WSEAS TRANSACTIONS on APPLIED and THEORETICAL MECHANICS

Lucjan Setlak, Rafat Kowalik

Modeling and Control of the Engine Turbine for the Purpose of the
Electricity Generation

LUCJAN SETLAK, RAFAL KOWALIK
Department of Avionics and Control Systems
Polish Air Force University
ul. Dywizjonu 303 nr 35, 08-521 Deblin
POLAND
l.setlak@law.mil.pl, r.kowalik@law.mil.pl, http://www.law.mil.pl/index.php/pl/

Abstract - In the combined propulsion system of an aircraft, one of the main elements responsible for the
process of generating electric energy is an electric machine connected to the propulsion system, the rotor and
the blades. The article presents technical problems related to the use of motorized sources of electric energy for
servicing civil and military flying aircraft. The main purpose of the article was to model the process of
propulsion turbine control in the field of electricity generation. A mathematical model of air flow through the
turbine of an aircraft engine was presented. The process of generating electricity using an asynchronous motor
was discussed. In the final part of this work, based on a critical analysis of the literature on the subject of
research, created model of the propulsion system based on the use of a mathematical apparatus and simulation
tests evaluating the work of an asynchronous machine, practical conclusions were formulated.
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1 Introduction

Modern aircraft engines contain more and more
electrical components, which is to ensure greater
efficiency and safety. Asynchronous machines
thanks to their relatively simple construction and
operation as well as ease of repair and maintenance,
guaranteeing long and reliable operation, are the
most common electromechanical transducers and
are widely used in systems with different dynamic
structures. They are the most commonly used source
of machine drive in industry, and their universality
and the variety of applications contributes to a better
understanding of their properties and dynamic
processes taking place [1], [2].

Asynchronous electric motors, often a source of
mechanical energy in  propulsion  systems,
dynamically affect the drive gear transmission. For
this reason, it is reasonable to take into account in
mathematical models of propulsion systems
description of dynamic phenomena that occur in the
engine [3], [4], [5]-

1.1 Types of generators used

1.1.1 DC generator

The DC generator is made of a stator - a fixed part
and a rotor - a movable part. The electric current is
generated because the rotor rotates in a magnetic
field created by a permanent magnet or by an
external constant current source of the stator
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winding. Power stations with this type of generator
are called low speed, because the rotational speed is
about 40 rpm.
Moreover, no gear is used, so the propeller shaft
from the rotor is directly connected with armature in
generator [6], [7], [8]. The characteristics of the
generated current is then, like the air flow, non-
linear and non-uniform, because the amount of
electricity generated is closely related to the air flow
speed at a given time. Therefore, it is necessary to
use a voltage regulator to standardize the resulting
current. If it is necessary to obtain alternating
current, an inverter is also used (Fig. 1).

Rotation Speed VvDC

vDC VvDC

Voltage Battery of

DC Generator —>
Regulator Accumulators

VAC

—

Engine
Turbine

—

Inverter

Fig. 1 Example scheme for using a DC generator

1.1.2 AC generator

AC generators are based on the phenomenon of
SEM electromotive force induction due to conductor
movement in the magnetic field of electromagnetic
induction. Asynchronous generators can operate
with variable or constant spin speed, but practically
except for wind energy they are not used. They are
highly reliable, durable and relatively cheap, which
is a key factor in electricity production. The
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phenomenon of slipping in them is extremely
desirable because the generator slightly changes its
speed in the event of a change in drive torque. An
additional advantage is the possibility of increasing
the slip by increasing the rotor resistance. This
reduces the susceptibility to transmission failures
and less wear. It is important to power the stator
windings before starting work to magnetize it.
Usually an external device is needed, e.g. capacitors
or a battery, because it is undesirable to draw energy
from the network [9], [10], [11].

Asynchronous generators are machines where the
use of constant rotational speed prevents the optimal
use of air flow energy. Bipolar generators partially
solve this problem. In weak winds they can work at
a lower speed. There is also a solution in the form of
building two separate generators in one nacelle for
different air speeds [12], [13].

2 Model of the Propulsion System

The turbine propulsion system, in terms of
mechanical parts, consists mainly of the blade
adjustment mechanism, hub with blades, or
relatively long drive shafts, generator and gears. The
presented model represents inertial systems related
to the turbine and generator. The torque from the
turbine wheel together with the blade adjustment
mechanism is the largest component of all moments,
since its percentage is about 90%, while the torque
from the generator is about 10% of the total torque.
Moreover, the generator represents the highest
torsional stiffness at the same time [14], [15].

