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"ABSTRACT

- Bleed Air Temperature Regulation System: Modeling, Simulation and Control

© Peter Hodal, 2005
Master of Applied Smence
~ inthe Qgram of
Mechanical Engineering

Ryerson University

This thesis addresses temperature control of an engine bleed air system, as used
on typical aircraft, with a control strategy aimed at reducing ram air usage while
maintainiﬁg fast response. The analytical equations describing the system dynamics are
presented, and a state space model of a cross-flow heat exchanger is developed. The heaf
exchanger model is then utilized-in the modeling of the bleed air system under study.
Different control strategies and configurations are analyzed and compared. In order to
ac_hie:\?e faét temperature A‘rég»ulation while saving ram air usagé, a ram-air-plus-bypass
control configuration is proposed, along with the control of both load temperature and
bypass valve opening. Classical PI control is employed, and a hybrid LQ/PI control
method is addltlonally mvestlgated for the proposed control configuration. Simulations
for each control strategy are performed using a nonlinear dynamic model at several
sample mission operating points, with consideration of disturbances in engine loading or
ambient conditions. Comparisons are made and conclusions are drawn based on these
‘simulations. The proposed configuration and control strategy prove to be more effective

in terms of satisfying both low ram air usage and fast temperature control response.
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CHAPTER1 INTRODUCTION®

The purpose - of -this chapter is to provide. background information, and to
introduce some underlying materials pertinent to the subject of the thesis. Furthermore, it
presents the objective and contributions of the thesis work. At the end of this chapter, an

organization outline for the remainder of the thesis is presented.

1.1 Use of Engine Bleed Air in Aircraft Environment Control
Systems

The development of jet engines led not only to advances in thrust generation, but
also to the evolution of aircraft pneumatic systems, especially on transport aircraft. The
high-pressure and high-temperature engine bleed air is commonly used for various tasks
on the aircraft.  These include a wide variety of functions, such as air-
conditioning/heating, wing and engine anti-ice protection, as well as windscreen

demisting and rain dispersal.

The aforementioned tasks require the supply air to be at certain conditions, such
as specific temperatures, in order to be utilized in a desirable way. In this thesis, the
concem is the temperature of the bleed air béing delivered to the load. The objective is to
efficiently regulate the load temperature at a desired level, with emphasis on low ram air
usage. Since the actual temperature of the engine-bled air (bleed air) and ram air change
continuously during operation, along with many other factors involved in the overall

system, feedback control is required for the temperature regulation.

1.2 Overview of Temperature Control

Temperature control is used to hold one or more masses within a certain
témperature range. In this case, the ‘mass’ is the supply bleed air at the load, and in order
to kéep it at a desired temperature, a control system must be designed and implemented
accordingly. When speaking of a temperature control system, one is referring to the

physical and mathematical combination of the structures that contain the temperature-



controlled mass, the disturbances to which they are subjected, as well as the components

used to regulate its temperature [1,2,3].

A typical temperature control system (Fig. 1.1) consists of a group of components

combined to regulate the temperature of a mass. The objective is to maintain the
N—

controlled temperature at its desired set-point, in the presence of disturbances to the
system. For the bleed air temperature regulation system analyzed in this thesis, the
supplied bleed air temperature at the load is to be controlled at a set-point value of 190

°F. A temperature sensor is located at the load,-and measures. the temperature for

feedback purposes. Control valves play the role of final control elements, by__

manipulating the flow rate in their respective channels, and thus effectively changing the

. thermal energy carried by the air stream.

disturbance
Reference Actuating Manipulated A Controlled
input : signal Control variable Controlled variable
] elements »  system >
Feedback
elements [«

Fig. 1.1: A functional block diagram of a general control system (from [1], p.91)

As already mentioned, a source of the supply air stream is the aircraft’s engine,

frﬂn which the.hot.bleed.air-is.extracted.. To cool the hot bleed air, air is collected from.

the aircraft’s boundary layer and is employed for heat exchange between the air streams.

This-air stream is referred to as the ram air flow. A heat exchanger device is used to

S —

&xchange thermal energy_between the_two air streams. Bleed air flows through the heat

exchanger’s hot side, while ram air flows through the cold side. Bleed air leaving the

heat exchanger then proceeds to flow either directly towards the load, or, in cases with a
bypass placed on the bleed air channel, is first mixed with the bypasséd flow and is then
fed to the load. | ) . '
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Engine bleed air temperature varies significantly under idle, take-off and -cruise

operatlon conditions. Ram air temperature and humidity can also vary largelthh—
—

changes in atmospheric and aircraft flight conditions. Without regulation, the bleed air

p——

temperature at the load will thus fluctuate wildly. To give the system the ability to

manipulate certain variables for regulation purposes, control valves can be placed in
either channel. Different control approaches can be used for regulation, sharing many
common characteristics, while differing mainly in the control valve configuration and the
applied control law. Three different eenﬁgurations of the temperature regulation system

are analyzed in this thesis, and are shown in Fig. 1.2 below.

ram air
X RAV
bleed

bleed
air hesat exchanger load air heat exchanger

‘; v ‘F Caev

ram air

@ - ’ . ®) - ©

Flg 1 2: Three control system configurations: (a) ram air channel control, (b) bypass channel
control, and (c) ram-air-plus-bypass control

1In the first configuration, termed. ram air channel control and shown in F1g 1.2
(a), a control valve (RAV) is placed into the ram air channel. The valve manipnlates the
flow rate of the cooler ram air, thus affecting the temperature of the bleed air stream
leaving the heat exchanger. This configuration does not have a bypass on the bleed air
stream, and hence bleed air temperature leaving the heat exchanger is equal to the air

temperature at the load'. The sécond_ configuration, shown in Fig. 1.2 (b), is termed

‘bypass channel control. Most of the bleed air goes through the heat exchanger’s hot—side,

while a small portion of the overall bleed-flow is made to bypass the heat exchanger via
the bypass channel, to be mixed downstream with the main bleed air flow exiting the heat

exchanger The combmed an‘ flow then proceeds to the load. This method utilizes a

‘control valve (BPV) in the bypass channel to manipulate the ratio of main-to-bypass

bleed air flows, '_t'hns”fe‘gulating the temperature of the flow delivered to the load. The last

configuration, Fig. 1.2 (c), is termed ram-air-plus-bypass control, and essentially

combines aspects of both former arrangements. The structural arrangement of its

! Neglecting heat Joss to the surroundings, as will be outlined later in the report, when the assumptions
made will be listed.



components is very close to that of bypass-channel control, with the addition of a control
‘valve placed in the ram air channel. . However, as will become evident later on in the
thesis, this last configuration differs not only in structure, but also in its uniquely defined
control law, aimed at reducing overall ram air usage. The details of controller design will

be discussed in Chapter 3.

These configurations are presented and analyzed in this thesis to show advantages
and disadvantages of each, and in order to demonstrate a logical progression towards the
final solution to the thesis ob_|ect1ves In fact, the first two configurations are not entirely
new, and have been applied in various forms in the past, covering a broad range of
temperature control systems and applications. Katayama et al. [4] demonstrated optimal
tracking control of a shell and tube heat exchanger with changes in load condition. Their
study involved the use of proportional-integral-derivative (PID) as well as linear-
quadratic-integral (LQI) regulators, while the control structure of their system resembled
that of the ram air channel control described here. Manipulation of the non-controlled
stream is also used in the work of Paruchuri et el. [5], in which a process-model based
controller is expenmentally demonstrated for control of tube-srde outlet temperature in a
steam/water heat exchanger Studles of heat exchangers with a bypass can similarly be
found in literature. In their study of heat exchanger networks (HENSs), Varga et al. [6]

A demonstrate their results usmg a counter-current heat exchanger with a bypass. They
ldentlfy these networks as prone to exh1b1t1ng large overshoots responses for disturbances
in the bypass ratlo A comparatlve study between two different control configurations
can be found in the work of Rotea et al [7], whlch deals with integral control of heat-
_exchanger-plus-bypass systems Here the first conf iguration is of the bypass channel
ccontrol type, while the second configuration is of the ram air channel control type. Their

"results demonstrate the advantages, in terms of response time, of placing a bypass on the
stream whose temperature is to be controlled thus confirming the earlier findings of
Shinskey [1]. Although the modeling and details of their system differ substantially from
the bleed air system of this thesis, this general characteristic [of bypass configurations]
plays a key role behind the development of the proposed t’mal control configuration in
this thesis. For their super-heater temperature control system, Forrest et al. [8] consider a

multi-loop control design to improve on the more traditional cascade control 'struct\'Jre.




Their research included the use of a scalar linear-quadratic-gaussian (LOG) self-tuning
controller module, for improved disturbance rejection and ability to deal with time-
'varying process behaviour. Orzylowski et al. [9] discuss optimal and suboptimal control,
based on the linear-quadratic (LQ) performance index, for their furnace batch temperature
control system. Yet another temperature control application is found in the work of
Mizoguchi et al. [10], where the temperature of a beverage at a bottle filling plant is
regulated using a bypass valve in the coolant flow channel. A plate heat exchanger
model is used to describe the heat transfer, and a state-feedback plus integrator controller

is employed to regulate the beverage temperature.

Thus, temperature control is well documented in the literature, in a wide variety
of applications. However, although some of the concepts advanced by ‘the'above-
discussed studies apply in parts to the ram air channel and the bypass channel control
configurations studied here, the particular details, modeling and control laws differ, in
some cases quite significantly, from the bleed air temperature system model that will be
developed in this work. Thus, studies will be presented for these two preliiminary contfol
configurations first, as applied to bleed air system analyzed. in this thesis. The insights
gained from such ahalysi.s, along with some preliminary simulation fesults, will be used

in order to develop the proposed ram-air-plus bypass control configuration.

1.3 An Overview of Heat Exchanger Design and Applications

| The occurrence of heat exchange between bleed air and ram air streams is of vital
'importance in the bleed air regulation system. By no means unique to this system, the
heat transfer betwgen ﬂuids of differing temperatures occurs in countless engineering
applicétidhs. VA héat exchanger is the device that implements such an exchange,
effectively changing the temperature distribution of the two fluids. They can be found in
many applications, such as chemical processing [9,10], automobiles vand aerospace
vehicles [11,12], met.al‘hirgyv [9], air-conditioning [1], poWer production [4,8], waste heat
recovery etc. [13). What follows in this section w?ll presént some of the background

information pertaining to heat exchanger classification, design, and performance.



- In a heat exchanger, a heat-transfer process takes place between two or more
fluids. As will be discussed below, there are innumerable types and arrangements of heat
e ’ﬁ—.—-_\

-exchangers used in_the mdustry Many heat exchangers are essentially open_loop

systems, meaning that their- performance is basically determined by its structural and

mechanical desngn,)yhlch_ls.ﬁxed_[M] T

Despite all ‘the varieties and types of heat exchangers, the basic thermal

% %\U relatronshlps that take_place are the same in all cases, and follow from basic heat transfer
J\k cheory These relationships are: (i) the heat transfer rate at any section of the heat
\N\é exchanger is proportional to temperature difference between the fluids at that section, and
\\,\ (ii) each element of a moving fluid involved in the exchange experiences a change in
-temperature along- the direction of flow, which is proportional -to .its rate of -heat

- dissipation/absorption [1]. The analytical equations are outlined in Chapter 2, where a

~detailed analysis of a heat exchanger model is presented.

1 3 1 Types of Heat Exchangers

A staggering number of different types of heat exchangers are used in the mdustry
today From very low cryogemc temperatures (e.g., 4 K) to very hlgh temperatures
(above 1700 K), and from vacuum states to very h1gh pressures (above 3000 bar) they
cover a wide range of temperature and pressure applications [15]. The ﬂulds that
partlcxpate in the heat transfer may be single phase streams, such as hquld or gas, or can
be two-phase streams such as air and vapour. The nature of the fluids, along with the
expected range of applied temperature ‘and pressure, place specific ‘demands upon the
material and construction of the heat exchanger (that is to be used in a particuiar
‘application). This is the reason behind the dlvers1ty of types, sizes, and arrangements of

heat exchangers.

| Heat exchangers are typlcally classxﬁed accordlng to thelr type of constructlon
(geometncal/structural charactenstlcs) and their ﬂow arrangement All industrial heat
exchangers can first be cla551ﬁed into two gronps. (i) recuperatzye and (ii) regenerative

heat exchangers, which can be further categcrized into further sub-groups. Recuperative

? What follows here is only a short overview; for a more complete discussion of the types and
Clii:S)I(ﬁcatlon of heat exchangers, see Dynamic Behaviour of Heat Exchangers, Chapter 2, by Roetzel, W.
and Xuan, Y



ﬁeat exchangers are more common than-the latter, and are the type of exchangers in
which the fluids are separated from each other by a solid wall and flow continuously in
their particular channel. Regenerative heat exchangers are composed of solid matrices to
which heat is transferred from the fluids. However, the transfer of heat is indirect — the
fluids flow over the same surface during separate time spans, and heat is absorbed by the
solid matrix during the hot cycle, and transferred to the colder fluid during the cold cycle
[15].

Recuperative heat exchangers can be further classified according to their structure
and flow arrangement. The most common way is to split them up into the fubular and
plate types. As implied by the name, tubular exchangers are composed of tubes that form
the flow channels and heat transfer surfaces. Two common examples of this type are
double-pipe heat exchangers and shell-and-tube heat exchangers. Furthermore, the flow
arrangement in these heat eXchéngers can vary with the application. Parallel flow refers
to the case in which fluids enter and exit at the same ends, and flow in the same direction.
Counter-current flow arrangements entails the opposite — the. fluids enter and exit at
opposite ends, and flow in opposing directions. These are the two most common flow
arrangements. used in tubular heat exchangers, but other configurations are possible, such

as the cross-flow flow arrangement.

This last type of flow arrangement is widely used in plate-fin heat exchangers.
The plate-fin heat exchangers are composed of thin plates ‘and fins that form the flow
channels and heat transfer surfaces. The fluids flow through' fine and narrow conduits
between alternate parallel plates, as is depicted in Fig. 1.3. Different flow arrangements
are possible, but cross-flow is most common. Roetzel and Xuan [15] give two poséible
reasons for this: (i) the cross-flow arrangement is more convenient and economical than
other arrangements in most cases; (ii) this arrangement is preferable for most exchangers
with a dense assemblage of fins, as other arrangements are impractical with respect to
low flow friction and effective heat transfer In addltlon to the actual flow arrangement,
each of the fluid flows can be mixed or unmlxed with respect to the direction
perpendicular to its flow direction. Three - possible flow patterns are possible in a single-
pass cross-flow heat exchanger: (1) both fluid unmixed, or (ii) both fluids mixed, or (iii)

one fluid mixed and the other unmixed [16]. All of these flow characteristics alter the



“heat transfer process and influence the heat exchanger performance, and thus must be

“carefully considered in the design and modeling of the heat exchanger.
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Fig. 1.3: Plate-fin cross-flow heat exchanger core’ _

The plate-fin heat exchangers are increasingly being used in industry where
weight ‘and compactness are of importance, as in the case of automobiles, aerospace
Vehicles, and electronic equipment [11,12]. In fact, these applications gave rise to special
types of the plate-fin exchangers, known as compact heat exchangers. They are
characterized by a high ratio of heat transfer surface to heat exchanger volume, which
gives them excellent compactness and heat transfer characteristics. Generally, any heat
exchanger is defined as compact if this ratio exceeds 700 m*m?® [16,17]. In some cases,
fabrication of . ever-smaller compact heat exchangers in automobile and aerospace
_industries led to micro-cross-flow heat exchangers, typified by their extremely small
scale and very low pressure drops [11]. Since a low weight, small volume and high heat
transfer effectiveness are especially important in aerospace application, compact heat

-exchangers are perfectly suited for the aircraft bleed air temperature regulation system.

1. 3 2 Heat Exchanger Modelmg and Des:gn ,
It is a common practnce to de51gn and rate the performance of heat exchangers
based on steady-state procedures Such methods yxeld thermal energy balances between

the fluids partakmg in the heat exchange, along w1th thelr tlme-mdependent temperature

3 Reproduced from [7], p. 584




-profiles. There are a number of techniques, of which the mean temperature difference,
and the NTU-effectiveness are the two most widely used. With knowledge of boundary
(inlet) conditions and heat exchanger structure, these techniques readily yield overall heat
exchanger effectiveness, from which overall heat transfer and outlet temperatures can be
easily obtained. Thus, such steady-state approaches are valuable in rating heat exchanger
performance, and are viable tools in the selection process of particular heat exchangers

for a specific task [1,13,16].

Steady-state analysis is not ‘enough for cases where the transient'proces§ of the
heat exchanger is of importance. During start-up, shutdown, or any variations in the flow
rates and/or temperatures of the participating fluids, the heat exchanger will be in a
transient mode. Given enough time following transient operation, the heat exchanger will
again approach a steady-state condition. However, during transient mode a dyhaniic
analysis is necessary in order to properly model or predict heat exchanger behaviour.
This is especially true in control system design, where transient response of the heat

exchanger subject to disturbances and manipulated variables is of significant importance.

'Various techniques exist for dynamic modeling of heat éxchéngers, and 'ir.lvr‘n'ést

cases, are tailored to the specific task at hand. The analysis can be either anaiytical, or

“éxperi‘mental in nature; or both. The first method involves a very careful analysis of the
governing physical laws, starting from first principles, and then moving on to derivé an

analytical model of the heat exchanger [2,11,12]. For an accurate model, detailed

knowledge of heat exchanger structure and parameters must be known. Although such a

model is very robust (derived from first principles, it should be valid for any_operatihg

conditions), it is often too complex to be implemented with ease in control system design.

‘On the other hand, the second method treats the physical structure as a ‘black box’, and is
based on dynamic input-dutput experiments. From such experimental data, fnodéléﬁtfirig

techniques are then used to come up with a model that most 'clos’ely resembles the

observed behaviour [18]. This technique is popular in control design, since the model

order can be kept fairly low. However, such a model is only valid within certain range of

operating conditions, and in order to expand this range, a vast number of input-output

data must first be collected. -



For application to control system design, several other methods and combinations

of the -aforementioned 'approaches . to -dynamic heat exchanger modeling have been

‘implemented. Approximate analytical techniques and model reduction can be used to
‘reduce the complexity and order of the heat exchanger model, as studied by Xia et al.
[14]. Quite often, a structural model is developed from first principles, and then

-experimental input-output data are used, in conjunction with identification techniques, to
estimate physical parameters of the heat exchanger and the fluids. Maschke and Chantre

.[19] demonstrate such methods in modeling and parameter identification for a double-
plpe counter-current heat exchanger in, while Mutambara et al. [20] used the Extended

Kalman Filter (EFK) method to estimate the models parameters and states. Zandi et al.

[12] simplify the modeling of complex compact heat exchangers by developing a fluid

network heat exchanger model that is coupled with main thermal CFD solution schemes.

The transient behaviour of a heat exchanger can be generally - described
mathematically by a mixed set of partial differential and algebraic equations. The
differential equations are nonlinear in nature due to dependence of the heat transfer
vcoefﬁclent on the fluid flow rates and temperatures [20]. Moreover, the heat exchanger is
a d1str1buted system, and thus a proper model should not only be function of time, but of
space as well Roetzel and Xuan [15] use Laplace transforms to describe the dynamlcs of
heat exchangers However, a more widely used method of modeling such partial
differential equatlons especlally for control applications, makes use of lumped parameter
methods. The direct lumping procedure [6,10,12,14,19,20,21] divides the heat exchanger
into a finite number of sections, or lurnps, each of which is considered a control volume
over whnch the relevant heat transfer equatlons are applied. ~State-space modelmg
procedures based on this techmque can be found for parallel-flow heat exchanger [14],
Co-current shell and tube exchangers [12], and for counter-current double-pipe [6,19], and

plate [10] heat exchangers

The approach taken in this thesis also combines aspects of both analytical and
experimental modeling. Empirical relations describing the heat transfer coefficients as a
function .of flow rate are employed (based on experimental input-output data). A
simplified analytical model is derived and uses these equations in place of actual physical

parameters. Direct lumped parameter procedure is used, along with partitioning of the
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heat exchanger to derive the state-space model. The details of the procedure are

presented in Chapter 2.

1. 4 Thesis Objectives and Contributions

* There are several objectives for the research work presented in this thesis. First
and foremost, it is desired to efficiently supply engine bleed air to the load at a prescribed
temperature, in ‘light of disturbances arising from vafying engine or atmospheric
conditions. For this purpose, a control system must be designed to control the bleed air
temperature, with fast transient response and high steady state accuracy. In addition, this
thesis focuses on the general reduction in the ram air usage while retaining fast
temperature control response, something not addressed in the literature. Aircraft
applications will thus benefit from a reduction in overall drag and ﬁtel consumption, as a

direct consequence of low ram air usage.

It will be shown later that the above two objectives are not independent and
involve trade-offs between them. Thus, the real aim of this work is to implement a
temperature control system that balances both goals in a satisfactory fashion. In other

words, the objective truly lies in finding a control strategy that simultaneously-achieves—

both efficient (fast) response and low ram air usage, to a certain degree (as there are

trade-offs between the two). _

A multiple—input-multiple-output (MIMO) control strategy is developed in this
thesis to address both objectives. The proposed control system structure is studied by
building linear and nonlinear rﬁodels and analyzing the subsequent results. P/ controller
tuning procedures are demonstrated, with the use of linear models to obtain quick
estimate results. Nonlinear models are presented to provide a more accurate
representation of the time-varying behaviour of the actual system. A hybrid LQ/PI
control law is proposed to mvestlgate temperature response improvement, as well as self-
tumng capabllltles for the temperature-regu]atnon control loop. Based on the simulation
results, conclusions will be dt'eiwo, along with discussions on some practical application

issues. Recommendations for further research and study will be proposed.
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An additional contribution is the modeling of the bleed air temperature system for
this particular application, particularly the development of the heat exchanger model for
dynamic simulations. A state-space model for a cross-flow heat exchanger is derived
from first principles and is based on an existing heat exchanger used in industry. - The
heat exchanger model is flexible in that it can be applied to cross-flow type exchangers of
various physical characteristics, given that some key data is provided to the model, in
. terms of overall heat transfer coefﬁcrent and heat exchanger pressure drop relations. The
heat exchanger state-space model can stand as an independent module, for steady-state
and dynamic heat transfer analysis, or can be easily inserted within a larger plant model

for simulation purposes, as is demonstrated in this work.

1.5 Thesis Outline

This thesis is organized in the following manner. Chapter 2 deals with the

- modeling necessary for simulation purposes, and is divided into two sections. The
development of a state-space [cross-flow] heat exchanger model, along with steady-state
~and dynamic analysis for the heat exchanger as a separate stand-alone unit, is presented
in the first section. In the second section, modeling of the rest of the components that

- make up the Bleed air temperature system is given. Chapter 3 describes two basic control
conﬁgurations: I(i) ram air channel control, and (ii) bypass channel control. In this
chapter, controller design and tuning is presented, along with linear and nonlinear
Simulations_, for each of these two control configurations. The. chapter ends with a
discussion in which the results are compared. These discussions fonn the basis for the
final proposed control configuration, ram-air-plus-bypass control, which will be the
focus of Chapter 4. Here, details for this particnlar conﬁguration are presented in terms
of control structure and control law (both PI and LQ/PI). Chapter 5 presents nonlinear
‘simulation results for this proposed control strategy, at various operating conditions, and
for dlsturbances in both engine load and atmospheric conditions. Chapter 6 provides an
in-depth discussion of the thesis work, includingb modeling and relevant 'simulation
results. Issues related to practical apphcatlon of the proposed control system will be
raised and discussed. Final conclusions and proposed future research will be provided in
Chapter 7.
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CHAPTER 2 MODELING OF THE BLEED AIR S'YSTEM":

Before a control system can be des1gned and analysed a sultable model of the
plant must first be developed. In this case, the plant represents the bleed air system, and
includes all components making up the system, starting from the bleed air source up to
the load. Bleed air and ram air flow along pipes that form their respective channels, and
exchange thermal energy through the heat exchanger. The heat exchanger model is a key
aspect of the overall model, especially in terms of dynamic analysis which is necessary
for control design. Thus, this chapter is separated into two sections, with the first section
focusing mainly on the development and simulation of the appropriate heat exchanger
model. Its integration into the overall system, as well as modelmg of the remammg

components is presented in the second section of this chapter.

2.1 Heat Exchanger Modeling

It was already discussed that heat exchangers used for aerospace applications are
almost exclusively of the compact type. Compact heat exchangers are a special type of
plate-fin exchangers (see Fig. 1.3), in which the fluids flow perpendicularly relative to
each other (cross-flow). It must be pointed out that‘ the actual structure of Vsuch an
exchanger consists of numerous plates, and many fins of numerous sizes and shapes.
Hence, an exact structural model can get very complex, something not desirable for
control design. For practical reasons then, although modeled analytically, the heat
exchanger core will be simplified by considering only a single [thin] plate as the heat
transfer surface separating the hot and cold fluids that flow in cross-ﬂow This
simplification is somewhat alleviated by the fact that, as w111 be seen later the overall
heat transfer coefficients functions are based on actual heat exchanger expenments, and
thus 1mpllc|tly contain the effects of physncal and structural features of the partlcular heat

exchanger.

Based on analytical heat transfer equations, and drawing on direct lumping

procedures, a MATLAB script is developed that yields an NxN order state-space model
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for the heat exchanger. The model allows for both steady-state and dynamic analyses,
and.can-thus be easily integrated into a-larger temperature control system. - In fact, the
heat exchanger model that follows can be used in other applications that use similar types
of exchangers, with only slight modiﬁcations in the inputs and/or overall heat transfer
,coefﬁcients The model order, and thus the accuracy, is user—specrﬁed in terms of heat

exchanger d1mens1on N.

The ‘dn'ect lumping procedure consists of dividing the heat exchanger into-a
finite number of control volumes, or lumps. The following assumptions are made by this

method:
(i) - heat transfer to the surroundings is negligible;
ﬂ (ii) no heat conduction is assumed in the direction of flow; and ‘
| 'tiii)‘ eacli lump has a uniform temperature d_istribution throughout.. |
Additional assumptions are made [19,21], and are as follows:

@ the plate separating the fluids is thin, and thus the conduction through the

- plate is neglected; - -
- (ii) - the physical and chemical propertles of the fluid are neglected
(1ii) umform mass-ﬂow along the pipes is assumed

. (@iv) umform temperature distribution of the fluids is assumed at the heat

exchanger inlets; and

(v)  the overall heat transfer coefficient is constant throughout the heat

exchanger core, for a given flow regime*.

2 1 1 Slmpllf'ed Heat Transfer Model , ,‘

A srmpllﬁed heat transfer model is now presented . Differential equations
descrlbmg the heat transfer for each lump follow from this model, and together with
additional algebraic equations, form the basis for the cross-flow heat exchanger state-

Space model.

—

4 R T
It does, however, vary with changes in flow rates, as will be shown later.
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In the diagram shown below (Fig. 2.1), fluid flows over a surface of length L (ft)
and a constant temperature T, (°R). At x=0, the fluid has an inlet temperature of T;, (°R),

and at x=L an outlet temperature of T,. (°R). The mass flow rate and specific heat of

fluid are denoted by M (Ib/s) and ¢, (Btu/lbo;’R), respectively. It should be noted that the
diagram is per unit depth into the page, essentially converting a 2D model into a 1D

model.

Fluid
Temperature .

/Tout

x=L

I:ength along
” surface

Fig. 2.1: Heat transfer to a surface of constant temperature

It follows from Newton’s law of cooling [13] that the differential heat transfer dQ
(Btu/s) to a surface of incremental length dx is given by

dQ=hnT-T,)dx , 2.1
where h (Btu/s-°R-ft) is the local heaf transfer coet‘fiéient (per imit depth), and T (°R)A is

the temperature of the fluid at that particular location. For an ideal gas with constant c,,

the change of fluid temperature dT as a result of the heat transfer dQ is given by

Mc

p

ar=-92_ | e

Combining (2.1) and (2;2) yields an eqqation that relates the heat lost by the fluid to the
heat transferred to the surface: | |
Mcdl =-h(T-T)dx . L ©.3)

Integrating (2.3) along the length of the surface, from T}, at x=0 to T,, at x=L, gives
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s MCP
ln[g‘ﬂ-fl)]‘:_ AL , @4
. 1“7:) Mec, :

H

T,=(T,-T)e" " +T,

where H=hL (Btu/s-°R) is the total heat transfer coefficient (per unit depth) between the
fluid and the surface. The total heat transfer from the fluid to the surface is obtained by

integrating (2.2),
Q . T,
ode =-Me, T‘:de ” 05
. 0=-Mc,@T,-T)
Substituting (2.4) into (2.5) yields
AU
g= —MC,,[(TI.. ~T)e " +T, —ﬂnJ
| 2.6)

N

= Mc{l-—e ey J(TI,, ~T)

2.1.2 State-space Heat Exchanger Model

Based on the simplified heat transfer model presented in section 2.1.1, the
development of a state-space heat exchanger model now follows. The heat exchanger‘ is
modeled as a thin-wall surface that separates the hot side fluid (bleed air) and cold side
fluid (ram air), as is shown in Fig. 2.2. The heat transfer surface has a thermal mass MC;
(BtU/f’R){ .and a temperature‘of T; (°R). The hot side ﬂuid has a specific heat of ¢y
'('Btu/lb-°R)‘,v énd a mass ﬂow rate of M , (1b/s). | Ité temperature.‘at‘t.he entraﬁce of the heat
exchanger is T}; (°R), and the temperature at the exit is T}, (°R). Similarly, the cold side

fluid, with a specific heat of c,., flows at M., and has an inlet temperature of T.; and an

exit temperature of T;,.
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Fig. 2.2: Cross-flow heat exchanger schematic

The heat exchanger’s core temperature is a function of space and time (under
transient operation). Since the simplified representation of the heat exchanger core is
modeled as a thin plate, the temperature is distributed over the plate in two dimensions.
The lumped parameter approach used in the development of the model assumes that the
temperature of the ‘lump’ is constant throughout the lump. However, to properly model
the heat exchanger, the spatial distribution of the plate core temperature cannot be
neglected. One solution is to partition the plate into NxN equal-area lumps (or cells), and
then to apply the lumped parameter approach to each lump. |

Fig. 2.3 shows partitioning of the heat exchanger plate into its NxN lumps, along
with overall input to the system, and the directional notation used in subsequent

equations. The core temperature of each lump 7°, is assumed uniformly distributed

y
throughout the lump (iy=1....N). However, the fluid temperature changes exponentialiy

along the direction of the flow as it passes over the lump surface, as governed by (2.4).
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~ Fig. 2.3: (a) Division of heat transfer surface into NxN lumps, (b) individual lump nomenclature

With the heat exchanger in transient mode, the surface temperature varies with
time, until steady-state conditions are re-established. Thus, a differential ecjuatioh is
required to describe the change in heat exchanger core temperature T, with time. First, a

simple eﬁergy balance on the heat exchanger surface is performed:

) L e

In (2.7), the left hand side represents the heat gained at the surface from the two fluids
(note that Oy is defined positive into the surface, and Q. is defined positive out of the
surface), while the right hand side represents increase in internal energy of the lump.
Finally, substitutiqg (2.6) into (2.7) for the heat transferred from each fluid yields the

desired differential equation:

0
AMET) _g,+0,

ot
H, He . (2.8)
=M hcp,h(l —e Mer J(TM ~T)+Mc,, [l —e M J(Tc.- -T))

In the above equation, H, and H, (Btu/s-°R) are the hot and cold side ‘overall’

heat transfer coefficients, respectively. The heat transfer coefficient is normally a

function of surface geometry (which influences conditions in the boundary layer), nature

of the fluid motion, and an assortment of fluid thermodynamic and transport properties
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[1,13,16]. For this study, the overall heat transfer coefficients are-given as functions of

flow rate:
H,=f(M,) : c 29
H, f(ﬁl ). ' . | (2.10)

These specrﬁc functions are determmed empmcally from experlmental data on an
ex1stmg heat exchanger used i in the mdustr>rs
~ To derive a state space model for the heat exchanger, relevant d1fferent1a1 and

algebraic equations describing the heat transfer must be written in state Sp‘ace format:

X = AX +BU - S @11

Y=CX+DU , : L - (212)
where X is the state variable, U is the system input, Y is the system output, 4 is the system
matrix, B is the input matrix, C is the output matrix, and D is the feed-forward matrix. To
obtain state-space representation of the heat exchanger, state variables are first selected,
and'then the governing equations are rewritten in the above form. In modeling parallel-
ﬂovy and counter-flow heat exchangers [6,19,21], the author used the temperatures of hot
and cold fluids at each lump to form the state vector. This thesis will use the lump core

temperatures 7}/, to form the state vector (assumed constant for each lump). The hot and

cold fluid temperatures will follow from the core temperatures using appropriate
algebraic equations. Note that these algebrarc equatrons relatmg the hot and cold fluid
temperatures to the heat transfer surface [core] temperature, are provided by the
convection heat transfer equation (2. 4) which was derived for conditions of constant
surface temperature. Thus, for dynamic operation where the core temperature w111 be
changing, the determination of hot/cold fluid temperatures from these relations will be
valid only when the simulation time-slice dt is taken to be very small. If this is done; it
can be assumed that the surface temperature is constant during that short slice of time,
and such a representation can thus be used without sacrificing too much in accuracy.
This approach has the advant'age'of reducing the model order by half — if the fluid

temperatures at each lump were used as state variables, the resulting model order would

5 The author is bound by a confidentiality agreement not to release any specific details regarding this
particular heat exchanger, and the exact form of empirical relations describing it.
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“be 2N’. By using the core temperatures [of each lump], the order is simply N, equal to
the number of lumps that make up the heat transfer plate.

