.5)

cab

The model of the outlet as an orifice is an approximation of a mechanical pressure regulat-
ing valve. The approximation can be seen as a flow restriction with known but uncertain
open area. In Section 3.7.1 all parameters are randomly distorted to give a realistic uncer-
tainty to the model. The open area param@tgris modeled with greater standard devia-

tion to compensate the approximation of the regulating valve as an orifice.

3.6.3 Cooling pack

The purpose with the cooling pack is to cool and demoisture the air. Since air moisture is
not considered in the model, the cooling becomes the main task of the modeled cooling
pack. This motivates the cooling pack to be modeled as a heat exchanger. The heat
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exchanger is connected to two volumes, one volume situated at the inlet of the heat
exchanger and the other at the outlet. The inlet volume is recognized by the sgbscript
and the outlet volume lbgp. For an overview of the modeled cooling pack see Figure 15.

Valve 18

FIGURE 15. Model of cooling pack

In order to get an expression for the states of the air physics expressions for all flows in
Figure 15 are needed. The fldWs,, in to the first volume, is calculated by

AZZKO [
M22 = T Pgng_Pgin

eng

Two flows are going out of the first volume and in to the second, air M@y goes
through the heat exchanger and flblyg goes through a bypass pipe. The bypass flow is
controlled with vale 18 to achieve a desired temperature at the outlet. The two flows are
calculated as

AheKO
Iv'he = I:)gin - ng
«/The

A18KO
|v|18 = A Pgin_ng

Tcin

for heat exchanger and bypass flow respectively. This yields an expression for the pressure
at the inlet volum&;,, which expressed on state space form yields

S RTeng

Pcin = W(MZZ_Mhe_MlS) (3.6)
The flows out of the inlet volume goes straight to the outlet volume. The outlet volume has
two flows going out of itM.,, for distribution to cabin antll,, for distribution to the avi-
onics. The flowsM,, andM,, are described in Section 3.6.1 and Section 3.6.2 respec-
tively. Now, the state space equation for the outlet volume preBgyican be expressed
as

= :RTCP(M +Me—M_,—M (3.7)
cp ch he 18 av cab) :
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The flow through the heat exchanger is cooled down by energy transfer to ambient air. The
temperature loss is modeled according to the theory in Section 3.5.5. The expression for
the temperature loss becomes

=T. — g

Th cin Mh C
e

e
p

with the actual heat transfgr as a function of altitude and velocity, here considered as a
constant representing a specific flight case. The air mixture in the outlet volume is consid-
ered to be well mixed and reach a mean temperature calculated by

— Ththe+ TcinM18
cP Mpet Mg

This equation is based on energy conservation, the total energy in the fluids flowing in to
the volume equals to energy in the mixed fluid.

3.6.4 Valves

A general model is used for all valves. Important with the model is to explain the nonlinear
behavior of the valve. Most of the nonlinearity comes from limitations in the output volt-
age of an internal controller. The internal controller governs a DC-motor that actuates the
valve position. The valve position is used to calculate the flow resistance through the
valve. The model consists of three parts, an internal feedback controller, a mechanical
servo motor and a flow restriction. An overview of the valve model is found in Figure 16.

The valve model
¢ Pu,i
AR, Internal Ui Servo g, Flow M;
’ controller ®! DC-motor ® restriction ’

! TPd,i

FIGURE 16. Valve model

In order to model the behavior of the DC-motor, a state space model of second order is
needed. The other parts does not contribute with any additional states and the total valve
model can be expressed as a state space model with two states. Each valve now contributes
with two states to the principle model.

The model of the electrical servo is found in [3], parameters are modified to fit measured
data from valve 22. The electrical servo model expressed on state space form yields

- 8- 0|

1

Yai = &
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With the states, valve positi@ and valve velocityy. The input signall comes from the
internal controller angt, ; is the measured position of valve

a = valve angle

w = a = valve angle ratio

u = voltage to run the servo DC-motor
y = measured position

I =valve indexXd{ 15 16 18 32

The valve acts linear for small steps, less than 2-3 degrees, in the setpoint. For larger steps
the internal controller signal saturates and the velocity reaches an upper limit. This is mod-
eled with the internal controller law

u = f(aa) = f(a g—Va i)

Here f(Aa) is a function to characterize saturation and dead zone of the internal controller.
f(Aa)t
>
/ Aa

D 0 f Aa.|| < O,l
[
u = f(Ag) = OkAy ,0,1< |Ag| <3
(]
MmaxSIN(Ag) {Aai\ >3

The physical influence on the air flow is modeled as an orifice with variable open area.
The maximum open areq ,, is the only parameter that differs between different valve
individuals. The open are¥, is calculated from the valves positian with the equation

A= Al 1-c08(a) (3.8)

The flow restriction has the same characteristics as the turbulent flow through an orifice.
Equation 3.1 for calculating flow through an orifice is also used to calculate the flow
through a valve.

The pressur®,, is the absolute pressure upstreams the valvePgride pressure down-
stream. The valve open arfais used as effective open area in the flow equation. The
maximum effective open are,,, can be found in the parameter list in Appendix A for
each valve.

3.6.5 Ambient

In addition to the input signals discussed in previous chapters, ambient conditions also
affect the performance of the Environmental Control System. Ambient conditions used in
the principle model are pressure and temperature in the bled¥giand Tepq respec-
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tively. Also the ambient pressuRy,pis used as input to the model. Some more or less
necessary ambient conditions are not used in the model, among others, fighter velocity and
air moisture can be mentioned. The velocity can not really be neglected so it is assumed to
be constant in the simulations, representing a specific flight case.

3.7 Model errors

The larger a present fault is, the easier it is to detect. To detect small faults an accurate
model is needed. With perfect knowledge of the ‘real’ system, arbitrary small faults can be
detected. In order to increase reality to the problem formulation, errors are added to the
model. Model parameters are distorted and noise is added to measured signals.

3.7.1 Parameter uncertainties

All parameters are randomly distorted. A script adds a random relative error to each
parameter. The error is gaussian distributed and set to achieve a risk of 1% for a parameter
deviation more than 10% of the nominal value. This gives a standard deviation of 0,0388.

