Chapter 2
Models and the Control System Design Cycle

2.1 Introduction

In this chapter techniques for mathematical modelling of gas turbine engines are
presented considering the different stages in the life cycle from design, to
demonstration, to commercial control system development, and finally through to
in-service use. Through these stages the fidelity of the engine model is refined, as
more information becomes available. The chapter thus considers evolution of
models from the initial stages of design, where the general characteristics of the
engine are known, to the latter stages, where a controller is tailored to the specific
characteristics of the engine. The models required over the life cycle are discussed
in greater detail in subsequent chapters. The key modelling stages are as follows:

e nonlinear performance-based modelling;
e dynamic characteristic modelling;
e linear dynamic modelling;

e piecewise linear dynamic modelling for real-time development.

In this chapter, a brief introduction is given to each of these techniques to
highlight the use of the models at the different life cycle stages. It should be noted
that the controller is an essential part of a GTE (as well as of the whole aircraft
power unit). In practice, the engine and controller are designed simultaneously and
are cooperatively tested. Therefore, the engine and controller are an inseparable
integrated unit, consisting of transducers, converters, digital control electronics and
actuators. The system has to be modelled as a whole considering the transducers
and actuators to be part of the plant. Within this framework the control algorithms
can be adjusted to provide the desired levels of performance.

2.2 Mathematical Models and Controller Life Cycle

The life cycle of the engine and its controller can be split into the following stages:
scientific research, engineering design, demonstration, mass production, and the
usage stage.

The controller design stage requires construction of a system with standard
modules (transducers, actuators, processors, and system software), control algo-
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rithms, software development, controller synthesis and operational development. At
this stage, mathematical models of the plant are widely used. After controller
performance has been tested with test beds and engines, flight tests are performed
(Figure 2.1). Joint GTE and controller tests enable experimental data to be gathered
for system identification and controller operational development. Hence, design
models are refined to reflect the individual characteristics of a particular engine,
and the control algorithms, which are originally developed using a general engine
model, are improved using more precise individual models.

Different accuracies and degrees of detail for the mathematical models are
required at various stages of the life cycle of a controller (see Table 2.1). The
degree of approximation to individual engine characteristics also differs.
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Figure.2.1. Design of controllers for gas turbine engines

Table 2.1. Engine modelling through controller life cycle
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2.2.1 Design Stage Models

At the design stage, only general characteristics and parameters of the plant are
necessary and the mathematical models are greatly simplified compared with the
detailed nonlinear models used in engine design [1]. The design model of an engine
is obtained by means of simplification of thermodynamic models. During the
controller design stage, it is necessary to take into account that engine
characteristics vary within broad limits due to flight and atmospheric conditions as
well as due to gradual aging and deterioration of engine elements. Some change in
characteristics also occurs after repair and replacement of elements of the engine
and controller. Hence, the design model should reflect general characteristics of a
whole class of engines. As a result, a controller is designed for an average plant.
This is followed by individual tuning after installation of the controller on a
particular power plant.

2.2.2 Experimental Demonstration and Production Stage Models

During the experimental demonstration and production stage, mathematical models
are used for monitoring the fulfilment of requirements with respect to quality of
control. Test bed facilities are designed for testing manufactured digital controllers.
The term fest bed refers to testing the controller, with the engine imitated by
mathematical models. Such substitution provides a decrease in the amount of
experimental research required on real engines and a considerable decrease in the
research cost. Existing test beds for electronic controllers contain an electronic
model of the controlled plant, imitators of transducers and actuators, and a logging
device for recording and analysing experimental data. The most important
components of such test beds are real-time dynamic models. Usually, these are
deterministic linear dynamic models combined with nonlinear static models.