Equation (2.8) is the state equation for the heat exchanger model, and relates
change in core temperature of the cell to the heat energy added to it from the hot and cold
fluids. Since it is to be applied to each lump individually, some transformations must
first be made in order for the equation to be used at the ‘lumpv level’. The thermal mass
and the hot/cold side heat transfer coefficients are assumed distributed uniformly over the
plate surface Since the heat transfer plate is partltloned into NxN equal-area lumps,
these ‘total values’ are simply divided by the total number of lumps to yleld ‘lump
values’. Similarly, both hot and cold side fluids are assumed to flow equally over the
plate, in their respective directions. Thus, the fluid flow rate corresponding to a single
lump is found by dividing the ‘total’ flow rate by N (number of rows, or columns). The
transformation equations that result are as follows: o '

MC,

me, = 2.13
me, =4 ‘_( )
=, e (@2.14)
“NxN ¢ NxN &

m, =2 e ~ 2.15
h N mc N ( )

In the above equat1ons, (2 13—2 15), the lower-case variables refer to ‘lump level’ values,
that 1s, vanables used for heat transfer calculations for each lump control volume.
The state equatlon Q. 8) can now be rewrltten on a ‘per lump’ basis, using

lndlces to mdlcate the partlcular lump,

T =yl + 9T,",’+¢,,», R g . (@.16)
where S | ' ' S
l—’n'z,,‘cp,,,a—riicc‘p'cb o nc,a mccp b S
= — s 0 = - s ¢ . s _ o (2.17)
me, “me, T me,
. : _ hh : . .o hc R . .
a=1l-e ™ p=1-e ey , N o (218)

andi=1 .. N,j=1...N.
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From (2.4), algebraic equations follow for both the hot side and cold side fluids,
relating the fluid temperature at the lump outlet to the lump core temperature and- fluid
temperature at the lump inlet, |

T =(1-a)T} +aTy;, - (219)

T =(1=b)T;; +bT;; . (2.20)
Furthermore, the fluid temperature at a particular lump outlet equals the fluid temperature
at the inlet of an adjacent lump, as expressed by the following relations:

Th =T, , T =13, 2.21)
The state vector consists of core temperatures of each cell and is defined as:

f s s 3 s T )

X =TT T s Ty T | - (2.22)
The input vector consists of the hot and cold inlet temperatures as well as the [total] hot
and cold side mass flow rates, ‘

U=, T, M, M,[ . (2.23)

There are thus NxN equations of state (one for each cell), or NxN functions,

X=X X Xy UG ULULLUL) | 29
where &=1 ... NxN, and the elements of the state and input matrices are defined by (2.22)

and (2.23), respectively.

- The next step involves the linearization of these state functions to yield the final
[linearized] state space heat exchanger model. The linearized state equation takes the

following form:

e 5/ [5) 9
AX, =2 Ax + 2D AX, AX,,
1 Xla 2 xza aXN:N XNIN, (2 25)
P r 3 3
+ 20 Av + 2] AU+ 2 Au,+ 2 av,
au, |, v, |, au, \
1o 2, Us, Us,

The partial derivative terms appearing in the above equation are evaluated at an operating
point o. Equation (2.25) can be rewritten in matrix form to give the form of (2.11), thus

yielding the 4 and B matrices:
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A 0
ar |,
a.fz a.z 0 ’ : o ‘
A= — o (2.26)
=1 axl,, s, .
afoN | aanN | a-foN
ox, v|x,, ax, Ix% Lo . |
% % % %,
W, |, AW, . W, U,
%, %, %, %,
B= av, U, U, au, (2.27)
U|0 Uzn flJo ) Ulo . ) ) . ) . .
aleN I @')Vx}v l a’)I:(Al a-/NxN
| v, IU., av, IUz, Uy |y, e ly,

The heat exchanger model output is defined by Y=T},, as only the hot side outlet
'temperature T}, is of interest for control purposes. For this speciﬁé appiication,‘cold side
fluid outlet temperature T, is not considered since this stream is simply duinped back
into the atmosphere, and its exit temperature is not important. However, the cold side
fluid outlet temperature can be easily found using the same procedure as that for the hot
side fluid (which follows below). Thus, the.following output relations are based on Ty, as
the desired output; they would need to be slightly altered for cases where T, was also
desired.

An ‘intermediate’ output vector is defined first, the elements of which can be

expressed as N functions of the state and input vectors, as defined by (2.19),

Twl [&]
ho

,_AY'=T~2 =,gf. (22
T | gy

Writing (2.28) in linearized form produces N equations describing changes in the

intermediate output vector Y’ from the steady state values, as functions of state and input
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vectors. The equations will be of the same form shown in (2.25); rewriting these will
yield the intermediate C and D matrices, the elements of which are to be evaluated at a
given operating point. The elements of Y” are then simply averaged to yield an ‘overall’
hot side outlet temperature T},. Pre-multiplying Y’ by an averaging matrix yields:

N

[AVE]

1 1 1
— U .29
AY = [— —-—}’[AY ] (2.29)

\

The final C and D matrices are thus pre-multiplied by this averaging matrix /4VE], and

are as follows:

% 0 0
x|,
%, | % 0
C=[AVE] , A (2.30)
ogy og, ogy
_ax, . ax, . X, . tas |
og, og, og, o,
v, o, v, o, au, o, au, v,
og, og, og, %,
D=[AVE] G| |, W W, (2.31)
ogy gy o2y og,
u,|, 9, U, U,

2.1.3 Implementing the model in MATLAB

The state-space model of the previous section is implemented using MATLAB
software. A MATLAB script written to generate the model thus forms a subroutine that
can be inserted into the overall bleed air system model. The heat exchanger model allows
for user-specified desired accuracy in terms of the heat exchanger partitioning dimension
N. It accepts hot and cold stream inlet temperatures and mass flow rates (2.23), and
returns the hot side outlet temperature response. The code performs all necessary

calculations and derivations, and proceeds in the following manner:

23



@) .- inputs-are passed to the subroutine (hot/cold inlet temperatures, flow rates,
partitioning dimension N);
(i) based ‘on the linearized state (2.25) and output equations (2.28), the

“program determines the elements of the state matrices 4,B,C and D; and

(ili)  these matrices are returned by the subroutine to be used by a larger

program that integrates the heat exchanger model into its overall

operation.

Thus, the heat exchanger model here developed and implemented using a
MATLAB subroutine can be easily inserted into a larger simulation (as will be shown
later), or can be used for stand-alone heat exchanger simulations. Both steady-state and
dyl_lamic analyses can be easily performed and will now be demonstrated, for the purpose

of this section.

2.1.3.1 Steady-State and Dynamic Heat Exchanger Simulations

At steady-state conditions, the temperature fields of the heat exchanger core and
hot/cold side fluids are time-independent, and thus the left hand side of the state equation

(2.8) is zero, or, in state-space format,
0=A4X +BU. (2.32)

The physical interpretation is that the heat transferred from the hot side fluid is exactly
balanced by heat transferred to the cold side fluid. Hence, for a steady-state simulation,
the heat exchanger subroutine is uséd to obtain the 4,B,C,D matrices, followed by the

calculation of the state vector steady-state values, which are determined by re-arranging
(2.32):.

X=4'-(-BU). - . I 2.33)

For demonstrationv purposes, a sample steady-state simulation is now presented.

The inputs used in this simulation are listed in Table 2.1.
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Hot-side fluid inlet temperature, 7Y 380 °F
Cold-side fluid inlet temperature, 7, 117.5 °F

Hot-side fluid mass flow rate, M* 0.01833 Ib/s

Cold-side fluid mass flow rate, M" 0.01725 Ib/s

Plate partitioning dimension, NV 20

Table 2.1: Inputs to the heat exchanger subroutine for a sample steady-state simulation

Figures 2.4-2.6 show steady-state results of the heat exchanger model, in terms of
steady-state temperature distribution of the core and the hot/cold side fluids. It is helpful
to keep in mind the plate partitioning diagram of Fig. 2.3 when looking at the above
plots. For the fluid temperature distributions of Fig. 2.5 and 2.6, it is the inlet fluid
temperature to each lump that is plotted, for both hot and cold side fluids. For the given
set of inputs, the actual ‘overall’ hot-side fluid outlet temperature is 7" 187.1608 °F.

T 300
fe 200
100
20

row index (l) 10
column Index (j)

Fig. 2.4: Steady-state heat exchanger core (plate surface] temperature distribution
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Fig. 2.5: Steady-state hot-side fluid temperature distribution
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Fig. 2.6: Steady-state cold-side fluid temperature distribution

For a dynamic simulation, a disturbance in one (or more) of the input elements is
first applied, and then the response of the hot-side fluid outlet temperature is determined,
as governed by the equations of state (2.25). In the following, a step in the hot-side fluid
inlet temperature 7), is chosen as the disturbance. At /=0 sec, the value of 7), changes

from 380 °F to 420 °F, marking the onset of dynamic simulation. Two different cases

will now be demonstrated.

In the first case, the initial steady-state conditions are given in Table 2.1. Note

that the hot-side and cold-side fluid flow rates are relatively close to each other. For the

second case, the initial value of the cold-side flow rate is increased to M= 0.27 Ib/s,

26



with the remaining initial input elements unchanged. Dynamic responses for both cases
are shown in Fig. 2.7 to illustrate the effect on heat exchanger response time with

changing hot-side to cold-side fluid flow rate ratios.
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Fig. 2.7: Hot-side fluid outlet temperature (mean) response to a 40 °F step increase in Ty;: (a) hot-to-
cold fluid flow-rate ratio near unity, (b) very low hot-to-cold fluid flow-rate ratio (near 0.068)

The above simulations are open loop in nature; that is, there is no measurement
feedback or regulatory action present. The heat exchanger is simply allowed to reach a
new steady-state, as governed by its dynamic equations. Note the huge difference in both
response time and steady-state change between Fig. 2.7 (a) and Fig. 2.7 (b). Because, in
the second case, the cold-side fluid flow rate is many times larger than the hot-side fluid
flow-rate (about 14 times in this specific case), a change of +40 °F in the hot-side inlet
temperature causes T}, to change by only 0.2 °F, whereas in the first case (with the hot
and cold fluid flow rates relatively close to each other) this change is much larger (10.5
°F). In other words, if one of the flow rates is more than an order of magnitude larger
than the other (assuming they both have similar heat capacities), changes in inlet
temperature of the smaller flow will have much less effect on its heat exchanger outlet
temperature as opposed to the case where both fluid flow rates are of the same order. At
the same time, the huge difference in thermal capacities of the two fluids is responsible

for the very quick heat transfer transients. The heat exchanger model thus confirms
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expected physical behaviour. The significance of these results will become evident when

the bypass configuration will be analyzed in Chapter 3.

2.1.3.2 Effect of Heat Exchanger Dimension N

It is worthwhile to investigate the effect of heat exchanger partitioning dimension
N on the accuracy of the model, in order to determine the trade-off between accuracy and
model complexity. It is evident that increasing N, and thus dividing the heat exchanger
plate into a greater number of [finer] lumps, should result in greater accuracy. However,
increasing N also increases the complexity and size of the model, resulting in larger
computational time to solve the model. This is not always practical, especially for use of
such a model in control system simulations. As the heat exchanger subroutine accepts N
as an input, a simple simulation test can be carried out to investigate the effect of

increasing the heat exchanger dimension N on the results.

The test consists of increasing the value of N (starting with N=1), and solving the
model for the steady-state hot side fluid outlet temperature. Starting with a certain set of
inputs, a steady-state calculation is performed to obtain the hot-side fluid outlet
temperature. This calculation is placed within a loop, which increases N by one with
every cycle. Thus, the same steady-state calculation is performed, but with an increasing
heat exchanger dimension N. The result (hot side fluid steady-state outlet temperature

To) is then plotted against heat exchanger dimension N, as shown in Fig. 2.8 below.
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Heat Exchanger Dimension N

Fig. 2.8: Effect of increasing N on the steady-state results
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It can be seen from the above plot that as N is increased, the result is converging
to a specific value. Beyond N=30, the hot-side fluid outlet temperature T}, is not
changing by any significant amount. However, for control purposes, it is desirable to
have a smaller model order still. For implementation in the overall temperature control
model, and in all the subsequent simulations, N=10 is used for the specific heat exchanger
and bleed air system model. This choice is rather arbitrary, but it is evident that to use a
lower value would greatly diminish the accuracy, while using higher values of N will
increase it only slightly. The savings in model complexity and computational time are
definitely worth the very small improvement in accuracy that would be achieved with, for

example, N=30. \

——=>2.2 Bleed Air System Modeling

This section presents modeling of the rest of the components that make up the
bleed air temperature regulation system. As was already mentioned, various
configurations are analysed in this thesis (see Fig. 1.2) — however, they all share the same

key components: (i) bleed air and ram air sources, (ii) control valves, (iii) heat exchanger,

(iv) load, (Wand (vi) controller. Nonlinear equations describing the
first five components will now follow, along with their linearization at a given operating
point. The particular interconnection of these system components to form specific
control configurations, along with controller design and implementation, will be

presented in the next chapter, for each of the three control configurations.
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2.2.1 Bleed and Ram Air Sources

* The aircraft engine is the source of hot bleed air, which is in turn cooled by ram

air collected from the atmosphere. Typical mission and atmospheric data are used to
construct a set of operating conditions (Table 2.2). Initially, the bleed air system is

assumed to be in steady-state operation at the particularly chosen operating condition.
For linear simulations, the equations describing the system are thus linearized about this

steady-state operating point.

Operating | Altitude | Mach | Bleed Air | Bleed Air Bleed Air Ambient Ambient
Condition (kft) Mass Pressure | Temperature | Pressure | Temperature
No. # Flow (psig) (°F) (psia) (°F)
(Ib/s)
1 0 0 0.018333 30 380 14.7 130
2 0 0 0.018333 |. 35 250 14.7 30
3 0 0 0.018333 20 300 14.7 130
4 0 0 0.018333 380 14.7
S 0 0.4 0.018333 35 380 14.7 130
6 0 0.4 0.018333 35 380 14.7 20
7 10 0.5 0.018333 35 380 10.11 90
8 10 0.5 0.018333 35 380 10.11 10
9 20 0.7 0.018333 35 380 6.76 50
10 20 0.7 0.018333 35 380 6.76 -10
11 30 0.8 0.018333 35 380 4.37 10
12 30 0.8 0.018333 35 380 4.37 -25
13 45 0.85 | 0.018333 20 380 2.15 -40
14 45 0.85 | 0.018333 10 380 2.15 -25
15 45 0.85 | 0.018333 30 380 2.15 -40
16 45 0.85 | 0.018333 13 380 2.15 -30
17 45 0.85 | 0.018333 35 380 2.15 -40
18 45 0.85 | 0.018333 20 380 2.15 -40
19 30 0.85 | 0.108333 20 380 4.37 10
20 30 0.85 | 0.108333 25 380 4.37 -30
21 20 0.7 0.108333 20 380 6.76 50
22 20 0.7 0.108333 30 380 6.76 -10
23 10 0.5 0.108333 25 380 10.11 90
24 10 0.5 0.108333 35 380 10.11 10
25 5 0.4 0.108333 35 380 12.23 110
26 5 0.4 0.108333 35 380 12.23 15
27 0 0.4 0.091666 35 380 14.7 130
28 0 0.4 0.091666 35 380 14.7 20
29 0 0 0.091666 30 380 14.7 130
30 0 0 0.091666 35 250 14.7 30

Table 2.2: Operating conditions: typical mission and atmospheric data
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For each operating point, bleed air flows into. the system at a temperature of T;

(°F), pressure P, (psia), and a mass flow rate Mo (Ib/s). These values follow directly

from Table 2.2. Ram air inlet pressure P, (psi) and temperature T¢; (°F) are determined

from the atmospheric conditions of Table 2.2 (ambiént temperature Tan;b and ambient

pressure Pgyp):
T, = (T, +460)1+0.2Mach? )- 460 (2.34)
P, =F, (P,,m,, (1+02Mack*}* - P,, )+ P, (2.35)

where F,, is the preséure recovei'y factor. Adiabatic isentropié flow of a perfect gas is

assumed for (2.34) and (2.35). After passing through the heat exchanger, the ram air is

dumped into the atmosphere, and therefore the outlet ram air pressure P, is equal to the

P

ambient pressure Pgmp.

2.2.2 Control valves and flow calculation ,
Control valves placed. in desired channels produce a change-in-the-manipulated

variable, and therefore allow for system regulation. Butterfly valves are used (see Fig.

2.9 below), and manipulate the flow rate by changing their opening angle f3,, and thus the

opening area A,.

Fig. 2.9: Butterfly valves®

¢ taken from http://www.globalspec.com/FeaturedProducts/Detail?ExhibitID=6388&deframe=1
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For each operating point, bleed air flows into the system at a temperature of 7%

(°F), pressure (psia), and a mass flow rate M* (Ib/s). These values follow directly
from Table 2.2. Ram air inlet pressure (psi) and temperature 7d (°F) are determined

from the atmospheric conditions of Table 2.2 (ambient temperature 7amb and ambient

pressure PambY

&= +460)(1+O.IMach™)- 460 (2.34)

(c.d+02Mach™r -C j+ C . . (2-35)
where Free is the pressure recovery factor. Adiabatic isentropic flow of a perfect gas is
assumed for (2.34) and (2.35). After passing through the heat exchanger, the ram air is
dumped into the atmosphere, and therefore the outlet ram air pressure Peo is equal to the

ambient pressure Panb-

2.2.2 Control valves and flow calculation

Control valves placed in desired channels produce a change in the manipulated
variable, and therefore allow for system regulation. Butterfly valves are used (see Fig.
2.9 below), and manipulate the flow rate by changing their opening angle /Oy, and thus the

opening area Ay,

Fig. 2.9: Butterfly valves*

"taken from http:// www.globalspec.com/FeaturedProducts/Detail?ExhibitID=6388& deframe=1
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The control valve acts upon an electronic opening-command signal, and moves
the stem to a corresponding opening angle. Its action is not immediate — it is physically
impossible to move from one particular opening angle to another, and have no time
elapse in the process. Neglecting valve hysteresis and backlash, the valve dynamics are

modeled as a first-order lag [3],

B,(s) = u, (5)G, (5) =uv(s)rf;l 2.36)

where u, is the valve opening command input to the valve (0%-100%), £, is the valve
opening angle (rad), X, is the valve gain (rad / % valve opening), and 7, is the valve time

constant (s).

Valve opening angles 3~=0 rad and B, = n/2 correspond to a fully-closed and
fully-opened valve. Between these two limits, a given angle will produce a valve

opening area of
2
4 = ’—’Z—(l —cosB,), 2.37)

where d is the valve diameter. Linearization of the above equation about an operating

point o results in

o4,

A4, =—> AB, , 2.38
arral B, | (2:38)
2
o, =isin,8v.
op,|, 4

For calculating the flow rate, one-dimensional compressible isentropic process
used for calculating variable-area duct flow is assumed, as suggested by Bao [22]. Even
though flow through a variable area is not perfectly isentropic in reality (there is some

friction loss), the simplified model is retained for control system design and simulation

Purposes. Thus, the airflow rate M. going through a valve orifice with an opening area

4y is calculated by the following equation:
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J _,Av})u 2}g %_ (’;_7) ? )
MV_JTT[O’_DR@; ¢ JJ - | (2.39)

P, P P
¢ =% for—~ > 0.5283, ¢ =0.5283 for -~ < 0.5283.
P, P P ,

u u u .

where

P, and P, are the upstream and downstream pressures (psia), respectively, T, (°R) is the
upstream temperature, 4, (%) is the valve opening area, g = 32.174 fi/s® is the
acceleration of gravity, R = 1717 (ff*/s>-°R) is the gas constant for air, and y= 1.4 (for air)
is the ratio of specific heat at constant pressure and specific heat at constant volume.
Since the pressure ratio ¢ is limited in case the flow becomes choked, (2.39) is valid for
subsonic flow only. When linearized about an operating point o, (2.39) takes the

following form:

ar, =Ml pg $OMY| pp L OMu) \p LOMY) (2.40)
o4, oP, oP, ar, | ©
oM P 2 Y2 =)
Y| ——u g ¢7_¢r
o4, | JT \(7-DR
o —
14 4
1 APz —2“’?+~¢—(7;i’i)-
oM, = 4, 28 )2 ¢%_¢l+7’ 2+ ) )
op, | ~ T, \=DR

( 2 lay
p7 ¢ (1+y)
A P25 2 X -
i D
an _ \
or, | (2
° 7g¢’-¢’J
\ —
2,T, & -DR (r-DR
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oM,

o,

4

A block diagram that describes the control valve flow manipulation model is built
from the linearized equations (2.36, 2.38, 2.40), and is shown in Fig. 2.10. In this
diagram, C;, C,, C;, Cs, and Cs are gains that correspond to-the coefficients of the

linearized equations, as follows: -

o (= %— , as defined by (2.38)
04, |, '
oM, oM, oM, oM, .
o ()= , C3 = ,Cs=—— ,Cs= , as defined b
v R T T Y
equation (2.40) ,
Au\, K, Aﬂv A4,
P > Cl
r,s+1
AP,
APy
AT',, C

Fig. 2.10: Block diagram of control valve dynamiés and resulting flow rate calculation
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2.2.3 Heat Exchanger

- The heat exchanger model developed in the previous section is a linearized
model, and can be easily inserted into the overall system structure to be used in the
complete system model. Shown in a block diagram form in Fig. 2.11, it accepts as inputs
the inlet temperatures and flow rates of the hot-side and cold-fluids, and outputs

temperature of the hot-side fluid as it exits the exchanger.

Thl

T, : Heat exchanger | Y =[T,,1"
U=| - |q o state-spacemodel | o
| M (A,B,C,D)

M|

‘Fig. 2.11: Block diagram representing heat exchanger model implementation v

Although the heat exchanger was modeled analytically, some empirical relations
are used, acquired from an actual heat exchanger data. One example of this was already
seen in the case of the overall heat transfer coefficients H and H.. Another set of
experimental relations used in the overall system model is provided for the heat
exchanger pressure drops. The hot and cold side heat exchanger pressure drops are also

given as functions of flow rates, taking the following form:

Pdrop,, =F, —F, =K1Mh2 +K2Mh (2.41)

By

op.

=P,-P,=K,.M’+K,M,, (2.42)

where Py; and P,; are the hot and cold side pressures upstream of the heat exchanger, and
Py, and P, are hot and cold side pressures downstream of the heat exchanger,
respectively. The constants K;, K>, K3, and K; come from empirical data of a real-life

heat exchanger’.

These pressure drop equations provide additional relations between pressure and

flow rates (the first such relations were already seen in (2.39), in which the flow rate is a

7 The author is bound by a confidentiality agreement not to release the exact values of these parameters.

35



function, among other things, of the upstream and downstream pressures). Equations

(2.41) and (2.42) can be rewritten to express the flow rate in terms of the pressure drop:

. —K,++K, +4K.P,

M, =—2 JK: 4 oL R S (2.43)
2K, | -

. —K,+.K,}+4K,P, :

M o=—" VK, i (2.44)
2K,

A Thus, with the knowledge of pressure upstream and downstream of the heat
/ exchanger, these relations will yield the resulting flow rate for that particular channel.
\  Calculation of flow rates and pressure values at particular points in the system will

‘)/ generally make use of both the valve-flow equation (2.39), and the empirical pressure
/ drop equations (2.41-2.44). Linearization of the heat exchanger pressure drop relations

 (2.41-2.44) gives:

N

OP,

drop j,

(2.45)

o

P drop

=2K M, +K |
aM,, . 1 h 2

oP . - S
D% AM, (2.46)
oM | |

¢ lo

AF,

op

c

AP, - (2.47)
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p, =M Ap, (2.48)
oP,,,. pe
oM, | _ 1
anropc .\/K42 + 4K3Pdmpc

o

Fig. 2.12 shows the block diagram form of these equations, here the gain coefficients are:

- 0P, ‘ oP, y y
= ,Cr= —LPe ,Cs= oM, ,Co= oM,
aM B, aM c o aP drop 0 an’ %Pc o
AM, ' AP, —Py,) - AM, I > AP, ~Py,)
APy AP

Pz‘i - Pco)

@ | ()

Fig. 2.12: Block diagrams for the linearized heat exchanger pressure drop equations: (a) hot-side (b)
cold side . :

2.2.4 Load

For the purpose of this project, the load is simplified by an impedance equation

with a suitable pressure drop: |

Proca = Kipuu M bIeed2 +P, s V (2.49)

oa

where Pioqq is pressure at the load (psia), Kioas is the load impedance constant, and M, ,

is the total bleed air flow rate (Ib/s), set by a given operating condition from Table 2.2..

Linearizing the above results in

OAP, .
AP, =2 tad| Apf. . . 50
load a Mb,eed . bleed (2 5 )
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aA-PIMd = 2Kloadeleed =Cio

aM bleed | o
A M bleed ’ APIDadI

Fig. 2.13: Block diagram representing the linearized load impedance equation

The load temperature, Tj,qq, is determined depending on which configuration is
being modeled. Where there 1s no bleed-air bypass, all of the bleed air passes through the
heat exchanger and then follows to the load. Thus, in this case, Ti.q is equivalent to the
heat exchanger hot-side fluid outlet temperature T,. However, for bypass configurations,
the bypass channel merges back ‘with the main bleed channel (hot side heat exchanger
Stream), and the combine& stream is delivered to the load. In this case, the load
temperature is therefore a mixture of the two streams, and is given by (assuming perfectly
mixed flow and calorically perfect gas): )

T, ho’M bleed m‘»u‘"‘ +1T, hi M b

Toat =7 +M,

bleed main

leed bypass

b

. (25D

leed b;pms

where M,,., _ and Mbleedb_}pa:; are mass flow rates of air (Ib/s) in the main bleed

channel and bypasé channél, respectively. Equation (2.51) is linearized to give

o7, o7,
AT, , =—lad| AT, +—2d| AT, +
“er,| " end " s

—-aﬂm—d— AM bleed main +——2 | AM bleed bypass ' I

oM bleed main |, oM bleed bypass |,

aT}oad = — Mbleedn:ain. = Cll

- 0T, ho lo M ble.edmain +M bleed bypass »

a]';oad = — M bIeedb):pass = C12
67;11 0 M bleed main +MbIEEdbypas:
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=Cp

s | _ Micottyiwn T =Tit)

aMbIeedmaln |o (Mbleedmain + Mb[eedbwass )2
aTlt.u::d | - M bleed main (Thi - Tho ) —_ C]4
aMbleedbypass o (;lbleedmaln + Mbleedb)pas:)z

With the linear gain coefficients defined above, a block diagram form of (2.52) is

formed, and is shown in Fig. 2.14.

AT,

AT;ﬂ

Fig. 2.14: Block diagram for determining temperature of the mixed flow .

2.2.5 Temperature Sensor

The air temperature at the load is measured with a temperature sensor, and the

measured temperature is fed back to the controller. What the controller actually ‘sees’ is

not real load temperature Tioqq, but rather measured temperature T),,, . The dynamics of

the sensor are modeled by a simple first-order transfer function:

K,
T () = T1gq ()G, (8) = Tpoa () - (2.53)
ATlpas K, | AT,
7,s+1

Fig. 2.15: Block diagram of sensor dynamics
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Here, K, is the sensor gain, and the sensor time constantz; (sec) is a function of the flow
being sensed:

T, = f(M:ensed) . ' » (2'54)
Since the temperature sensor is placed at the load, the flow being sensed is the total bleed
sensed

air flow, M., =M,;.;-

2.2.6 Channel Flow Simplifications
The airstreams in this system flow inside pipes that form their respective

channels. These pipe channels are the means of interconnecting the aforementioned
components to form an overall bleed-air system. Some simplifications with respect to

channel flow are made to reduce the overall system complexity:
@) transport lag between components is neglected;

(i)  the pipes are assumed to perfectly insulated (no temperature loss to the

surrounding);

(iii)  pressure loss due to pipe flow is assumed to be negligible; and

(iv) ' the flow is fully developed.
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CHAPTER 3 RAM AIR CHANNEL AND BYPASS
CHANNEL CONTROL STRATEGIES AND
SIMULATIONS

There are several ways to regulate the air temperature at the load, and three
different configurations are analysed in this thesis: (i) ram air channel control, (ii) bypass
channel control, and (iii) ram-air-plus-bypass control. Based on the component
equations and block diagramis developed in the Chapter 2, overall dynamic models for
each control configuration are constructed, for controller design and simulation purposes.
Two types of dynamic models are built: linear (Simulink), and nonlinear (MATLAB). A
linear model is used for open-loop analysis, and controller design and parameter tuning,
as it readily lends itself to such tasks. The nonlinear model is employed for final

simulation purposes, to model the real system more closely.

This chapter is dedicated to investigating the design, implemenfation, “and
simulations of the first two control configurations: (i) ram air channel control, and (ii)
"bypass channel control. These control strategies are not entirely new: Rotea et al. [7]
have demonstrated the superiority, in terms of speed of response, of placing a bypass on
the stream whose temperature is to be controlled (bypass channel control) over that of
manipulating the non-controlled stream (ram air channel control). However, there are
marked differences between their heat exchanger network (HEN) model and the bleed air
temperature regulation model analyzed in this thesis. In the work of Rotea at al. [7], a
transfer function model for the system is estimated from the open-loop step response, in a
general form of simple linear models. The heat exchanger model used here is derived
analytically and is based on an existing cross-flow heat exchanger whose physical
characteristics (heat transfer coefficients and pressure-drop relations) are provided by the
manufacturer. The rest of the system is obtained by considering the governing equations
of individual components that make up the system and then constructing an overall
model based on their physical 1nterconnect10ns The entire model is based on specific
operatmg and atmosphenc conditions, as provided by typical mission data. In that

respect, it will be useful to investigate the simulation results of both ram air channel and
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bypass channel control strategies, as applied to this particular system, before moving on
to the proposed control strategy discussed in the next chapter. It will be shown that some
of the general characteristics of the first two control configurations, as found in afore
mentioned literature, apply to this system as well, as expected. However, the simulation
results found in [7] are not applicable to the bleed air system analyzed in this thesis, in
terms of specific details and numerical values. . The need for appropriate simulation
results for the first two control configurations, as implemented in the bleed air system of
this thesis, is thus addressed in this chapter. The insights gained from these preliminary
simulations will play a role in the design of the proposed ram-air-plus-bypass control
configuration, which uses aspects of the former two control strategies. Thus, the
importance of this chapter lies in generating the motivations and a logical progression

towards the proposed control configuration.

The chapter begins with an overview of control design approach used for the two
control configurations. The next two sections focus on ram air channel control and
bypass channel control, respectively. Within each section, specific interconnection
details of that configuration are presented first, followed by a steady-state initialization
procedure and a subsequent linear open-loop model. This Simulink model is then used to
obtain open-loop responses, for stability and controller tuning purposes. Next, the
applicable control laws are presented, along with controller parameter tuning using the
linear model. After the controller is devised, a nonlinear simulation procedure for each
control configuration are listed, to show how the controller is implemented in MATLAB,

followed by nonlinear simulation results.

‘The simulation results of the two control strategies will be discussed and
Compared, in terms of advantages and disadvantaged of each, in the last section of this

chapter.

