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CONTROL AND COMPARISON OF AN
ELECTROMECHANICALLY ACTUATED CONTROL
SURFACE ACCORDING TO DIFFERENT SENSOR
LOCATIONS

ABSTRACT

In missile systems with a control actuation system, in terms of control methods,
sensors and their locations have an important effect on control methods.
Transmission mechanisms between the sensor measuring locations and control
surfaces make control of system difficult due to their non-linear behavior. This
nonlinear situation is caused by backlash and deformations between control surfaces
and sensor position. In this study, differences between direct feedback and indirect
feedback and differences caused by these differences in terms of controller will be
examined. In order to study this situation, position sensors are placed on two
different mechanism parts for an electromechanical fin actuation system, which is
responsible for directing a missile. After this placement, system identification of the
fin actuation system has been made with measurement from fin angle. After that,
controllers have been designed. The first controller was designed by method of state
feedback. In first simulation studies, it is observed that the controller made steady
state errors under the disturbing effect. In order to eliminate the steady state error, an
integrally effective outer loop has been added to the controller that the error resets.
As an alternative to the controller designed with state feedback method, a PID
controller with same roots has been designed. Then the controllers are in real time
tested. In order to minimize the effects of measurement errors and nonlinearities,
backlash and material deformations caused by the nature of the mechanism by using
the feedback from two different sensors, it has been observed that the system
response is cleared from the error values caused by the backlash and the system can

be controlled more accurately.

Keywords: Electromechanical, Sensor, Control
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ELEKTROMEKANIK EYLETiMLj BiR KONTROL YI"JZEyiNiN
FARKLI ALGILAYICI YERLESIMINE GORE DENETIMi VE
KARSILASTIRILMASI

0z

Kontrol tahrik sistemine sahip olan miithimmatlarda algilayicilar ve bu algilayilarin
yerlesim yerleri kontrol yontemleri agisindan énemli bir girdiye sahiptir. Algilayici
Ol¢tim yerleri ile kontrol ylizeyleri arasindaki aktarma mekanizmalarinin dogrusal
olmayan davranislarindan dolay1 sistemin kontroliinii giiglestirmektedir. Bu dogrusal
olmayan durum mekanizmanin ve kontrol yiizeyi ile algilayict konumu arasindaki
mekanik bosluk ve esnemelerden kaynaklanmaktadir. Bu c¢alismada dogrudan
geribesleme ve dolayli geri besleme arasindaki farklar ve bu farklarin kontrolcii
acisindan olusturdugu farkliliklar incelenecektir. Bunun igin bir miithimmatin
yonlendirilmesinde gorevli elektromekanik kanatgik tahrik sistemi igin iki farkli
mekanizma uzvuna aci(konum) algilayict yerlesimi yapilmistir. Bu yerlesim
sonrasinda tahrik sisteminin sistem tanimlamasi kanat¢iktan Slgtilen algilayicidan
alman veri ile yapilmistir. Daha sonrasinda denetleyicilerin tasarim asamasina
gec¢ilmistir. Tasarlanan ilk denetleyici durum uzayr geribesleme yontemi ile
yapilmistir. Yapilan ilk benzetim g¢alismalarinda denetleyicinin bozucu etki altinda
kalici durum hatasina neden oldugu goézlemlenmistir. Kalict durum hatasinin
giderilmesi amaci ile denetleyiciye integral etkili bir dis dongii eklenmis ve hatanin
sifirlandig1r goriilmiistiir. Durum geribesleme yontemi ile tasarlanan kontrolciiye
alternatif olarak aymi koklere sahip olacak sekilde bir PID (Oransal-Integral-
Tiirevsel) denetleyici tasarlanmistir. Daha sonra gergcek zamanli olarak test edilmistir.
Mekanizmanin dogasi geregi olusan a¢1 sapmalari, bosluklarin ve deformasyonlarin
etkilerini en aza indirgemek ve dogrusal olmayan etkileri denetleyicide gérmemek
icin iki farkli algilayicidan alinan geri besleme ile birlikte kullanilarak sistem
cevabinin, bosluklarin olusturdugu hata degerlerinden arindirildigi ve sistemin daha

dogru kontrol edilebilecegi gosterilmistir.