If X is a stochastically distributed variable[1N(O, )  this means Xais a standard-
ized gaussian distribution with/ o ON(O, 1) . To fulfill the requirements above we get a
o of

J=1%

= _ opX 01
P(IX>0,1) = 2P(X<-0,1) = 2P <=7

the standard deviatian is calculated with the matlab expression

-0,1

- norminv( 0,009 = 0,0388

All parametersp, are distorted with this distribution according to the relation
P = po(l1+x)

where x is a sample from the mentioned distribution.

Model error is introduced when the parameters are distorted. The purpose with this is to
make the diagnosis situation more realistic. In a real situation are model errors always
present.

3.7.2 Sensor noise

Measuring in an highly electrical environment involves problems with sensor noise. To
reflect a real situation sensor noise is added to all measured signals. In simulink, band-lim-
ited white noise blocks are used to distort the measured signals. The noise power is set rel-
ative the signal level to achieve a realistic signal behavior.
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3.8 Fault Modeling

Faults mentioned in Chapter 3.2 are together with some additional faults modeled and
added to the principle model. Each fault corresponds to a fault mode according to the list
below.

3.8.1 Fault modes

Each modeled fault has a corresponding fault mode. Twelve possible faults are considered
in the work, hence twelve fault modes are considered, these are:

NF No Fault

FA \eak Leakage in Avionics

FV 15 Valve 15 Jamming

FV 16; Valve 16 Jamming

FPcp Cooling pack pressure sensor bias
FM gy Avionics flow sensor bias

FM cab Cabin flow sensor bias

FP,y, Avionics pressure sensor bias

FPcab Cabin pressure sensor bias

FVisp Valve 15 potentiometer feedback bias
FViep Valve 16 potentiometer feedback bias

FPamb Ambient pressure sensor bias

Localization of the fault modes in the principle are visualized in Figure 17. The faults are
two valve jamming errors, one leakage and 8 sensor faults.

FV15p FMay I:Pav
A\V4
AN /
I:\/151 I:Aleak Fam
Pc g Pamb
FPCp
FV15J ;
cab F)cab
FV16p FMcap Pcab

FIGURE 17. Localization of possible faults visualized in the principle model

3.8.2 Leakage

A leakage in the avionics compartment is modeled as an orifice with unknown area
between the compartment and ambient air. This generates an additional flow out of the
avionics compartment
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AleakKO
Mleak = F A ng_Pazlmb
av

whereA.o= 0in the fault free case with no leakage &pg # O when a leakage occurs.
The flow is added to Equation 3.4, which becomes

: RT,,
Pav = vV (May=Mao—Miga) (3.9)
av

3.8.3 Valve jamming

Valve jamming or valve stiction is a fault mode that characterizes the behavior of a valve
that got stuck. It can be caused by increased static friction or deposits on the commuter of
the servo motor. The model from valve position setpgj; to valve positiong; is
described in Chapter 3.6.4, here writteraas g(t, g ).

_ Dg(t1 a1,R(t)) 1t<t0
Bty a plly)) L2t

a;
with i O {15, 16 18 22 andt is the time when the fault occurs.

3.8.4 Valve potentiometer bias, {,

A valve potentiometer bias is modeled by a constant added to potentiometer feedback sig-
nal. The fault affects both servo controller feedback loop and measured signal fed to the
diagnosis system. The feedback control will settle the valve in a position with zero set-
point error. The valve disc will however be in the wrong position. As a consequence, the
fault can not be detected by using signals from position setpoint and measured position.
The fault must be detected by the valves unexpected influence on the process.

Yais = @15+ byss
Yais = @161 Pate

with bj = 0 in the fault free case with no leakage @neé 0 when a fault occurs.

3.8.5 Sensor bias

Bias is modeled in each sensor signal. This might seem as a strange fault at first glance,
but it includes the special case with loose connections that very well might occur. Loose
connections are often interpreted as a total loss of signal and not difficult to detect.

y; = i+h

with i O {Pcp’ Tep Mav Tav Peab Meap Tean Pavt
with b; = 0 in the fault free case ail # 0 when a fault occurs.
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4 Diagnosis on the principle model

A diagnosis system is developed to exemplify different model based approaches to achieve
fault detection and isolation. Two basic principles are used in the esirkyjation error
principle andparameter estimation principl@hese are also modified to show the use of
adaptive thresholdehen model errors are known. Conceptdesouplingandstructured
hypothesis testgre discussed and exemplified.

During the development, a focus is held on ECS characteristics and known problems. The
diagnosis system is built to detect a set of faults, which all originates from experience with
the ECS. Data to feed the diagnosis system is produced by the principle model.

4.1 Test quantities

The diagnosis system is, in a first step, built up from 12 test quantities. After some perfor-
mance evaluation an extra sensor is considered in the system and additional tests are built
in step two, with a total of 17 test quantities.

Building of test quantities is restricted by available sensors and modeled relationships
between measured quantities. Equations from the principle model are used to describe
such signal relations in the fluid dynamics. The valve model is relaxed and a lower order
model is used for valve relations in the diagnosis system.

The strategy used when building the test quantities, is to build as many as possible and
afterwards select and keep the tests with best performance. A detailed discussion of how to
automatize the selection of the best tests can be found in [11]. In this work the tests are
chosen from the results of Monte Carlo simulations.

The first four test quantitieg;; to T4, uses the estimation error principle for cabin fluid
relations. The tesfEs to T; are based on the same fluid relations as the first four tests. By
using a valve model they are slightly modified and different signals can be used to feed the
test algorithm. Test; andTg uses the estimation error principle with adaptive thresholds

to diagnose valve dynamics. Te3tg, to T, are used to test relations in avionics fluid
relations. In step two of the diagnosis system, an extra sensor for measuring avionics pres-
sure is used. This extra information is used to build five more Tgst®) T, -, for avionics

fluid relations.

In the following sections, Section 4.1.1 to Section 4.1.8, the test quantities are described in
detail. Some notations are used to achieve a more compact and easily understood text. In
several estimates an expression for the valves open area is needed, this is calculated from
the valves position according to the relation

Yai = Ay o(1-cosy, )

with the notation copied from Equation 3.8. Another convenient notation is the grouping
of cabin and avionics fault modes in two different sets of fault modes.

Rav = { FMav’ FAIeak’ I:\/15j’ FVlSp}
Rcab - {FMcab FV16j’ I:\/16p’ chab}
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This is suitable since cabin and avionics fault modes often are independent of each other.