3.1 Control Desngn Approach

The controller’s job is to regulate the controlled varlable (load temperature) so
that it always returns to its set—ponnt value, in splte of disturbances in the system’s

variables, or set-point changes. In the regulation process, the response of the system shall
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meet certain performance measures, as defined at the end of this ‘section. - Emphasis ‘is
‘placed on efficient disturbance rejection, in terms of load temperature response to
changes in operating or atmospheric conditions. The proposed configuration presented in
the next chapter will add to this by introducing efficient ram air use as another
performance measure, to fulfill the overall thesis objectives.

‘As there are various configurations that can be used to achieve load temperature
regulation, the first step is to specify the physical arrangement of the components making
up the control system. This interconnection, or structure, is referred to as a control
configuration, and two such configurations are analyzed in this chapter: (i) ram air
channel control, and (ii) bypass channel control. In terms of controller terminology, the
particular configuration choice will determine the manipulated variable (the controlled
variable remains the same, i.e. load temperature).

As shown in Fig. 3.1, feedback control is employed; that is, the controlled
variable is measured and this measurement is fed back via a sensor located in the
feedback path. Based on the comparison between this measurement and the reference
(set-point) input, the controller then alters the valve opening accordingly. The basis
behind the controller decision is a specific control law that converts an error signal into
an appropriate controller output (action). The control law defines the type of controller,
as well as its key parameters that determine how the response will be shaped. Thus,
proper control law design and tuning is necessary before the controller can be deemed

appropriate (satisfies the performance measures) and is implemented in the system.

disturbance
Input l controlled
variable
: -controller ' »| plant »
set-point '
input

sensor

Fig. 3.1: Block diagram for a feedback system with reference and disturbance inputs

The first step in such a de51gn is to study the open-loop response. In addltlon to

stablhty analysis, such a response will establish what type of control action will be
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necessary to bring about regulation. When an increase in the controlled variable requires
a decrease in the manipulated variable, a negative feedback control loop must be used
(the error signal being fed back is defined by subtracting the measured signal from the
set-point). The schematic in Fig. 3.1 is ‘a commonly used default convention when
dealing with feedback control loops. On the other hand, when an increase in the
controlled variable requires an increase in the manipulated variable in order to return it to
its set-point, positive feedback is required (equivalently, the same negative feedback
convention can be used, with a negative unity gain in front of the controller). Both types

of regulatory actions will be demonstrated in this chapter.

For the two control configurations discussed here, classwal (proportlonal-mtegral)

PI control is employed, with the control law defined by
' :
m(r)=Kp(A(t)+K, jA(z)dzj, | — @D
: , _ 0 _, .

‘Where A(t) is the controller input, m(?) is the controller output, A is a dummy variable of
integration, and Kp and K; are the proportional and integral gains, respectively [23] In
transfer function form, the PI controller is given by '
1 .
G,-,, (s)= Kp[l +—] , : 3.2)
Tys N
where T;=1/K; is the integral time constant.

After choosing a control law, the controller parameters (Kp, 7;) need to be chosen
So that the response will satisfy performance specifications — a step referred to as control
Parameter tuning. Frederick and Chow [23] demonstrate MATLAB techniques (e.g.,
gain-sweeping) for Quickly obtaining systein ‘performance measures as the control
. Parameters are systematically changed. The linear open-loop model of the bleed air
temperature system is ideal for this task: witha chosen controller the loop can be closed
and the resultmg system can be analyzed in terms of its step response and performance
_Charactensucs. Using the linear model takes minimal computational time, as opposed to

the more complex and computational-intensive nonlinear model, and thus the nonlinear
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model is used only after some preliminary controller tuning has been performed using the

linear model. -

It is standard practice in control system design to tune the controller parameters
based on the system’s response to a unit step increase in reference input. The appfoach
taken in this thesis is consistent with this practice, but is slightly modified in light of
specific thesis objectives. Since emphasis is placed on efficient disturbance rejection, a
secondary stage in control parameter tuning will be added to analyze the effect of certain
controller parameters on the system’s response to disturbance inputs. Based on this
analysis, the controller parameters might be further altered in order to improve

disturbance rejection performance.

Typically, a satisfactory response is .characterized by low steady-staté error and
oVershoot, gdod damping, and short transients, in terms of settling and/or rise time. For
the purposes of this thesis, some of these performance measures are adhered to more
“strictly than to others. First and foremost, it is desired that the load 'tem'perature is
controlled to match the set-point value with minimal steady-state error. Unless specified
otherwise, the desired load temperature set-point is set at Ty, = 190 °F. Secondly, a
response with efficient transients is desired — that is, any disturbances are attenuated as
quickly as possible, within the physical cqnstraints posed by the control configuration
itself. The time it takes for the response to settle is indicated by the settling time (a £2 %

band limit is used here), while rise time and peak time give an idea of the initial speed of

the response.

The speed of the response is important. However, rather than defining specific
constraints on these parameters, their values will be noted along with other response
characteristics, to be used later for comparison purposes. As will be discussed at the end

of the chapter, the response transients are quite different from one control configuration

to another.

_ Another common performance measure is overshoot — defined as the fraction of
the final steady-state change by which the first peak exceeds this change. Typically, an
overshoot requirement is used in conjunction with a reference input step response, and a

low overshoot is usually desired. However, it will be shown that, for the particular
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“configurations studied in this thesis, there are some [overshoot] performance trade-offs
between responses caused by a disturbance input and those caused by a reference (set-
point) input. In some cases, the low overshoot requirement for a reference input response

will have to be relaxed in order to achieve efficient disturbance rejection.

" Once a satisfactory combination of Kp and T is found, the controller is finalized
-and implemented in a nonlinear simulation, to' simulate real-system behaviour ‘more
closely.. System responses to both reference and disturbance inputs are simulated, at

“various operating conditions.

3.2 Ram Air Channel Control

As the- name suggests, a control valve is placed in the ram air channel for this
partlcular configuration. Figure 3.2 shows the interconnection details, and isolates six
‘zones’ (A, B, C, D, E, and F) corresponding to the components of the system. Between

-these zones, air flows in the specified direction inside its respective pipe channel.

Tamln P amb
atmosphere

ram-air
channel
controller

' :
F | atmosphere |
B : T, a\mlhp amb :

" Fig. 3.2: Schematic of the ram air channel control configuration

Zone A corresponds to the source of bleed air. ‘Bleed air flows with a mass flow

rate M,,., (Ib/s), at a pressure of P, (psia) and a temperature of Ty (°F). These values
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are set by the particular operating steady-state condition (chosen from Table 2.2), which

defines the initial conditions for the model.

The source of ram air is the atmosphere, and is denoted by zone B. From the

initial atmospheric values, along with the use of equations (2.34) and (2.35), the inlet
pressure P, (psia) and inlet temperature T.; for the ram air stream entering the system are
determined. However, whereas the total bleed flow rate is set by initial operating

conditions, the initial ram air mass flow rate M, (Ib/s) is calculated, based on the

steady-state conditions (see initialization below). After a disturbance enters the system,
the ram air flow rate will reflect regulatory actions of the controller, as it manipulates the

ram air channel control valve opening accordingly.

Zone C contains the ram air channel control valve’,b and is modeled by equations
(2.36-2.40). These equations were developed earlier using a general variable notation,

and thus some nomenclature transformation is necessary to use these equations in this

particular case, as listed in Table 3.1.

General nomenclature of (2.36-2.40) " Nomenclature for ram air channel control
configuration
Valve opening angle, £, Biam
Valve opening area, 4, ' A,:,,,
Mass flow rate through the valve, M v M ram
Upstream pressure, P, . . : P,
Downstream pressure, Py P,
Upstream temperature, T, T.

Table 3.1: Variable nomenclature transformation for ram air channel control valve

The heat exchanger makes up zone D. The analytlcal state-space heat exchanger

model, along with the experlmental hot and cold side pressure drop equations (2.41-2.42),

is used here. For this conﬁguratlon, all of the bleed air flows through the heat exchanger
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‘h’ot-s’ide,’ and ram air through the cold side. Correspondingly, M is used in place of
M, ,and M. in place of M..

- After passing through the heat exchanger, bleed air is fed to the load (zone.E),
simulated by equation (2.49), while ram air is dumped overboard (zone F). With the
absence of bleed air bypass, the load temperature Tioad is the same as temperature at the
heat exchanger exit, Tj. A temperature sensor is located just upstream of the load,_ and

transmits sensed load temperature T}paa,, to the controller, as modeled by sensor dynamics
@53). ' |

Since pressure loss along the length of a pipe is neglected, some equivalency

statements can be drawn between the pressures at certain points of the system:

e the pressure at the hot-side heat exchanger inlet is equivalent to the bleed

air pressure leaving the source, Pyi= P,

e the pressure at the cold-side heat exchanger inlet is equivalent to the
pressure downstream of the ram channel control valve, denoted by P,; in

-both czises

o the pressure ‘at the hot-SIde heat exchanger outlet is equ1valent to the.'

» pressure upstream of the load P;,o = Plocd

e since ram air is dumped directly into the atmosphere, pressure at the cold-

side heat exchanger outlet is equivalent to ambient pressure, P, = Pypmp

3.2.1 Open-loop linear model of the ram air channel control
configuration
Dynamlc simulations are carried out usmg MATLAB/SzmuImk soﬁware Before

any response can be obtained, whether it is open-loop or closed loop, lmear or nonlinear,
Sfeaabf-state initialization must first be performed in order to determine the initial steady-
state values of all system variables. Based on the chosen initial operating point, these

Steady-state values are calculated in a way that is consistent with the desired output
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(initially, load temperature is at the desired set-point), the initial conditions, and the

governing model equations. For the ram air configuration, the pseudo-code for steady-

state initialization subroutine is as follows:

Q)

(i)

(iii)

(iv)

)

(vi)

Obtain P, T, and Mot from the [user] chosen initial

hin ?

Thia P

cin 2

operating point.

Knowing M sieea and Pyi= B, , calculate Py, from the heat exchanger
hot-side pressure drop equation (2.41).

Determine Kjoqq from the load impedance equation (2.49), with Pjaa=

P ho-
Assuming that, initially, the load temperature is equal to the set-point,

use the heat exchanger model to determine the ram air flow M am

necessary to produce Tj, = Tjas = Tip, With the rest of the input
variables Tj;, Tc;, and M. given from (i). An iterative procedure is

employed here: starting from zero, Moam is adjusted until the heat
exchanger model output T}, is as desired.

Once Mrm is determined, ram air pressure P,; upstream of the heat
exchanger is found from the cold-side pressure drop equation (2.42),

with P, = Pams

Knowing M:m, and with P, = P,_, P, = P,;, T, = T.;, the valve flow

equation (2.38) is rearranged to determine the valve opening area 4,.m.

From A,.m, the opening angle B, is found using (2.36). The percent

valve opening command u,,,, follows directly from this.

The above procedure is executed prior to the start of any simulation, whether it is linear

or nonlinear. The subroutine depends only on the chosen operating point, and the type of

control configuration being investigated. Table 3.2, shown below, lists the initial steady-
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state ‘values for the system variables when. the ram air channel control configuration-is

initialized about operating condition #7.

c=0.24 c;=0.24 MC=0.65 v=1.4 £=386.09
R=639.6 " ['N=10 Mach=0.5 " | Free=0.7 dam=1.5
Kv=0.0 15708 T‘,:l S Tts=24.078 Kload=1 04120 Tsp= 190
Tamp=90 T1i=380 T=117.5 Tho=190 Tioad=190
Punv=10.11 P, =45.11 P =11428 | Pw=4511 " - | Pg=10.114
in ° cin °

Py,=45.106 P.=10.11 Pioad=45.106 Bram=0.34449 Aprn=0.10382

: - Upn=21.931 K=1
M 1100s =0.018333 | M,an=0.017226 | c

Table 3.2: Initial steady-state values for operating condition #7 (ram air channel control
configuration)

A linear epen-leoﬁ model will now be developed for the ram air channel control
configuration. The linear model is based on the system model equations, linearized about
initial steady-state values listed in Table 3.2 (as determined by the initialization
subroutine). Equivalent block diagrams representing linear component models were
presented in Chapter 2, and ’will now be interconnected to form the overall configuration.
The resulting block diagram model is built in Simulink (Fig. 3.3), to be utilized for open-
loop analysis (as well as control parameter tuning in the followihg section). Following
the initialization, the gain coefficients C;, C,, C3, C4, Cs, and C7; must be calculated
before the simulation can begin, as defined in the previous chapter (with the appropriate

variable substitution).
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U] X' = Ax+Bu T _ho=T load

m_dot_h Heat Exchanger
State-Space Liodel

Valve Dynamics

Kv beta_valve
1
(D Tv.s+1
u_ram
Pc_inlet
P_co
+
o+
P_d

Fig. 3.3: Linear, open-loop plant model for the ram air channel control configuration

The linear model shown in Fig. 3.3 is in its open-loop form; that is, it does not
include any feedback (sensor) and control (controller) elements yet. This model
represents the plant, with control input to the valve u,,, (percent valve opening
command), and load temperature T}, as its input and output, respectively. An (linear
time-invariant) LTI object is created from the above model (Fig. 3.3) for analysis in
MATLAB, using the built-in Control System Toolbox commands. An open-loop
response of the plant is obtained using the step command, which produces the

following plot (Fig. 3.4) of the output response that results when a unit-step increase in

Uram (+1%) is applied®:

% In this case, the system was first initialized about operating condition #7
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Step Response
From:u To: T,
0 — T T

Amplitude
n
1
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0 50 100 150 200 250 360 350

Time (sec)

Fig. 3.4: Step response of the ram air channel open-loop configuration

An increase in valve opening command, and thus an increase in ram airflow, will
cause the load temperature to fall, as more thermal energy is extracted from the bleed air
Stream with an increase in the cold-side fluid flow rate. For this particular case, the step
response (Fig. 3.4) shows a load temperature decrease of 8.34 °F for a unit step (1%) in
the valve opening command signal. This means that a decrease in the controlled variable
T10aa) requires a decrease in the manipulated variable, in order to return (decrease) Tjoaq
to its set-point. In other words, the ram air configuration requires a positive feedback
control loop to bring about regulation. Equivalent to this is using the default negative
feedback convention (Fig. 3.1), with a negative unity gain in front of the controller (to

Teverse the sign).

The open loop response also yields information about the plant’s transients, and
Mmeasures such as the response settling time can be easily extracted from the step
response. Using MATLAB’s LTT viewer tool to extract step response characteristics, the
settling time of the above response is #,; = 176 sec. This is largely due to the relatively
slow heat exchanger dynamics (see Fig. 2.7). The significance of this will become clear

at the end of the chapter, when all results will be discussed and compared.

One can also see from the open-loop response that the system is stable, as a new

Steady-state condition is reached after a finite amount of time, without any oscillation or
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diversion. However, a better illustration of the system’s stability includes looking at the
system’s pole-zero map, which is depicted in Fig 3.5. All of the systems poles are in the

left side of the plane, thereby satisfying the stability condition.

Pole-Zero Map

0.08
0.06 | Lo -
0.04 | © O
O
© .02t .
% o]
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o
S -0.02¢ o 1
= o]
-0.04 + o O
-0.06} 000 ]
-0.08 . : L L . .
07 -06 -05 -04 -03 -02 -0.1 0
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Fig. 3.5: Pole-zero map of the open-loop model (ram air channel control configuration)

3.2.2 Tuning of Controller Parameters for the Ram Air Channel
Control Configuration

Using positive feedback, and with a temperature sensor in the feedback path, the

plant model is closed with a PI controller given by (3.2),

GPlram(s)=Kl’ram|:1+ :|’ (3'3)

S

1 ram

and T

where K 7ram are corresponding controller parameters for the ram air channel

Pram *
control configuration. The influence of varying these parameters on the system’s
performance will now be analyzed, in terms of response to a unit-step change in the

reference (set-point) input.

For a preliminary analysis, the loop is first closed with a simple proportional

controller, for the purpose of narrowing down K, to a smaller range of values. By

testing a few arbitrary values and obtaining their corresponding responses, the value of
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proportional gain above which the system response diverges can be quickly determined.

This transition into instability occurs at around K, = 8.6 and continues to deteriorate

as this number is increased, as illustrated by Fig. 3.6.

o
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3

300
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Fig. 3.6: Step response for a closed-loop system with a proportional controller gain of 10

Therefore only lower values of K, are of interest. A sweep in gain values can
be easily implemented in MATLAB, starting with a wider range of gain values, and then
Progressively narrowing it down.

Figs. 3.7 (a) and (b) show the responses for a wider range in proportional gain
values, and a narrower range, respectively. Clearly, for increasing values of K, , the
steady-state error decreases, but at the expense of larger overshoot and decreased
damping. For example, looking at the response of a system with K, =5, very large
overshoot and lack of significant damping (response is very oscillatory) can be clearly
Seen. On the other hand, the response corresponding K,  =0.1 overshoots its steady-

State value by only a very small fraction, with very little oscillation (significant damping).
However, the steady-state error of the latter is quite large — more than half the value of

the reference input.

54



N

-
(3]
T

-

o
o

Change in load temperature (deg F)
Change in load temperature (deg F)

2 1 1 1 1 1 1 0 1 1 1 1 1 I
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Time (s) Time (s)
(a) (b)

Fig. 3.7: Unit step in reference input responses for varying proportional gain: (a) in the range of
[0.5-5] at increments of 1.5, (b) in the range of [0.1-1.0] at increments of 0.1

On its own, the above analysis is not sufficient in determining the proportional

gain, since the effect of K, variation will differ somewhat once a PI controller is put
in the control loop, due to addition of the integral control mode. However, preliminary

proportional gain analysis is helpful in quickly eliminating the range of values in X

Pram

that are obviously off the mark (in terms of overshoot and steady-state error). Having
narrowed down the range of expected proportional gain values, the integral term is now
added to the proportional term in the control loop, thus forming a PI controller. The gain
sweep exercise can now be performed again. It will be slightly more involved, as there is
an extra parameter (7}, ) to tune. However, having narrowed down the range of K

P ram

will alleviate this process greatly.

Fig. 3.8 shows gain sweeps in K, , at increments of 0.1, at various values of
the integral time constant 7; .. Too small of an integral time constant causes the system

response to diverge, as seen in part (a). At the other extreme, integral time constant that
is too large means that it will take a long time to eliminate the steady-state error, as

shown in (b), where the response is only very slowly moving towards its eventual steady-

state unity value.
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Fig. 3.8: Proportional gain sweeps for different values of integral time constant

The above results give a quick method of visualizing the affect of varying
Controller parameters, especially when there is a need to narrow down the range for a
Combination of proportional gain and integral time constant values. Based on these
Visual results, a more detailed analysis can be performed in this smaller range of values

for K

P ram

and 7, . Taking advantages of MATLAB’s Control Toolbox tools such as

LTy Viewer, numerical values for percent overshoot and settling time can be obtained
from the response curves of the closed-loop system (for a unit-step in the reference
input), and can be conveniently listed (Table 3.3) as a function varying control

Parameters.
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Kp=0.1| Kp =02 | Kp =03 | Kp,., =04 | Kp,,,=0.5
T, =50 |_0S(%) 17.7 44.4 61.3 74.2 85.3
O 355 572 759 857 935
T, =75 | _0S(%) 0 24.8 417 54.7 65.9
1,1 (5) 354 360 486 525 557
T, =100 [_0S (%) N/A 14 31.1 44.4 55.8
1, (5) 530 279 401 435 471
T, =125 |_0S (%) N/A 7.18 24.5 38 49.5
1, (5) 716 459 405 367 464
T, =150 |_0S(%) N/A 2.49 20 33.6 453
1ier (5) 902 531 419 372 465

Table 3.3: Percent overshoot and settling time for a response to a unit-step in reference input, as
functions of controller proportional gain and integral time constant

Table 3.3 gives the performance measures, in terms of overshoot and settling

time, for the system’s response to a unit-step increase in reference (set-point) input, as a

function of various combinations of controller parameters K, and T;, . The lowest
settling time in the table is 279 seconds, corresponding to K, =02 and 7, =100.

The percent overshoot for these particular values is 14%. Thus, for the ram air channel

control configuration (linearized about operating condition #7), a PI controller is chosen

with the following values®:

1
G =02 14+ ——]|. .

3.2.3 Closed-loop nonlinear simulations for the ram air channel
control configuration

Nonlinear simulations are implemented using a MATLAB program'°. The
dynamics of the system are simulated by solving the model equations every time step d.
It should be noted that although nonlinear system equations are used, the same state-

space heat exchanger model is employed. Recall that this model is in itself a linear

® Note that this choice might change if other measures of performance, such as rise time or peak time, are
considered.
1° For full code listing, see Appendix.
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model, linearized about a certain operating point. However, contrary to the linear
simulation model, here the heat exchanger subroutine is linearized with every control step
(at local operating point), and thus it is linear in a very small range (within the control
step). In other words, the heat exchanger matrices 4,B,C and D are continually updated
every control cycle, and thus their elements reflect current conditions. Hence the
implementation is not truly nonlinear, but rather a hybrid technique that implements a
linear heat exchanger model within an overall nonlinear model. As long as the control
time step dt is kept small, this implementation is fairly close to being fully nonlinear, and

will thus be referred to as so.

The ram air channel control nonlinear simulation, as programmed using

MATLAB, is outlined in the following steps:

1) initialize the model based on chosen operating condition (initialization

subroutine)

2) input the type and size of disturbance to be simulated

3) start control loop subroutine, to be executed every cycle, until the end of

the simulation is reached (time = duration):
- determine the valve opening area 4,4, from (2.37)
- an iteration procedure is performed to calculate the ram airflow

M n and ram air valve downstream pressure P.;, such that both
the valve flow rate (2.39) and the cold-side pressure drop (2.42)
equations are simultaneously satisfied, and making use of the fact
that pressure downstream of the valve is equivalent to the pressure

at the cold-side heat exchanger inlet, P,;

. . T
- update the heat exchanger input matrix U = [I;,,,T oM steea , M mm:l ,

whose elements will change according to disturbances (eg. a step

increase in T;), and due to system regulation (changes in M ram

will be reflected in the control input)
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- call the heat exchanger subroutine and obtain 4,B,C,D matrices,

based on current operating point values
- update the heat exchanger state vector X (2.11)
- calculate the heat exchanger outlet temperature 77, (2.12)

- determine the sensed temperature 7, , from the sensor dynamics

(2.53) and (2.54)

- based on the error between sensed temperature and load

temperature, produce an error signal and feed it to the controller

- based on the control signal #,,,, Obtain a new valve opening angle,

using the valve dynamics model (2.36)

- increment simulation time by the control time step df, and repeat

the loop

4) plot the results

For equations describing the system dynamics (state equation, sensor and valve
dynamic equations), numerical integration is used. In order for the numerical method to
be accurate, a small time step df must be used. After trying numerous values of df, a
value of df = 0.01 sec was chosen, as it is small enough for the numerical method to yield

accurate results and, at the same time, keeps the computational time reasonably low.

Nonlinear simulations for two types of inputs are now demonstrated: (i) step
increase in temperature set-point (reference input), and (ii) step increase in bleed air
temperature (disturbance input). The initial operating point is the same as for the
preceding linear analysis (operating condition #7), and therefore all of the steady-state
values listed in Table 3.2 apply in this case as well. The PI controller is implemented,

with proportional gain X, . =0.2and 7} =100, as determined in the previous section.

For the reference input simulation, a unit-step increase is applied to the
temperature set-point (7, increase from 190 °F to 191 °F) at time ¢ = 0 sec. The response
is shown in Fig. 3.9 below, in terms of load temperature, measured [load] temperature,

and valve angle position response. The nonlinear temperature response shows an
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overshoot of 14.5 % and settling time of 279 sec, values that are close to those upon

which the original controller was chosen, and therefore confirm the earlier [linear]

results.
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Fig. 3.9: Response to a unit-step increase in temperature set-point (K, =0.2, 7, =100): (a) load

temperature (solid curve), measured temperature (dotted curve), (b) ram air flow rate

For a disturbance input, the change in bleed air temperature 7}; (as entqring the
System) is considered. A 40 °F step increase in bleed temperature is assumed at time =0
sec (T}, increases from 380 °F to 420 °F). The resulting system response curves, in terms

of temperature and ram airflow rate, are shown in Fig. 3.10 (a) and (b) below.
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Fig. 3.10: Response to a 40 °F step increase in bleed air temperature (X, =0.2, 7, = =100): (a)
load temperature (solid curve), measured temperature (dotted curve), (b) ram air flow rate
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As mentioned before, the controller parameters were tuned by analyzing" the
system’s response to a reference input. As disturbance rejection is particularly important,

the effect of changing the 'va'lues of X, and T,

ram Iram

on the response due to disturbance

input is also analyzed. It was found that increasing the controller proportional gain will
reduce the overall integral error (area under the temperature response curve), but has little
effect on response settling time. The same increase in gain causes a significant overshoot
increase in the response to a step in reference input, as well as decreased damping
(reflected by the more oscillatory response shape). These findings are demonstrated by

simulation results shown in Fig. 3.11 below, for a PI controller with X, = 0.8 and

T, . =100.
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Fig. 3.11: System response to reference and disturbance inputs (X P ram =0.8, 7;,,,, =100), load

temperature (solid curve), measured temperature (dotted curve): (a) unit step in set-point (b) 40 °F
step mcrease m bleed air temperature

Partlcular details of the 1n1t1allzat10n procedure along with linear and nonlinear
models presented in this sectlon apply to the ram air channel control configuration. The
second control configuration, bypass channel control, is the focus of the next section, and
shares a lot of similarities, in-terms of controller design and simulation procedures.
Therefore, the same steps will be performed in the next section as were applied to the ram

air channel control configuration.
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3.3 Bypass Channel Control

For this bleed air system configuration (Fig. 3.12), a portion of the bleed air flow
bypasses the heat exchanger and rejoins the stream downstream, after which the merged
stream continues to flow to the load. A control valve is now located in the bypass
channel, thus giving this configuration its name. Control is achieved by adjusting the

ratio of bypass to total bleed air flow, and its implementation is the subject of this section.

3.3.1 Configuration Details

main bleed channel
Myleed main Tei | |Pcin

A: ---------- Ttoad 1 :
E engine 1 load !
:----- PI!W’E-;---—------:

i E
: T}Md;
A4
- bypass
1 ]
i 1 channel
bleed bypass channel F: TP ‘: controller

mbleed b_ypa.ys

Fig. 3.12: Schematic of the Bypass Channel Control Configuration

The source of bleed air (zone A) is the same as for the ram air channel control

configuration: bleed air flows with a mass flow rate M,,,, (Ib/s), at a pressure of
B, (psia) and a temperature of T7; (°F), as set by initial operating conditions from Table
2.2. The source of ram air (zone B) remains unchanged as well: inlet pressure P, (psia)

and inlet temperature 7; (°F) for the ram air stream entering the system are determined

from initial atmospheric conditions using (2.34) and (2.35). However, as there is no

control valve in the ram air channel, initial ram air mass flow rate M, (Ib/s) is now set

by the cold-side heat exchanger pressure drop (2.42), with P, = Pei, Pams = Po.
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Zone C contains the bypass channel control valve, and is modeled by equations

(2.36-2.40). Transformations in variable notation for using these equations in the case of

bypass channel control configuration are shown in Table 3.4.

General nomenclature of (2.36-2.40)

Nomenclature for bypass channel control

conﬁguration
Valve opening angle, £, ) ﬂb@
Valve opening area, 4, Abypass
Mass flow rate through the valve, My M bleed bypass
Upstream pressure, P, P,
in
Downstream pressure, Py Pioua
Upstream temperature, T, , T

Table 3.4: Variable nomenclature transformation for the bypass channel control valve

As before, the state-space heat éxchangef model, 'along with experimental hot and
cold side pressure drop equations (2.41-2.42), is used for zone D. However, for this

configuration, not all of the bleed air flows through the heat exchanger hot-side, as some

of the bleed air is being bypassed. Correspondingly, M bleed main 18 USEd 1n plaée of M s
and M n in place of M..

" Downstream of the heat exchanger, the main bleed flow is merged with the
bypassed portion of the bleed flow in zone G. The temperature of the bypass flow is
unchanged from the bleed air inlet temperature (7};), while the temperature of the main
bleed flow exiting the heat exchanger is T),, as governed by the heat exchaﬁger model.
The resulting temperature of the mixed flow is the temperature delivered to the load

(zone E), with Tjp0q determined by (2. 51). The resulting flow rate is the sum of the main
and bypass flows, which is equal to the original bleed air flow rate: M seed = M siced main +

M bleed bypass -
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.Again, some equivalency statements are made between the pressures at certain

points of the system, as a result of neglecting pipe-flow pressure losses:

the pressure at the hot-side heat exchanger inlet is equivalent to the bleed
air pressure leaving the source, Ppi= B,
the pressure at the cold-side heat exchanger 1nlet is equlvalent to the ram

air channel mlet pressure, P;= R;,.

“the pressure‘ at the hot-side heat exchanger outlet is equivalent to the

pressure upstream of the load, Py, = Pload

_ since ram air is dumped directly into the atmosphere, pressure at the cold-

side heat exchanger outlet is equivalent to ambient pressure, Peo = Papp

3.3.2 Open-loop linear model of the bypass channel control
configuration
- The initialization procedure is first performed, for the bypass channel control

configuration, in order to obtain the initial steady-state values for subsequent simulations.

The initialization'subroutine for this configuration differs somewhat from the previous

case, and is given by the following steps:

®
(i)

(i)

Obtain P,,,, Thi, P, > Tei and Mo from the initial operating point. |
Knowing P;= F,, and , Pco = Pams , determine the ram air mass flow rate

M an from the cold-side heat exchanger pressure drop (2.42).

It is assumed that, 1n1t1ally, the load temperature is at its set—pomt value.

' The ram air flow rate and the heat exchanger hot/cold side inlet

" temperatures are known. Usmg the heat exchanger model and the mlxed

flow equatton 2.51) snnultaneously, determlne the correct ratlo of bleed
bypass that must exist in order for the load temperature to equal its set-

point value. In other words, using two sets of relations, an iterative

procedure is implemented until the values of Myetran and M sleedbypass (EWO

unknowns) are found that satisfy the desired result (Zjpas = Tp).
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(iv) Once M bieeaman is found, determine the pressure at the load Pjoqq from the
hot-side heat exchanger pressure drop (2.41), making use of the fact that
Pioad = Ppo and Ppi= Phin .

(v)  Determine Kj,,q from the load impedance equation (2.49).

(vi) Knowing M steedbypass » aNd With Py, = B, , Py = Pjyaq, Ty = Th;, the valve flow
equation (2.38) is rearranged to determine the bypass valve opening area
Abypass- From Apypass, the valve opening angle Sy, is found using (2.36),

and the corresponding percent valve opening command uyps follows

directly from this.

Using the initialization subroutine for operating condition #7, the following initial steady-

state values for the bypass channel control system result (Table 3.5).

c=0.24 ¢;=0.24 MC,=0.65 v=1.4 £=386.09
R=639.6 N=10 Mach=0.5 Fpee=0.7 da=1.5
K,=0.015708 =15 7,=24.078 Ki0.a=104120 T,,=190
Tyms=90 Ty=380 T=117.5 The= 118.26 Tioas=190
Pumy=10.11 P, =45.11 P, =11.428 Pp=45.11 dpypass=1.0
Py,=45.107 P.=10.11 P10si=45.107 Boypas= 1.0437 | Apypas= 0:39034
i . . K=1 = 00.
M bleed sypass =0.005025 | Mram=0.27304 | Mptees=0.018333 | Hoypes™ 66446
: BR=0.2741
M bleed main= 0.013319

Table 3.5: Initial steady-state values for operating condition #7 (bypass channel control
configuration)

A linear open-lpop model is presented next, based on the system model equations
(in their block diagram form) as applied to the bypass channel control configuration, and
is linearized about initial steady-state values listed in Table 3.5. As in the previous case,
the resulting Simulink model of the plant, shown in Fig. 3.13 below, will be utilized for
open-loop analysis and controller parameter tuning. |
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Hast Exchanger
State-Space Model
X =Ax+Bu | T ho

y=Cx+Du" ’
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Bypass Vsive Dynamics
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Fig. 3.13: Linéar, 6pen-lbop Simulink model of the plant (bypass channel control conﬁguration).

Following the initialization, the gain coefficients.C;, C3, C3, Cy4, Cs, Cs, C11, C3,
Cis and C,; are calculated, as defined in Chapter 2 (with the appropriate variable
substitution). The plant’s inpui and output are uby;,ass (perdent bypass valve opéning
Command) and Tload, ;espectivel'y. As in the previous case, an LT] obj:ect,‘for“the above
plant is créatéd, to be analyzed using MATLAB’S Cbntrol Toolbox commands.