A relatively common and acceptable way of
modeling the propulsion system for analyzing the
operation of the power system is to introduce the
assumption that in such a system there are only two
uniform rotational masses; the generator with the
gearbox represents the first mass, and the rotor with
the hub the second mass [16]. This type of
arrangement is shown in the figure below (Fig. 2).

Fig. 2 Propulsion system moments distribution [16]
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where:

n - gear ratio, mg, wm - generator and rotor angular
velocity, Hg Hm - generator and rotor inertia
constant, K - system stiffness constant, D - system
damping constant, Ty - torque provided by air, Te -
torque generated from the generator.

Based on the above drawing, the motion equation
for the generator is described by the following
formula (1):

dw |
g m
9 dt € n

1)
Considering that the turbine has a propeller shaft
connected to the generator via a transmission, rigid
transmission system should not be considered [17],
[18], [19].

It is necessary to introduce an additional equation
that will allow to show the relationship between the
turbine wheel and the generator rotor, which can be
written using the following equation (2).

dw,y,

Hmw = Tw - Tm (2)

The resulting torque T can be represented in the
form (3) and (4):

9 —
Tm:KE‘FD—wg nwm (3)

do
wg—wm=a (4)

where: 6 - is the angle between the rotor of the
aircraft engine and the rotor of the generator.

3 Modeling of an

Generator

The driving force from the air turbine rotor is
converted into electricity through an AC or DC
generator. The alternator can be both synchronous
and asynchronous.

This generator has a three-phase generator rotor
winding (Ar, Br, Cr) and stator (As, Bs, Cs) in which
it rotates. The diagram is presented in the next
figure (Fig. 3). Supplying the stator windings with
three-phase current during the rotation of the rotor
creates a rotating electromagnetic field [20], [21],
[22].

In the case where the rotor rotates synchronously to
the rotation of the magnetic field in the stator or the
magnetic field, the rotational speed of the rotating

Asynchronous

Volume 14, 2019



WSEAS TRANSACTIONS on APPLIED and THEORETICAL MECHANICS

field is called the synchronous speed ws. When the
armature rotation is higher than the magnetic field
rotation, then alternating current is induced to the
target network or receiver. If this speed is lower
than the synchronous speed, then the generator
works as a motor that requilrges power.

Fig. 3 Diagram of the asynchronous generator
windings [16]

In order to analyze the power system, the
mathematical model of the asynchronous generator
in questlon assumes [23], [24], [25]:
the current flow in the stator is correct when
directed to the electricity grid,

— stator and rotor windings are arranged
sinusoidally along the air gaps in such a
way that they correspond to the turbine
rotor,

— stator and rotor windings are symmetrical,

— the electric capacity of the windings is
negligible,

— magnetic hysteresis and saturation of
induction are negligible,

— the air compartments in the stator do not
have the desired effect on the induction
(passive resistance of induction) of the rotor
relative to its location,

— the air compartments in the rotor do not
have the desired effect on the inductor
(inductive passive resistance) of the stator
relative to its position.

It should be noted that further refining the modeling
assumptions increases the difficulty in obtaining the
correct data.

3.1 0dg reference system

The set of equations of the asynchronous generator
model is usually converted into a bound model with
any reference system in which the machine is
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transformed into the so-called 0dq reference system
model [26], [27], [28].

The axis dq representing the induction of a
generator is used in the simulation as the basic
variable of flux coupling. It based on a two-axis
performances of the fifth order. Mathematical
transformations are used in the analysis and
simulation of three-phase systems, mainly to
separate variables, in order to facilitate solving
difficult equations with coefficients that change over
time. Park's transformation separates and changes
the stator variables into the dg reference system.
The positive axis d of this system is consistent with
the magnetic axis of the field winding, and the
positive axis g is in accordance with the direction of
rotation or shifts the positive axis d by z/2. The axes
ds and gs correspond to the axes of the stator and
quadrature, while dr and gr correspond to the axes
of the rotor and its quadrature [29], [30].