2.2.3 In-Service Use Models

In-service models can be used for health monitoring and on-line optimisation.
These need to take into account the characteristics of the specific engine and the
current operating conditions. A promising approach in this area is the use of
identification techniques to produce accurate estimated models both off-line and
on-line. A schematic of how this could be used in practice for condition monitoring
is shown in Figure 2.2. Here, identification techniques are shown being used to aid
in preflight check and scheduled maintenance to monitor the condition of the
engine. The main types of engine modelling for control engineering purposes are
discussed more thoroughly in the sections below; new trends in the development
and application of such models are also described.
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Figure.2.2. Use of identified models in scheduled maintenance

2.3 Dynamic Modelling Techniques

During the controller design stage, a number of dynamic models are derived from a
detailed nonlinear performance-based model comprised of dynamic and static
models. The aim of the nonlinear static model is to investigate engine
characteristics during its creation. The model includes, for instance, the altitude-
velocity and fuel-scheduling characteristics. Such models are based on gas
dynamics laws and typically include over 100 algebraic and transcendent equations
[2-4]. The characteristics are partly defined in the form of empirical formulae,
graphs and tables. The static operating line is then calculated by means of iterative
numeric methods.

The detailed nonlinear dynamic model is similar to the static model, but its
equations are written in dynamic form. These show the balance between
characteristics of GTE elements in the form of continuous flows and energy
conservation equations. In algebraic form, they define a static model; with
differential notation defining a dynamic model. The number of determining
parameters in this model depends on the engine scheme and is defined by the
number of energy accumulators. The purpose of the detailed nonlinear dynamic
model is to analyse engine transients. Although the above-mentioned model can be
used for controller performance analysis, a large amount of calculation is involved
and so generally simplified models are used. However, as processing power
increases, it is becoming more feasible to use this model directly.
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2.4 Dynamic Modelling for Control Systems
Development

In this section, dynamic modelling techniques are introduced for controller design
purposes including dynamic characteristic models (DCM), linear dynamic models
(LDM) and real-time piecewise linear dynamic models (RPLDM). The starting
point in any gas turbine engine controller development is the performance-based
model. This model is a highly complex thermodynamic model of the engine. A full
description of this type of model is given in Chapter 3. The detailed performance-
based nonlinear model can be simplified to create a set of dynamic models. An
analytical relationship exists between the model's dynamic and static parts; this
relationship allows dynamic models of the controlled plant to be obtained quickly.
As an example considering a single-shaft gas turbine engine, the detailed nonlinear
static model is represented by the following system:

£.(X,U,V)=0

Y=f,(X,U,V) @D

where X =([n,p,.T,.T,.p,] T is the state vector;
U=[W,,A,1" is the control vector;
V=[M,H,p,,T, 17 is the flight atmospheric conditions vector;
Y =[n,,,p.,7.,...]" is the observed coordinates vector.
Taking the detailed dynamic model from the performance-based model,
Equation (2.1) can be transformed into a system of differential equations with the
same vectors X, U, Vand Y:

X=F,(X,U,V) 22
Y=F,(X.U,V) '

In steady-state conditions, all derivatives are equal to zero, and Equation (2.1)
transforms into the system Equation (2.2). Consider a single-shaft engine static
model and dynamic model. For this the compressor—combustor continuous flow
equation is as follows:

W, -W,-W, =AW =Z, =0 (23)

where Z; is a discrepancy or an equality violation factor. By performing a
differentiation on the gas condition equation for the combustion chamber with:

pT—V - mR (2.4)
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the following equation is obtained:

.. _RT, o Py o
p, =—SAWY +T—iTg (2.5

comb g

Equation (2.5) provides a link between the pressure and temperature derivatives
and the dynamic addition AWy, . Equations like (2.5) linking (2.1) and (2.2) are
the basis for the methodology of dynamic modelling using a detailed static model
and additional information about the engine construction. For instance,
Equation (2.5) includes the combustion chamber volume V., -

The linear dynamic model can be obtained from the detailed nonlinear model
using identification or linearisation, provided the model structure is determined
a priori from thermodynamic model analysis. Usually, the linearity zone for such
parameters as shaft speed, temperature and pressure is approximately 3-5%. In
order to determine the linear dynamic model coefficients, a transient with small
amplitude is used around the steady-state conditions. Linear models describe
engine dynamic properties in the form of linear differential equations and transfer
functions. These models are very visual and convenient for stability and control
quality analysis. However, the accuracy of results decreases due to approximation.