An open-loop response of the plant is obtained using the step command, which
plots the outpiit response resulting from unit-step increase in 'ﬁbypa,; (-4-1%); as seen in Fig.

3.14.
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Step Response

From: u, _—_— To: Tu;:

Amplitude

2 4 ] 3 10
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Fig. 3.14: Step response for the bypass channel open-loop configuration

The open-loop response shown above is quite different from that of the previous
ram air channel control configuration (Fig. 3.4). The most noticeable difference is the
very short settling time (5.72 sec). In fact, this response has the shape of a typical first-
order step response, with a time constant of about 1.5 seconds. Recall that the control
valve is modeled by a first-order transfer function, with a time constant 7, = 1.5 sec. The
plant’s open-loop response seems to suggest that the load temperature response to a
change in control input is governed entirely by valve dynamics, without the slow heat

exchanger transients coming into play at all.

The reason behind this behaviour becomes clear when one considers what is
happening with the heat transfer for this specific set of conditions. Because the cold-s1de
(ram air) flow rate is many times larger than the hot-side (main bleed air) flow rate, a
small variation in thermal energy (fluid flow rate multiplied by fluid temperature) carried
by the hot-side fluid will not affect the output (hot-side fluid outlet temperature) by any
significant amount. This was already demonstrated in the heat exchanger modeling
section (see Fig. 2.7) of Chapter 2. Therefore, in this case, the slow heat exchanger

dynamics play virtually no role' in the path from the control input to the controlled

" The heat exchanger dynamics are present at all times; however, their effect is so small in this particular
case that they appear to be absent from the linear model’s response.
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variable (load temperature), as the only significant impact on the load temperature will

rmal energy carried by the bypass channel (and whose

cs only), rather than that carried by the main bleed

come from variations in the
transients are based on valve dynami

channel passing through the heat exchanger.

Of course, for a closed-loop system, temperature Sensor dynamics will affect the

speed of the response. Furthermore, the same conclusions cannot be made about all

disturbance inputs, especially those that affect the thermal energy carried by the much

larger ram air channel flow. Consider a change in atmospheric conditions (e.g., ambient

pressure and/or temperature), and thus a change in overall thermal energy carried by the

ram air flow: such a disturbance would surely have a significant impact on energy

transfer in the heat exchanger, and thus on the hot-side outlet temperature (T4,). Thus, for

such cases, the heat exchanger dynamics would come into play, and one would expect the

overall system response to be slower. ‘The discussion section at the end of this chapter

will examine these observations further, in light of reference input and disturbance input
simulation results demonstrated in this section.

Returning to the open-loop response, it is seen that an increase in valve opening

command of 1% causes the load temperature to rise by 1.6° F. This means that an

increase in the controlled variable (T1ad) Tequires a decrease in the manipulated variable

(M stecasypese ), in order to return (decrease) Tioad t0 its set-point. In other words, the bypass

control configuration requires a negative feedback control loop to bring about fegulation.

This will be consistent with the notation adopted in Fig. 3.1.
A look at the plant’s pole-zero map, as shown in Fig. 3.15, establishes its stability,

as all of the poles are in the left-hand side of the complex plane.
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Pole-Zero Map
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Fig. 3.15: Pole-zero map of the open-loop model (bypass channel control configuration)

3.3.3 Tuning of Controller Parameters for the Bypass Control
Configuration

Using negative feedback, and with a temperature sensor in the feedback path, the

plant model is closed with a PI controller given by

1
GPlram (S) = KPbypasJ [1 + .T_-_Si| ’ . (3'3)

I bypass

where K., . , and T, . are corresponding controller parameters for the bypass

channel control configuration. The same tuning procedure is used here as in the previous
configuration: the effect of varying controller parameters on system performance will be

analyzed by looking at response curves resulting from unit-step changes in the reference

(set-point) input.

Fig. 3.16 shows some response curves for various values in K when the

P bypass

loop is closed with a simple proportional (P) controller only. Again, this is a simple
preliminary step to narrow down the proportional gain to a smaller range of reasonable

values. When only P control is implemented, these results show that in order to have
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small steady-state error and short settling time, large initial overshoot should be expected,

as seen in Fig. 3.16 (a).
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Fig. 3.16: Sweeps in Kpj
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The steady-state error will be eliminated by adding integral action, and therefore
smaller values in proportional gain can be chosen to reduce the overshoot (which will

however increase the settling time, as will be discussed shortly). The integral term is

added to the proportional controller now, and the analysis continues with the tuning of
Kp,,ypa,, and T}, .. together. Figure 3.17 shows gain sweeps in K,, . for various

values of the integral time constant Ty, .- As before, these responses aid in further

narrowing down the range of parameter values.
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Fig. 3.17: Sweeps in proportional gain for PI control, for various values of integral time constant

A final analysis is carried using the LTI viewer tool to obtain exact numerical
values for overshoot and settling time measures, as a function of proportional gain and
integral time constant. The results within this small parameter rangé are listed in Table
3.6, which gives the performance measures, in terms of overshoot and settling time, for
the system’s response to a unit-step increase in reference (set-point) input, as a function

of various combinations of controller parameters X, sypass aNd T}, The best values,
ypass

in terms of overshoot and settling time, are given by K .

Piypass = 0-9 and T} 30,

bypass =
giving form to the following PI controller:
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1
G 11 bypass (5) = 0. 9[1+3—0—s—] (3.5)

K pppass =07 | Kpppee =08 | Kpppoy =0.9 | Ky =10 | Kppye, =2.0
Ty ppass =20 | 0OS% 20.5 33.4 46.5 59.2 178
1,01 (5) 72 66.6 61.5 57 28.4
Ty s =25 | -05% 14.6 27.9 40.8 53.8 171
O, 404 479 49.1 48.1 272
Ty sy =30 |-05% 11.2 24.4 37.6 50.3 166
1, (5) 82.8 60 311 33.4 24.5
Ty pass =35 |-0S% 9.11 22.2 34.8 47.6 164
Lot (5) 124 108 95.1 84.4 223
Ty pypuss =40 [-OS% 7.54 _205 33.1 46.1 161
Loes (5) 158 140 126 114 20.7

Table 3.6: Percent overshoot and settling time for a response to a unit-step in reference input, as
functions of controller proportional gain and integral time constant

It must be noted that this controller was tuned to give best results, in terms of
overshoot and settling time, on the basis of the reference input. It will soon be
demonstrated that such a choice is not the best for disturbance rejection, in term of
response speed for this kind of input. The improvement in response speed for larger
values of proportional gain is suggested by the last column of Table 3.6, and will be
addressed shortly in the next section, which presents the nonlinear simulations for system

response to both reference and disturbance inputs.

3.3.4 Closed-loop nonlinear simulations for the bypass channel
control configuration

The nonlinear simulation procedure is similar to that used in the ‘previous
configuration. The following are steps making up the MATLAB program'? for nonlinear

simulations, as applied to the bypass channel control configuration:

2 For full code listing, see Appendix.



1)

2)
3)

- initialize the model based on chosen -operating conditions (initialization

subroutine)

input the type and size of reference/disturbance input to be simulated

start the control loop subroutine, with the following executing every cycle

(until the end of the simulation is reached):

determine the valve opening area Ay, from (2.37)

using four equations to solve for four unknowns (Pias, Msteed ,

M sieeimain » M bleedbypass ), AN iteration in Pjy,, is performed until all the

variables converge and mass conservation between the main and

bypass flows is satisfied (first equation), M uees= M steedman + M steedypass »

where each flow rate is determined by a separate set of relations (each

a function of Pjo.q), giving the other three equations:
@) Mo is calculated using the load impédance equation (2.49)

(i) Moeanan is calculated from the hot-side heat exchanger
pressure drop (2.41)

(iii) Moicanypar is determined using the bypass valve flow-rate

equation (2.39)

. LT
update the heat exchanger input matrix U = [:]},,,I;,,M blecdmainy M m.]

call the heat exchanger subroutine and obtain 4,B,C,D niatrices, based
on current operating point values

update the heat exchanger state vector X (2.11), and calculate the heat
exchanger outlet temperature T}, (2.12)

calculate the temperature of the mixed flow using (2.51), equivalent to
the load temperature T},,4
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‘- determine sensed temperature 7, , from the sensor dynamics (2.53)
and (2.54)

- based on the error between sensed temperature and load temperature,

produce an error signal and feed it to the controller subroutine

- based on the control signal wsypas (returned by the controller
subroutine), obtain a new valve opening angle, using the valve

dynamics model (2.36)

- increment simulation time by the control time step df, and repeat the

loop
4) plot the results

Nonlinear simulations for two types of inputs are now demonstrated: (i) step
increase in temperature set-point (reference input), and (ii) step increase in bleed air
temperature (disturbance input). The initial operating poiﬁt is the same as in the
preceding linear analysis (operating condition #7), and therefore all of the steady-state
values listed in Table 3.5 apply. A PI controller is first implemented with proportional

gain K =0.9and 7;, .= 30, as determined in the previous section.

Pbypass

For the reference input simulation, a unit-step increase is applied to the
temperature set-point (T, increase from 190 °F to 191 °F) at time # = 0 sec. The response
is shown in Fig. 3.18, in terms of load temperature, measured [load] temperature, and

bypass flow ratio (defined as the ratio of bypassed flow to total bleed flow,

M steeabypass | Meea ). The load temperature curve has an overshoot of 37.8 %, and a settling

time of 31.2 sec, values that are very close to those obtained for the same input and

controller parameters in linear simulations.

74



191.5

~~
(59
(=]
Bl TT— e
~— "___,---
e - e
3 .-
B .-
Q *
Q. ,/
1505 ’
— '
be] ’
g8 |/
-l ¢
L4
’
153 ’ 1 L 1
0 20 40 60
Time (sec)
@)

100

Bypass Ratlo

0.281

o O
Ny ©
N 8B

§

o ©
55

5

0 20 4'0 80 80 100
Time (sec)
(b)

Fig. 3.18: Nonlinear simulation response to a unit-step increase in reference input, Kp bypass =0.9,

T; bypass

flow ratio

=30: (a) load temperature (solid curve), measured temperature (dotted curve), (b) bypass

For a disturbance input, the change in bleed air temperature T3; is considered

again, in the form of a 40°F step increase at time =0 sec (7}; increases from 380 °F to

420 °F). The resulting system response curves, in terms of temperature and bypass ratio,

are shown in Fig. 3.19 (a) and (b) below.
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~ As seen in Fig. 3:19, the temperature response to a disturbance input takes longer
to settle down — in this particular case, the settling time is approximately 85 seconds. The
response speed can be improved, for disturbance inputs, by re-adjusting the controller
parameters. An increase in proportional gain greatly improves the response speed, as
does (to a lesser degree) lowering of the integral time constant (but not too low, as the
system will begin to diverge). However, increasing values of K, .~ will have an
adverse effect on the overshoot response for reference inputs, as was already seen in
Table 3.6. Thus, there is a pronounced trade-off between performance measures for
reference and disturbance inputs. To illustrate this concept, simulations are carried out
for the same reference (unit step increase in temperature set-point) and disturbance (40°F
step increase in bleed air temperature) 1nputs but with the controller parameters adjusted

for disturbance rejection performance: X, .. =2, T}, .., = 25. The results are shown in

Fig. 3.20 below.
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Fig. 3.20: Nonlinear simulation response to reference and disturbance inputs, X, bypass =2.0, T, bypass

=25, load temperature (solid curve), measured temperature (dotted curve): (a) unit step increase in
temperature set-point (b) 40 °F step increase in bleed air temperature
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Clearly, the increased proportional gain has the affect of decreasing the settling
time for disturbance-input responses, but at the expense of a vast increase in overshoot

for the reference input response. This trade-off in performance measures will be further
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revisited in the subsequent section, along with a thorough comparison and discussion of

all the results for both control configurations.

3.3.5 Comparison and discussion of simulation results for ram air
channel control and bypass channel control configurations

In the previous two sections, a number of results were obtained for the first two
control configurations, namely ram air channel control and bypass channel control.
These results will now be discussed and compared, to form a basis and motivation for the
proposed ram-air-plus-bypass control configuration of the next chapter.

The ram air channel control configuration was implemented first, and system
responses to both reference and disturbance inputs were simulated (at a chosen operating
condition). For this system to match a unit-step increase in the reference input (set-point
temperature), it must decrease the thermal energy extracted from the bleed air. This is

reflected in Fig. 3.10 (b) by the decrease in ram air flow rate, from the initial steady state

value of M.m=0.017226 Ib/s to a new value of M.m=0.01706 Ib/s. In terms of a
disturbance input, a 40 °F step increase in bleed air temperature is applied, with the
_resulting response shown in Fig. 3.11. As expected, an increase in ram air flow rate is
necessary to counter the increase in thermal energy carried by the bleed air. To return the

load temperature to its set-point value for this particular increase in bleed air temperature,

a ram airflow increase from M.n=0.017226 Ib/s to a new value of M an=0.019234 1b/s
is required.

As a result of slow heat exchanger dynamics being present in the control loop, the
response time of this control scheme is rather large. The effect of the ram air control
valve is ‘delayed’, since it must first work its way through the heat exchanger, before
making any impact at the load. Thus, the physical configuration itself places certain
limits on response time. Furthermore, as is revealed by simulations of this control

system, the heat exchanger response time itselfis quite slow for this particular case. With

a bleed air flow rate of M:a=0.018333 Ib/s, the range of ram air flow rates from the
above-discussed simulations are very close to that of the bleed air flow rate. As was

demonstrated (see Fig. 2.7) in the heat exchanger modeling section of Chapter 2, when
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the hot-side and cold-side fluids. (with similar heat capacities) have flow rates that are
close to each other, the result is particularly slow heat transfer: dynamics.. This effect,
specific to this system and the particular operating and atmospheric conditions, only adds
to the overall slow response time characteristic of the ram air channel control
configuration.

- This control scheme does have some desirable features. Its biggest advantage is
that it does not ‘waste’ ram air — that is, there is no ‘overcooling’ (as for cases with a hot-
side bypass), and the amount of ram air used is the lowest necessary value. Also, the heat
exchanger lag can sometimes be desirable: for sudden temperature changes in both hot
and cold side airstreams, the effects of such disturbances will not be as abruptly felt at the
load. If there are components present at the load that are very sensitive to, for example,
sudden temperature variations, this control strategy would alleviate such effects.

In terms of PI controller parameter tuning, it was shown that the integral error can
be decreased by increasing the proportional gain, as can be seen when comparing Fig.

3.10 (a) and Fig. 3.11 (b), withK,, =02 and K, =0.8, respectively. However, no
significant improvement in response time is achieved by such increases in K,

[(contrary to the case of bypass control). Furthermore, the decreased integral error comes
at a price of decreased reference input response performance — as seen in Fig. 3.11 (a),

larger overshoots result when higher values of K, . are used. Furthermore, in

responses to both reference and disturbance inputs, increases in proportional gain reduce

the damping of the response, making it more oscillatory than those with a lower value of

Pram *

The bypass channel control configuration was analyzed in the same way as the
former, in terms of system response to both reference and disturbance inputs. For an
increase in load temperature set-point, the system responds by increasing the bypass flow
rate (Fig. 3.18). On the other hand, for a disturbance input in the form of a 40 °F step
increase in bleed air temperature, the bypass valve must close by a certain amount, as
confirmed by the resulting response of Fig. 3.19. The improvement in response time is
evident from both of the above mentioned results. Whereas in the case of ram air channel

Control, it took roughly 279 seconds for the response to a reference input to come within
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+ 2% of its steady state value, the same result was accomplished by the bypass control
conﬁguration in 31.2 sec. For a disturbance in bleed air temperature, fhe ram air control
configuration took approximately 420 seconds to settle (Fig. 3.11b). Using the bypass
control configuration, settling time for the same disturbance input was improved to 87
seconds (Fig. 3.19a), which was further improved to approximately 20 seconds, after
some adjustments were made in the controller parameters in light of disturbance rejection
improvement.

The above results are in agreement with some of the studies found in [7,17],
namely in terms of emphasizing the advantage, in terms of response time, of placing a
bypass on the stream whose temperature is to be controlled (bleed air stream). With the
heat exchanger dynamics missing from the control loop, the controller’s actions are thus
felt immediately (neglecting transport lag) via the bypass channel. The faster response
time is therefore a general characteristic of the bypass channel control configuration.

For the cases analyzed in these simulations, there are some additional features that
contribute to the overall decrease in response time. First of all, the amount of bleed air
flow that is bypassed is quite significant: at initial steady-state conditions, the bypass
ratio is 27.48%. This is a direct consequence of the comparatively large ram air flow:
without a control valve in the ram air channel, ram air flow rate is determined by the heat

exchanger cold-side pressure drop and the operating point (airspeed, atmospheric

pressure), and is equal to M n=0.27304 1b/s in this particular case (operating condition
#7). Since the load temperature is a function of both main and bypass bleed airstreams, a
larger bypass ratio gives the bypassed flow increased ‘weight’, in terms of influencing the
load temperature, whereas the influence of the other stream experiencés a slight decrease.
Hence, manipulation of the bypass flow rate has a more pronounced effect on the
controlled variable for a system with higher bypass ratios, and thus a faster response,
since the heat exchanger dynamics do not come into play for changes in thermal energy
carried by this flow.

Perhaps even more significant is the change in the heat exchanger response time
itself. For the ram air configuration, the hot and cold side fluid flow rates were within
close proximity of each other, resulting in sluggish heat exchanger dynamics. This is

quite different when the bypass control strategy is being employed; here the cold side

79



fluid flow rate ( Moen =0.27304 lb/s) exceeds that of the hot side fluid

(M sleeamain =0.013306 lb/s initially) by more than an order of magnitude. The result is that
the heat exchanger dynamics are quite fast, as was demonstrated in Fig. 2.7 (a), where the
cold-side fluid flow rate was much larger than that of the hot-side fluid.

As a result of the above factors, the bypass channel control configuration can
achieve faét regulatory .control, for both reference and disturbance input variations. In
terms of disturbance rejection (as in cases with bleed air temperature increase),
maximizing the speed of the response by fine tuning the PI controller parameters will
result in a controller whose reference input response will suffer somewhat (in tehns of
overshoot), but will deliver excellent transients for both types of inputs. Furthermore,
performance in terms of overshoot of the [reference input] response can be relaxed, in
light of some of the larger deviations in load temperature that are caused by some
disturbance inputs. For example, as a result of the bleed air bypass, disturbances in bleed
air are immediately felt at the load (neglecting transport lag), as seen in simulation results
shown in Fig. 3.19 and 3.20. These abrupt jumps in load tetnperature, caused by
disturbance in bleed air, are in most cases, larger than overshoots caused by small set-
point [reference] variations. The speed of the response is thus very important, in order to
eliminate any jumps or overshoots in load temperature quickly and effectively.

The major disadvantage of the bypass channel control strategy is inefficient ram
air usage. Whereas in the case of ram air control c‘onﬁgura‘tion, the ram air flow rate is

somewhere in the vicinity of 0.018 Ib/s, the bypass configuration (for these particular

cases) uses significantly more ram air: M «n=0.27304 1b/s.. The difference is more than
tenfold of the former value. This trade-off between efficient ram air usage and efficient
system response speed is addressed by a new proposed control strategy, which is the

subject of the next chapter.
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CHAPTER 4 RAM-AIR-PLUS-BYPASS CONTROL
CONFIGURATION

With the main motivation of this work being efficient temperature response and
efficient ram air usage, a third control strategy is proposed to achieve both objectives.
Termed rarh;air-plu.é-bypass' control, it takes advantage of the former two control
-configurations discussed in Chapter 3. Control valves are placed in both ram air and
bypass channels, with each valve being driven by an independent actuator. The details of
this particular control configuration are shown in Fig. 4.1 below. The physical
interconnection of its individual components is a combination of the previous two control
configurations. Thus, the zones labelled in Fig. 4.1 are equivalent to those presented in

. the previous cases. The variable notation for the ram air channel valve and the bypass

channel valve are as given in Tables 3.1 and 3.4, respectively.

main bleed channel

mbleedmain ram air
channel

control

]
1
1| engine
i
]

jm - -

bleed bypass channel FE

'
Y 1 y I : control
mb’eedbypass """""--T ----- 2

Fig. 4.1: Schematic of the ram-air-plus-bypass control configuration

In addition to controlling load temPerature a secondary controlled variable is
1ntroduced in terms of bypass valve opening, Before the controller design is presented,

consider some qualitative features of this system, based on what was already deduced
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from the results of the previous two configurations discussed in Chapter 3. The concepts
of the following paragraphs form the basis behind the proposed control strategy, which is
discussed in detail in the following section. |
Generally speaking, for the bleed air system considered in this study, a larger
~bypass flow is accompanied. by larger ram air flow to yield the same mixed [load]
temperature. An increase in thermal energy carried by the bypass channel must be

balanced by an equivalent de_creasé in thermal energy carried by the other [main bleed

air] stream, as governed by (2.51). Since the total bleed flow M sieea is equal to the sum
of the main and bypassed bleed air streams, an increase in bypass flow (M bzeeébm;;)

entails a decrease of same size in the main flow (M bleed main ). HOWever, this by itself is
generally not sufficient, and the hot—si’_de outlet temperature of the main bleed channel T},
must decrease as well, in order for the load temperature to remain unchanged. The result
of increased bypass flow is thus an increase in ram air flow, required to cool the main
bleed air stream to a [sufficiently] lower temperature (T},). Equivalently, a large ram air
flow rate will require a significant amount of bypass, as more ram air is being utilized
than is necessary, resulting in overcooling of the main bleed air channel. This feature
becomes more pronounced with larger ram air flow rates, or equivalently, larger bypass
flow rates. ,

“qu the proposed rarr_l-air-plusfbypass control configuration, there are a very large
number of combinations of ram and bypass valve openings possible to yield the desired
set-point temperature. Consequently, themopening of the bypass valvé can be set to a
desired initial value (valve opening set-point), and the corresponding ram air valve
opening will follow from the mathematical model of the bleed air system and the desired
steady-state conditions [desired load temperature]. It is desired to have some bypass
flow, in order to give the system some of the quick response characteristics associated
Wwith placing a bypass on the controlled stream. However, since a reduction in ram air
usage is sought along with fast transients, it is desired to have a Jow bypass flow. By

setting the_bypass valve opening set-point (kubypm;p) t6 a value corresponding to a low

.bypass flow (e.g., 10% of the total bleed flow), it is ensuréd that the system is not
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overcooled to a large ‘extent. The value of desired bypass ratio BR is somewhat
arbitrarily chosen — it is up to the user to specify the exact [desired] value of bypass flow.
Unless specified otherwise, a value of BR=0.1 (10% bypass flow) is used in the

subsequent simulations.

Control laws for both ram air channel and bypass channel will be defined next,
alohg with PI controller parameter tuning examples, using linear methods. An LO-
optimal controller will then be proposed for the bypass controller, to further improve the
efficiency of the temperature response. A nonlinear simulation procedure and results will

be the subject of the following chapter.

4.1 Traditional PI Control

Two separate controllers are implemented within this control configuration: the
bypass channel controller and the ram air channel controller. The hypothesis is that
efficient temperature regulation will be achieved by the bypass channel controller, while
the [slower acting] ram air controller will regulate bypass valve opening, so that it returns
to its predefined set-point value. This secondary control action will ensure that a certain
[low] amount bypass flow will always be present and that this amount will follow ité set-
point during dynamic operation. When the system is subjected to a disturbance in one of
its variables, thereby causing changes in temperature at the load, the bypass controller
will manipulate the bypass flow in order to quickly restore the set-point temperature by
changing the bypass valve opening accordingly. Following such regulatory actions of the

bypass control valve, the ram air controller will slowly bring back the bypass valve

opening to its orlgmal value (“bwass ). This will ensure that the two key desired

characteristics of this system will always be present: (i) quick temperature regulation

will be guaranteed by the presence of a bypass flow, and (ii) efficient ram air usage will

be ensured by keeping the bypass flow at a low value (about 10% of the total bleed flow)
thus keeping the overcooling to a small level.

Both controllers are implemented using PI control, as was demonstrated in

Chapter 3 for the previous control configurations. The controller design and

implementation will be addressed in the following section. At the end of this chapter, an
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LQ-optimal controller will be proposed for the bypass channel controller, to further

improve temperature response performance. .

4.1.1 Control Law
With the bypass PI controller defined in (3.5), the corresponding control law is

given by the following equation,

T,

I bypass

-\ & K ripes | | 4.1
ubypass - Pbypass L — temp ? o ( . )

where upy,,; is percent valve opening command to the bypass valve, and K, bypass and

T,

Ispass r€ the bypass controller proportional gain and integral time constant,

respectively. The temperature error is defined as the difference between set-point

‘temperature and actual load temperature (as measured by the sensor),

E

temp = T;p - Tloadm *

4.2)

Similarly, for the ram air channel PI controller defined in (3.3), the corresponding control

law is given by

T,

Iram

Upom =(KPram +-—M)Ebyp‘”‘ ’ . (4'3)

where u,,y, is percent valve opening command to the ram air valve, and X, _and T,
are the proportional gain and integral time constant, respectively. The ram air channel
control is driven by the error between bypass ratio set-point and its current value, as

defined by
“4.4)

Ebypa:s = ybypass p - ubypas: .

For reasons discussed at the beginning of this chapter, the bypass flow should be a
relatively small portion of the total bleed flow, and thus, unless otherwise specified, a

value of 10% bypass ratio is used, where bypass ratio is defined as the ratio of bypass
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flow rate to total bleed flow rate (BR = M bIeedbypa:s/M sieed ). The bypass valve percent

opening command (directly related to bypass valve opening angle) that yields this desired

bypass ratio at initial conditions becomes the bypass valve opening set-point Uppass
sp

This set-point value can be changed accordingly and will be demonstrated by simulation

results, discussed later in the thesis.

In terms of load temperature set-point, the same value is used, namely T, = 190
°F. This value is not expected to change, but nonetheless, reference input analysis will be
carried out for demonstration and completeness, to demonstrate how the control strategy
would deal with this kind of input. As disturbances in various system variables arising
from changing engine and/or atmospheric conditions will be much more common,
disturbance rejection is emphasized. In fact, the starting point for controller parameter
tuning will be a reference input response, as is standard practice, but these values will be
re-adjusted in light of improving the response for disturbance inputs. The same concept

was already suggested by some preliminary studies of the previous two configurations

and will be revisited in light of this third control strategy as well.

4.1.2 Linear Open-Loop MIMO Plant Model

As for the previous control configurations, the system equations, in their block
diagram form, are applied to this particular control configuration to obtain a linear open-
loop model of the plant. Note that in this case, a MIMO model is constructed, as there are
two control inputs to the plant (input to the ram air control valve Uram and input to the
bypass control valve Ubypass) and two controlled variables, or outputs (load temperature
Tioad and bypass valve opening command uy,). Fig. 4.2 below shows the linear open-

loop plant model, as built in Simulink. This plant will be used in subsequent open-
analyses and controller tuning procedures.

loop
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Fig. 4.2: Linear, open-loop MIMO model of the plant for the ram-air-plus-bypass control
configuration

U_bypass

The linear coefficients C7,Cs,C10,C12,C3 and Cj4 are as defined in Chapter 2, with
C11,C2,C3,,C4r,Cs, and Ci3,C25,C36,C5,Csp corresponding to coefficients of the valve flow
manipulation model of Fig. 2.10, as applied to the ram air and bypass control valves,
respectively. As before, these coefficients are calculated using initial steady-state values,

as determined by the initialization subroutine demonstrated in the following paragraph.
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The initialization subroutine is similar to those presented for the previous two

configurations, differing mainly in the way bleed air and ram air flow rates are calculated

initially. For rdm-air—plus-bypass control configuration, this preliminary initialization

subroutine consists of the following steps:

@

(i)

(iii)

(iv)

(vi)

(vii)

Obtain P,, , Thi, Pambs Tamss Mach and M s from the initial operating

point, and determine T,; and P,,, from the ram air source equations (2.34)

and (2.35). -
With the bypass ratio initially at its desired value of 10% (BR=0.1) and
M sieea known, values for M bleed bypass and M bleed main fOllow directly.

Using two relations, the heat exchanger hot-side pressure drop (2.41) and
the bypass valve flow equation (2.39), determine unknown variables Pjyod

and Apypass. An iterative process is implemented that solves the two

relations simultaneously, until the results converge.

From Apypass, Obtain the bypass valve opening-angle By, and the
corresponding percent valve opening command uy,s to the valve. This

value becomes the bypass valve opening set-point, u bypass . *
Determine Kj,qs from the load impedance equation (2.49).
With the load temperature initially at its set-point (Tjus = Tiy) and

M steedtypass @and M sleedmain known, the heat exchanger hot-side outlet

temperature T}, follows from (2.51). Using an iterative loop, solve the

heat exchanger model for the ram air flow rate M ., that will yield, along

‘with the rest of the heat exchanger input variables, the hot-side fluid

output temperature of Tp,.
Once M. is determined, ram air pressure P, upstream of the heat

exchanger is found from the cold-side pressure drop equation (2.42), with
Peo=Pamp
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(Vi‘ii)v Knowing M ram, and with P, = P, , Py= Py, T, = T, the valve flow
equation (2.38) is rearranged to determine valve opening area A,,m. From
Avam, the opening angle S is found using (2.36). The percent valve

opening command #,,, follows directly from this.

Thus, initial steady-state values of the system variables are determined by the
above procedure, based on the simulated operating point, as chosen from Table 2.2. For
subsequent linear models used in this chapter for tuning purposes, the system is
initialized about operating condition #7. Table 4.1 lists the corresponding steady-state

values for the variables describing the system.

c=0.24 c;=0.24 | MC=0.65 y=1.4 £=386.09
R=639.6 N=10 : Mach=0.5 Frec=0.7 dpm=1.5
K,=0.015708 1,=1.5 1,~24.078 Kioas=104120 T=190
Tamb=90 Thi=380 Tci=1 17.5 Tho=168.89 Tload=190
P..v=10.11 P, =45.11 P. =11.428 P,;=45.11 dpypass=1.0
n Cin

Py=45.107 P.,=10.11 Pyoa=45.107 Biypass=0.57443 Apypass=0.12606

. . . K.=1 Upypas=36.57
M stecabypass =0.0018332 | M 1am=0.019794 | Ms1eea =0.018333 | bvpes

: Apr=0.11932 =0. BR =0.1 P,=10.114
M btecd main =0.0165 " Pun=0.57443 ¢
ubwa:::p =36.57 uﬁm=23'529

Table 4.1: Initial steady-state values for operating condition #7 (ram-air-plus-bypass channels
control configuration)

With the aid of MATLAB’s Control T bolbox commands, an LTI object is created
to represent the plant, from the above Simulink block diagram model. Step responses are
obtained for this LT model and are shown below. Fig. 4.3 shows the load temperature
response to a unit-step increase in the bypass va‘lve (44bypass) and the ram air valve opening
command (#.m), respectively. For the same step inputs, Fig. 4.4 shows the

corresponding response in bypass valve opening command #ypaqss.
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Fig. 4.4: Step responses from the two inputs (#s;p.;s and u,,,,) to the bypass valve opening command
’ "bypnss

The load temperaturevresponse to a step input in ram air valve input looks aimost
identical to that obtained earlier for the ram air channel control conﬁguration (Fig. 3.4),
differing only in the overall steady-state change (which is a result of different conditions
affecting the load temperature for this control configuration). A greater difference is
evident from the temperature response to a step in bypass valve input shown for this

control configuration, compared to that obtained previously for the bypass channel
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control configuration (3.14). In addition to the quick rise (owing to fast control valve
dynamics), the slow-decaying heat exchanger dynamics are evident for this configuration.
Whereas before (for bypass channel control) the many times larger ram air flow rate
rendered the effect of changes in the hot-side (main bleed channel) flow rate virtually
negligible, the hot-side and cold-side flow rates are fairly close in magnitude in this case,
and thus a change in main bleed channel flow has an impact on load temperature which

can no longer be ignored.

The step responses from the two control valve inputs to the bypass ratio output,
shown in Fig. 4.4, yield some important observations. It is clear from the above
responses that the ram air valve input has no direct effect on the bypass ratio, which has
significant implications on the control system design. Since the proposed strategy is to
place the ram air controller in charge of regulating the bypass ratio, this task can be
accomplished only indirectly. As will be described shortly in greater detail, this will be
possible only when the bypass control loop is closed. Once that is the case, manipulating
the ram air valve, and thus causing a corresponding change in load temperature, will
drive the bypass valve controller to change its opening accordingly, in order to move the

load temperature back to its set-point.