3.2 Asynchronous generator model

The parameters of electric generators are often
presented as a reference to a base value or a
reference value. This allows for a significant
simplification of calculations, regardless of the
amount of current. The diagram is presented below
in the form (5):

current value (quantit,
walue = @ )

base value or reference value (the same quantity) (5)
These models, although very complicated, are often
described in many books or articles [31], [32], [33].
The two main models can be specified from them.
The first full model includes the electromagnetic
waveforms of the stator and rotor, which contain
four variables of electromagnetic state. This model
is also known as the fifth order model.
The second, simplified model omits the stator
waveforms,  containing  two  variables  of
electromagnetic state. In the literature, this model
may be called the third order model because it takes
into account two state variables and the speed of the
generator. The two main models are discussed
below [34], [35], [36].
In the fifth order model, equations related to the
stator current voltage axis Vgs and quadrature axis of
the stator current voltage Vs are needed associated
with amperage along the axis lgs and lgs.
The complete model is expressed in the 0dg
reference system rotating at synchronous speed,
obtaining positive current, and is represented by the
formulas (6) - (9):

— for magnetic streams:

Pas = Xslas + Xmlar (6)
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Pgs = Xslqs + Xmlqr (7)
Par = Xplgr + Xinlas (8)
Oqr = Xplgr + Xmlgs ©)
— for currents:
dog
Var = =Rslgs + ws@qs — 75 (10)
de
Vqs = _Rslqs — WsPgs — d_;]s (11)
d
0=—Rylgr + swsPgr — % (12)
d
0=—Ry Iy — swsPqr — ggr (13)

where: indexes s and r - mean respectively the stator
and rotor quantities, and indexes d and q refer to the
axes d and g in the reference frame rotating with
synchronous speed, ¢ - represents magnetic flux, V -
voltage and I - current.

In the case of a traditional induction machine, the
rotor voltage Vur and Vg are equal to zero, because
the current is applied only to the stator. The
variables ws and wq are synchronous speed and
generator rotor, respectively. Parameters Rs, Xs, Xm,
Rr and X - mean respectively the stator resistance,
its reactance, mutual reactance as well as the rotor
resistance and its reactance [37], [38], [39].

Rotor slip s is a positive factor during propulsion
but a negative factor during power generation,
which is defined by formula (14):

_ Wy Wy
s = o, (14)
The electric torque produced is (15):
T, = (pqudr - (pdrlqr (15)

This moment is positive when it drives the system,
and negative when it generates current.

Ultimately, active and reactive power is determined
by the formulas (16) and (17):

Paktywna = Vaslas + Vqslqs (16)
Qpierna = Vqslds - Vdslqs (17)

Total power is the sum of active and reactive power,
resulting in (18):
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P =Vyslgs + Vqslqs + Vqslds - Vdslqs (18)

The third-order model assumes simplification by
omitting transient stator states, which will reduce
the fifth-order generator model. This is a commonly
used method when presenting simulation of stability
[40], [41], [42], [43].

- - dpgs -
This is done by omitting factors % and % in

equations (10) - (11), which is equivalent to the
assumption of infinitely fast electromagnetic
waveforms in the stator windings.
The transformed model takes the following form,
described by equations (19) - (32).

Pas = Xslas + Xmlar (19)

Pgqs = Xslgs + Xl gr (20)

Par = Xrlar + Xmls (21)

Ogr = Xplgr + Xinlys (22)

Var = —Rslgs + ws@qs (23)

Vgs = —Rslgs — ws@gs (24)

0 = —R/lgr + SWs@qr — dz:r (25)

0=—R.lg — swspgr — dggr (26)
Ws—w

s= Sws g (27)

Te = @qrlar — Parler (28)

Paktywna = Vaslas + Vgslgs (29)

Qbierna = Vgslas = Vaslgs (30)

P =Vaslas + Vaslgs + Vgslas — Vaslqs (31)

Pyg = % pAV?3 (32)

4 Work Control Systems

4.1 Power control

From formula (32) it follows that air velocity has
the greatest impact on the power produced, because
it is raised to the third power. A two-fold increase in
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air speed results in an eightfold increase in power.
Given this relationship, it is necessary to design a
system that will prevent sudden high changes in
energy produced, so as not to damage both the
generator and the elements of the power grid to
which the turbine is connected. Such a system
should ensure operational safety and control over
the output power much greater than that used for
power supply [44], [45], [46].

The air velocity range that allows to achieve the
highest efficiency is 10 to 15 m/s. Above this speed,
the turbine control system will have to prevent the
turbine rotational speed from adversely increasing in
such a way that the rotor is then driven by a smaller
force, and that the load on the structure of the entire
electrical network of the aircraft is smaller. To
achieve this, various methods of controlling
aerodynamic forces are used, which results in
control of the power obtained from high air speeds
[471, [48], [49].

4.1.1 The angle control of the blades setting
relative to the incoming streams

The blade angle control system in blade turbines
allows the blades to be adjusted to current wind
conditions. Sensors built into the nacelle are
responsible for providing information about the
speed and direction of air to the control system. This
information is used to generate a control signal in
the control system [50], [51], [52]. As a result, the
rotor blades are rotated relative to the mounting axis
by such an angular value towards the incoming
streams or in accordance with them to make the
most effective use of their surface and drive
purpose.