2.5 Dynamic Characteristic

The dynamic characteristic (DC) is a graphical image of the nonlinear dynamic
model [2]. In addition to the static line n =0, the DC of a single-shaft engine also
includes a set of lines of constant accelerations n =const. In order to derive a DC
from the static model, a series of operating points is calculated. The operating
conditions are formed with varying discrepancies, which are then converted into
corresponding accelerations as described above. A full explanation of the dynamic
characteristic models is given in Chapter 3. When creating the DC, solutions are
selected in which all the discrepancies are equal to zero except the discrepancy
determining the mechanical energy balance between the turbine and compressor.
The DC derivation from the detailed dynamic model is performed by means of
setting up the control laws 7 =const, p. =const, T, =const and calculating the
corresponding lines in the engine parameters plane with the axes: "shaft speed
versus fuel flow."

The DC is widely used because of the visual comprehensibility of engine
dynamic properties and because it retains the main shape of the engine nonlinearity
[3]. However, the DC of engines with a lot of variable geometry is multi-
dimensional. Significant assumptions and simplifications are introduced to
represent the dynamic characteristic on the plane or in 3D space, which leads to the
loss in their visual comprehensibility.
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2.6 Adaptation of Controller Structure and Parameters
at the Design Stage

The engine operation and flight conditions are usually known at the design stage.
This enables the controller's properties to be altered within the aircraft flight
envelope. The GTE characteristics for any flight conditions can be accurately
predicted using a detailed nonlinear model. However, this would require a large
amount of calculation. Therefore, the engine model is usually simplified to produce
the DC combined with the formulae for the reduction to the sea-level conditions
with linear interpolation [4].

The flight envelope is divided into three subareas, different in terms of gas-
dynamic similarity (Figure 2.3). In area I, the engine is described by a single DC in
reduced coordinates, and fairly accurate results are produced by the reduction
formulae:
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Figure 2.3. Adaptation of controller to flight conditions

In order to use the relationships indicated in Equation (2.6), the gas dynamic
similarity conditions should be fulfilled. This includes the constancy of the engine
geometry and the air properties such as humidity and Re number.

In other areas, these relationships are correct only at a qualitative level. In area
II, the pressure overfall at the reactive nozzle becomes significant, and
consequently, the DC is "stratified," and a separate model is created for each
operating point. In area III, the effect of the Re number change is additionally taken
into account.



24 Dynamic Modelling of Gas Turbines

In such a case, correcting coefficients are usually introduced into the
thermodynamic model computations. In practice, the dynamic characteristics for
particular flight conditions are determined by means of linear interpolation between
the operating points.

A control program in reduced parameters:

Neeq = f(OpLa) 2.7)

is satisfactory if the engine is described by a single dynamic model. The program in
Equation (2.7) sets up the demanded reduced shaft speed as a function of the
angular position of PLA. Such control holds the engine within the gas dynamic
stability region.

During transients, the n acceleration control program is used, where the shaft
speed derivative is reduced using the engine inlet pressure. The various reduced
parameter equations can also be used to control the transient operation. The
temperature and pressure constraint programs are additionally introduced over the
flight envelope to ensure gas dynamic stability. Thus, the controller acquires the
ability to adapt in an open-loop scheme using a priori knowledge of the controlled
plant properties. Note that the programs adapt to the flight conditions dependent
upon p;, and T .

2.7 Linear Dynamic Models

This type of model is widely used in design and analysis of control systems. Linear
dynamic modelling techniques are well established compared to nonlinear
modelling. Control programs for steady-state conditions are usually designed and
investigated using linear models.