Anahtar Kelimeler:Elektromekanik, Kontrol, Algilayici
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CHAPTER 1

INTRODUCTION

The Actuation systems used in missiles are diverse. One of these actuation types is
the electromechanical fin actuation system. In these systems, the fin angle commands
from the guidance control unit of the missile are generally fulfilled by an electric
motor and transmission mechanism. In order to verify that this order has been
fulfilled, a measurement must be taken from a part of the FAS mechanism with a
sensor for feedback. Since transmission mechanisms are generally used in FAS,
backlash and deformations in the transmission mechanism in the feedback received
by the motor cause some error in the system output angle. In their work in [1], they
used the angle at the output shaft (after the transmission elements) of a FAS
mechanism as feedback. In reference [2], before the transmission elements in the

mechanism, it is used as direct feedback of the motor angle.

In this study, inverted slider-crank mechanisms are used as FAS speed and power
transmission mechanism. The torques, which are produced by the electric motors, in
the limited volume within the missile are often not sufficient to control the missiles.
Motors, which are at a sufficient level, cannot be used at the desired location due to
their large volume. For this, motor output torques are generally increased by a
transmission mechanism. Examples of these mechanisms are gear, inverted slider-
crank, cam mechanisms. In the studies in [3], the kinematic and dynamic analyzes of
the inverted slider-crank mechanism have been examined, and the structural features
have been scientifically revealed with the real-time fin loading test system. For the
FAS, whose design phase has been completed, to be used in the simulation
environment, the system must be converted into a mathematical model that can be
represented in a simulation environment. This process is called system identification.
System identification means obtaining the dynamic model and model parameters of

the system by using experimental data [4].

Different methods have been used for the FAS controller design. These are

PID(Proportional, Integral, Derivative), Robust, Sliding Mode and State Space



controller methods in reference [2], the Robust control method was applied on the
FAS and in reference [5], a direct current motor was driven with PID and Sliding
Mode control methods. In reference [6], the state feedback controller method has

been applied to servo motors.

In this study, it is observed that the controller designed with the pole placement
method is not resistant to disturbing effects, and the improved controller obtained by
adding a pole to the closed-loop system, which has an integral effect, is found to be
resistant to disturbing effects. As a result of the controller studies, the performance of
the system and the controller could be verified by applying a disruptive effect from
the outside via the Fin Loading System. In this study, unlike the literature, a
controller is designed by minimizing the disadvantages of two separate located
sensors. Simulations are done by using MATLAB® -SIMULINK®, real-time tests
are done by using MATLAB® -xPC Target®.



CHAPTER 2

SYSTEM OVERVIEW

In general, missiles consist of guidance control, warhead, propulsion system, and
motion control systems. Some missiles also have a seeker head. To guide the missile
to the target, the missile can be controlled from various surfaces. The most common
of these is the fin actuation system. General missile structure could be seen in Figure

2.1.

CONTROL FINS

SURFACES

GUIDANCE ARMAMENT PROPULSION CONTROL

SECTION SECTION SECTION SECTION

Figure 2.1 General missile structure

2.1 Mechanical Structure

In our system, we use to rotate fin an inverted slider-crank mechanism as an example
of 4-link mechanisms. In Figure 2.2 an inverted slider-crank mechanism could be
seen. The servo motor, which is connected to the body with a joint, rotates the ball
screw. The ball screw converts the rotational motion to the linear motion. The body,

which has a length,a,rotates because of the linear motion of the ball screw nut.
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z X
Figure 2.2 Inverted slider crank mechanism
2.2 Feedback Sensor

The sensor is a critical part of the system. Because of this selection of sensors is
important. To make a good selection, the sensor has to fulfill the necessity of the
system. Geometrical size is important because the sensor has to fit in a designed
volume. Resolution and accuracy are other important issues. The encoder, which is
used in the system, is a hall-effect magnetic encoder. It has a 10-bit resolution. This
is located both on the motor and load side. Because of the fin axis angle
measurement, there is no estimation requirement. But the resolution of the encoder is
limited. Therefore for better reference tracking both sensors in two different
locations could be used. With these sensor locations, the effects of backlash could be

compensated. A hall-effect magnetic encoder is shown in Figure 2.3.

The Hall-effect sensor arrangement consists of a plate with only one magnetized pole
pair. The plate is attached to the rotor of the sensor and thereby coupled to the rotor
movement to be measured. A microprocessor detects the change in direction of the
magnetic field when the plate (or rotor) rotates above the microprocessor. These
changes in the magnetic field are converted into an analog signal proportional to the

change in the angle of the rotating plate. The advantages of such simple sensors



include their very compact design, high reliability and linearity, and low
susceptibility to electromagnetic compatibility (EMC) interference. The sensors must
offer very good protection against environmental influences, reliable storage of the

moving parts, good mounting options, and high resistance to mechanical influences.