The same system allows the blades to be positioned
so that the aerodynamic drags increase when the
wind is too strong. Then the unwanted output power
decreases. The increased resistance prevents further
increase of the rotor speed. In a situation where the
air force is small, the control system reduces
aerodynamic drag to increase the rotational speed
and maintain a favorable level of work. The biggest
advantage of this solution is its speed of action.
Perfectly maintains rotor speed in parameters close
to maximum efficiency.

4.1.2 Controlled stall

The aircraft engine rotor blades consist of
aerodynamic profiles that are selected for the
appropriate and specific operating conditions. The
blades are shaped from many profiles, just like the
air wings. In rotors without the ability to control the
blade angle, they are selected on the basis of the
calculated average air speeds at which they are to
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work. It is most often used because it does not
require an adjustment system, making the
construction simpler. When such a blade is flowing
with air of lower or higher speed than expected, the
distribution of aerodynamic forces changes along its
entire length.

In the design of fixed blades, the thickness of the tip
and its twist are taken into account, because at high
rotational speed they favor the formation of greater
resistance, which causes aerodynamic braking of
rotational speed and prevents it from increasing. In
addition, the efficiency of electricity generation of
this solution is lower due to the inability to adapt to
the prevailing conditions.

4.1.3 Basic case
Turbines in an aircraft engine operate at air flow
speeds from 5 to 25 m/s. They reach rated power at
speeds of around 10 m/s, which is why this value
was set in the basic case. The transmission system
as well as some parts of the distribution system
operate at voltages in the kilovolt range. Therefore,
the value 1000 V was set for stator voltages Vgs and
Vgs.
Blade angle g was set to zero in the basic case,
which translates into the maximum value of
captured power from the air flow. The simulation
was carried out in Matlab software for 10 hours. The
simulation results are presented in the following
charts (Figs. 4-6).
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Fig. 4 Graph of current generated over time
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Fig. 5 Graph of resulting torque and slipping over
time

As expected, the electromagnetic torque shown in
red and the slip shown in navy blue have a negative
value.
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Fig. 6 Graph of turbine power over time

4.1.4 The case of a step change of air velocity

In this case, the effect of increasing air flow velocity
from 8 m/s to 10 m/s on the operation of the turbine
in a twenty-hour simulation was examined. Initially,
the air speed was set to 8 m/s in simulation for 10
hours. After this time, an increase in speed to 10 m/s
was set and the work was tested for another 10
hqgrs (Fig. 7).
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< ! ! ] Power
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Fig. 7 Graph of the impact of air velocity on output

power

An increase in turbine power in the aircraft engine
was observed with an increase in air velocity.

4,15 The case of a step change in the angle

setting of the blades

The turbine response to the set step changes of the

blade angle setting is shown in the diagrams (Figs.

8-9).
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Fig. 8 Graph of the influence of the setting angle
on the Cp turbine power coefficient

The above graph (Fig. 8) shows the impact of
changing the setting angle on the turbine power
factor. Increasing the angle g (marked in navy blue)
directly translates into a decrease in the Cp
coefficient (marked in purple).
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The graph presented in Fig. 9 shows the situation
when by increasing the angle of blades £ it is
possible to reduce the surplus of generated power,
which is unfavorable. This is done by increasing the
aerodynamic drag of the blade. The use of this can
be found when the air velocity is too high.

5 Conclusions

A model consisting of blades, mechanical parts and
an induction current generator was developed to
utilize air energy. This model has been implemented
for simple simulation of turbine output power in
Matlab software. To test the performance and
performance of the proposed model, the appropriate
conditions were simulated to affect the nature of the
operation of the turbine. The model was confronted
with a step change in air speed and a change in
blade angle setting. Simulated responses of the
turbine model with variable working speed, in both
cases gave valuable results.

As expected, the power generated increases as the
airflow velocity increases, which confirms the need
for constant unit control before abnormal operation.
A promising way is to control by changing the angle
of the blades, because as shown in the simulation,
its increase causes a decrease in the air energy used,
in the aerodynamic sense. As a result, less output
power was obtained. The mentioned model turned
out to be computationally efficient, as real dynamic
simulation time was introduced.

Conducting many similar tests of supply systems
driven by air flow will allow to a large extent
exclude the effects of adverse flow. What is more,
this method is the basis for the control of these
machines, which is why it is recommended to
develop it towards maximum efficiency and to look
for additional, auxiliary systems to increase work
safety. It is desirable to develop such a system that,
with its smooth regulation and constant control of
parameters, ensures the continuity of electricity

supply [53].
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