4.1.1 T,, estimation error

The first test quantity is built according to the estimation error principle applied to the air
flow in to the cabinM.,;, By using Equation 3.5 together with known signals, an estimate

of the air flow can be calculated. Parameters in the equation are known and all quantities
but temperature are measured. The temperature are approximated with a constant which
will introduce some errors to the estimate. A temperature error°6f 30within normal
operating range and will distort the estimate less than 5%, which is tolerated.

From Equation 3.5 an expression with known signals applied, yields

¢ _ Ya1eK
Mcab = G /\/y%Cp_y%Cab

from which the first test quantity is derived, as the estimation error

T, = ‘yMcab_ Mcat(Ypcp Ypcan yAlG)‘
TestTy is used to test the first hypothesi§
H?: Fp OR; = {NF, FP,p FVlGj, Rot

Hi: FoORS = {FP, FP .y FM . FVig0}

cp

4.1.2 T,, estimation error with observer

Instead of directly measuring the cabin pressure in the equation above, an observer can be
used to estimate it.

< RT, .0~ A K 72 ~ O
Peab = —2PMcab— —22 JPcab—Y3.mp* kZ(yMcab_Mcab)E

Veab O Tean

this decouples the cabin pressure sensor signal and with a new combination of signals an
estimate of the air flow can be achieved

~ y K =
Mcab2 = /\?_T_i A/yécp—PgabS
cp

leads to the second test quantity
Ty, = ‘yMcab_ Mcat2(Ypcp Ypamb yAlG)‘
for testing the second hypothesis

HS: FoOR; = {NF, FP.,p FVi6 Ry}
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H}:  F ORS = {FP., FP,y FMcay FVig)

cp
4.1.3 Tz and T4, observers driven by different sources

The two test§; andT,, above uses flow estimates to verify physical relationships. Given

a physical model with the necessary information to get a relation between a set of signals,
any of the signals can be extracted from the model and used as an estimate. Instead of esti-
mating air flow, T3 andT, are built to estimate cabin pressure. Each estimation driven by
different observers for cabin pressure.

T3 = ‘yPcab_ Peab(Ypcp Ypamb yAlG)‘

with estimate from observer

< K 22
Pcab = ab Lo AYBcp— Pcab— Aoapt A/F’cab Yéamb+ K(Ypcab— Pcab)D
Veab O [Tep Tean

used for testing the hypothesis

av}

H:  F ORy = {NF, FMy FVyq, R

Hi: FoORS = {FPcp FPamp FPeap FVigp} -

TestTy, just like T3, estimates the cabin pressure but with a different observer driven by
another set of signals.

4= ‘yPcab_ Pcab(Ypamp yMlB)‘

from observer

< RT.,0 A,K 72
Pcab = _[Mcab Pcab yPamb+ K(Ypcan— Pcab)D

Veap O Tean

for testing of the fourth hypothesis

H):  F,OR, = {NF FP

cp FAle’ I:A16j’ R

avt

Hj: FpDRf1 = {FPamp FPcay FM 46}

4.1.4 T, Tg and T, model order reduction

Instead of directly using the measured position of the valve. The setpoint can be used
together with the valve model to estimate the position and use the estimate instead of
potentiometer signal. This would easily modify the tests above containing a measure of
valve position to three new test.
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With a reduction of model order, the test becomes less computational. Time constants for
the valve dynamics are less than the general time constant of the air dynamics. If the valve
dynamics are not considered an approximation of the valves real position as the setpoint
can be used to create three new test quantities.

TestsTg, Tg and T are almost the same &g T, andT; respectively, the only modifica-

tion is that the valve potentiometer signgl,; is exchanged for the valve setpoiatg.

Each test now have a new hypothesis to test, instead of decoupling the valve setpoint the
potentiometer signal is decoupled.

Ts = |yMcab_ Mcab(Ypcp Ypcan A16R)|
Hg: Fp ORg = {NF, FP,p FVle, Rt

Hi: FoORE = {FP¢y FPeapy FMeap FVig 1}

Te = |yMcab_ Mcat(Ypcp Ypamn A16R)|
Hg: Fp ORg = {NF, FP.ap FVle’ Rav}

Hi:  FyORS = {FP., FP, o FM ., FVig)

cp cab

T, = ‘yPcab_ Pcab(Ypcp Ypamb A16R)‘
H?: Fp OR; = {NF, FMg, FV16p’ R,

Hi: FoORS = {FP., FP, oy FPean FVig)

cp cabr

4.1.5 Tg and Tg, adaptive thresholds

The valve model can be used to estimate a position from the setpoint. A model of reduced
order is used since the knowledge of the characteristics of the real valve is not well known.
Two tests, one for each of valve 15 and 16, are built with the technique of adaptive thresh-
olds described in Section 2.3.3. For details of notation and valve model approximations
see Section 2.3.3.

g;(t) = G(9q g(t)

Valve 16
Tg = ‘ya16_3-16(a16R)‘

Jins(D) = kg(|AG(9)azer(t)| + cg)

H3:  F,ORg
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oo

Hi  F,ORS = {FVyg, FVig)

and valve 15
Tg = ‘ya15_5‘15(a15R)‘
Jine(t) = Ko(|AG(9)azsr(t)| + co)
H3:  F,OR,
H%: Fp 0 Rg = {FVlSp, FV15J-} .

4.1.6 T1gand Tq,, estimation error

By taking a closer look at Equation 3.4 it is seen that all signals available in the cabin must
be used to get a relation between the signals. All signals are needed to establish a relation
in the model of the cabin fluids. It is impossible to decouple any signal but those never
used. By adding the valve model, one more relation can be derived and the measured valve
position can also be decoupled.

The avionics air flow is estimated as
- Ya1sK / 22
Mav = y2 — Pav
ﬁ Pcp

using an observer for avionics pressure

A RT,, 0O~ A K = ~ [
Pav = Y Mcab— — F)azw—y2 + Ko (Ypay — Mav)O
Pamb 2\JMav

Vav O T, O

This gives the test quantity

Tio = ‘yMaV_ Mav(Ypcp Ypamb yAlS)‘
used for decision in the hypothesis test

HS: FoURyy = {NF, FPey FPamb FVig}

Hio: FoUORfy = {FP¢p FPamp FMay, FVi5,}

T111s a test similar td1q, the same observer is used and the avionics air flow is estimated
once again. The difference lies in how knowledge of valve position is gathered. The idea is
the same as used when buildiigto T;, a valve model is added to the estimate algorithm

and the valve setpoint can be used instead of the measured valve position.