Thus, the bypass control loop will be designed first. Using controller parameters
obtained from the bypass channel control configuration as an initial estimate, they will
then be fine-tuned to deliver efficient disturbance rejection for this particular
configuration. Once the bypass loop is closed, design of the ram air channel controller
will follow. As the bypass controller is first designed without considering the actions of
the ram air channel controller, some final tuning in the controller parameters will be
analyzed after both controllers are implemented, as there is bound to be some coupling
between their control actions, which is initially neglected. Simulation results will be

presented to validate the control design process.
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4.1.3 Bypass Channel Controller

As was done previously, the bypass control loop is closed using negative
feedback, with the temperature sensor in the feedback path, and with the same PI
controller as defined by (3.3). The closure of this loop is illustrated by Fig. 4.5 below.

sensor

Eenp bypass Upypass o Tinad
temperature controller PLANT
set-point »l R
uram T ub)pass
disturbance
input

Fig. 4.5: Closing the bypass control loop

Some preliminary step responses will now follow, for the linear model with only
the bypass loop closed. However, these responses will change somewhat once the ram
air channel control loop is closed. In addition, the nonlinear simulations, which are
subject of the next section, might require further fine-tuning of the control parameters.
Thus, the following tuning responses (Fig. 4.6, Fig. 4.7) are presented for demonstrating
the steps taken in the implementation of the two controllers and act only as rough

estimates, to be improved upon with the nonlinear simulations of the next chapter.
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The controller parameters will likely change somewhat with further fine-tuning,
but nonetheless, some important observations can still be made from the above step
responses. Most importantly, note that it takes the system much longer to completely
attenuate disturbances, which can be easily seen by comparing Fig. 4.6 (b) to Fig. 3.20
obtained earlier from the bypass control configuration. This is partly due to the now

more pronounced effect of heat exchanger dynamics, whereas in the previous case, the
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4.1.3 Bypass Channel Controller
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subject of the next section, might require further fine-tuning of the control parameters.
Thus, the following tuning responses (Fig. 4.6, Fig. 4.7) are presented for demonstrating
the steps taken in the implementation of the two controllers and act only as rough

estimates, to be improved upon with the nonlinear simulations of the next chapter.
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The controller parameters will likely change somewhat with further fine-tuning,
but nonetheless, some important observations can still be made from the above step
responses. Most importantly, note that it takes the system much longer to completely
attenuate disturbances, which can be easily seen by comparing Fig. 4.6 (b) to Fig. 3.20
obtained earlier from the bypass control configuration. This is partly due to the now

more pronounced effect of heat exchanger dynamics, whereas in the previous case, the
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much greater ram air flow rate to main bleed flow rate ratio rendered such effects
negligible. However, as is suggested by the responses of Fig. 4.7 (b), the response to a
disturbance input (bleed air temperature) can be improved greatly by tuning the

parameters appropriately. As can be seen from Fig. 4.7 (b), with K =6 and T,

Pbypass bypass
15, the system is quick in returning the load temperature relatively close to its set-point
value, with the remaining error slowly dissipating until it is eliminated altogether. Again,
as was already pointed out in Chapter 3, the improvement in disturbance rejection will
come at the expense of increasing the overshoot in the case of a temperature set-point
change, but this overshoot will diminish very quickly, as seen by the corresponding
responses in Fig. 4.7 (a). Thus, with the aim of emphasizing efficient disturbance
rejection, controller parameters that yield the best results in this area will be chosen for

subsequent simulations.

4.1.4 Ram Air Channel Controller

With the bypass loop closed, the ram air controller will be implemented in much
the same way. First, an LT7 object is obtained for the plant with the byi)ass loop closed,
to be used for open-loop and step responses, with ram air valve percent opening
command #,,, as the input and bypass valve percent opening command #ypass as the
output. This LTI model is obtained from a Simulink model of the system shown in Fig.
4.7 (with the bypass control loop closed). The ram air controller parameters will be tuned
to yield a satisfactory response; however, since emphasis is placed.on temperature
response rather than bypass valve opening response (it will suffice if the bypass valve
opening is slowly restored), the values of K Pram @nd T, will be chosen accordingly.

For the time being, the bypass controller parameters used in the following demonstrations

are K =6 and T, 15.

P bypass bypass =

Once the LTI model is created_, an open-loop step response is obtained (Fig. 4.8)
to determine whether negative or positive feedback should be used to close the ram air

control loop.
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Fig. 4.8: Open-loop response in the bypass valve percent-opening for a unit-step increase in 4.,
with the bypass control loop closed ’

The open-loop response of Fig. 4.8 hints at expected slower transients of the ram
air control loop, in addition to indicating an increase in output for an increase in.input.
As a result of this, negative feedback is required to bring about regulation of the bypass
valve opening via the ram air channel controller. The ram air loop is thus closed with a
PI controller, yielding a fully closed ram-air-plus-bypéss control sysfem, as shown _in Fig.
4.9 below.
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temperature _ : ‘
set-point bypass Upypass o Tioad
Ll »
: controller
oo rame-air Uram K PLANT Ubypass >
»
bypass valve controller .

opening set-point o —7
disturbance

input &——

Fig. 4.9: Ram-air-plus-bypass control system, with both control loops closed

. and T,  will be quite

Values for the ram air controller parameters K

different from those used in the ram channel control configuration, as it is thé"Bypass
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ratio that is to be controlled in this case (as opposed to load temperature in the earlier
configuration). However, through some quick tuning, and using the same gain-sweep
method of earlier procedures, the ram air controller parameters can be determined. The
plots below (Fig. 4.10 and Fig. 4.11) show a few gain sweeps after the range of both

parameters has been greatly narrowed down with prior trials.
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Fig. 4.10: Gain sweeps for a unit step increase in bypass valve opening set-point (reference input):
(a) bypass valve opening response, (b) load temperature response
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Fig. 411: Gain sweeps for a 40 °F step increase in bleed air temperature (disturbance input): (a)
bypass valve opening response, (b) load temperature response
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These responses suggest efficient load temperature response, as well as eventual

re-establishment of the bypass valve opening set-point, given that the right combination
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of PI controller parameters is chosen. - From the above results, the bypass and ram air

controller parameters, as designed for operating condition #7, are:

=30.

ram

K

Pbypass =

6 T, 15 K, =2 T,

bypass - ram

These parameters promise to yield good response characteristics for this multi-loop,
multi-variable control configuration, for the particular operating condition at hand. Their
determination was presented more for demonstration purposes - for the purposes of
nonlinear simulations of the following chapter, they might be further fined-tuned in light
of additional disturbance input simulations, as well as simulations carried out at different

operating conditions.

The final section of this control strategy chapter presents a new [hybrid] control
law for this ram-air-plus-bypass control configuration. It strives to further improve load
temperature response performance, as well as give the system ability to self-tune, thus

making it more practical in terms of on-line implementation.

4.2 LQ/PI Self-tuning Control

The Pl-control parameters (proportional gain and integral time constant) for both
controllers were tuned at a chosen operating condition, derived from typical mission data
of Table 2.2. To obtain satisfactory system responses at varying operating conditions
(especially in cases of significant variations), these parameters should be tuned
accordingly, to maintain efficient temperature regulation. It would be of great practical
value to give the system the ability of automatically adjusting some control parameters
(e.g., self-tuning) when implemented in on-line situations. Forrest et al. [8] implemented
a primary LQ controller in their study of super-heater control, proposing periodic plant
sampling and controller self-tuning for their outer loop controller. A similar concept will
be applied to this case, although the ram-air-plus-bypass configuration differs quite
significantly in structure and control loop closure, as well as by being multi-variable in

both input and output.

In addition to the self-tuning characteristic, it is also worthwhile to investigate

whether system response performance can be further improved by applying LQ-optimal
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control to the temperature regulation system. This last control method will be compared
to the more traditional PI control of the previous section, using similar simulations. as
those carried out in Chapter 5. Before any design, however, the distinction of precisely
what is to be optimized must be clarified, as the rest of the controller design will follow

from such a definition.

. Essentially, the goal is to optimize the carrying out of the initial objectives, which
consist of (i) efficient temperature transient response, and (ii) efficient ram air usage.
Since earlier analysis suggests that achieving both objectives involve trade-offs in terms
of the degree to which each one is satisfied independently, the matter really comes down
to optimizing a combination of these objectives. The simulations shown in the previous
chapter suggest that, on the one hand, bypass channel control seems to maximize
(optimize) the speed of the temperature response, while on the other hand, ram air
channel control minimizes (optimizes) the usage of ram air. They also suggest that
combining aspects of both methods (as is the topic of this chapter) to yield the ram-air-
plus=bypass control configuration is the best solution for satisfying both objectives

simultaneously.

Recall that the presence of bleed air bypass flow carries with it some of the fast
response features characteristic to such configurations. To ensure non-excessive ram air
usage, the desired amount of the bypass bleed flow is relatively low (i.e., 10% of total
bleed flow), and thus the bypass valve opening set-point is set to a value that will yield
such bypass ratio at initial conditions. This set-point is regulated during the simulation
by the ram air channel controller, as was discussed in the preceding section. Optimizing
ram air usage means minimizing the amount-of ram air used, which is directly related to
choosing the amount of bleed air bypass — the lower the bypass, the less ram air is being
‘wasted’ (this is op'timbized» for 0% bypass, or ram air configuration, where no ram air is
wasted). The bypass valve opening set-point can be readjusted'by the user, should the
use of ram air become more/less of importance. In this way, ram air usage is “optimized”

by the user, so to speak.

With the bypass ratio set, and thus the bypass valve opening set-point defined, the

task remains to optimize performance of the temperature transient response for this
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system. . It is the purpose of the bypass controller to bring about temperature regulation
efficiently. This task can be optimized by using the LQ technique for the bypass
controller, as will now be demonstrated. The self-tuning procedure for the LQ bypass

controller will also be presented at the end of this chapter.

Note that the ram air control law remains the same; that is, the ram air controller
will remain of the PI control type, as opposed to being changed to an LQO-optimal, as for
the bypass controller. Since emphasis is placed on temperature performance, it is not
desirable to optimize the bypass valve opening regulatory action (outer ram air control
loop), -as this would interfere with the [optimized] temperature response (inner bypass

_control loop). It is quite sufficient to simply restore the bypass valve opening to its set-
point after some time has elapsed. Since changes in the ram air control valve will affect
load temperature, and these changes are driven by changes in bypass valve opening
(which responds to changes in load temperature), optimizing the ram air channel control
loop would likely be detrimental to the performance of the temperature control loop
(bypass controller). Again, it is quite sufficient for the ram air control loop to simply
restore the bypass valve opening set-point, without putting paramount importance on

response time, as opposed to the case of temperature regulation.

- The control loop structure remains the same as shown in Fig. 4.9: that is, the
bypass control loop and the ram air channel control loop are closed in the same manner,
with identical controller inputs (Etemp, Eypass) and outputs (usypass; 4ram). The PI control
law, however, is now changed to LQO-optimal for the bypass controller, as described

below.

4.2.1 LQ-Opt:mal Bypass Controller o o
| The LQ method calculates an optlmal gain matnx Kj, that minimizes the

followmg performance index function:
Ja)= [T O+ RO, @
0 e

where Q and R are [user specified] ‘penalty’ weights associated with respective state

deviations and overall control -effort. - Some trial and error is usually necessary to
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determine the Q and R values that yield the best results. Fig. 4.12 below shows the

schematic of the proposed LQ control for the bypass controller.
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Fig. 4.12: Bypass LQ controller schematic

From the optimal-gain state feedback, control law for the bypass LO controller is
thus defined as R A .

=K, X, | (4.6)

ub}pas:

where ugypqss is percent valve opening command.to the bypass valve, Kj, is the optimal-
gain state feedback vector, and X the augmented state-feedback vector, as defined by the

following.

The augmented state vector consists of two parts. The first is a vector of states
that is determined by the ‘bypass open-loop state-space model’ (as seen in Fig. 4.12),
based on controller output #sypass, and the state-space model that represents the plant from
the bypass valve input to the load temperature. This model is extracted from the full
plant Simulink model of Fig. 4.2, in a state space representation that describes the open-
loop path from input #ypass to output Tias. The system matrices 4y, and By, correspond to
those of this open-loop single-input-single-output (SISO) model. In order to output the
states rather thah the load temperature, Cy, is an identity matrix and Dy, is a zero matrix.

This will reduce the state-space output equation to Y=X; thus outputting the states. -

~ An additional integrator state is added to the above state vector in order to

eliminate the temperature error Eemp,
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.[Efempdt T R S T e
resulting in an augmented» state equation, % = Ay + Byt s » Where the augmented

state vectoris ¥ =[x, x]7. TheLQ gain is calculated using MATLAB’s Iqr command:

K lg ='1lqr(A_aug,B_ aug,Q,R),

and is based on the [user specified] Q and R matrices, and the [augmented] system matrix

Aqug, and the column of input matrix B, (corresponding to the bypass valve control

input), as defined below:

Lo 01 .
aug ~ 0 Alq an aug ~ qu * (')

In the above, C; corresponds to the integrator state, and 4, and By, are the plant’s system

matrices, as defined above.

The Q and R matrices are user specified, and allow different values to be set
corresponding to each state (for Q). In the following simulations, the O matrix is split up
into two ‘sections’, the first pertaining to the integral of temperature error, and the rest to

the system states:
ITE, ., | 0 )
Q?{ ————— : ] . K

Some trial and error is usually ngcessaryb to‘ determine the Q and R values that yield the

best results.

4.2.2 Self-tuning approach
The advantage of implementing an LQ bypass controller, besides decreased
temperature response integral error, is that the optimal state-feedback gain matrix Ky, is

calculated, and can thus automatxcally adjust with changing syste"“ Its

temperature output), which is linearized at the current operating condltlon and is

described by system matrices Ay, Byy, Cig, and Dy,. Furthermore, the estimated ‘states that )
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are fed back to the LO controller are determined based on the same linearized model,
with Cj; and Dy, altered so that the output equation yields the estimated states as outputs,

instead of the load temperature.

To make the bypass controller robust over the entire range of operating
conditions, the plant’s key variables can be sampled repeatedly (every sampling period),
thus updating the variables upon which 4, By, Ci, and D, are based. This linear model
can thus be updated every time the plant is sampled, and the LQ controller gain matrix
will be automatically re-calculated based on this. This gives it a self-tuning ability,
which the PI controller did not have (its controller parameters will have to be pre-defined

as functions of varying conditions).

Since the ram air PI controller parameters chosen for the PI/PI control strategy
were already proven to yield good results, the same values are used for the LQ/PI control
strategy. This means that some scheduling of the ram air controller parameters is still
necessary, as the optimum values will change with the operating conditions. When the
plant is sampled to update the LO-bypass controller, the current operating conditions can

therefore be used to correct the ram air controller parameters.
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CHAPTER 5 SIMULATION STUDIES OF THE RAM-AIR-
PLUS-BYPASS CONTROL
CONFIGURATION

~ This chapter presents the nonlinear simulation results of the proposed ram-air-
plus-bypass control configuration described in Chapter 4.. The simulations are carried out

using MATLAB v6.5 software. The steps taken by the program13 once a simulation is

executed are as follows:: .

1) Input user specified parameters: operating condition, heat exchanger
model dimension, type and size of input (reference and disturbance),

duration of simulation. -

2) Based on the chosen operating” condition, perform the ihitializd}ibn
subroutine described in Chapter 4 to determine initial ‘steady-state
conditions. ‘

3) The dynamic simulation now follows, contained within the control loop

subroutine. The loop repeats every control step dt until the duration of

simulation is reached, executing the following steps within every cycle:

- determine the bypass valve opening area 4.5 and the ram air valve

opening area 4,qam, by applying (2.37) to each

- an iteration procedure is performed to calculate ram air flow rate M ram
and ram air valve downstream pressure P,;, such that both valve flow
rate  (2.39) and cold-side pressure drop (2.42) equations are
simultaneously satisfied, and making use of the fact that pressure
downstream of the valve is equivalent the pressure at the cold-side

heat exchanger inlet, P,;

" For full code listing, see Appendix.
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using four equations to solve for four unknowns (Pioad, M bleed ,
M blecd main s M bleed bypass )> N iteration in Pp,eq is performed until all the
variables converge and mass conservation between the main and

bypass flows is satisfied (first equation), Mpreed = M bieed main

+ M bleed ypass » Where each flow rate is determined by a separate set of

relations (each a function of Pj,44), giving the other three equations:
@) M sieea is calculated using the load impedance equation (2.49)

(ii) M blecdmain is calculated from the hot-side heat exchanger

pressure drop (2.41)

(i) M bleed sypass i determined using the bypass valve flow rate

equation (2.39)
| . . T
update the heat exchanger input matrix U = [Th,,Tc,,M bleed main s M ram] "

call the heat exchanger subroutine and obtain 4,B,C,D matrices, based

on current operating point values

update the heat exchanger state vector X (2.11), and calculate the heat
exchanger outlet temperature T}, (2.12)

calculate temperature of the mixed flow using (2.51), equivalent to the

load temperature Tioaq

determine sensed temperature T, from the sensor dynamics (2.53)

and (2.54)

produce the temperature error signal from (4.2) and bypass error signal
defined in (4.4), and feed them to the bypass controller and ram air

controller subroutines, respectively
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- using the appropriate control law for each controller, produce the

controller outputs #pypass and uram, Which become the respective valve
" percent opening commands - |
- from the valve opening commands, update the bypass and ram air
valve opening angles using the valve dynamics model of (2.36)
- increment simulation time by the control time step df, and repeat the

loop

4) plot the results

The bleed air is to be supplied to the load at a temperature of 190 °F (temperature
set-point Ty,), in light of disturbances to the system, arising from varying engine load
and/or ambient surroundings. To keep from unnecessary ram air overcooling, the bypass

valve opening set-point #;,,,, , (%) is set at a value that yields a bypass flow ratio of

10% (BR = 0.1) at initial conditions. A step change in engine bleed air inlet temperature
T}; is used to demonstrate a change in engine operating conditions. Directly related to the
ambient temperature, as well as the aircraft’s speed, a step change in ram air inlet
temperature T, is used to simulate a disturbance that arises from either the surroundings,

engine load, or both. Finally, a step change in bypass valve opeﬁing sét—point Uppass ., (V0
sp

valve opexiing angle) is included (reference input for the ram air channel controller), as it
is related to ram air usage, and will yield results that aid the concluding discussions. For
the subsequent simulations, these three types of inputs are applied to the system at time ¢

= 0 sec, and are defined as follows:

Input'A: A 40 °F step increase in bleed air inlet temperature Tj; (from the initial

steady state value)

Input B: A 20 °F step decrease in ram air temperature T; (caused by changes in

ambient temperature and/or aircraft speed)

Input C: A 2% step decrease in bypass valve opening set-poinf Uy s
sp
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The table of initial operating conditions (Table 2.2) is derived from typical
mission data. In addition to simulating several types of inputs, simulations for different
operating conditions are carried out and presented here, in order to demonstrate the
system performance at various differing engine loading and atmospheric conditions.
Three different operating conditions are chosen, to represent three very different
situations. They are re-stated for convenience in Table 5.1 below, along with their

corresponding mission data.

Operating | Altitude | Mach | Bleed Air | Bleed Air Bleed Air Ambient Ambient
Condition (kft) Mass Pressure | Temperature | Pressure | Temperature
No. # Flow (psig) (°F) (psia) C°F)
(Ib/s) ,
5 0 0.4 0.018333 35 380 14.7 130
7 10 0.5 0.018333 35 380 10.11 90
22 20 0.7 0.108333 30 380 6.76 -10

Table 5.1: Operating conditions and corresponding mission data selected for nonlinear simulations

Operating condition #5 represents take-off on a hot day, and from a control point
of view, is the worst condition out of these, due to high ram air inlet temperature (since
this is the cold-side fluid). Operating condition #7 characterizes a typical operating point,
with medium values for altitude and airspeed. Finally, operating condition #22 is
included to simulate the system at higher altitudes and airspeeds, and with much lower
ambient temperatures. For each operating condition, the particular initial steady-state
conditions will be determined and listed, along with control parameters for both the
bypass and ram air controllers. These parameters are already in their fine-tuned form, in

order to provide good disturbance rejection, for the particular operating point at hand.

The simulation conditions and results are presented below in sub-sections 5.1 and
5.2. The first sub-section deals with simulations that pertain to the traditional P/
controllers, while the second sub-section presents simulations for the LQ/PI control
strategy, discussed at the end of Chapter 4. All simulation results will be discussed and
compared in the following chapter, in order to draw final conclusions and suggestions for

this research work.
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5.1 PI Control Simulations

5.1.1 Operating Condition #5

c=0.24 c=0.24 MC,=0.65 y=1.4 £=386.09
=639.6 N=10 Mach=0.4 Foe=0.7 du=1.5
K,=0.015708 ol 7,=24.078 Kiui=104120 | T,=190
Tomy=130 T},=380 T.=148.88 Ty,=168.89 Tioai=190
Pany=14.7 B, =49.7 P, =15.899 Py;=49.7 dypass=1.0
Py=49.697 Pe=14.7 P10ai=49.697 Boypsss=0.56029 | Apypas=0.12009

M bieea sypass =0.0018331

M an=0.033183

M b1eea=0.018333

Ki=1

Upypass=35.669 -

- A;rn=0.17856 Bram=0.45341 BR =0.1 P=14.708
Mbleedmain =0.0165 - : : . . o
ubyp;:ssp=3s‘669» - Upam=28.865 Kpram =2 Ttyom =30 leypw =10
'KPb}pa'ss =3

Table 5.2: Initial steady-state conditions, at operating condition #5, with 10% bypass flow ratio
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Fig. 5.2: System response to input B at operating condition #5: (a) load temperature, (b) bypass
valve opening, (c) ram air mass flow rate, (d) bypass flow ratio
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valve opening, (c) ram air mass flow rate, (d) bypass flow ratio
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5.1.2 Operating Condition #7

c=0.24 c;=0.24 MC=0.65 =14 £=386.09
R=639.6 N=10 Mach=0.5 Fe.=0.7 dam=1.5
K,=0.015708 =15 1,=24.078 Ki0a=104120 T,,=190
Tomy=90 T;,=380 Ty=117.5 Tho=168.89 Ty0a=190
Pamp=10.11 P, =45.11 P, =11.428 Py=45.11 ypass=1.0
n cin
Py=45.107 Pe,=10.11 Pi0a=45.107 Boypass=0.57443 | Abypass=0.12606
' ’ ’ Ki=1 Upypass—36.57
M secisypass =0.0018332 | Mram=0.019794 | M 11es=0.018333 | = bvpas
‘ Apr=0.11932 ram=0.57443 BR=0.1 P,=10.114
M bleed main =0.0165
ub)’Pa-rup =36.57 Uram=23.529 Kpram =2 Tlram =30 le}pass =15
KP bypass 6
Table 5.3: Initial steady-state conditions and controller parameters, at operating condition #7, with
L 10% bypass flow ratio.
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Fig. 5.4: System response to input A at operating condition #7: (a) load temperature, (b) bypass
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5.1.3 Operating Condition #22

c=0.24 cv=0.24 MC=0.65 =14 £=386.09
R=639.6 N=10 Mach=0.7 Fre=0.7 dram=1.5
K,=0.015708 ©w=1.5 7= 12.931 Kioad= 2553.4 T,;=190
Tamp=-10 T,=380 T,=34.1 Tho=168.88 Ti0a=190
Puny=6.76 B, =36.76 P, =85918 Pyi=36.76 Aoypass=1.0

Pp= 36.727 P.,=6.76 Pioas= 36.727 Boypass= 0.83416 Apypass= 0.25777

M bteedbypass = 0.010837

Mram = 0.074971

M breea=0.10833

Ubypass= 53.104

M siecdman = 0.097496

Apm= 04373

Bram= 0.71889

BR =0.1

P.=6.7848

u =53.104

bypass sp

U= 45.766

Kp,,, =0.18

Tlram =30

leypa.t: =5

Kpbypa“ =3.5

Table 5.4: Initial steady-state conditions, at operating condition #22, with 10% bypass flow ratio
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5.2 LQ/PI Control Simulations

For subsequent simulations, the penalty weight parameters O and R (determined

by some preliminary trial and error) are used with the following values:

oo [MBuape 0 100000} 0
0 : SD weights

R=0.1

5.2.1 Operating Condition #5
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Fig. 5.10: System response to input 4 at operating condition #5: (a) load temperature, (b) bypass
valve opening, (c) ram air mass flow rate, (d) bypass flow ratio
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5.2.2 Operating Condition #7
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5.2.3 Operating Condition #22
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Fig. 5.16: System response to input A at operating condition #22: (a) load temperature, (b) bypass
valve opening, (c) ram air mass flow rate, (d) bypass flow ratio
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Fig. 5.17: System response to input B at operating condition #22: (a) load temperature, (b) bypass
valve opening, (c) ram air mass flow rate, (d) bypass flow ratio
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CHAPTER 6 DISCUSSIONS

This chapter will discuss the preceding modeling and simulation studies of the
bleed air temperature control system. Features specific to the system and operating
conditions studied in this thesis project are discussed in light of simulation results
obtained for various control configurations. The control configurations and control laws
studied are discussed and compared, along with the effect of controller parameters on the
-system response. The influence of varying operating conditions is investigated, in terms
of analyzing the control system response at different operating points. Some practical
issues are considered, with respect to application of the proposed control configuration to

real-life scenarios, and suggestions are made that will aid the system to function

efficiently over a wide range of operating conditions.

6.1 Heat Exchanger and Bleed Air System Modeling

The simplified bleed air system model was built by considering the individual
components that make up the overall system, and their corresponding interconnections
within the overall structure. The modeling is analytical in nature and thus results in
nonlinear equations that can be used to derive a nonlinear model or that can be linearized
at a given operating point for use in linear modeling. The overall model is a somewhat
simplified version of the actual system dynamics, owing to a number of assumptions that

were made, but is nonetheless suitable for control system design and simulation purposes.

One of the contributions of this thesis was the modeling of an air-to-air cross-flow
heat exchanger, for use in both steady-state and dynamic analysis. The model developed
here is unique in several aspects. First of all, although it is an analytically derived model,
physical characteristics of the heat exchanger (apart from flow configuration) enter the
model indirectly, through empirically-determined equations that relate the overall heat

transfer coefficients (2.9, 2.10), and heat exchanger pressure drops (2.41, 2.42), as
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functions of hot-side and cold-side. fluid mass flow rates. In this form, the model can
represent a variety of sizes and shapes of cross-flow heat exchangers, as long as the
necessary data related to physical characteristic of the heat exchanger are provided. This
data should be provided in the form of empirical relations for the overall heat transfer
_coefficient and the heat exchanger hot-side and cold-side pressure drops, as functions of

hot and cold fluid flow rates.

The heat  exchanger model subroutine allows the user to set the
accuracy/complexity of the model, through specifying the plate-partitioning dimension N.
Thus, a simpler, less accurate model (smaller value of N) can be used for preliminary
controller design purposes, as the computational time will be kept to a minimum. On the
other hand, model accuracy (and thus complexity and computational time) can be
increased by increasing N, for use in final nonlinear simulation to represent the heat

exchanger with increased accuracy.

Furthermore, the heat exchanger model developed in this thesis uses a mix of
differential and algebraic equations to relate the hot and cold fluid temperatures. In the
relevant heat exchanger modeling literature [6,14,19,21], the general approach was to use
hot and cold side fluid temperatures at each lump to form the state vector. As all these
examples were either of parallel or counter-current types of heat exehangers, such a
representation results in a model order of 2N, where N is the number of elements or
lumps. However, for a cross-flow type exchanger this kind of representation would
result in a model order of 2N°. Because of this exponential model-order growth,
characteristic to cross-flow heat exchangers, it would be worthwhile to reduce the overall
model order, if possible. The state-space heat exchanger model. deve]oped here thus uses
the heat exchanger core [lump] temperatures to form the state—vector whlle the

corresponding hot-side and cold-snde fluid temperatures follow from these vxa a]gebraic
equations. By using the core temperatures [of each lump], the order is cut in half (Nz),

equal to the number of lumps that make up the heat transfer plate

The heat exchanger model is lmearlzed at a partlcular operating point, and it
accepts hot-snde and cold-side flu1d inlet temperatures and ﬂow rates as its input matrix,

as was_done previously in other heat exchanger modeling studies [6,10,21]. Thus, the
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heat exchanger model can be used as a stand-alone module to simulate the effects of
changes in one of these inputs, in both linear and nonlinear scenarios. By isolating the
flow rates in the input matrix, the heat exchanger module is readily suitable for
applications within a larger control system, since the flow rates are directly related to the

_controller outputs (valve opening commands).

Demonstrations of dynamic responses of the heat exchanger model as a stand
alone module were shown in Chapter 2. Such simulations are useful in yielding the time
response and steady-state changes at various operating conditions and thus- gaining a
greater understanding of the heat transfer behaviour and its effect on the overall system.
For example, the significant difference in its transient behaviour for varying hot-side and

cold-side fluid flow-rate ratios is visually demonstrated by Fig. 2.7.

6.2 Preliminary Control Configurations

In Chapter 3, the ram air channel control and bypass channel control
cbnﬁgurations were introduced, and analyzed. These configurations are not new, bnt
were nonetheless preSented in order to obtain some specific results, when implemented in
the bleed air temperature system studied in this thesis. A comprehensive discussion of
these ‘preliminary strategies was presented at the end of the chapter, and will only be
qurckly summanzed here for convenience. ‘ o ,

The ram air control conf guratlon showed the classical over—damped response to a
change in reference 1nput as expected. It is notlceably slow, because of slow heat
exchanger dynamlcs (due to the proximity between ﬂow rates of the hot and cold fluids).
Increasing the proportronal garn has very 11ttle effect on improving the slow transients,
although it does diminish the absolute integral error (IEA) for a disturbance input
response. This improvement, however, comes at a ccst of decreased damping (a more
oscillatory response), and greater overshoot in the response to a reference input. The
main advantage of this configuration lies in the fact that it is the most efficient method in
terms of using the least ram air, as there is no unnecessary overcoolmg of the hot-SIde

heat’ exchanger flow, which arises with the presence of bleed air bypass. In addition,
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because ‘there is no bypass, disturbances must first work' their way through the heat
exchanger before being felt at the load; as a result, there are no sudden temperature jumps

due to step increases in inlet temperatures at the load.

As expected and suggested by previous research work [7,17], the bypass
configuration is much faster in providing temperature control. This is a result of directly
manipulating the bypass flow, and thus being able to affect the load ,temperature alrrxost
immediately. However, when the bypass control configuration is applied to this
particular system, this effect is much more pronounced than is normally the case. -For
example, in their studies of heat-exchanger-plus-bypass systems [7], Rotea et al. state that
an open-loop step response is characterized by a sudden change followed by slowly
decaying dynamics.. An open-loop step response for this system'* (Fig. 3.14) shows the
sudden ‘jump’(the jump is not instantaneous in this case due to the presence of valve
dynamics, which are absent in [7]), but does not show any slow decaying dynamics. This
is a result of the particular conditions present; namely, the huge difference in the ram air
and bleed flow rates. Because the cold-side (ram air flow) rate is many times larger than
the hot-side flow rate, changes in thermal energy of the hot-side ﬂuid. (bleed air
temperature or main bleed flow rate) have enly a very small impact on load temperature.
The result is that only the bypass channel flow has any significant. 1mpact on load
temperature, in llght of disturbances in the bleed air flow rate or temperature. To be
precise, there is some contribution from the heat exchanger hot-side flow and therefore
some slow decaying dynamics, but these are so small that they are neglected when
compared with the contribution to load temperature delivered by the bypass ‘flow

(govemed only by valve dynamlcs)

The bypass control conﬁguration has fast response characteristies but has the
disadvantage of wasting large amounts of ram air. Without a control valve in 'the ram air
channel, the flow is given by the pressure difference between inlet ram air pressure and
the ambient pressure (a pressure drop that increases with aircraft speed) and, in this case,
ends up being much larger than is necessary Thus, there is significant overcooling of the

bleed air channel passing through the heat exchanger, resulting in a larger amount of

14 At operating condition #7
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bypass flow needed to deliver the desired temperature: - It was also shown that the bypass
configuration response is ‘very sensitive to the controller proportional gain, which is

something that shall be explored further within the proposed ram-air-plus-bypass

configuration.