Linear models are obtained from performance-based models via linearisation or
identification methods. Also, they can be estimated from experimental data. Linear
dynamic models are usually used in the form of state-space equations, transfer
functions or Bode diagrams. These describe engine dynamics around a steady-state
operating point. In Chapter 3, this modelling technique is discussed in more detail.

However, when exploring control programs for transient operation, linear
models should incorporate nonlinear properties of the engine. The next section
outlines a solution for this problem.

2.8 Real-time Piecewise Linear Dynamic Models

The real-time piecewise linear dynamic model (RPLDM) combines the engine’s
nonlinearity and the LDM linearity. The source data for building the RPLDM are
the nonlinear static lines and the LDM coefficients. The static characteristics are
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approximated by piecewise linear relationships determined at typically 7-10
operating points. The static line parameters between these points are then
determined by means of interpolation. For the LDM coefficients, interpolation is
used in the same manner. This is described in detail in Chapter 4. At the same time,
it is assumed that the linear model parameters during transients are equal to the
LDM coefficients for the closest static line point. The final calculated relationships
Equation (2.8) establish the link between the A, B, C and D matrices of the LDM
coefficients and the static line coordinates X, Uy and Y, by means of the
operating parameter 1 :

X(1) = AM(X(® X, 1)+ BO(U® - U, (1) 2.8)

Y(1) = CoD(X(0) - X, (0)+ DU - U (1) +Y,

n=> 7% 2.9)
i=1

RPLDM provides an acceptable level of accuracy and can be used in real time
due to its simplicity as compared with a detailed nonlinear dynamic model. This
enables control algorithms to be effectively tested on models and the controllers to
be tested on electronic test beds. RPLDM models also have the potential to be used
within on-board engine condition monitoring systems.

2.9 Control System Testing

Once a controller has reached this stage of design it is necessary to perform testing.
There are several stages of testing which begins with a System Test Facility (STF)
leading to an engine test bed and finally on the aircraft itself.

During initial testing it is common to use a STF. In a STF the control hardware
and associated control laws can be exercised against a high fidelity model of the
engine run in a computer. The control hardware may also include key actuation
elements of the system for probing. This is commonly called hardware-in-the-loop
or HIL.

In the second stage of testing the controller is exercised on the real engine on an
engine test bed. This testing brings the operational environment of the controller
closer to real-life operation. It is also common to operate an engine at an altitude
test facility to explore the effects of the flight envelope.

The final stage of testing is on-wing testing where the engine is operated on a
real aircraft and tests are performed over the flight envelope.

The different levels of testing become increasingly expensive as they approach
real life. It is thus preferred to perform as many tests as possible at the STF stage.
This is driving the development of more accurate identification and modelling
techniques.



26 Dynamic Modelling of Gas Turbines

2.10 Concluding Remarks

This chapter has given a brief overview of the use of engine models at different
stages in the controller development cycle. In Chapter 3, the derivation of off-line
models is discussed in more detail. In Chapter 4, on-line dynamic models are
discussed. This allows an appreciation of the relationships between the models and
their derivation for specific control engineering needs.

The overview of mathematical models of gas turbine engines at life cycle stages
reveals a certain contradiction between individual and general engine characte-
ristics. The more accurate the mathematical models are, the closer they approach
the particular plants, whereas their general properties are not taken into account. A
general model for a whole class of engines is created in the process of the controller
design. At the same time, characteristics of each particular engine are different
from the general predicted model. A "draft" model of an engine can be more
accurately defined by analysing characteristics of several engines. At the controller
design stage, the general models enable the system characteristics to be improved.
A controller created for general GTE is adapted individually for each particular
engine. Every engine has its own individual properties and control characteristics.
This is why, at the usage stage, the requirements qualitatively change, and every
individual model provides useful information, especially if it is used for condition
monitoring and fault diagnosis on the ground and in the air.

Mathematical models of gas turbine engines are extensively used in testing
hardware, software, control laws and algorithms of the controller. This drives
further investigation into identification and modelling of gas turbines to allow cost-
effective testing based on computer simulation.