By assuming that valve dynamics are faster than avionics fluid dynamics, the valve model
can be relaxed to
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and the estimation of avionics air flow becomes

May = ——————,/y3. —Pav
ﬁ Pcp

Pav is calculated from the observer above, also used for calculBfppndNow testT;4
becomes

Tyg = ‘yMav_ Mav(Ypcp Ypamb alSR)‘
and it is used for taking decision in the hypothesis test
H?l: Fp OR;; = {NF, FVle, Reapt

Hi;: FoUORS; = {FPgp FPymp FMy, FVg}

cp av

4.1.7 T1o, parameter estimation with RLS

This test is built with the parameter estimation principle. No extra relations are used, the
test is based on the same signals and the same modelsTgs ltestead of using the sig-

nals for estimating the air flow, they are used for estimating the leakage area in the avion-
ics compartment.

T = A|eak(ypcp, Ypamb Ya1s yMav)|

Model parameters are generally considered to be constant over time and therefore it is a
good idea to give the estimation slow dynamics in order to reduce the influence of sensor
noise.

For filtering the signal a Recursive Least Squares RLS, algorithm is chosen. For further
reading regarding RLS algorithms see [2]. A weighted least squares algorithm can with a
well chosen weighting sequence be made recursive. A recursive algorithm is well suited
for on line diagnosis since it consumes a minimum of memory for signal history.

The weighted least squares algorithm

t

6 = argemin > Bt K)y(K) - oT(K)6]
k=1
with the weighting sequence

B(tLK) = A(DB(t—-t k),  lsks<t-1
B(tt) = 1
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gives us the estimate

B(t) = B(t—1) +L()[y(t)—dT(1)B(t-1)]

P

HO = TR

_ _1y_PooTP
P(1) = [P(t 1) )\+¢P¢J/)\
With this algorithm the leakage area can be estimated from Equation 3.4

ERCAC =y (

- DA‘15K0 Aoa+ Aleak) K0

[
P P2 —P2
YT Vai, Fo TR

rewritten for extracting values to feed the RLS algorithm

P V AlS oa 0 _ A
= /\/ ng ng T A Pazlv I:)gmb = Aleak P2 I:)amb
DD\:J\:J \fﬁ:}\:}\jm\jm \:?‘h\:ym\:y\j\:m D%D%DDDD

Using a forgetting factor oA = 0,99 (gives a response time of 100 samples, i.e.
3 seconds. The parameter estimation becomes

Aleak(t) = Aleak(t —1)+L(O[y(t) - ¢T(t)A|eak(t -1)]

Since the same relations and signals asltgstre used, the hypothesis will also become
the same

HY,: FoURy, = {NF, FVigp Reapt

Hi,: FoURS, = {FPgy FPymp FMy, FVg}

cp av

4.1.8 T13 to T17, extra SensorPaV

T,3to T,7 are built with the use of an extra sensor for avionics presByerhis is an
example of a strategic placed sensor that increases the analytical redundancy. By using this
sensor the performance of the leakage area estimation is increased and four extra tests can
be built.

With the use of a sensor for avionics pressure instead of an observer, a more accurate esti-
mate of the leakage area is obtained.

K ~
PavV AssK m AoaKo 2 — 2 = Aleak P2 - P2

IZIDDD lfﬂjDDDDD d’%DDDDDD D?ﬁDDq)DDDD

amb

y
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Tis = Aeat) = Aleak(t—1) + L(H)[y(t) =0 T(t)Alear(t — 1)]

The avionics air flow can be estimated without the use of an observer

Ty = ‘yMav_ Mav(yPCP’ Ypav yAlS)‘

When introducing the extra sensor, enough redundancy is obtained to use the estimation
error principle on avionics pressure

~ _ RTYais5 / r AaoK /p2
Pav = V %}/ﬁ Pav— Pav— yPamb+ k(yPav PaV)D

T = |yPav_ Pav(yPpr Ypamb yA15)|

Yet another estimate of avionics pressure can be obtained
Pav = a\/lav ,\/Pav yPamb+ K(Ypav— PaV)D

T16 = ‘yPav_ PaV(yPamb yMav)‘

The last test quantity,7, uses both avionics and cabin fluid relations. The cooling pack
outlet pressur®c, is estimated from two different sets of signals and compared to each
other.

Pep1 = /\/T%A :I\ég yPav

GKD Pcab

Pep2 = J rileatcf

Ti7 = ‘PCpl(yPcab Ya1e Ymcab) — Pep2(Ypav Yais yMav)‘

4.2 Thresholds

Thresholds can be chosen in many different ways. In this work, the thresholds are given
values calculated from Monte Carlo simulations. The Monte Carlo simulations are evalu-

ated with two different approaches, discussed in Section 2.3. The first approach, called
maximum deflectigriolerates no false alarms and becomes very restrictive. This implies a

bad fault detection ability. In order to increase the diagnosis performance all tests are
inspected with the second approabistogram inspectionin some cases a lowered
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threshold is found to increase the diagnosis performance. In these cases the thresholds are
lowered.

4.2.1 Maximum deflection

As mentioned earlier, thmaximum deflectiomethod is a straightforward way to obtain
values of thresholds. From a large set of simulations, the threshold are set to not fire in any
case. In this evaluation of the diagnosis system performance, 55 simulations are used to
automatically set the thresholds. It would be desirable to use more simulations but it is a
time consuming method since each simulation takes about 1 hour. Instead 20% is added on
top of the peak test quantity value to obtain a margin for false alarms. An example with
thresholds set after 5 simulations can be seen in Figure 18.

10 15 20 25 30 35 40 45 50
0.01+
Tio of P .
Ww
-0.01 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
10 15 20 25 30 35 40 45 50

FIGURE 18. Thresholding with the maximum deflection approach

This approach to find thresholds is straightforward and systematic, easy to automatize. But
there is a risk of being too restrictive. If the thresholds are set too high, they will never fire,
not even when a fault occurs.

4.2.2 Histogram inspection

A more realistic approach is to set the limit as a compromise between risk of false alarm
(threshold to low) and risk of not detecting a fault (high threshold). This is the idea with
the histogram inspectioapproach.