6.3 Ram-Air-Plus-Bypass Control Configuration

The proposed ram-air-plus-bypass control configuration is presented in Chapter
4, and simulation studies of its dynamic responses are given in Chapter 5. It features
control valves in both ram air and bypass channels, each manipulated by an independent
controller. The faster bypass controller action provides temperature regulation, in a
manner similar to that of the bypass channel control. The ram air controller provides
regulatory action for the amount of bypass flow, by controlling the bypass valve opening
to the desired valve opening set-point, which is defined at the onset of simulation to be
such as to cause a 10% bypass flow ratio.

The key aspect of ‘this control configuration is that' there exist different
combinations ef ram air and bypass valve Openings that will yield' the same load
temperature at some operating point. The importance of this should not be
underestimated, as it is this flexibility that allows the control system to retain the fast
transients, characteristic to systems with a bypass on the controlled stream, as well as low

ram air usage (as compared to the pure bypass control confi guratlon)

, It is thus de51rable to have some bypass flow (for efﬁcnent transnent behavnour)
and to maintain it at a relatlvely low value (to keep the extra ram usage low). For the
pure bypass channel control described in Chapter 3, the bypass flow ratio at initial
S'feady-state conditions (operating condition #7) is BR = 0.2741. This value is quite large
(more than a quarter of the total bleed air flow is bemg bypassed) and is necessary in

order to counter-act the excessive overcoolzng due to a very hlgh ram air flow rate

(M ram=0.27304 1b/s). The adyantage of employing valves in both channels and setting
their respective opening so that the bypass flow ratio is low becomes immediately evident
once the ram-air-plus-bypass control configuration is employed. Table 5.3 shows the

initial steady-state conditions for this control configuration at operating condition #7,
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and, for this particular set of conditions and a desired bypass- flow ratio of 10%, the

corresponding ram air flow rate is M n=0.019794 Ib/s. This is more than a tenfold
improvement in ram air usage over the pure bypass channel control configuration. A
comparison of ram air usage between the three control configurations studied in this
thesis can be seen in Table 6.1 below, which lists the initial and final steady-state values
of ram air flow rate for two performance inputs (as simulated at operating condition #7),

for each control configuration.

Input A Input B
Initial steady-state_| Final steady-state | Initial steady-state | Final steady-state
Ram air channel 0.017226 Ib/s 0.019235 Ib/s 0.017226 1b/s 0.015272 1Ib/s
control - .
Bypass channel 0.27304 Ib/s 0.27304 1b/s 0.27304 1b/s 0.27304 1b/s
control
Ram-air-plus- 0.019794 1b/s 0.023304 Ib/s 0.019794 Ib/s 0.017105 1b/s
bypass control

Table 6.1: A comparison of ram air mass flow rate m,,,, for the three control configurations studied
in this thesis

From initial steady-state conditions of the ram-air-plus-bypass configuration

(Table 5.3), the hot-side heat exchanger flow is given by M bleed main= 0.0165 1b/s. Thus,
the relative sizes of the heat exchanger hot-side and cold-side fluid flow rates are once
again in close proximity to each other, resulting in slow heat exchanger dynamics, as well
as a larger steady-state change in the hot-side outlet temperature 7}, for disturbances in
hot/cold inlet temperatures or flow rates. It follows that, unlike in the case of the pure
bypass control configuration, the heat exchanger dynamics play a much more significant
role when the bypass flow is much lower, as is the case for the proposed control strategy.
This is demonstrated by the open-loop step response (from Ubypass 10 Tioaq) Shown in Fig.
4.3, where a sudden change in load temperature (due to the bypass flow) is followed by
slow decaying dynamics, resulting from the contribution of the main bleed air channel
(governed by heat exchanger dynamics). As a result, the transient behaviour of the ram-
air-plus-bypass control should be expected to be worse than that of pure bypass control.

This is true; however, the presence of a bleed air bypass, although low, will ensure that
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-some of the quick response time characteristics will still apply, if the right values for the
controller parameters are chosen. It will now be shown that to guarantee fast temperature
response trans1ents, to both disturbance and set-point inputs, relatively hrgh values of the
bypass controller proportmnal gain are required.

The simulation results listed in Chapter 5 were obtained for controllers that were
tuned for disturbance rejection and thus. already show satisfactory transient response
times. However, there is a trade-off in some performance values between reference-type
input and disturbance-type input responses, in terms variations in controller proportional
gain, as already discussed in tuning procedures for both pure bypass channel (Chapter 3)
and the bypass controller in the proposed multi-channel control configuration (Chapter
4). To demonstrate why higher proportional gains are required for this configuration and
the corresponding trade-off in temperature set-point response (in terms of inereased

overshoot), consider the following exercise.

~ Fig. 5.4 (a) shows the response to a 40 °F step increase in bleed air inlet

temperature, with the corresponding controller parameters listed in Table 53 (Kpppass =

=15 K, =2, T1,0n = 30). Usmg identical system and controller values, a

Pram

6, T,

1 bypass
‘simulation is carried out for a 1 °F step increase in load'temperature's'et-point. The two

temperature responses are shown in Fig. 6.1 below.
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Fig. 6.1: Temperature response to disturbance and reference inputs, operating condition #7, high
proportlonal gams (a) 40 °F step increase in bleed air temperature, (b) 1 °F step i mcrease in load
- “temperature set-point
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The response to a disturbance input, reproduced from Fig. 5.4 (a), illustrates the quick

disturbance rejection attained with high values of proportional gain (X, sypass — 05 Kopram

= 2). However, note that this set of control parameters causes almost a 500% overshoot
in response to a step increase in temperature set-point input. To see the effect of
changing the proportional gain, consider now the same system, at the same operating
condition, but with the bypass and ram air proportional gains reduced to a third of the

above values (K, ., =2, Kp,,,, = 0.67)"°. Figure 6.2 below shows the response to both

reference and disturbance inputs.
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Fig. 6.2: Témperature response to disturbance and reference inputs, operating condition #7, low

proportional gains: (a) 40 °F step increase in bleed air temperature, (b) 1 °F step increase in load
temperature set-point

By comparing Fig. 6.1 with Fig. 6.2, it can be seen that decreasing the
proportional gain reduces overshoot of the reference-type inpﬁt response, but at the

expense of increased settling response time.

Since the goal of this thesis is to provide efficient disturbance rejection with low
ram air usage, the simulation results of Chapter 5 use control parameters that are tuned
for fast transient response (higher values of proportional gains). The preceding exercise
was included to illustrate that this is in fact required of this control configuration, in order

to provide fast temperature control. Possible suggestions for dealing with undesirably

15 The value of ram air channel controller proportional gain was also reduced in order to diminish the
magnitude of temperature response oscillations. This effect is addressed shortly, following this discussion.
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high overshoots of the set-point response will be further investigated in the ‘practical

issues’ section of this chapter. L

The other regulatory action is performed by the ram air controller. This ram air
channel control action is indirect in nature, because it first requires that the bypass control
loop is closed. Thus, the proposed configuration is essentially an inner-outer multi-loop
control structure, where the inner control loop represents the bypass controller action,
while the outer control loop represents the ram air controller. In this way, the bypass
control action is also inherently included in the outer ram air control loop. This is
because the ram air controller can regulate the bypass valve opening only indirectly,
through manipulating the load temperature — by pushing it away from the set-point value
in order to create a temperature error to drive the bypass valve in the direction of its valve
opening set-point. Thus, there will be some back-and-forth temperature response
behaviour that goes along with this ram air control action, which should show up as
oscillations in the temperature response. The simulation results of Chapter 5 use ram air
controller parameters that are already tuned so that such oscillations are diminished, but
this feature can be easily demonstrated by increasing the value of the ram air controller
proportional gain. Consider again the system response to input A, at operating condition
#7 and controller parameters as defined by Table 5.3. To demonstrate the oscillatory
effect on temperature response arising from the ram air channel control -action, the

response is simulated for the same scenario, differing only in increased ram air controller

proportional gain (from K, . =0.2to K,  =0.7), and is shown in Fig. 6.3.

194 39
o a
o ~ 38} -
g 2 ' g
[=3
g z 37} ]
E 10 ;
(=N = 36 o
£ x
k-] 188 ¢ y <o
g g 1
'm 1 1 1 34 N Y .
0 50 100 150 200 0 50 100 150 200
Time (sc) Time {sec)
@ e - o

Fig. 6.3: Response to Input A, operating condition #7, with increased ram air proportional gain: (a)
temperature response, (b) bypass valve opening response
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As can be seen from these results; large values of ram air controller proportional
gain are not desirable, as they will cause the temperature response to be too oscillatory.

On the other hand, values of K that are too low will cause the bypass valve opening

Pram

regulation to take unnecessarily long time. Although the speed of this response is not as
important as that of the temperature response, the ram air controller proportional gain
should be chosen such that it provides as good of a time response as possible, before

making the temperature response oscillations too significant.

The preceding discussions were included to illustrate'some of the decisions, with
respect to the influence of key controller parameters on overall system response, that
‘were made in order to produce the simulation results of Chapter 5. These simulations
studies were conducted in order to demonstrate satisfactory disturbance rejection
performance of the proposed multi-control strategy, at various 'operat'ing points and for
various disturbance inputs; with the bypass and ram air controller parameters tuned
accordingly. ‘Furthermore, two different types of control laws were used: (i) the more
traditional PI/PI approach, with Pl-type control law for both the bypass and ram air
controller, (ii) a hybrid LO/PI method, where the ram air controller is unchanged but the
bypass controller is replaced by an LQ-optimal control law. The PI/PI results will be
‘discussed first, with a comparison of LQ/PI to PI/PI results followmg at the end of this

section.’

The first input (input A) ‘simulates a change iri_ engine oberating conditien arrdl is
represented by a srep increase in engine bleed air’temperatlure Thi. The terhperature
response, at various operating conditions (Fig. 5.1, Fig. 5.4, Fig. 5.7) shows the same
general behaviour. There is sudden jump in load temperature at time =0 sec, due to the
bypass flow; furthermore, the fact that transport lag was neg]ected in the system model
means that a step change in bleed temperature will appear 1mmed1ate1y at the load. The
size of this jump is directly related to the size of the bleed air temperature step
disturbance and other operating conditions. After the sudden jump, load temperature
quickly dips below the set-point and then quickly rises once more. This quick up-doWn
motion is the result of the valve located in the bypass valve — its effects can be felt at the

load very quickly and are governed by valve dynamics only. Thus,. the bleed air
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temperature disturbance is attenuated rather quickly: within 50 seconds, the temperature
error is very small, and the subsequent curve changes only slightly. However, it is
important to note that the load temperature is still changing, as the ram air channel
controller is still acting to push the bypass valve opening back to its set-point value.
Nevertheless, the temperature response can be said to be settled after 50 seconds (with

slight variations thereafter), while the bypass valve set-point is restored after roughly 125

seconds.

The second disturbance input (input B) simulates a change in atmospheric and/or
engine load conditions and is represented by a step decrease in ram air inlet temperature
T.;, shown in Fig. 5.2, 5.5 and 5.8 for the three simulated operating conditions. Note the
absence of the sudden jump in load temperature at time =0 sec, which was present in the
previous case. This is because a disturbance in ram air temperature must work its way
through the heat exchanger first. The response to this kind of input is characterized by an
initial dip below the set-point temperature, due to the decrease in temperature of the main
bleed channel exiting the heat-exchanger (the cooling is increased with lower ram air
temperature). The relative size of the dip depends on the size of the disturbance and the
operating conditions, as can be seen by comparing the temperature response of Fig. 5.2
(operating condition #5) to that of Fig. 5.8 (operating condition #22). This decrease in
load temperature will drive the bypass controller to increase its opening, and this action
soon takes over in moving the temperature back to its set-point. Thus, after a short
amount of time has elapsed, the temperature decrease peaks and changes direction, as a
result of bypass valve action. The temperature response continues in an oscillatory
manner for a short period, owing to the combined control action of both the bypass and
ram air controllers, before settling down. Once again, the temperature error is mostly
diminished after roughly 50 seconds have elapsed, with slight temperature variations

thereafter, owing to the regulatory action of the ram air controller.

The last input involves a step decrease in the bypass valve opening set-point
(input C). Thus, this case simulates a reference type input, for the ram air channel
controller. This type of input is included in light of the fact that the bypass valve opening
set-point will have to vary somewhat with changing conditions, in order to keep a 10%

bypass ratio goal, as will be discussed shortly in the practical issues section. The
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simulations shown in Fig. 5.3, 5.6, and 5.9 demonstrate the ram air controller action, with
the bypass loop closed. In order to decrease the bypass valve opening to match the new
decreased [valve opening] set-point, the ram air controller must cause an initial increase
in load temperature, in order to initiate bypass controller action. This is reflected by the
responses for this case: initially, the ram air valve opening is decreased (reflected by a
decrease in the ram air flow rate) and, as a result, the temperature response increases at
first. This initial increase peak is characteristic of this type of input and can be seen
-throughout the various operating conditions. The combined actions of the ram air
controller and bypass controller eventually lead to the settling of load temperature at its
set-point and the settling of the bypass valve opening at its new [lower] set-point. Note
that in all cases, lowering the bypass valve opening set-point results in lower bypass ratio
and slightly lower ram air flow rate, for the same load temperature set-point. The actual
size of this decrease in both bypass ratio and ram air flow rate depends on the particular
operating conditions, as well as the actual size of the bypass valve set-point step decrease.
The importance of this will become clear shortly, when some practical issues will be

discussed, in terms of simulations studies.

The above discussions apply to simulation results at various operating conditions.
The exact values and curve shapes change somewhat from one operating condition to
another, but, with the proper choice of controller parameters for the specific operating
point, the general response behaviour remains the same for the types of inputs discussed
above. This last point is important, because it states that, in order to maintain efficient
temperature response and ram air usage, as in the case of simulation results shown in
Chapter 5, parameters of the bypass and ram air controllers will depenqﬁgg;:}he_ﬁcurrent
operating condition. This means that some sort of PI controller parameter-scheduling
might be necessary in order ensure that correct controller values are being used for the
corresponding operating condition. Comprehensive simulation studies can be carried out
to determine the best values of controller parameters for changing operating conditions,
in the manner demonstrated in this thesis but extended to a much larger number of
operating conditions. Such an analysis would perhaps yield functions that would relate
the controller parameters to some key variables that make up the operating conditions.

The controller parameters could then be periodically updated based on the latest
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~ operating values, making the.control system more robust and efficient over a wide range
- of operating conditions. . .

One way to 1mprove on this, and ‘'at the same time 1mprove on the overall
temperature response, is to apply a self-tuning LQ-optlmal control law to the bypass
controller, as was presented at the end of Chapter 4. Simulation results are listed for this
control strategy at the end of Chapter 5, for the same types of inputs and operating
conditions as the pure PI control cases. For comparison purposes, results '(opefating
~ condition #7) for both control strategies are superimposed on the same piots, shown in
' Fig. 6.4-6.6 below (one for each type of input). The PI/PI control strategy is shown by
the dotted [blue] lme, while the LQ/PI control strategy results are shown by the solid
[red] line.
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The above figures illustrate that the absolute integral error is reduced when é PI-
bypass controller is replaced by the LO-type controller. This is also the case at other
operating points? ‘as can be seen by a similar comparison of simulation results for
opérating conditions #5 and #22, as listed in Chapter 5. Although the temperature
response to a change in bypass valve opening set-point, Fig. 6.6 (a), takes slightly longer
to settle down than that of original PI/PI control strategy, this LO/PI method is successful
in improving overall bypass controller performance. To be precise, the LQ bypass
control law is not completely optimal, as the bypass controller gain calculation did not
consider the closure of the ram air control loop. However, the above results, along with
the additional results for other operating points in Chapter 5, nonetheless show the great
ixﬁprovément in the temperature response (in terms of the absolute integral error).
Furthermore, the improved bypass control performance has the effect of improving ram
air control action as well. Although the ram air controller uses the same PI control
parameters as before, it benefits from improvement in bypass control performance, since

the bypass control action is inherent in the ram air control loop.

Before obtaining the results for the LO/PI control technique, some trial and error
is first necessary to determine the correct weighting factors for the LQ-controller penalty
matrices Q and R (see Chapter 5 fo; the specific values used). However, once this was
done, the same values were r¢tained for the rest of the simulations, over different
operating conditions. The optimal values of the LQ-gain feedback matrix are then

calculated, based on the [linear] bypass open-loop model (44,,B4,,Cy,,Dy;) that represents
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the current operating conditions. The same model will also calculate the estimated states
(for feedback to the LQ-controller), with only the bypass valve opening command as
input (see Fig. 4.12). This forms the basis behind the self-tuning ability of the LQO-bypass

controller.

For the LQ-bypass controller to self-tune with changing operating conditions, the
plant is to be periodically sampled, and the open-loop model matrices Au,,B1;,Cig,Diq
should then be updated to reflect the latest set of operating conditions. For the LQ/PI
results presented in Chapter 5, such an update (and controller parameter calculation) was
made only once, at the beginning of the simulation. .The results show that, in light of
disturbances and thus changes in the plant’s parameters, the controller model designed at
the onset of the simulation is nonetheless sufficient to bring about control. This suggests
that a short sampling period is not necessary, and it should be sufficient to sample the
plant within larger time intervals (on the order of minutes, not seconds). However, these

arguments need to be supported by more simulations and experimental results.

6.4 Simulation Studies of Practical Issues

It was found earlier that in order to achieve efficient (fast) disturbance rejection,
relatively high proportional gains are necessary for the ram-air-plus-bypass control
configuration. However, with such controller parameters, a step change in load
temperature set—pbint was shown to cause excessive overshoot. Although disfurbahce
‘rejection is emphas1zed in this thesis, a temperature set-pomt change might be necessary
~ from time to time, depending on the desired conditions at the load. Hence, additional
analysis into improving the temperature set-point response, while retaining efficient
disturbance rejection response (for the most part), is of practical value. It was suggeeted
earlier that reducing the values of bypass and ram air controller proportional gains

(K ) will reduce the overshoot caused by a step in temperature set-point. It

Pbypass ® P ram
is possible to program the controller so that it would automatically adjust the proportional

gains when a temperature set-point change is applied. Consider the following exercise.
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The system is initially at:operating condition #7.. ‘A disturbance enters the system
at time =0 sec in the form of a step in bleed temperature (input A). At time =100 sec, a
unit step increase in load temperature is applied to the system. For the first case, shown
in Fig. 6.7 (a), the controller parameters remain unchanged throughout. For the second
case, shown in Fig. 6.7 (b), the bypass and ram air controller proportional values are
reduced to 25% of their original value and remain at these values until the set-point

change is met (e.g., for the next 200 seconds).
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Fig. 6.7: Load temperature response for input A at #=0 sec, followed by a unit step increase in
temperature set-point at /=100 sec: (a) controller parameters unchanged throughout, (b)
proportional gains decreased at the time of the set-point change

The first case, as expected, shows a large overshoot after a step in temperature
sét-pbint is épplied. In the second case, the decrease iln proportiénal gains results in
much a smaller overshoot. waever, note that now the fesponse folléwing the set-point
change is somewhat sluggish; whereas, in the first case, following a large overshoot, the
set-point was met quite quickly. This further confirms that higher gains are necessary to
deliver quick response transients for this control configuration. Consider another
analysis: in this case, the step change‘ in temperature set-point is followed shortly
thereafter By a step decrease in ram air inlet temperature Tt; (input B) at =140 sec. For
the first case, the proportional gains, adjusted to 25% of their foﬁner value once the
change in temperature set-point is applied, remain at these altered values for another 200
seconds; whereas, in the second case, the original proportional gains are restored aﬂér 20

seconds.
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The ‘degraded disturbance rejection performance in the first scenario is clearly
seen from Fig. 6.8. When the disturbance input B-enters the system at =140 sec, the
controller proportional gains are still in their ‘set-point input’ form (25% of former
values), and thus the temperature response suffers. Once the gains are restored (reset) to
their former values (at /=300 sec), the response improves once again and quickly achieves
the temperature set-point. This improvement in disturbance rejection, once the former
gain values are restored, is clearly seen when considering the second scenario, shown in
Fig. 6.8 (b). Since the proportional gain values are reset 20 seconds after they have been
altered (at =120 sec), the system regains its efficient disturbance rejection characteristics,

so that when a disturbance enters at =140 sec, it is attenuated rather quickly.
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Fig. 6.8: Load temperature response to Input A at =0 sec, a unit step increase in temperature set-
point at t=100 sec, and Input B at /=140 sec: (a) adjusted proportional gains restored 200 seconds
after set-point change, (b) proportional gains restored 20 seconds after set-point change

The following conclusions can be deduced from the preceding exercises. First of
all, in order to reduce the overshoot in temperature response when a changé in
temperature set-point is applied, it is advisable to temporarily reduce the [bypass .and ram
air] controller proportional gains to a fraction of their current vélue (e.g., 25%). Second
of all; it is important that this change lasts for only a short period of time (e.g., 20
seconds), aﬂér which the pfoportibnal géins should be restored to their original value.
The reason for this is because, while the gains are in their reduced form, the disturbance
rejection of the system is rather poor. Even a ‘short span of reduced proportional gains,

such as 20 seconds, is enough eliminate any excessive [initial] overshoots that would
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otherwise result from to temperature set-point variations. At the same time, the control
system will return to its efficient disturbance-rejection form shortly thereafter. Of course,
it is quite possible that a disturbance will enter the system even during this short ‘reduced
performance’ period. In that case, the response performance will suffer, but only for a

short while, as it will quickly improve once the controller proportional gains are restored.

This simulation study was carried out with classical PI/PI control laws, but the
same concepts should apply if the PI bypass controller is replaced with the LQ bypass
controller. Although the LO gain matrix is optimized for minimum integral error, it will
nonetheless cause a large overshoot for a step in temperature set-point, similar to the
PI/PI case where the PI controllers are tuned to give the best disturbance rejection
characteristics. Thus, for the case of an LQ controller, some of the gains inside the gain
matrix should be reduced to decrease the overshoot when a temperature set-point input is
applied. The obvious choice would be to reduce the gain on the integral error state. For
disturbance rejection performance, this gain is quite large, in order to bring down the
integral error quickly. However, in light of the temperature set-point change, this
particular gain could be decreased to a fraction of its value, for a short period of time, in
order to produce a similar response behaviour to that just discussed in the above
paragraphs. Further analysis into this matter would prove helpful, if an LQ controller is

to be used in place of a PI bypass controller.

In addition to load temperature, the proposed ram-air-plus-bypass control
configuration is to provide regulatory action for the amount of bleed air bypass by
keeping it near some desirable [low] fraction of the total bleed flow (e.g. 10% of the
overall flow). The proposed control system does this by turning the bypass valve
opening into a controlled variable, to be restored after it varies due to temperature-
regulatory action. For a given operating condition, the bypass valve opening set-point

P— is set to correspond to the bypass valve opening that will result in 10% bypass

flow. Then, through the action of the ram air control loop (which includes the bypass
control loop within it), the bypass valve opening will be made to follow this set-point

value.
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However, to strive for a certain bypass flow ratio, this-bypass valve opening set-
point will depend on bleed air conditions, namely, total bleed air flow rate and bleed air
inlet temperature and pressure. For example, from the tables of initial steady-state values
presented in Chapter 5, the bypass valve opening set-points for operating point #7 and

operating point #22 are u,,,, =36.57 % and U bypass =53.10 %, respectively. This is

mainly due to large difference in the bleed air flow rate at these two different operating
points. On a much smaller scale, consider also the simulations for input A at a particular
operating point. In these simulations, the bypass valve opening is eventually restored to
its set-point, but the bypass ratio is no longer exactly at 10%. As a result of the higher
- bleed temperature, the bypass flow given by equation (2.40) will be slightly lower. This
can be seen, for example, from Fig. 5.4, where the new bypass ratio has a value of
BR=0.098, even though the bypass valve opening is restored to its initial set-point. These
examples suggest that some sort of corrective action for the bypass valve set-point will be
necessary, especially if the system is to retain the bypass flow ratio near a desired value
during a wide range of operating conditions. This is the reason why simulation studies of
Chapter 5 included changes in bypass valve opening set-point, as such input variations

will be common.

To illustrate such corrective action, consider again the case of Fig. 5.4: the
system is initially at operating point #7, with a step in bleed air temperature (input A)
applied at =0 sec. In addition to this original simulation, a step of +0.5% in bypass valve
opening set-point is applied at /=200 sec. Fig. 6.9 shows the corresponding response to
the scenario described above. Note that the increase in bypass valve opening set-point

raised the bypass ratio back to around BR=0.1.
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Fig. 6.9: System response to Input A at t=0 sec, and a step increase of 0.5% in bypass valve-opening
set-point at t=200 sec

For practical applications, such corrective action in the bypass valve opening set-
point should be automated, in order to continubusly have the desired bypass flow ratio.
One possible way would be to perform a comprehensive analysis of all possible operating
condition scenarios and then pre-schedule the bypass valve opening set-points as
functions of changing operating conditions, in a manner similar to the pre-scheduling of
PI/PI control parameters. With a change in operating conditions, the bypass valve
opening set-point would be updated to correspond to the most recent operating condition.
A slight variation, and perhaps an improvement on this, would be sampling the plant to
obtain the current engine and atmospheric conditions and then, based on these,
calculating the bypass valve opening set-point in a manner similar to the calculations
performed at the onset of each simulation exercise (initialization subroutine). This

repeated sampling could coincide with that used for the LQ-controller self-tuning process

and does not need to be frequent.

In terms of determining the correct bypass valve opening set-point, it is sufficient

to recalculate it only when major variations in either the bleed air flow rate take place.

137



As seen from Fig. 6.9, and is demonstrated further by additional simulation results in
Chapter 5, even large step changes in bleed air temperature do not require any significant

corrective action [in u,wmsp] at a given operating condition. Thus, the corrections in

bypass valve opening set-point do not need to take place continuously, since, for a given

U bypass , the [steady-state] value for bypass ratio is not likely to fluctuate wildly unless

there are major changes in the total bleed air flow rate. The bypass ratio might vary
slightly between the successive set-point updates; nevertheless, the precise desired value
of 10% does not need to be followed strictly. It is satisfactory enough if the bypass ratio
is somewhere near 10% of the overall bleed flow, and therefore low. As long as the
bypass valve opening set-point is updated from time to time, in light of major changes in

bleed air flow rate, the bypass ratio will not stray too far from the desired value.

There is yet another way to accomplish the same regulatory action. This is the
method of direct flow control, in which the bypass ratio is controlled directly rather than
the bypass valve opening, to which it is related. However, this would require an
additional flow sensor in the bypass channel and would thus add further complexity to the
model. Furthermore, the overall process would have additional delay, as a result of flow
sensor dynamics. Issues could also arise with the accuracy of such a sensor, since the
bypass flow is expected to be quite low and might require an expensive flow sensor in
order to measure it properly. However, such a method would eliminate the need of
updating the bypass valve opening set-point with major changes in operating conditions

and could be the subject of some further research work.

The technique of regulating the bypass valve opening is thus a lot simpler, as the
bypass valve opening does not need to be measured but follows directly from the
calculated bypass controller output .. Thus, no additional dynamics result from this
method, as opposed to the flow control method. This is in agreement with the goal of

efficient temperature response, one of the main objectives of this thesis.

Something that has not been discussed yet, but can be mentioned in support of the

ram-azr-plus-bypass conf iguration, is the redundancy feature that an extra valve gives the
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overall control system. It is true that the first two configurations (bypass channel control
and ram air channel control) are simpler, and thus less expensive and easier to maintain.
However, the proposed multi-valve control strategy will not only deliver efficient
temperature response and low ram air usage, but also, with slight alterations, has other
advantages. For example, if a valve should fail in one of the first two [single control
valve] configurations, the system will not be able to deliver temperature control. On the
other hand, if a valve should fail in the ram-air-plus-bypass configuration, the other
control valve should still be able to deliver temperature control. In case of bypass valve
failure, the control law for the ram air controller would have to switch to regulate the load
temperature, instead of the bypass valve opening. Thus, this configuration contains

hardware redundancy and is more tolerable to failure, and thus more reliable.

Before moving on with the final conclusions, it should be noted that some of the
operating points in Table 2.2 do not work with the model in the way it is presented here.
These are the cases for which the aircraft is not moving, and thus Mach = 0. In these
cases, according to the model described in this thesis, there will be no pressure drop (see
2.36) in the ram air channel to cause any airflow. It would seem that an external device
such as a pump is required to produce some airflow in these conditions. Additional
information and analysis are necessary in order to properly model these conditions as
well. For the purposes of this thesis, only the operating conditions for which the aircraft
is moving, and therefore ram air flow is induced from the resulting pressure drop, apply

to the bleed air system model.
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CHAPTER 7 CONCLUSION

7.1 Concluding' Statements

This thesis addresses temperature control of an engine bleed air system used on
typical aircraft. The main objective of this research work was to investigate the
possibility of reducing the ram air usage while retaining efficient temperature response in

6. This was done by first analyzing two existing

light of disturbances to the system'
control configurations, in terms of their implementation within this. particular bleed air
system. Based on the findings obtained from these preliminary analyses, a third control
configuration was proposed to improve on existing strategies, in terms of satisfying both
efficient temperature response and low ram air usage objectives. Simulation studies were
performed to- demonstrate the success of this proposed configuration, as-well as
investigate some practical issues that might arise.in the application of such a control

system.

‘The ram air channel and the bypass channel control strategies are not new and
have been used for a variety of heat-exchange applications in the past; When applied to
" the bleed air system model developed in this thesis, each of these control conﬁguratibns
was found to serve well one of the thesis objectives, while sacrificing the other. The ram
air channel control configuration saves ram air usage, at the expense of slow temperature
response transients. In other words, this configuration does not ‘waste’ any ram air, vas
just the right amount of ram air is being used to cool down the hot bleed air. However,
its temperature control performance is sluggish, owing to the slow heat exchanger
dynamics present in the control loop. Consequently, the response time is large, thus

violating the efficient temperature response objective.

The advantage of placing a bypass on the stream whose temperature is to be
controlled, in terms of improving the response time, was indicated from relevant

literature [7,17]). Because of the control valve located in the bypass channel, the

'® A summary of the research work presented here can be found in [24]
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controller’s actions -sidestep the heat exchanger dynamics, and are thus felt almost
immediately (neglecting transport lag) at the load. The faster response time is therefore a
general characteristic of the bypass channel control configuration. This was further
confirmed by analysis of the bypass channel control configuration, as applied to the bleed
air system of this thesis. In fact, in this particular application, the fast response
characteristic of this configuration is even more pronounced, as the heat exchanger
dynamics themselves are particularly fast, owing to the large difference in the hot-side
(main bleed air) and cold-side (ram air) fluid flow rates'’. The bypass channel
configuration was therefore found to deliver excellent disturbance rejection performance,
in terms of very short response time. However, with respect to ram air usage, the bypass
channel control configuration performs very poorly when applied to the bleed air system
at hand. The ram air flow, governed only by the pressure drop across this channel, is
unnecessarily large, resulting in excessive overcooling of the main channel, and thus,
equivalently, in a large bypass flow. Therefore, this control configuration violates the

efficient ram air usage objective.

A third control strategy is proposed, termed ram-air-plus-bypass control
configuration, in an attempt to improve the two former configurations and deliver
efficient temperature response, along with relatively low ram air usage. The idea behind
this method is to have a certain amount of bypass flow, and thus give the control system
some fast response behaviour characteristic to bypass configurations, but to keep this
amount low enough so that only slight overcooling of the main channel occurs (resulting
in savings in ram air usage). This is only possible if control valves are placed in both
bypass and ram air channels. Thus, the key aspect of this control configuration is that
there exist different combinations of ram air valve and bypass valve openings that will
yield the same load temperature at a given operating point. This characteristic is a feature
of the ram-air-plus-bypass control configuration only. For example, for the bypass
control configuration, the bypass valve opening (and thus, the bypass flow) will depend
on the ram air flow, which is fixed by the atmospheric conditions. It is this flexibility

that allows this final control configuration to retain the fast transients (characteristic to

7 See Chapter 3, “Bypass Control Configuration”, for a more detailed analysis.
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systems with -a bypass on the controlled stream), as well as low ram air usage (as

compared to the pure bypass control configuration).-

"1t is thus desirable to have some bypass flow (for efficient transient behaviour),
but to keep this value relatively low (to keep the extra ram usage low). Thus, some sort
of regulation in this respect is also required in order to keep such conditions throughout
the dynamic operation of the system. For this purpose, a new controlled variable is
introduced: the bypass valve opening. This opening will be indirectly controlled by‘the
ram air channel controller to follow the desired bypass valve opening set-point. Thus, the
bypass channel controller forms an inner loop and brings about temperature regulation,
while the ram air channel controller forms an outer loop that works to eventually restore
the bypass valve opening to its set-point value. The idea is, therefore, to quickly bring
the temperature to its set-point, and then to slowly return the bypass valve opening to its

[valve opening] set-point, by manipulating both ram air and bypass control valves.