A correct built test quantity is zero for all decoupled fault modes and high for all others.
By looking at a histogram of the test quantity deviation after a set of simulations it might
occur that it is worth lowering the threshold in order to increase the possibility to detect
faults. In Figure 19 an example can be seen. The figure shows the evaluation of test quan-
tities from 12 simulations with different fault modes. The upper histogram shows a test
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quantity when the present fault mode is decoupled. The lower histogram is the same test
quantity when the present fault mode is not decoupled.

Adjusted threshold
3000 - Automatic threshold from the
Test quantity maximum deflection approach
decoupled 2000F /
1000+

0

150 -
Fault modes

when test quantityoo-

is not decoupled
50

o gl

0 2 4 6 8 10 12

FIGURE 19. Histogram inspection

4.2.3 Tuning of adaptive thresholds

The adaptive thresholds in Section 4.1.5 for test quargigsndTg can not be chosen with
the same procedure as the rest of the thresholds. All other thresholds have just one param-
eter to tune, the threshold level itself. The adaptive threshold

Jin(t) = k(IAG(s)a(t)| +c)

has two parameters to tune, k and c. The procedure used for tuning the adaptive thresholds
involves more work. First the parameteis set to a value of 1. In a static condition

G(s) = 0and withk = 1, c becomes an upper limit of the static prediction error. It is possi-

ble to choose the valuewith the same procedure as mentioned above, as long as no
change in the valves setpoint occurs. When a valueitoobtained, the valuebecomes

the threshold gain during transients. From simulations, with a fault free system, with steps
of different magnitude in valve setpoiktis chosen to not fire alarms. The simulated steps

are supposed to reflect normal valve operation.
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4.3 Decision logic

A summary and overview of the hypothesis tests is put together in the decision structure in
Table 1. Here it is shown how each test relate to the fault modes.

Table 1: Decision structure

Step 1

Step 2

o
ol oo o olo oo oo o o o o o o ofNF
ol X X o X| X| X X| o o| x| X o % X X o|lFPimb
X o] o o ol ol o o o o] Xl o x| x| X o X|FPcab
X ol ol ol o]l ol o o o ol o X X X o X xX|FMg
X[ X| o X| X| X X| X ol o o o o o o o ofFM;5
ol X X o X]| X| X x| o| o| o o o o o o oflFAeak

o| o X X| X| X| X X| o| o X| X| x| o X X| X|FPc,

X o o o olo o oo X o o o o X x X|FAg

o oo o oo o o o X| X Xl X o o of ofFA;

X| o] X| X| X| x| o X| X| o o o o o o o o|FA5

o|o|o o oo X o X| o o o o o o of ofFA5;

X| X X x| x| o o o o| o o o o o o o o|FPay

A decoupled fault mode, marked with a 0, can not affect the test. The fault modes marked
with an X might affect the test.

This structure is divided in to two steps. The first step uses a diagnosis system fed with
sensor signals available in the ECS today. Step 2 is a diagnosis system with an additional
sensor in the avionics compartment.

For each test the decoupled fault modeRyjrcontributes with a 0 in the table and each

fault mode in the complemeﬁi‘f contributes with an X. The purpose with the hypothesis
testing is to obtain a diagnosis statement. The diagnosis statement is a list of possible fault
modes for the observed process. Each hypothesis test contributes with a set of possible
fault modesS,, with

R, if testk is quite
S =0

DRE, if testk fires an alarm

These are combined to a diagnosis statei@dm taking the intersection of all seSs

S=nNn<x
k
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The final statement S is a list of possible fault modes that can explain the process behavior.

4.4 Evaluation of diagnosis system

Evaluation of the diagnosis system is performed with simulations of the principle model
running in different fault modes. System inputs and measured signals from the principle
model is fed to the diagnosis system. The signals are used in the diagnosis system to calcu-
late the test quantities which all are calculated simultaneously. The typical behavior of the
test quantities are shown in Figure 20. The figure shows a simulation with the fault mode
FP.ap Present. The diagnosis system is turned off the first seconds to give the observers
some time to stabilize. After three seconds the diagnosis system is turned on and after five
seconds the fault occurs. On the right side of the figure it is marked which of the test quan-
tities that might fire and which are decoupled, all according to the incidence structure in
Table 1.

Fault modeFPg4

0 3 5 10 time [s]

FIGURE 20. Typical test quantity behavior
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The diagnosis statement is instant in time and some considerations about when to generate
an alarm must be made. It is not always suitable to fire an alarm immediately when a fault
statement occurs. A small probability for taking the wrong decision is present. In order to
lower the risk of false alarm further, a delay of the alarm is built so it does not fire until
consecutive samples of fault statement occurs.

Two diagnosis statements are generated as a summary of each simulation. The first state-
ment consider only one sample of the simulation, and fire immediately when an alarm is
detected. The second uses a time window of 10 seconds and accumulates all firing test
quantities during that time, the diagnosis statement becomes the result from all firing tests
during the last 10 seconds.

Two different diagnosis systems are evaluated. The first uses only sensor signals available
in the ECS today. This means that only td5t$o T, in Section 4.1 are used. In Table 1
these are found in the upper part of the table, step 1.

The second diagnosis system is an extension of the first. It uses an additional sensor for
the pressure in the avionics compartment. Here all tests in Section 4.1 are used to take the
diagnosis statement. All tests in Table 1 are used, both those in step 1 and step 2.

For evaluation of the diagnosis systems they are applied to simulations with the principle
system. Simulations are performed with each of the possible fault modes present, one at
the time.

In Table 2 the first diagnosis system is seen. A simulation for each fault mode is made and
sensor signals available today are used to feed the diagnosis system.

Table 2: Diagnosis statement with available sensors

_ in a time window (all simulation)| at an instant (last sample)
NF no larm no larm
FPep {FPcot { FPcg
Fpamb {Fpamt} { I:F)amt}
l:Pcab {chab} { I:Pamb I:Pcab}
FMcab {FMcab} { I:l\/lcab}
FViep {FV1ieg { FVigp
FVigi {FVig { FViej}
FMay {FPchPameMav'FAlealo} { l:Pcp1Fpamel\/lavi l:Aleak}
FVisp {FVisp { FVisg
FV1s; {FV15]-} no larm
I:Aleak { I:F)cpy I:F)amb FMav I:'A‘leak} { FPcpy I:F)amb FMav FAleak}

Most fault modes are perfectly isolated. Only two fault modes can not be isolated, these

are leakage in avionics compartmeAj,,, and avionics mass flow sensor a8, It is

also worth to notice the difference between the two diagnosis statements. The first state-
ment based on a time window, perfectly isolates the fault in the ambient pressure sensor
FPamp this is not the case with the second statement based on an instant sample. The fault
mode with valve 15 jammingVys;, is only detected with the first statement, the reason to
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this is seen in Figure 21, showing how the jamming valve is a fault that is only detected
intermittent.

Fault mOdd:V]_Sj

1 : >
0 5 10 time [s]
FIGURE 21. Intermittent fault detection

In Table 3 the evaluation of the second diagnosis system is seen. The second diagnosis
system is the same as the first but extended with five additional tests made possible by the
additional pressure sensor.

Table 3: Diagnosis statement with extra sensd?,,

. in a time window (all simulation)| at an instant (last sample)
NF no larm no larm
FPep {FPcpt { FPc
FPamb {Fpamt} { I:F)amt}
l:Pcab {chab} { I:Pamb I:Pcab}
FMcab {FMcab} { I:l\/lcal:;l’
FViep {FViep { FVigp
FVigi {FVig { FVie}
FMay {FMa\} { FMa\}
FVisp {FVisg { FVisg
FV1s; {FV15]-} no larm
I:Aleak {FPamb FAeak} { I:F)amb FAleak}
FPay {FPav} { FVlSpFPav}

The performance of the second system is found to be increased. All fault modes are iso-
lated except leakage in the avionics compartment. The leak&gg, can not be isolated
from ambient pressure sensor bR,
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5 Discussion and conclusions

A model based diagnosis system has been designed and applied to a principle model of the
Environmental Control System. The design procedure can roughly be divided into four
major steps:

1. Gathering knowledge .The approach with model based diagnosis relies on knowledge

of the supervised process. In order to obtain this knowledge a lot of documentation about
the ECS have been gathered and studied. Not only knowledge about the supervised system
is needed but also knowledge about possible faults and how they affect the system behav-
ior. Information about possible and common faults are gathered by interviewing people
with experience from the ECS.

2. Building the principle model. When designing a diagnosis system, reliable models of
both process and possible faults are needed. In this work, a new model had to be developed
to obtain desired functionality as dynamic behavior and possibility to simulate different
fault modes.

Models in general are built with the intention to perform a certain kind of simulation. The
existing model of the ECS, for example, is built to simulate static conditions of the system.
In this work a dynamic model was desired, since one major advantage with model based
diagnosis is the ability to handle transients by using dynamic models. Also the affect of
faults, important to supervise, had to be included in the model.

A principle model was built for simulation of main behavior and functionality of the ECS.
Parameter uncertainties and sensor noise were added to the model to make the simulations
more realistic. Faults, known to occur in the ECS, were modeled, together with one addi-
tional hypothetical fault for the exemplification of diagnosis methods.

3. Designing the diagnosis systerithe design of a diagnosis system consists mainly of
building a number of tests. Each test uses a test quantity and a threshold for taking a deci-
sion. The decision assigns the present fault mode to a subset of all fault modes considered
in the work.

The diagnosis system developed for the principle model is focused on supervision of the
distribution part of the system. The same signals as those available in the real ECS, are
taken from the principle model and fed to the diagnosis system. The diagnosis system is
built by designing test quantities, using available signals and mathematical relations from
the principle model. The strategy used when building the test quantities is to build as many
as possible, and after evaluation select and keep those who increases the diagnosis perfor-
mance.

4. Evaluation of diagnosis performanceThe performance of the diagnosis system is
evaluated with simulations of the system in different working conditions and with differ-
ent faults present. Common requirements are discussed. Requirements considered in this
work are low false alarm rate, low missed detection probability and a wish to isolate each
fault mode. One common requirement not considered in this work is the mean time for
detection.
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Beside evaluation of the diagnosis system, a survey of existing diagnosis methods have
been performed. Model based diagnosis have potential to add desirable functionality and
increase performance on the existing diagnosis system. Advantages with a model based
diagnosis system is discussed and compared to the existing system.

5.1 Model based diagnosis in the real ECS

A model based approach has potential to increase diagnosis performance and add func-
tionality to the system. One great advantage with this approach is the structure for isola-
tion of faults. Isolation of faults, especially online isolation, opens a number of
possibilities for adding desirable functionality such as isolation of intermittent faults and
improved redundancy management.

Another advantage, compared to the traditional approaches used today, is the possibility to
handle supervision during system transients. Today, supervision during system transients
is not working satisfactory. Some supervision are even shut off during transients due to a
high false alarm rate. By using dynamic models to explain the process behavior, it is possi-
ble to handle system transients in the diagnosis system.

A model based diagnosis system, as the one used in this thesis, can with advantage, be
used together with an existing diagnosis system. The general structure with a set of
hypothesis tests makes it open for integration with other diagnosis approaches.

5.1.1 Isolation offline

The procedure to find the cause of an alarm, isolation, are today performed manually by a
skilled technician. With system knowledge, information of logged data and records of
alarms, it is possible to manually localize the fault. With automatic fault isolation this
work would be made easier and more cost effective.

It is not reasonable to believe that an automatic system would perfectly isolate all possible
faults, such a system would be too expensive to develop. The intention with an automatic
system must be to reduce the work load for manual fault localization. Even a less
advanced diagnosis system isolates some faults, and when it is not possible for the diagno-
sis system to perfectly isolate a fault, the diagnosis statement becomes a list of possible
faults. In both cases, manual fault localization are made easier.

5.1.2 Online isolation

Situation awareness is an important concept in a fourth generation aircraft. With perfect
knowledge of aircraft condition it is possible to use it for maximum possible performance.
An online diagnosis system with isolation capabilities will contribute to the situation
awareness. The Gripen fighter has capability to run in different modes depending on avail-
able functionality. This is implemented according to two concepts, graceful degradation
and redundancy management.

When a system is malfunctioning it is often possible to shut it down completely or only
parts of it. The concept graceful degradatiommas the objective to minimize loss of func-
tionality in a malfunctioning system. For example, if a valve in the ECS is jammed it
might be possible to shut down only parts of the ECS and not all the system. With graceful
degradation the aim is to shut down only parts of a faulty system that are malfunctioning.
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Many critical systems has some kind of backup mode or auxiliary system for preventing
severe damage in the case of faillRredundancy managemesthe possibility to govern

such modes and systems. Decisions to shut on or off redundant and main systems are
taken by the pilot or an automatic system. In both cases it is important to know the actual
condition of the systems for taking a correct decision. A well designed diagnosis system
with online isolation can provide this information.