This multi-loop, multi-variable ~control strategy was investigated using
simulations studies at a few representative operating conditions. Classical P cbntrol
laws were used, with the parameters tuned to yield the best disturbance rejection
performance at a particular operating point. The advantages of replacing the inner bypass

controller with a LQ-optimal control law were also investigated and are discussed in the

Chapter 6.

It was found that, in terms of time respohse, the ram-qir-ﬁlu;—bypass control
configuration out-performs the ram air control strategy, given that the controller
parameters are tuned for disturbance rejection performance at that particular operating
pbiht. In most simulation results, the température error is reduced to a very small value
in a rather short period of time (within 40-60 seconds in most cases), with a complete
elimination in steady-state error with further elapsed time. These slight temperature
vériations continue for some time, as a result of the ram air controller regulatory action,

but are generally small enough to co_nsidervthe temperature response as settled.

In terms of ram air usage, the proposed control strategy does not outperform the
ram air configuration, as this objective is maximized by the latter. However, it uses only

slightly more ram air, due to a relatively low bypass ratio. On the other hand, the
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proposed strategy vastly out-performs the bypass control configuration in this respect.
These findings are numerically demonstrated in Table 6.1, found in the previous chapter.
The vast improvement in ram air reduction over the bypass channel control is
immediately evident. From the same table, it can also be seen that, although not better,
the ram air usage for the proposed strategy is only slightly worse than that of the ram air

channel control configuration.

In conclusion, the proposed ram-air-plus-bypass control configuration was found
to improve on the former control configurations, in terms providing the best solution
method to satisfy a combination of both thesis objectives. It was found to provide
efficient disturbance rejection performance, comparable to that of the bypass control
configurativon, while improving on the ram air usage of the latter by a significant margin.
It can thus be concluded that the proposed configuration proves to be an improved control

strategy in terms of satisfying both low ram air usage and efficient disturbance rejection.

7.2 Recommendations for Future Research

Additional research can be carried out in several areas pertaining to this thesis.
First and foremost, there is a strong need to validate the simulation studies of the
proposed control configuration with experimental results. Thus, one area of possible
future research can include the development of a physical bleed air system apparatus that
would represent the real system. It might not be possible to exactly replicate this system,
especially the heat exchanger, whose exact physical characteristics are confidential and
only certain empirical relations are given. However, it should suffice if the physical
apparatus simply shares some common characteristics with the bleed air system described
in this thesis. The proposed control configuration can then be tested in experimental

settings, to determine its performance in such conditions.

Further improvements can be also made in the bleed air system modeling. This is
important, because a more accurate plant model will give the simulations more validity
by being able to represent real system behaviour more closely. The control valve model

can be made more complete by modeling valve hysteresis and saturation. Modeling fluid
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transport lag would also move the model closer to real system behaviour. A more
accurate model would represent the plant more accurately in nonlinear simulations and

could thus be considered to yield results that are closer to what occurs in a real system.

Another direction for future research lies in a more comprehensive study of the
control system behaviour at a larger number of operating conditions. Such a study could
focus on optimal controller parameters as functions of operating conditions and could

thus be used for pre-scheduling the control parameters, to make the overall control

system more robust.

Furthermore, more research work can be carried out to continue investigating
some of the practical issues raised in the discussions of Chapter 6, such as trade-off
between disturbance rejection performance and excessive overshoots for set-point
response, or the need of corrective action for updating the bypass valve opening set-point
with major variations in bleed air conditions. To this end, én analysis into using flow
control to regulate the bypass flow directly can be carried out to investigate the

advantages and disadvantages of such a technique.
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APPENDIX

I) MATLAB Script for the Nonlinear Simulations for the Ram Air Channel
Control Configurations'®

clear all;
clc;

OperatingCondition=[%Pin Ta Pa M Wh Thi
30 130 14.70 0.0 1.1 380; % mission segment data #1
35 30 14.70 0.0 1.1 250; % mission segment data #2
20 130 14.70 0.0 1.1 300; % mission segment data #3
0 0 14.70 0.0 1.1 0; % mission segment data #4
35 130 14.70 0.4 1.1 380; % mission segment data #5
35 20 14.70 0.4 1.1 380; % mission segment data #6
35 90 10.11 0.5 1.1 380; % mission segment data #7
35 10 10.11 0.5 1.1 380; % mission segment data #8
35 50 6.76 0.7 1.1 380; % mission segment data #9
35 -10 6.76 0.7 1.1 380; % mission segment data #10
35 10 4.37 0.8 1.1 380; % mission segment data #11
35 -25 4.37 0.8 1.1 380; % mission segment data #12
20 -40 2.15 0.85 1.1 380; % mission segment data #13
10 -25 2.15 0.85 1.1 380; % mission segment data #14
30 -40 2.15 0.85 1.1 380; % mission segment data #15
13 -30 2.15 0.85 1.1 380; % mission segment data #16
35 -40 2.15 0.85 1.1 380; % mission segment data #17
20 -40 2.15 0.85 1.1 380; % mission segment data #18
20 10 4.37 0.85 6.5 380; % mission segment data #19
25 =30 4.37 0.85 6.5 380; % mission segment data #20
20 50 6.76 0.7 6.5 380; % mission segment data #21
30 -10 6.76 0.7 6.5 380; % mission segment data #22
25 90 10.11 0.5 6.5 380; % mission segment data #23
35 10 10.11 0.5 6.5 380; % mission segment data #24
35 110 12.23 0.4 6.5 380; % mission segment data #25
35 15 12.23 0.4 6.5 380; % mission segment data #26
35 130 14.70 0.4 5.5 380; % mission segment data #27
35 20 14.70 0.4 5.5 380; % mission segment data #28
30 130 14.70 0.0 5.5 380; % mission segment data #29
35 30 14.70 0.0 5.5 250];% mission segment data #30

OpConNum=input (' \nPLEASE CHOOSE THE OPERATING CONDITION NUMBER (1-30, typical No.#7):'):
N=input ('Dimension of NxN heat exchanger model (integers only): N = ');

Pin=OperatingCondition (OpConNum,1); % Bleed inlet pressure in psig
T_amb=OperatingCondition(OpConNum,2); % Ambient temperature
P—amb-Ope:atingCondition(0pConNum,3): % Ambient pressure
MEch-OpetatingCondition(OpConNum,4); % Mach number

W_H=OperatingCondition (OpConNum,5)/60; % Total bleed flow in 1lb/sec
T:HI-OperatingCondition(OpConNum,6); % Bleed air inlet temp. in deg. F

T_H=190; % Controlled temperture in deg. F
d_ram=1.5; % Valve diameter in inch
A_open_ram=pi*d_ram*d_ram/4; % Valve full-open area in inch*2
C_H=0.24; % Hot side fluid specific heat

C_C=0.24; % Cold side fluid specific heat

M=x1;

C_M=x2;

R = 639.6; % Gas constant, inch/Rankine
g=9.80665/0.0254; % Gravity inch/sec”2

Gamma = 1.4;

T_V=1.5; % valve time constant

P_HI=Pin+P_amb; % Bleed inlet pressure in psia
T_CI=(T_amb+460)*(1+0.2*Mach”2) - 460; % Ram air temperature (deg. F)

F_rec=0.7; % Recovery factor pressure differential=0.7
P_C_inlet = (P_amb*((1+0.2*Mach”2)"3.5)~P_amb)*F_rec+P_amb; % Ram air pressure (psia)
P_CO=P_amb; % the ram air is dumped to the atmosphere

'® In the following code listings, the constants x1,x2,x3,x4,x5,x6,x7,x8,x9,x10,x11,x12,x13,x14 correspond
to the heat exchanger data derived experimentally. The author is bound by a confidentiality agreement not
to release the exact values of these parameters. ‘
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P_H=P_HI-x3*W_H"2-x4*W_H; % hx hot side pressure drop

K'(P H-P amb)/W H"2; % calculate the downstream impedance
% steady-state calculation

W_C=0; % start with a flowrate of zero

flag=0; % set flag to zero, to be used in the subsequent loops

% loop that iterates the tenths
while flag==0;
W_C=W_C+0.1; % increment by a tenth
[T HO, xl-ax Steady(T_HI,T_CI,W_H,W_C,N); % call heat exchanger subroutine
if T _HO < T_H
flag=1; % set flag to 1 when the cold flow rate is too high
% (the hot air outlet falls below the setpoint)

end
end
W_C=W_C-0.1; $ return the flow rate to the value before it became too large
flag=0; % reset the flag

% loop that iterates the hundreths
while flag==0;
W_C=W_C+0.01;
[T_HO,X]=HX_Steady(T_HI,T_CI,W_H,W_C,N);
if T_HO < T_H
flag=1;
end
end
W_C=W_C-0.01;
flag=0;
while flag==0;
W_C=W_C+0.001;
[T HO,X]-HX _Steady(T_HI,T_CI, W H,W_C,N);
if T_HO < T_H
flag=1;
end
end
W_C=Ww_C-0.001;
flag=0;
while flag==0;
W_C=W_C+0.0001;
[T HO, x]-HX _Steady(T_HI,T_CI,W_H,W_C,N);
if T_HO < T_H
flag-l;
end
end
W_C=W_C-0.0001;
flag=0;

while flag==0;
W_C=W_C+0.00001;
[T_HO,X]=HX_Steady(T_HI,T_CI,W_H,W_C,N);
if T_HO < T_H
flag=1;
end
end
W_C=W_C-0.00001;
flag=0;
while flag==0;
W_C=W_C+0.000001;
[T HO, X]-HX ._Steady(T_HI,T_CI,W_H,W_C, N),
if T HO < T_H
flag=1l;
end
end
flag=0;

% the above process can be continued until the desired accuracy is reached

P_CI=x5*W_C~2+x6*W_C+P_CO; % cold side pressure drop across heat exchanger

ratio_c=P " CI/P_C_ inlet;

terml=sqrt (((2*Gamma*g) / ( (Gamma-1) *R) ) * (ratio_c (2/Gamma)-ratio_c* ( (1+Gamma) /Gamma))) ;
A_ram=(W_C*sqrt(T_CI+460))/(P_C_inlet*terml);

Beta ram=acos (1-((4*A ram)/(pi'd ram*2)));

Beta_ram_initial=Beta_ram;

fprintf('\n');

disp('Steady state temperature at the load:');
T_load=T_HO

fprintf('\n\n");

disp('Steady state ram air flow rate:');
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W_C
fprintf('\n\n');

% calculate the A,B,C,D matrices for the chosen flow regime
if (W_H < 0.25 && W_C < 0.1083333)

Cl=x7;

C2=x8;

C3=x9;

C4=x10;

{a,B,C,D]=ABCD(T_HI,T_CI,W_H,Ww_C,X,C1,C2,C3,C4,N);
elseif (W_H > 0.25 && W_C < 0.1083333)

Cl=x11;

C2=x12;

C3=x9;

C4=x10;

[A,B,C,D]=ABCD(T_HI,T_CI,W_H,W_C,X,C1,C2,C3,C4,N);
elseif (W_H < 0.25 && W_C > 0.1083333)

Cl=x7;

C2=x8;

C3=x13;

C4=x14;

{A,B,C,D]=ABCD(T_HI,T_CI,W_H,W_C,X,Cl,C2,C3,C4,N);
elseif (W_H > 0.25 && W_C > 0.1083333)

Cl=x1l1l;

C2=x12;

C3=x13;

C4=x14;

[A,B,C,D]=ABCD(T_HI,T_CI,W_H,W_C,X,C1,C2,C3,C4,N);
end

G Rk ok ok ok e ok ok ok o ok ok ok ok ok ke ok ok ok ek o

% The nonlinear model simulation initialization *

% 2222222222222 22222222 2 22 2 2 22 22 2 e e e S R R S SR 2 S22 2 2 2 4
Interval=input ('\nENTER THE DURATION OF THE SIMULATION [SECOND] :');
fprintf('\n');

disp ('ENTER THE INPUT NUMBER:');

disp(’'l. +40 deg. F step in bleed temperature');

disp('2. =20 deg. F step in ram air temperature');

disp('3. +1 deg. F step in temperature setpoint');

disp('4. +40 deg. F step in ram air temperature');

Simu=input('\n');

T_H_setpoint=T_HO;
T_HS=T_HO;

DT=0.01;

Print_Interval=1/DT;
t=0:DT*Print_Interval:Interval;
t=t';

record_index=0;

Y_valve=0;

% ram controller parameters
KpP=0.8;

Kv=(pi/2)/100;

Ti_ram=100;

M2=0;
Error_previous=0;

% introduce steady state variables
T_HI_ss=T_HI;

T_CI_ss=T_CI;

W_H_ss=W_H;

W_C_ss=W_C;

X_ss=X;

del_X=X-X_ss;

T_HO_ss=T_HO;

PR AR R R R g U AU

% The nonlinear model simulation starts here *
% iiﬁﬁﬁﬁﬁttﬁt'ﬁtttﬁﬁtﬁﬁﬁ"'ttﬁttﬁitﬁ'hﬁﬁﬁ#ﬁtQﬁﬁtﬁttttti*iﬁ*

plot_index=1;

time=0;

T_H_P(plot_index)=T_HO;
T_HS_P(plot_index)=T_HS;
Beta_ram_P(plot_index)=Beta_ram;
W_C_P(plot_index)=W_C;
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% setup the disturbance

if Simu==1
T_HI=T_HI+40;

elseif Simu==2
T_CI=T_CI-20;

elseif Simu==3

T_H_

setpoint=T_H_setpoint+l;

elseif Simu==4
T_CI=T_CI+40;

end

for loop_counter=0:DT:Interval;

%

% core program (executes every time step) starts here

A_ram =(pi*d_ram*2)/4*(l-cos(Beta_ram));

% Calculate HX hot side flow and pressure

W_H

= ((x472+4*(P_HI-P_amb)* (K+x3))"0.5-x4)/(2* (K+x3));

P_H=K*W_H"2+P_amb;

% Calculate cold side flow and pressure
ratio_ram = P_CI/P_C_inlet;
if ratio_ram < 0.5283

end

ratio_ram = 0.5283;

term_ram=sqrt (((2*Gamma*g)/((Gamma-1)*R)) * (ratio_ram* (2/Gamma) -

WCl1
we2

ratio_ram”((1+Gamma) /Gamma)));

= (A_ram*P_C_inlet*term_ram)/sqrt(T_CI+460);
= ((x6%2+4*(P_CI-P_CO)*x5)"0.5-x6)/(2*x5);

while (abs(WC1-WC2)>0.000001);

end

ratio_ram = P_CI/P_C_inlet;
if ratio_ram < 0.5283
ratio_ram = 0.5283;
end
term_ram=sqrt (((2*Gamma*qg) /((Gamma-1)*R)) * (ratio_ram" (2/Gamma) -
ratio_ram” ((l+Gamma)/Gamma)));
WCl = (A_ram*P_C_inlet*term_ram)/sqrt(T_CI+460);
WC2 = ((x6"2+4* (P_CI-P_CO)*x5)~0.5-x6)/(2*x5);
if WC1>WC2
P_CI=P_CI+0.0000002;
else
P_CI=P_CI-0.0000002;
end

W_C=(WC14WC2) /2;

% heat exchanger model

% calculate the A,B,C,D matrices for the current flow regime
if (W_H < 0.25 && W_C < 0.1083333)

Cl=x7;

C2=x8;

C3=x9;

C4=x10;

[A,B,C,D]=ABCD(T_HI,T_CI,W_H,W_C,X,Cl1,C2,C3,C4,N);
elseif (W_H > 0.25 && W_C < 0.1083333)

Cl=x11;

C2=x12;

C3=x9;

C4=x10;

[A,B,C,D]=ABCD(T_HI,T_CI,W_H,W_C,X,CI,CZ,C3,C4,N);
elseif (W_H < 0.25 && W_C > 0.1083333)

Cl=x7;

C2=x8;

C3=x13;

C4=x14;

[A,B,C,D]=ABCD(T_HI,T_CI,W_H,W_C,X,C1,C2,C3,C4,N);
elseif (W_H > 0.25 && W_C > 0.1083333)

Cl=x11;

C2=x12;

C3=x13;

C4=x14;

[A,B,C,D]=ABCD(T_HI,T_CI,W_H,W_C,X,C1,C2,C3,C4,N);
end

- % deviations in the input matrix from steady state values
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. del _THI=T_HI-T_HI_ss;
del_TCI=T_CI-T_CI_ss;
del_WH=W_H-W_H_ss;
del_WC=W_C-W_C_ss;

% setup the input matrix U
U(1,1)=del_THI;
U(2,1)=del_TCI;
U(3,1)=del_WH;
U(4,1)=del_WC;

del_X=del X+(A*del X+B*U)*DT; % update the state, ie. T_M
% calculate the output, T_HO

Y=C*del_X+D*U;
T_HO=T_HO_ss+Y;

% end of heat exchanger model

% Calculate the temperature of the mixed flow
T_H=T_HO;

T_S=5.94/(0.001+4W_H"0.351); % sensor time constant
T_HS=T_HS+(T_H-T_HS) *DT/T_S;

Temp_Error=T_H_setpoint-T_HS;

% PI ram controller
M1=KP*Temp_Error;

$M2=M2+ ( (Kp_ram*Temp_Error) /Ti_ram) *DT;
M2=M2+ ( (KP*Temp_Error) /Ti_ram) *DT;

U_ram=M1+M2;
Error_previous=Temp_Error;

% Valve dynamics
Y_valve=Y_valve+(Kv*U_ram-Y_valve) *DT/T_V;

% Valve opening angle
Beta_ram=Beta_ram_initial-Y valve;
if Beta_ram>pi/2

Beta_ram=pi/2;
end
if Beta_ram<0

Beta_ram=0;
end

]
% core program ends
]

time=time+DT; .
record_index=record_index+1;

if record_index==Print_lInterval
disp('Time simulated (%)°');
disp(round(time/Interval*100));
plot_index=plot_index+l;
record_index=0;
% Record data for plot
T_H_P(plot_index)=T_HO+offset;
T_HS_P(plot_index)=T_HS+offset;
Beta_ram_P(plot_index)=Beta_ram;
W_C_P(plot_index)=W_C;

end
end

fprintf (' \nSIMULATION DONE\n');

% LAA AR S A AR R s e R R 2R Y

% Plot simulation results *
% LA A AR A s R R R R ey

figure;
plot(t,T_H_P,'r-',t,T_HS_P,'b:');
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grid;

xlabel('Time (sec)')

ylabel ('T_h, T_h_s (deg. F)')

title('Load Temperature T_h (red solid line) and Sensor Measurement T_h_s (blue dotted
line)'):

figure;

plot(t,Beta_ram_P,'r-");

grid;

xlabel('Time (sec)')

ylabel ('Beta (rad)')

title('Ram Air Control Valve Position');

figure;

plot(t,W_C_P,'r=");

grid;

xlabel ('Time (sec)')

ylabel('W_C (1b/s)')

title('Ram Air Channel Flow Rate');

II) MATLAB Script for the Nonlinear Simulations for the Bypass Channel
Control Configurations

clear all;

cle;

OperatingCondition=[%Pin Ta Pa M Wh Thi
30 130 14.70 0.0 1.1 380; % mission segment data #1
35 30 14.70 0.0 1.1 250; % mission segment data #2
20 130 14.70-0.0 1.1 300; % mission segment data #3
0 0 14.70 0.0 1.1 0; % mission segment data #4
35 130 14.70 0.4 1.1 380; % mission segment data #5
35 20 14.70 0.4 1.1 380; % mission segment data #6
35 90 10.11 0.5 1.1 380; % mission segment data #7
35 10 10.11 0.5 1.1 380; % mission segment data #8
35 50 6.76 0.7 1.1 380; % mission segment data #9
35 -10 6.76 0.7 1.1 380; % mission segment data #10
35 10 4.37 0.8 1.1 380; % mission segment data #11
35 -25 4.37 0.8 1.1 380; % mission segment data #12
20 -40 2.15 0.85 1.1 380; % mission segment data #13
10 -25 2.15 0.85 1.1 380; % mission segment data #14
30 -40 2.15 0.85 1.1 380; % mission segment data #15
13 -30 2.15 0.85 1.1 380; % mission segment data #16
35 -40 2.15 0.85 1.1 380; % mission segment data #17
20 -40 2,15 0.85 1.1 380; % mission segment data #18
20 10 4.37 0.85 6.5 380; % mission segment data #19
25 -30 4.37 0.85 6.5 380; % mission segment data #20
20 50 6.76 0.7 6.5 380; % mission segment data #21
30 -10 6.76 0.7 6.5 380; % mission segment data #22
25 90 10.11 0.5 6.5 380; % mission segment data #23
35 10 10.11 0.5 6.5 380; % mission segment data #24
35 110 12.23 0.4 6.5 380; % mission segment data #25
35 15 12.23 0.4 6.5 380; % mission segment data #26
35 130 14.70 0.4 5.5 380; % mission segment data #27
35 20 14.70 0.4 5.5 380; % mission segment data #28
30 130 14.70 0.0 5.5 380; % mission segment data #29
35 30 14.70 0.0 5.5 250);% mission segment data #30

OpConNum-input('\nPLEASE CHOOSE THE MISSION SEGMENT DATA NUMBER (1-30, typical #7):');
N=input ('Dimension of NxN heat exchanger model (integers only): N = ');
Pin=OperatingCondition (OpConNum,1); % Bleed inlet pressure in psig
T_amb=OperatingCondition (OpConNum, 2) ; % Ambient temperature
P_amb-OpetatingCondition(OpConNum, 3); % Ambient pressure
Mach=OperatingCondition (OpConNum, 4) ; % Mach number
W_H=OperatingCondition(OpConNum,5)/60; $ Total bleed flow in lb/sec
T:HI-OperatingCondition(OpCOnNum.6); % Bleed air inlet temp. in deg. F
%

T_H=190; Controlled temperture in deg. F
d_ram=1.5; $ ram channel valve diameter in inch
d_bypass=1; % bypass channel diameter

R = 639.6; % Gas constant, inch/Rankine
g=9.80665/0.0254; % Gravity inch/sec*2

Gamma =1.4;

C_H=0.24;

C_C=0.24;
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% System other variables
M=x1;

C_M=x2;

T_V=1.5;

(222 2 a2 222 s A a2l l )

%
% Steady-state (initial condition) calculation starts here *
%

ddhhhhdhd bbb hhhrbhhhbhhrbrhbhbbhrrbhhbdb b ddrdhddddhrdhddhd

P_HI=Pin+P_amb; % Bleed inlet pressure in psia
A_opened_bypass=pi*d_bypass*d_bypass/4; % bypass valve full-open area in inch*2
P_CO=P_amb; % dumping ram air into the atmosphere
T_CI=(T_amb+460)*(1+0.2*Mach”2) - 460; % Ram air temperature (deg. F)

F_rec=0.7; % Recovery factor pressure differential=0.7

P_C_inlet=(P_amb*((1+0.2*Mach~2)*3,5)~P_amb) *F_rec+P_amb; % Ram air pressure (psia)

% calculate the ram air flow as given with a fully opened valve in the channel
A_ram=pi*d_ram*d_ram/4; % bypass valve full-open area in inch”2
P_CI=P_C0+0.00001; % initial guess
% Calculate cold side flow and pressure
ratio_ram = P_CI/P_C_inlet;
if ratio_ram < 0.5283
ratio_ram = 0.5283;
end
term_ram=sqrt(((2*Gamma*g)/((Gamma-1) *R)) * (ratio_ram* (2/Gamma) -~
ratio_ram* ((l+Gamma)/Gamma)));

WC1 = (A_ram*P_C_inlet*term_ram)/sqrt(T_CI+460);
WC2 = ((x6*2+4*(P CI-P_CO)*x5)"0.5-x6)/(2*x5);

while (abs(WC1-WC2)>0.00001);
ratio_ram = P_CI/P_C_inlet;
if ratio_ram < 0.5283
ratio_ram = 0.5283;
end
term_ram=sqrt(((2*Gamma*g)/((Gamma-1)*R))*(ratio_ram~”(2/Gamma)-
ratio_ram*((1+Gamma) /Gamma)));
WCl = (A_ram*P_C_inlet*term _ram) /sqrt (T_CI+460);
WC2 = ((x6‘2+4*(P CI-P_CO)*x5)*0.5-x6)/(2*x5);
if WC1>WC2
P_CI=P_CI+0.000002;
else
P_CI=P_CI-0.000002;
end
end
W_C=(WC14WC2) /2;

% Iteration to calculate HX hot side flow W_H1

W_Hl=W_H;
W_H10=0;

while [abs(W_H1-W_H10)/W_H1] > .00001;
[T_HO,X]=HX_Steady(T_HI,T_CI,W_H1,W_C,N); % call heat exchanger subroutine
% New estimated hot and by pass flows
[W_Hln, W_H2n] =FlowSplit(T_HI,T_HO,T_H,W_H);
W_H10=W Hln,
W Hl-(W H10+W_H1)/2;

end

W_H2=W_H2n;

% Calculate the load pressure P_H and valve angle for the given flow W_H1 and W_H2
P_H=P_HI-x3*W_H1%2-x4*W_H1; % hot side hx pressure drop

Beta_bypass=acos (1~ (W_H2/(A_opened_bypass*P_HI) *sqrt (T_HI+460))/(2*1.4*386/ (1.4~
1)/639.6*((P_H/P_HI)"(2/1.4)-(P_] H/P_ _HI)~((1.441)/1.4)))~(1/2));

Beta_bypass_initial-Beta_bypass,

A_bypass=(pi*d_bypass~2)/4*(l-cos(Beta_bypass));

% calculate the impedance at the load

K=(P_H-P_amb) /W_H"2;

fprintf('\n');

disp('Steady state temperature at the load:');
T_load=(T_HO*W_H1+T_HI*W_H2)/W_H

fprintf('\n\n');

disp('Steady state ram air flow rate:'); .
w._e

fprintf('\n\n');

% calculate the A,B,C,D matrices for the chosen flow regime
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if (W_H < 0.25 && W_C < 0.1083333)

Cl=x7;

C2=x8;

C3=x9;

C4=x10;

[A,B,C,D]=ABCD(T_HI,T_CI,W_H,W_C,X,C1,C2,C3,C4,N);
elseif (W_H > 0.25 && W_C < 0.1083333)

Cl=x11;

C2=x12;

C3=x9;

C4=x10;

[A,B,C,D]=ABCD(T_HI,T_CI,W_H,W_C,X,Cl1,C2,C3,C4,N);
elseif (W_H < 0.25 && W_C > 0.1083333)

Cl=x7;

C2=x8;

C3=x13;

C4=x14;

[A,B,C,D]=ABCD(T_HI,T_CI,W_H,w_C,X,Cl1l,C2,C3,C4,N);
elseif (W_H > 0.25 && W_C > 0.1083333)

Cl=x1l1;
C2=x12;
C3=x13;
C4=x14;
[A,B,C,D]=ABCD(T_HI,T_CI,W_H,W_C,X,C1,C2,C3,C4,N);
end
W_Ho=W_H;
BRatio=W_H2/W_H

G Rk ko ko h ko ko k ke ke ke ko ko ke ok

% The nonlinear model simulation initialization *
% e sk e s e o v o e ok s e ok e b e e e e e e o e e ko T e o ok ok e ok e e o ok o e e ke e e o e b e b e b

Interval=input ('\nENTER THE DURATION OF THE SIMULATION [SECOND] :'):
fprintf('\n');

disp('ENTER THE INPUT NUMBER:'):;

disp('l. +40 deg. F step in bleed temperature');

disp('2. -40 deg. F step in bleed temperature');

disp('3. +1 deg. F step in temperature setpoint');

disp('4. +20 deg. F step in ram air temperature');

Simu=input('\n');

T_H_setpoint=T_H;
T_HS=T_H;

DT=0.002;

Print_Interval=1/DT;
t=0:DT*Print_Interval/20:Interval;
t=t';

record_index=0;

Y_valve_B=0;

% COntroller parameters Y e e e o ke e vk e e e e e e o e e e e ok e ok ok e e b e e e o o ek b e e o o o ke
Kp=0.4;

Kv=(pi/2)/100;

Kp_bypass=KP*Kv; % proportional control

Ti_bypass=30;

M2=0;

% introduce steady state variables
T_HI_ss=T_HI;

T_CI_ss=T_CI;

W_H1_ss=W_H1;

W_C_ss=W_C;

X_ss=X;

del_X=X-X_ss;

T_HO_ss=T_HO;

% e de s e ok o o o e o e s o o o o o e ok e e e b e o o e o e o e e e e e e b e e ek ek e e e e e e o ok b e

% The nonlinear model simulation starts here *
% ' T22222222 22222 2 2 22 2 2 2 2 2 2 a2 X Y Y 2222222222223

plot_index=1;

time=0;
T_H_P(plot_index)=T_H:
T_HS_P(plot_index)=T_HS;
BRatio_P(plot_index)=BRatio;
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W_H2_P(plot_index)=W_H2;

% setup the disturbance

if Simu==1
T_HI=T_HI+40;

elseif Simu==2
T_HI=T_HI-40;

elseif Simu==3
T_H_setpoint=T_H_setpoint+l;

elseif Simu==4
T_CI=T_CI+20;
end

for loop_counter=0:DT:Interval;

%
% core program (executes every time step) starts here
A_bypass =(pi*d_bypass”2)/4*(l-cos(Beta_bypass));

% Calculate HX hot side flow
W_Hl=(-x4+sqrt (0.028224+7.2* (P_HI-P_H)))/2*x3;

% Calculate Bypass flow
ratio_bypass=P_H/P_HI;
if ratio_bypass < 0.5283
ratio_bypass = 0.5283;
end
term_bypass-sqrt(((2‘Gamma'g)/((camma-l)aR))*(ratio—bypassA(Z/Gamma)_
ratio_bypass” ((1l+Gamma)/Gamma)));
W_H2=(A_bypass*P_HI*term bypass)/sqrt(T_HI+460);

% Calculate W_H
W_H=((abs (P_H~P_amb) ) /K)"(1/2) *sign(P_H-P_amb) ;

del_flow=(W_H1+W_H2)-W_H;
if abs(del_flow)>0.00001

if del_flow > 0
P_H=P_H+0.000001;
else
P_H=P_H-0.000001;
end

% Calculate HX hot side flow
W_Hl-(-x4+sqrt(0.028224+7.2*(P_HI-P_H)))/2.x3;

% Calculate Bypass flow

ratio_bypass=P_H/P_HI;

if ratio_bypass < 0.5283
ratio_bypass = 0.5283;

end

term_bypass=sqrt ( ((2*Gamma*g)/((Gamma-1) *R)) * (ratio_bypass* (2/Gamma) -

ratio_bypass”*((l+Gamma)/Gamma)));
W_H2=(A_bypass*P_HI*term bypass)/sqrt(T_HI+460);

% Calculate W_H
W_H-((abs(P_H-P_amb))/K)‘(1/2)*sign(P_H-P_amb);

del_flow=(W_H1+W_H2)-W_H;
end

BRatio=W_H2/W_Ho;

% heat exchanger model

atrices for the current flow regime

% calculate the A,B,C,D m
C < 0.1083333)

if (W_H < 0.25 && W_
Cl=x7;
C2=x8;
C3=x9;
C4=x10;
[A,B,C,D]=ABCD(T_HI,T_CI,W_H,W c,X,C1,c2,c3,c4,N);
elseif (W_H > 0.25 &6 W_C < 0.1083333) —
Cl=x11;
C2=x12;
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C3=x9;

C4=x10;

[A,B,C,D]=ABCD(T_HI,T_CI,W_H,W_C,X,CI,C2,C3,C4,N);
elseif (W_H < 0.25 && W_C > 0.1083333)

Cl=x7;

C2=x8;

C3=x13;

C4=x14;

[A,B,C,D)=ABCD(T_HI,T CI,W_H,W_C,X,C1,C2,C3,C4,N);
elseif (W_H > 0.25 && W_C > 0.1083333)

Cl=x11;