One last advantage with online diagnosis is the immediate isolation of a fault when it
occurs. Some faults only occurs intermittent or with special conditions only present during
flight. It might be difficult or impossible to provoke the same behavior on the ground at a
service occasion. This makes some faults really difficult to isolate manually.

5.1.3 System saturation

An alarm is not only a warning to signal that something is wrong, it should also come with
a recommendation to the pilot of suitable measures to take. This gives a somewhat pecu-
liar situation as the diagnosis is implemented today.

The diagnosis system mainly supervises system output, an alarm is generated when the
desired output is not achieved. An approach with limited possibilities to isolate the source
of an alarm. If the desired output is not achieved it does not necessarily mean that the sys-
tem is malfunctioning, in some situations it can be the result of system saturation.

The system is designed to work within some working conditions, if these are not fulfilled

it can not produce the desired output. For example, the ECS can only deliver a limited
amount of cooling air, especially at high altitudes with the engine running at a low thrust.
An alarm caused by low flow of cooling air at such working condition should not generate

the same alarm as an alarm from a system malfunction.

When the system is saturated, it is only a question of manage it correctly and it is up to the
pilot to run the aircraft in such a way that the system is within the predefined working con-
ditions. An alarm caused by system malfunction has a completely different message to the
pilot, run carefully and let a qualified technician have a look at the system.

With a model based diagnosis system that isolates the source of an alarm, it is possible to
give the pilot a correct recommendation, not only an alarm.

5.1.4 System transients

A well known problem today is the lack of possibility to supervise system transients. A
model based diagnosis system is well suited for this task. The models used for designing
the diagnosis system also decides the performance and functionality of the diagnosis sys-
tem. If it is possible to build a reliable dynamic model of the ECS it is also possible to han-
dle transients in the system. The model does not necessarily have to be very accurate but
must catch the most important dynamics in the system.

5.2 Developing the principle model and the diagnosis system

To exemplify model based diagnosis methods, a process to supervise is needed. The prin-
ciple model was built to produce data with the same characteristics as the ECS. This data
is used to feed the diagnosis system built in this thesis. The principle model is has the
capability to simulate a number of faults of special interest to supervise. Some of the faults
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are studied since they are more common and some because they affect the safety of the air-
craft,

5.2.1 The principle model

The purpose with the principle model is to catch the main dynamics of the ECS. Of course
it would be interesting to verify the model, but it is a work that takes a lot more time than
fits within the frames of this thesis. Model verification is a work big enough for a thesis on
its own.

Some parts are most likely to not diverge from the reality. Especially the distribution to
avionics has potential to be accurate. This part of the system consists only of static compo-
nents as pipes and volumes, therefore it should be easier to model. The model of the cabin
distribution is a little more rough since the outlet is modeled as an orifice but in reality it
consists of a pressure controlling valve.

The cooling turbine probably introduce the most errors to model. It is modeled as a heat
exchanger only, with no dynamics in the fluid flowing through it. In reality the flow
through the turbine is affected by turbine speed and the spinning mass will introduce a
time delay that probably is of the same size as other time constants in the model. If the
model has to be more accurate a first step can be to model the dynamics of the flow
through the turbine.

In the principle model not all control loops are modeled. The last control loop, for cabin
temperature is omitted to speed up the simulations. The affect of this model reduction is
probably not very large, since the change in cabin temperature is relatively small. A more
precise diagnosis system maybe should add this loop to make the model more accurate.

5.2.2 Fault modeling

Building models of faults is a work quite characteristic for the design of model based diag-
nosis systems. Knowledge of different faults and their affect on the process is necessary
for designing the diagnosis system. Most of the faults modeled in this thesis are faults that
actually has occurred in the ECS.

Two faults are modeled in the valves, potentiometer bias and valve jamming. The fault
with potentiometer bias is realistic and easy to model. The measured signal of a valves
position is superimposed with a constant signal. This fault happens if the disc of the valve
is not mounted correctly or if the potentiometer slides out of position.

The jamming of the valve occurs when the valve is worn out and the static friction
increases, the fault is modeled as increased static friction occurring on a given time. The
static friction is not present when the valve is moving, therefore the valve is stopped at the
time when the fault occurs. This is made just to be sure that the fault actually is present in
the system, to give the diagnosis system a fair chance to detect the fault.

Sensor bias is a fault modeled in all sensor signals, maybe not the most likely fault for all
sensors. Different sensors are constructed in different ways and get different kinds of
faults. A temperature sensor is not likely to get the same fault signature as a pressure sen-
sor. The question of how to model faults for different sensors is open for future investiga-
tions.
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There exist one fault that is the same to all sensors. All sensors are connected to a com-
puter by a wire, if this wire is not connected properly the measured signal will be faulty.
Many systems are designed to give a loose connector a known maximum or minimum
value. Such a fault is trivial but important to supervise. It is not considered in this work
due to the simplicity of such supervision, still it is important to supervise in a real system
since it is known to happen.

The fault mode with leakage in avionics compartment is not important to supervise in a the
real ECS. Leakage has occurred only once during last years and is added to the model to
show the principle with parameter estimation.

5.2.3 Thresholds

Setting of the thresholds is the part of the work that decides the final performance of the
diagnosis system. In this thesis, the settings are performed by evaluation of monte carlo
simulations. To achieve a reliable, well tuned, diagnosis system it is necessary with more
simulations than performed here. In a real application it is even realistic to assume that the
thresholds must be tuned also after implementation of the diagnosis system.

5.2.4 Performance

The principle model, incorporating models of faults is supervised by a diagnosis system.
The diagnosis system is mostly based on the same models as the ones used for simulation
of the ECS, only the valves are modeled different. Outputs from the model and parameters
in the principle model are distorted to give a realistic situation with model uncertainties.

In the diagnosis system, models of fluid dynamics are the same as in the principle model.

Temperatures are at some points approximated with constants since they are known to not
change much. Valves in the diagnosis system are modeled with a lower order model than

in the principle model.

The diagnosis system is built with sensors available in the ECS today. With the setup used,
it is possible to isolate all fault modes but leakage and bias in flow sensor to avionics.
These faults can not be isolated from three other fault modes. With an extra sensor added
for pressure in avionics, only the leakage can not be perfectly isolated. When using the
extra sensor, leakage can not be isolated from only one other fault mode.

5.3 Continuation of the work

A continuation of the work has some delicate tasks to deal with. A collection of possible
things to do is listed below.

5.3.1 Principle model verification

The principle model is built with intention to behave like the real ECS. It is built with
parameters taken from the existing model in Easy 5. It would be interesting to see how
well the model corresponds to the real system and see if it can be adjusted to use for a
rough simulation of the ECS.

With a modified principle model of the ECS that corresponds to the real system, it would

be possible to run the proposed diagnosis system on real data. The principle model is an
simplification of the ECS and can not get very accurate, but also rough models can be used
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for diagnosis, as long as they are reliable. For example the valve model used in the diagno-
sis system in this thesis is a rough model of the supervised valve and still it is possible to
detect present faults. In the same way a reliable rough model of the ECS has potential to
be used with success for building a diagnosis system of the real ECS.

5.3.2 Principle model improvements

If effort is put in validating the model some parts of the principle model must be improved.
The most important is the energy transfer in the heat exchanger. How much heat that is
taken from the air in the cooling pack is highly dependent of altitude, velocity and sur-
rounding temperature. In the principle model all these parameters are considered at a fixed
working condition with a constant heat transfer. A model of this relation is needed to run
the principle model at different working conditions.

The flow through the cooling turbine is modeled as any flow between two volumes. The
mass of the turbine will introduce dynamics affecting the flow through it. It is likely that
this will cause a time constant of the same order as the ones modeled in the principle
model. If this is the case, a model of that dynamic would increase the reliability of the
principle model.

A last improvement that maybe is not that important is the model of the outlet from the
cabin. In the principle model this is modeled as an orifice with constant area, in the real
ECS this outlet is a valve controlling cabin pressure. This valve has a small operating
range but it is not constant. The model error introduced here is somewhat compensated by
parameter uncertainties applied to the principle model in the simulations. Each simulation
will be performed with a different open area and after many simulation all valve positions
has been simulated. Distribution of the parameter for the valves area is defined to cover the
valves operating range. The task to control cabin pressure is performed by valve at cabin
inlet.

5.3.3 Fault model improvements

The faults modeled in the principle model are of interest to supervise in the real ECS. By
experience, most of the faults are known to actually occur and are desirable to supervise.
The fault mode with leakage in avionics compartment is not needed in a real implementa-
tion of a model based diagnosis system. A leakage has occurred only once during the last
five years and was detected without causing any hazardous situation.

The valve jamming is the fault that has been of most interest to supervise. In a near future
all valves are exchanged to a new which possibly will not be worn out. This points out
another dilemma, is it worth spending resources on a diagnosis system or should all effort
be put in building a reliable system that never malfunctions? A compromise will probably
give the best result.

Another fault related to valves is the possibility to get increased friction that would slow
down the valve. This has not been considered to be a fault in the valves used today, but it is
from a general point of view when supervising valves. When the valves are replaced with
new ones, this might be a fault mode of interest.

In an attempt to build a diagnosis system for the real ECS, the fault mode with sensor bias
should be replaced with a fault mode with sensor cutoff or shortcut. This is easier to detect
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and makes the diagnosis system more reliable. The fault mode with leakage can probably
be ignored to further increase the reliability of the diagnosis system.

5.3.4 Model completions

The bypass pipe for control of cabin temperature is not modeled in the principle model.
The affect of this model order reduction is uncertain, it is possible that this part of the sys-
tem also should be modeled. This would add the last of the five control loops to the model.
Diagnosis performance does not improve just by using a more complete model, so the use
of such model completion is uncertain.

5.3.5 Diagnosis system improvements

The diagnosis system built in the thesis, is focused on air dynamics at the distribution part
of the ECS. It can be completed with test quantities detecting faults upstreams in the
model, not only at the distribution parts. It can also be completed with diagnosis using
temperature relations, not considered in this diagnosis system.
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Appendix A: Model parameters

Parameters in the principle model are, when possible, taken straight from the existing
Easy5 model[8]. Since the two models differ as much as they do, a straight translation is
not always possible. Some parameters had to be made up, partly by using Easy5 as base
and partly by simulations to get reasonable outputs. Parameters in the Easy5 model is a
mix of US- and I1SO- units, in the principle model all are converted to SI.

Easy5The principle model

Cabin:
Outlet diameter = 2inch Ao = 26cnf, using 15crA’
\olume, diameter = 40.5cm
Volume, length = 9.84m Veap = 5.1m°
Avionics:
Volume diameter = 2inch,
Volume length = 5ft V,, = 3.1dn?
Outlet effective area= 1.1inéh Ao = 7.1cnf

Heat exchanger:
Actually the heat exchanger is used to model the cold air unit that consist of several parts. Tur-
bine, secondary heat exchanger, condenser, water separator, reheater and pipes. These together

make a volume of 13.5fand it is the volume used in the model. Or actually that volume is
divided into two parts, inlet and outlet of heat exchanger. Between those two volumes a flow
restriction and the heat exchanger is put. Maximum heat transfer is not known but a value is
taken to fit the model.

Many small volumes that sum up to 1335ftTotal volume = 0.2dh

Inlet volume Vein = 0.11dn?
Outlet volume Vep = 0.11dnd
Maximum heat transfer Om = 15 kW
Valves”:

14HA, (27) diameter = 1.46inch Ay4m= 10.8cn?
15HA, (21)  diameter = 2.46inch A5 = 30.7cnd
16HA, (73) diameter = 2.46inch Atgm= 30.7cn?
18HA, (18)  diameter = 1.46inch Ay7m= 10.8cnd
22HA, (59) diameter = 2.46inch Aigm= 30.7cn?

*. Qutlet is actually a pressure controlled valve, set to keep pressure in cabin. In the principle model a con-
stant orifice area is used, with half the area of the fully opened real valve.

** Saab notation, (Hymatic notation)
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Appendix B: The principle model in Simulink

A schematic view of the simulation setup. In the middle of the figure the environmental
process is seen with input and output signals. At the top of the figure the controlbox for

running the four control loops and at the bottom the diagnosis system connected to avail-
able signals.
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In order to shorten the evaluation time of the test quantities the model was divided in two

parts. The first simulates the environmental process and the second runs the diagnosis sys-
tem on the output from the first part.
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Appendix B: The principle model in Simulink

Structured hypothesis tests
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