C2=x12;

C3=x13;

C4=x14;

[A,B,C,D!ﬂABCD(T_HI,T_CI,W_H,W_C,X,C1,CZ,C3,C4,N);
end

% deviations in the input matrix from steady state values
del _THI=T_HI-T_HI_ss;

del_TCI=T_CI-T_CI_ss;

del_WH1=W_H1-W_H1_ss;

del_WC=W_C-W_C_ss;

% setup the input matrix U
U(1,1)=del_THI;
U(2,1)=del_TCI;
U(3,1)=del_WH1;
U(4,1)=del_WC;

del_X=del X+(A*del X+B*U)*DT; % update the state, ie. T_M
% calculate the output, T_HO

Y=C*del_X+D*U;
T_HO=T_HO_ss+Y;

% end of heat exchanger model
% Calculate the temperature of the mixed flow
T_H=(T_HO*W_H1+T_HI*W_H2)/(W_H1+W_H2);
T_S=5.94/(0.001+W_H*0.351); % sensor time constant
T_HS=T_HS+(T_H-T_HS) *DT/T_S; :
Temp_Error=(T_H_setpoint-T_HS);

error_bypass=Temp_Error;

$ PI bypass controller
Ml=KP*error_bypass;
M2=M2+( (KP*error_bypass) /Ti_bypass) *DT;
U_bypass=M1+M2;

% Valve dynamics
Y_valve_B=Y_valve_B+(Kv*U_bypass-Y_valve_B)*DT/T_V; %

% Valve opening angle
Beta_bypass=Beta_bypass_initial+Y_valve_B;
if Beta_bypass>pi/2 Beta_bypass=pi/2; end
if Beta_bypass<0 Beta_bypass=0; end

%
% core program ends

%

time=time+DT;
record_index=record_index+1;

if record_index==Print_Interval/20
disp('Time simulated (%)');
disp(round(time/Interval*100));
plot_index=plot_index+1;
record_index=0;
% Record data for plot
T_H_P(plot_index)=T_H;

© T_HS_P(plot_index)=T_HS;
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BRatio_P(plot_index)=BRatio;
W_H2_P(plot_index)=W_H2;

end
end

fprintf (' \nSIMULATION DONE\n'):

% P2 R R R R R R R R R R RS2SRttt sl

% Plot simulation results *
% e dr e e e o e vk dr e e e e e e ok e ok e o o o T e e o e o e o e W o o e ok o e e o o o e e e e b ok o ok o

figure;

plot(t,T_H_P,'r-',t,T_HS_P,'b:"');

grid;

xlabel ('Time (sec)')

ylabel('T_h, T_h_s (deg. F)')

title('Load Temperature T_h and Sensor Measurement T_h_s');

figure;
plot(t,BRatio_P,'r-");
grid;

xlabel ('Time (sec)')
ylabel ('W_H_2/W_H (1b/s)')
title('Bypass Ratio'):;

III) MATLAB Script for the Nonlinear Simulations for the Ram-Anr-Plus-Bypass
Control Configurations

clear all;

cle;
OperatingCondition=[%Pin Ta Pa M Wh Thi -
30 130 14.70 0.0 1.1 380; % mission segment data #1
35 30 14.70 0.0 1.1 250; % mission segment data #2
20 130 14.70 0.0 1.1 300; % mission segment data #3
0 0 14.70 0.0 1.1 0; % mission segment data #4
35 130 14.70 0.4 1.1 380; % mission segment data #5
35 20 14.70 0.4 1.1 380; % mission segment data #6
35 90 10.11 0.5 1.1 380; % mission segment data #7
35 10 10.11 0.5 1.1 380; % mission segment data #8
35 50 6.76 0.7 1.1 380; % mission segment data #9
35 -10 6.76 0.7 1.1 380; % mission segment data #10
35 10 4.37 0.8 1.1 380; % mission segment data #11
35 -25 4.37 0.8 1.1 380; % mission segment data #12
20 -40 2.15 0.85 1.1 380; % mission segment data #13.
10 -25 2.15 0.85 1.1 380; % mission segment data #14
30 -40 2.15 0.85 1.1 380; % mission segment data #15
13 -30 2.15 0.85 1.1 380; % mission segment data #16
35 -40 2.15 0.85 1.1 380; % mission segment data #17
20 -40 2.15 0.85 1.1 380; % mission segment data #18
20 10 4.37 0.85 6.5 380; % mission segment data #19
25 =30 4.37 0.85 6.5 380; % mission segment data #20
20 S50 6.76 0.7 6.5 380; % mission segment data #21
30 -10 6.76 0.7 6.5 380; % mission segment data #22
25 90 10.11 0.5 6.5 380; % mission segment data #23
35 10 10.11 0.5 6.5 380; % mission segment data #24
35 110 12.23 0.4 6.5 380; % mission segment data #25
35 15 12.23 0.4 6.5 380; % mission segment data #26
35 130 14.70 0.4 5.5 380; % mission segment data #27
35 20 14.70 0.4 5.5 380; % mission segment data #28
30 130 14.70 0.0 5.5 380; % mission segment data #29
35 30 14.70 0.0 5.5 250];% mission segment data #30

OpConNum=input (' \nCHOOSE THE OPERATING CONDITION NUMBER (1-30): ');
N=input ('\nINPUT THE NxN HEAT EXCHANGER DIMENSION: N = '); % for steady-state calculations, we
use 15x15 for accuracy

Pin=OperatingCondition (OpConNum, 1) ;
T_amb=OperatingCondition(OpConNum,2);
P_amb=OperatingCondition(OpConNum, 3);
Mach=OperatingCondition(OpConNum,4);
W_H=OperatingCondition (OpConNum,5)/60;
T:HI-OperatingCondition(OpConNum,6);

Bleed inlet pressure in psig
Ambient temperature

Ambient pressure

Mach number

Total bleed flow in 1lb/sec
Bleed air inlet temp. in deg. F

o0 0P OP P oP o
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T_H=190; % temperature setpoint at the load
$Bypass_setpoint=0.03824; % BR=0.1 for op#5
$Bypass_setpoint=0.04012; % BR=0.1 for op#7
$Bypass_setpoint=0.07735; % BR=0.1 for op#1l4
$Bypass_setpoint=0.08205; % BR=0.1 for op#22

$Bypass_setpoint=0.1529; % BR=0.1 for op#5
Bypass_setpoint=0.1605; % BR=0.1 for op#7
$Bypass_setpoint=0.3282; % BR=0.1 for op#22

Kv=(pi/2)/100; % valve gain to convert percentage to angle

d_ram=1.5; % ram channel valve diameter in inch
d_bypass=1; % bypass channel diameter
R = 639.6; % Gas constant, inch/Rankine

g=9.80665/0.0254; % Gravity inch/sec*2
Gamma =1.4;
C_H=0.24;
C " C=0.24;
C_v=sqrt (2*Gamma*g/ ((Gamma=1)*R)); % check

$ System other variables
M=x1;

C_M=x2;

T_V=1.5;

dekdkdhkhh ok hkd ko hk ok ko ko hdkhkhhkkk bk kb kb ok ko hdkkdkhkdd

$
% Steady-state (initial condition) calculation starts here *
%

dededekdekd ko ko ko ko ke ko hkkh bk ok kb bk h ok khk ko h ok kk bk ko

P_HI=Pin+P_amb; % Bleed inlet pressure in psia

A opened ram=pi*d ram*d_ram/4; % ram valve full-open area in inch*2

A_opened_| bypass=pi*d_| bypass*d | _bypass/4; % bypass valve full-open area in inch”2
P_CO=P_amb; % dumping ram air into the atmosphere

T c1=(T amb+460) * (1+0.2*Mach”2) - 460; % Ram air temperature (deg. F)

F_rec=0 7: % Recovery factor pressure differential=0.7
P_C_inlet=(P_amb*((1+0.2*Mach”2)“3.5)-P_amb) *F_rec+P_amb; % Ram air pressure (psia)

A_bypass=Bypass_setpoint*A_opened_bypass; % force the bypass to be 20% opened at steady state
% iteration to calculate the main & bypass flowrates

W_H1_upper=W_H;
W_H1_lower=0;
flowsum=0;
while abs(W_H-flowsum)>0.000001
W_Hl=(W_H1_upper+W_H1l_lower)/2;
P_H=P_HI=-x3*W_H172-x4*W_H1; % hot side hx pressure drop
ratio_bypass=P_H/P_HI;
if ratio_bypass < 0.5283
ratio_bypass = 0.5283;
end
term_bypass=sqrt(((2*Gamma*g)/((Gamma-1) *R) ) * (ratio_bypass” (2/Gamma) -
ratio_bypass” ((1l+Gamma) /Gamma))) ;
W_H2=(A_bypass*P_HI*term_bypass)/sqrt(T_HI+460);
flowsum=W_H1+W_H2;
if flowsum>W_H
W_H1_upper=W_H1;
else
W_H1_lower=W_H1;
end
end

W_C_max=-0.04300291545+0.0002429543246*sqrt (31329+(P_C_inlet~P_CO) *0.8232e7);

% we have T_HI, T_CI, W_H1, and the desired T_H, and hence need to calculate
% the corresponding W_C that agrees with the steady-state heat exchanger
% results

W_C_upper=W_C_max;
W_ C lower=0;
T_ "1load=0;

while abs(T_load-T_H)>0.001
W_C=(W_C upper+w C_lower)/2;
[T_HO,X]=HX_ Steady(T_HI,T_CI,W_H1,W_C,N); % call heat exchanger subroutine
T_. loadi(T HO*W_H1+T_HI*W H2)/W H;
it T_load>T H
W_C_lower=W_C;
else
W_C_upper=W_C;
end
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end

% calculate the corresponding initial valve angles
Beta_bypass=acos(1-((4*A_bypass)/(pi*d_bypass~2)));
Beta_bypass_initial=Beta_bypass;
Beta_bypass_setpoint=Beta_bypass;
U_bypass_setpoint=Beta_] bypass/ (pi/2)*100;;

W_Ho=W_H;
BRatio=W _H2/W_H
BRatio setpoint-BRatio,

% ram air channel
P_CI=x5*W_C*2+x6*W_C+P_CO; % cold side hx pressure drop
ratio ram=p  CI/P_C inlet,
if ratio ram < 0.5283
ratio_ram = 0.5283;
end
term_ram=sqrt(((2*Gamma*g)/((Gamma~1)*R))*(ratio_ram*(2/Gamma)-ratio_ram* ( (1+Gamma)/Gamma)));
A_ram=(W_C*sqrt(T_CI+460))/(P_C_inlet*term_ram);
Beta_ram-acos(l ((4*A ram)/(pi*d ram~2)));
Beta_ram_initial=Beta_ram;

% calculate the impedance at the load
K=(P_H-P_amb) /W_H"2;

fprintf('\n');

disp('Steady state temperature at the load:');
T_load

fprintf('\n\n');

disp('Steady state ram air flow rate:'),

w_eC

fprintf£('\n\n");

% calculate the A,B,C,D matrices for the chosen flow regime

if (W_H < 0.25 && W_C < 0.1083333)

Cl=x7;

C2=x8;

C3=x9;

C4=x10;

[A,B,C, D]-ABCD(T HI,T_CI,W_H,W _C,X,C1,C2,C3,C4,N);
elseif (W_H > 0.25 && W_C < 0. 1083333)

Cl=x11;

C2=x12;

C3=x9;

C4=x10;

[A,B,C,D]=ABCD(T_HI,T_CI,W_H,W_C,X,C1,C2,C3,C4,N);
elseif (W_H < 0.25 && W.C > 0 1083333) ’

Cl=x7;

C2=x8;

C3=x13;

Ca=x14;

[A,B,C,D]=ABCD(T_HI,T CI W_H,W_C,X,C1,C2,C3,C4,N);
elseif (W_H > 0.25 && W_C 0 1083333)

Cl=x11;

C2=x12;

C3=x13;

C4=x14;

. [A,B,C, D] =ABCD(T_HI,T_CI,W_H,W_C,X,C1,C2,C3,C4,N);

en

% L2222 222222222 SRR it i iRl sl R R R R R T Ry

% The nonlinear model simulation initialization *
% iﬁﬁ'QQ*ﬁﬁﬁ*ﬁwﬁﬁﬁtﬁ*tﬁﬁiiﬁﬁﬁﬁﬁ*ﬁﬁﬁ'ﬁwiﬁﬁﬁﬁ'itﬁﬁﬁ*ﬁﬁiﬁtﬁﬁ#

Interval=input (' \nENTER THE DURATION OF THE SIMULATION [SECOND] :'):
fprintf(*\n");

disp('ENTER THE INPUT NUMBER:');

disp('l. +40 deg. F step in bleed temperature');

disp('2. -20 deg. F step in ram air temperature');

disp('3. +1 deg. F step in temperature setpoint');

Simus=input('\n');

T_H_setpoint=T_H;
T_HS=T_H;

DT=0.01;

Print_Interval=1/DT;
t=0:DT*Print_Interval/2:Interval;
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t=t';
record_index=0;

Y_valve_R=0;
Y_valve_B=0;

% ram air controller proportional controller constant
$Kp_bypass=0.2;

% op7
Kp_bypass=6;
Ti_bypass=15;
Kp_ram=3;
Ti_ram=30;

% op22

$Kp_bypass=1;
$Ti_bypass=15;

$Kp_ram=0.3;

$Ti_ram=60; -

M2b=0;
M2r=0;
U_bypass=0;

$ introduce steady state variables
T_HI_ss=T_HI;

T_CI_ss=T_CI;

W_H1_ss=W_H1;

W_C_ss=W_C;

X_ss=X;

del_X=X-X_ss; -
T_HO_ss=T_HO;

% hkokdk ko kh kb bk kb ko kkh kb bk bk kb kb ok drk kb ke dhdb

$ The nonlinear model simulation starts here *
% dkhhh bk bk hd bk bbbk b h bbb hhhhdddrdrhdddddhhdhdddddhd

plot_index=1;

time=0;

T_H_P(plot_index)=T_H;
T_HS_P(plot_index)=T_HS;
Beta_ram_P(plot_index)=Beta_ram;
Beta_bypass_P(plot_index)=Beta_bypass;
W_H2_P(plot_index)=W_H2;
W_C_P(plot_index)=W_C;
BR_P(plot_index)=W_H2/W_H;
$T_H_setpoint_P(plot_index)=T_H_setpoint;
$T_HI_P(plot_index)=T_HI;
$P_HI_P(plot_index)=P_HI;
$error_ram_P(plot_index)=0;
$error_bypass_P(plot_index)=0;

% setup the disturbance
if Simu==1
T_HI=T_HI+40;

elseif Simu==2
T_CI=T_CI-20;

elseif Simu==3
T_H_setpoint=T_H_setpoint+l;

end

for loop_counter=0:DT:Interval;

%
% core program (executes every time step) starts here

A_ram =(pi*d_ram"2)/4*(l-cos(Beta_ram));
A_bypass =(pi*d_bypass*2)/4*(l-cos(Beta_bypass));

$ Calculate cold side flow and pressure

ratio_ram = P_CI/P_C_inlet;

if ratio_ram < 0.5283
ratio_ram = 0.5283;

end

term_ram=sqrt (((2*Gamma*g)/((Gamma-1)*R)) * (ratio_ram* (2/Gamma) -
ratio_ram* ((1+Gamma) /Gamma))); -
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WCl = (A_ram*P_C_inlet*term_ram)/sqrt(T_CI+460);
WC2 = ((x6%2+4*(P_CI-P_CO)*x5)"0.5-0.177)/(2*x5);

while (abs(WC1-WC2)>0.00001);
ratio_ram = P_CI/P_C_inlet;
if ratio_ram < 0.5283
ratio_ram = 0.5283;
end
term_ram=sqrt(((2*Gamma*qg)/((Gamma-1)*R))*(ratio_ram”(2/Gamma) -
ratio_ram”~ ((1+Gamma)/Gamma)));
WC1l = (A_ram*P_ C inlet*term_ram)/sqrt(T_CI+460);
WC2 = ((x6‘2+4‘(P CI-P CO)‘xS)‘O 5-0.177)/(2*x5) ;
if WC1>WC2
P_CI=P_CI+0.000002;
else
P_CI=P_CI-0.000002;
end
end
W_C=(WC14WC2)/2;

% Calculate HX hot side flow
W_H1l=(-x4 +sqrt(0.028224+7.2*(P_HI-P_H)))/2*x3;

ratio_bypass=P_H/P_HI;
if ratio_bypass < 0.5283
ratio_bypass = 0.5283;

end
term_bypass=sqgrt(((2*Gamma*g)/((Gamma-1)*R))*(ratio_bypass”* (2/Gamma)-

ratio_bypass” ((1l+Gamma)/Gamma))) ;
W_H2=(A_bypass*P_HI*term_bypass)/sqrt(T_HI+460);

% Calculate W_H
W_H=((abs (P_| H-P amb))/K)‘(l/Z)*sign(P H-P_amb) ;
del_flows=(W_H1+W_H2)-W_H;

if abs(del_flow)>0.00001

if del_flow > 0
P_H=P_H+0.000001;
else
P_H=P_H-0.000001;
end

% Calculate HX hot side flow
W_Hl=(-x4 +sqrt(0.028224+7.2*(P_HI-P_H)))/2*x3;

% Calculate Bypass flow
ratio_bypass=P_H/P_HI;
if ratio_bypass < 0.5283
ratio_bypass = 0.5283;
end
term_bypass=sqrt (((2*Gamma*g) /((Gamma- 1)*R))*(ratio _bypass” (2/Gamma) -
ratio_bypass” ((1+Gamma)/Gamma)));
W_HZ-(A_bypass*P_HI*term_bypass)/sqzt(T_H1+4so);

% Calculate W_H
W_H=((abs (P_H-P_amb))/K)*(1/2) *sign(P_H-P_amb) ;

del_flow=(W_H1+W_H2)-W_H;
end

BRatio=W_H2/W_Ho;

% heat exchanger model

% calculate the A,B,C,D matrices for the current flow regime
if (W_H < 0.25 && W_C < 0.1083333)

Cl=x7;

C2=x8;

C3=x9;

C4=x10;

[A,B,C,D])=ABCD(T_HI,T_CI,W_H,W_C,X,C1,C2,C3,C4,N);
elseif (W_H > 0.25 && W_C < 0. .1083333)

Cl=x11;

C2=x12;

C3=x9;

C4=x10;

[A,B,C,D])=ABCD(T_HI,T_CI,W_H,W_C,X,C1,C2,C3,C4,N);
elseif (W_H < 0.25 && W_C > 0. 1083333)

C1-x7'
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C2=x8;

C3=x13;

C4=x14;

[A,B,C,D]-ABCD(T_HI,T_CI,W_H,W_C,X,CI,CZ,C3,C4,N);
elseif (W_H > 0.25 && W_C > 0.1083333)

Cl=x11;

C2=x12;

C3=x13;

C4=x14;

[a,B,C,D]=ABCD(T_HI,T_CI,W_H,W_C,X,C1,C2,C3,C4,N);
end

% deviations in the input matrix from steady state values
del THI=T_HI-T_HI_ss;

del_TCI=T_CI-T_CI_ss;

del WH1=W_H1-W_H1_ss;

del WC=W_C-W_C_ss;

% setup the input matrix U
U(1,1)=del_THI;
U(2,1)=del_TCI;
U(3,1)=del_WH1;
U(4,1)=del_WC;

del_X=del X+ (A*del X+B*U)*DT; % update the state, ie. T_M
% calculate the output, T_HO

y=C*del_X+D*U;
T_HO=T_HO_ss+Y;

% end of heat exchanger model
% Calculate the temperature of the mixed flow
T_H=(T_HO*W_H1+T_HI*W_H2)/(W_H1+W_H2);
T_S=5.94/(0.001+W_H*0.351); $% sensor time constant
T_HS=T_HS+(T_H-T_HS) *DT/T_S;
u_bypass=Beta_bypass/(pi/2)*100;
Temp_Error=(T_H_setpoint-T_HS);
Bypass_Error=-U_bypass;

error_ram=(Bypass_Error);

error_bypass=Temp_Error;

% ram air controller

% PI ram controller
Mlr=Kp_ram*error_ram;

M2r=M2r+( (Kp_ram*error_ram)/Ti_ram) *DT;
U_ram=M1lr+M2r;

% Valve dynamics
Y_valve_R=Y_valve_R+(Kv*U_ram-Y_valve_R) *DT/T_V;

% ram air valve opening angle
Beta_ram=Beta_ram_initial+Y_valve_R;
if Beta_ram>pi/2

Beta_ram=pi/2;
end
if Beta_ram<0

Beta_ram=0;
end

%

% bypass controller

M1b=Kp_bypass*error_bypass;
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M2b=M2b+ ( (Kp_bypass*error_bypass) /Ti_bypass) *DT;
U_bypass=M1b+M2b;

% Valve dynamics
Y_valve_B=Y_valve_B+(Kv*U_bypass-Y_valve_B)*DT/T_V;

% Valve opening angle - .
Beta_bypass=Beta_bypass_initial+Y_valve_ B;
if Beta_bypass>pi/2 Beta_bypass=pi/2; end
if Beta_bypass<0 Beta_bypass=0; end

$

% core program ends

time=time+DT;
record_index=record_index+1;

if record_index==Print_Interval/2
disp('Time simulated (%)');
disp(round(time/Interval*100));
plot_index=plot_index+l;
record_index=0;
% Record data for plot
T_H_P(plot_index)=T_H;
T_HS_P(plot_index)=T_HS;
Beta_ram_P(plot_index)=Beta_ram;
Beta_bypass_P(plot_index)=Beta_bypass;
W_H2_P(plot_index)=W_H2;
W_C_P(plot_index)=W_C;
BR_P(plot_index)=BRatio;
$T_H_setpoint_P(plot_index)=T_H_setpoint;
$T_HI_P(plot_index)=T_HI;
$P_HI_P(plot_index)=P_HI;
$error_ram_P(plot_index)=error_ram;
terror_bypass_P(plot_index)=error_bypass;

end
end

fprintf (' \nSIMULATION DONE\n');

§ Rk kkk A hhddk kA hdd ok Ak do ko bk e ok ke e ek e o ok e e o

% Plot simulation results *
PR e N Y R R e T

figure;
plot(t,T_H_P,'r-',t,T_HS_P,'b:');
xlabel('Time (sec)')

ylabel ('Load Temperature (deg F)')
title('Load Temperature Response');

figure;

plot(t,Beta_bypass_P,"'r-");

xlabel ('Time (sec)’')
ylabel('Beta_b_y p_a_s_s (rad)')
title('Bypass Valve Opening Angle');

figure;

plot(t,W _C_P,'r-");

xlabel ('Time (sec)')

ylabel ('Mass flow rate (lb/s)')
title('Ram Air Channel Flow Rate');

figure;
plot(t,BR_P,'r~');
xlabel ('Time (sec)')
ylabel ('BR')
title('Bypass Ratio');
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IV) MATLAB Subroutines used in the above scripts (HX_Steady, ABCD,
FlowSplit)

HX Steady.m

% given the incoming hot/cold flow rates, as well as the hot/cold inlet
% temperatures, this subrouting returns the steady-state value of the hot
% air outlet temperature

function [T_h_out,state]=HX_Steady(T_hit,T_cit,W_ht,W_ct,N);

C_H=0.24;
Cc_C=0.24;
M=x1;
C_M=x2;

% calculate the hot & cold heat transfer coefficients, as functions of
% TOTAL hot and cold flow rates
if (W_ht <= 0.25)
H_ht = x7*W_ht"x8;
else
H_ht = x11*W_ht~*x12;
end

if (W_ct <= 0.1083333)
H_ct = x9*W_ct”x10;
else
H_ct = x13*W_ct~x14;
end

$ transform applicable variables to a per cell basis
W_c = W_ct/N;

W_h= W_ht/N;

H_c = H_ct/(N*N);

H_h = H_ht/(N*N);

m = M/ (N*N);

% evaluate relavants terms to be used in later equations
a = l-exp(-H_h/(W_h*C_H));

b = l-exp(-H_c/(W_c*C_C));

gamma= (-W_h*C_H*a-W_c*C_C*b) / (m*C_M) ;

theta=(W_h*C_H*a) / (m*C_M) ; -

zeta=(W_c*C_C*b)/ (m*C_M);

% state space representation: X_dot = AX + BU

% Y = CX + DU
% creation of the averaging matrix AVE
for i=1:N;
AVE(1,1)=1/N;
end

% formation of the A matrix

% initialize the A matrix with zeros
for i=1:N*N;
for j=1:N*N;
A(i,3)=0;
end
end
% setup the diagonal 'chunks'
for k=1:N;
row_index=k*N-(N-1) ;
column_index=k*N-(N-1);
for 1=0:N-1;
i=row_index+l;
- j=column_index+l;
A(i,j)=gamma;
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end
counter=N-1;
for n=0:N-2;
for z=l:counter;
i=row_index+z;
j=column_index+n;
A(i,j)=zeta*b*(1-b)*(z-1);
end
row_index=row_index+1l;
counter=counter-1l;
end
end
% do the rest of the matrix
counter=1;
for o=2:N;
i=o*N=-N;
j=0;
for p=1:N*(N-counter)
i=i+1;
I=3+1;
A(i,j)=theta*a*(l-a)”(counter-1);
end
counter=counter+l;
end

% formation of the B matrix
for g=1:N;
row_index=q*N-(N-1);
counter=0;
for r=1:N;
i=row_index+counter;
B(i,1l)=theta*(l-a)*(g-1);
B(i,2)=zeta*(1-b) “counter;
counter=counter+l;
end
end

% formation of the C matrix
counter=N;
for y=0:N-1
column_index=counter*N-(N-1);
row_index=1;
for w=0:N-1
i=row_index+w;
j=column_index+w;
C(i,3)=a*(1-a)"y:
end
counter=counter-1;
end
C=AVE*C;

% formation of the D matrix
for x=1:N
D(x,1)=(1-a)"N;
D(x,2)=0;
end
D=AVE*D;
% setup the input matrix U
U(1l,1)=T_hit;
U(2,1)=T_cit;

% find out the state state values for X
% 0 = AX + BU

state=inv(A) * (-B*U);

% find out the state-state output

Y=C*state+D*U;

% equal average the hot-side outputs to get the total (average) hot side

% outlet temperature
T_h_out=Y;

ABCD.m

% forms the A,B,C,D matrices to be used in the state space representation
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function [A,B,C,D)=ABCD_var(T_HI,T_CI,W_H,W_C,X,C1,C2,C3,C4,N);

% assign the states to the relevant variables
% Tm_ij=Tm(i,J)=X((i*N=-N)+]j),1);
for i=1:N;
for j=1:N;
Tm(i,3)=X((i*N-N)+j,1);
end
end

C_H=0.24;

C_C=0.24;

M=1;

c_m=0.65;

m=M/ (N*N); % hx core mass on a per cell basis

% overall heat transfer coefficients
H_H=C1*W_H"C2; %
H_C=C3*W_C"C4; %

a=l-exp (~CLl*W_HC2/ (N*W_H*C_H)); %
b=1-exp (~-C3*W_CAC4/ (N*H_C*C_C)); %
psi=(-W_H*C_H*a/N-W_C*C_C*b/N)/(m*c_m); %
theta=W_H*C_H*a/(N*m*c_m); %
beta=W_C*C_C*b/(N*m*c_m); %

tl=W_H*C_H; %
t2=W_C*C_C; %
t3=-C_H*a/N; %
t4=-C_C*b/N; %
t5=W_H"2*N*C_H; %
té=W_C 2*N*C_C; $%
t7=exp (~H_H/ (N*W_H*C_H)
t8=exp (~H_C/ (N*W_C*C_C)
t9=H_H/t5; %
t10=H_C/t6; %
tll=-t9*C2+t9; %
t12=-t10*C4+t10; %
t13=t1*t11*t7; %
tl4=t2*t12*t8; %
t15=t3+t13/N; %
tl6=t4+t14/N; %
M=m*c_m; %

NM=N*m*c_m; %

): %
) %

% creation of the averaging matrix AVE
for i=1:N

AVE(1,1i)=1/N;
end

% formation of the A matrix

% initialize the A matrix with zeros
for i=1:N*N
for j=1:N*N
A(i,3)=0;
end
end

% setup the diagonal 'chunks'
for k=1:N
row_index=k*N-(N-1);
column_index=k*N-(N-1);
for 1=0:N-1
i=row_index+l;
j=column_index+l;
A(i,3)=psi;
end
counter=N-1;
for n=0:N-2
for z=1l:counter
i=row_index+z;
j=column_index+n;
A(i,3)=(t2*b"2/NM)*t8" (z-1);
end
row_index=row_index+1;
counter=counter-1;
end
end
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% do the rest of the matrix
counter=1;
for o=2:N
i=o*N-N;
j=0;
for p=1:N*(N-counter)
i=i+1;
J=j+1;
A(i,3j)=(t1*a~2/NM)*t7* (counter-1);
end
counter=counter+l;
end

% formation of the B matrix

% first two columns (wrt T_HI and T_CI)
for g=1:N
row_index=q*N-(N-1);
counter=0;
for r=1:N
i=row_index+counter;
B(i,1)=theta*t7"(g-1);
B(i,2)=beta*(1-b)“counter;
counter=counter+l;
end
end

% third column (wrt W_H)

for i=1:N

B(i,3)=t15*Tm(1,1i) /M+C_H*a*T_HI/NM-t13*T_HI/NM; % first 'chunk' B31

end -

for g=2:N
row_index=q*N=-(N-1);
counter=0;
for r=1:N

i=row_index+counter;

FIRST_TERM=t15*Tm(q, r)/M;

inside_term=T_HI;

for z=1l:q-1
new_term=t7*inside_term+a*Tm(z,r);
inside_term=new_term;

end

SECOND_TERM=(C_H*a/NM) *new_term;

THIRD_TERM=(-t13/NM) *new_term;

first_inside_term=T_HI;

second_inside_term=0;

for z=1l:qgq-1
new_term=t11*t7*first inside_term+t7+*second_inside_term-t11*t7*Tm(z,r);
first_inside_term=t7*first_inside_term+a*Tm(z,r);
second_inside_term=new_term;

end

FOURTH_TERM=(tl*a/NM) *new_term;

B(i,3)'FIRST_TERM+SECOND_TERM+THIRD_TERM+FOURTH TERM;
counter=counter+l; -
end
end

% fourth column
for q=1:N
row_index=g*N=-(N-1);
counter=0;
i=row_index+counter;
B(i,4)=t16*Tm(q,1) /M+C_C*b*T_CI/NM-t14*T_CI/NM; % first row in each 'chunk'
counter=1;
for r=2:N
i=row_index+counter;

FIRST_TERM=t16*Tm(q, r)/M;

inside_term=T_CI;

for z=1l:r-1
new_term=t8+*inside_term+b*Tm(q, z);
inside_term=new_term;

end

SECOND_TERM=(C_C*b/NM) *new_term;

THIRD_TERM=(-t14/NM) *new_term;
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first_inside_term=T_CI;

second_inside_term=0;

for z=1l:r-1
new_term=t12*tB8*first_inside_term+t8*second_inside_term-t12*t8*Tm(q,z);
first_inside_term=t8*first_inside_term+b*Tm(q,z);
second_inside_term=new_term;

end

FOURTH_TERM= (t2*b/NM) *new_term;

B(i,4)=FIRST_TERM+SECOND_TERM+THIRD_TERM+FOURTH_TERM;
counter=counter+l;
end
end

% formation of the C matrix

counter=N;
for y=0:N-1
column_index=counter*N-(N-1);
row_index=1;
for w=0:N-1
i=row_index+w;
j=column_index+w;
C(i,j)=a*t7"y;
end
counter=counter-1;
end
C_original=C;
C=AVE*C;

% formation of the D matrix

% initialize with zeros
% initialize the A matrix with zeros
for i=1:N
for j=1:4
D(irj)'or'
end
end

% first column
for j=1:N

D(j,1)=t7~N;
end

% third column
for j=1:N
first_inside_term=T_HI;
second_inside_term=0;
for counter=1:N
new_term=tll*t7+*first_inside_term+t7*second_inside_term-t11*t7*Tm(counter,j);
first_inside_term=t7*first_inside_term+a*Tm(counter,3);
second_inside_term=new_term;
end
D(j,3)=new_term;
end
D_original=D;
D=AVE*D;

FlowSplit.m

function[wh,wb]= flowsplit(thi,tho,tm,wt)
wh=wt* (thi-tm) / (thi-tho);
wb=wt-wh;
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