Figure 2.3 Hall-effect magnetic encoder [7]

2.3 Brushless DC Motor

Mainly, the structure of a brushless DC motor consists of a stator and a rotor. The
stator forms the outer part of the motor and is made up of at least three coils with
iron cores. The rotor sits in the middle of the motor and consists of at least one

permanent magnet.

If coils of the stator are a power source connected, each one generates its own
magnetic field. By superimposing the individual fields, a total field is created in the
middle of the motor. The more coils are attached to the motor, and the smaller the
distance between the coils is, the more homogeneous the magnetic field, and the
more the rotational movement becomes more stable. In Figure 2.4 is shown a

brushless dc motor.



The coils are fed with a sinusoidal current, each is by 120 degrees out of phase,

results from the fact that the entire field rotates at a constant speed.

HousING

LAMINATION STACK

WINDING

PRINT WITH HALL SENE
SHAFT it

PERMANENT
MAGNET

BEARING { I

Figure 2.4 A brushless DC motor with bearing components [8]

This so-called rotating field thus continuously changes its orientation and pulls the
magnetic field generated by the permanent magnet of the rotor the magnetic
transverse pressure with. Thus the rotor follows the rotation of the rotating field and

the motor moves [9].

The choice between a brushless and a brushed DC motor has far-reaching
consequences and should be subject to the requirements profile of the application
concerned, as the performance characteristics of the two designs differ significantly.

Factors such as acquisition and maintenance costs must also be taken into account.

The effects and differences of brushed and brushless commutation systems must be
taken into account, particularly with a view to the service life of the DC motor.
Because of sliding contacts or brushes, mechanically working components, there is
continuous abrasion; the useful life is limited. High speeds, vibrations, and similar
factors represent additional stress and can have a major impact on the service life of
the brushes. The service life of brushless DC motors, on the other hand, is only
limited by the built-in ball bearings and can be calculated as realistic as possible. The

lack of mechanical friction avoids the risk of brush fire and sparks on the



commutator. Brushes also limit their use under specific environmental conditions; for

example, only brushless DC motors can be used for high vacuum applications.

In direct comparison with brush motors, brushless DC motors have various
performance advantages. These can vary depending on the application and be
manifold, but they usually include a higher starting torque, extremely precise - and

load fluctuations concerning more resistant - control as well as higher speeds.

In this study, a brushless DC Motor is used because of its high speed and

performance. The characteristics of dc motor could be seen in Table 1.1

Table 1.1 Characteristics of DC motor

No load speed 5000 rpm

Torque constant(K;) 0.1 Nm/A

Moment of inertia 1.5520-1075 kgm?




CHAPTER 3

SYSTEM IDENTIFICATION

The language of technology is mathematics, which enables a compact description of
parts of reality with a high degree of standardization. If part of the reality wanted to
be described by using a set of equations and if statements about the reality with the
interpretation of the mathematical properties wanted to be made, it is spoken of a
model. But how can be obtained the appropriate mathematical description from a
selected part of reality? One possibility is theoretical modeling, in which the
knowledge of elementary internal connections leads to a system of equations that can
ultimately be analytically simplified and standardized. In contrast, there is
experimental modeling or identification, which only obtains a mathematical model in
standard form from the measurement of input signals and assigned output signals.
However, many structural assumptions are necessary (e.g. linearity), which more or
less limit the applicability. The phenomenon of measurement noise, which must not

be ignored, is particularly important.

The latter type is also called black-box models because nothing is known about the
internal structure from the start and it has to be made assumptions about the

structure. The parameters of the model are then estimated using a suitable algorithm.

Really important is the validation of the model, which means checking whether the
model actually matches the reality. This important component of identification must

be carefully considered from the outset, as a model is never better than its validation.

The model in the form of a mathematical description is also suitable for experiments
in the form of a numerical simulation on the computer. Depending on the computing
power, questions can be answered much more quickly and limits can be examined

without risk.

There are also pitfalls in model building and simulation: A model that is too simple

does not reflect all aspects of the real process, while a model that is too complex



requires a lot of time and effort in the creation and simulation. After all, a model can

also be simply wrong due to poor or unsuitable structural assumptions. The Figure

3.1 illustrates step of the system identification.

Experimental Design

Experiment
P INPUT OUTPUT
l
Unknown System =
Physical laws Model Structure |
and a priori .| Determination -
knowledge
Data Analysis [Parameter Estimation}

1
[Mc&el validatinnj

1
Final Model

Figure 3.1 Steps of system identification [10]

3.1 Step Response

According to the definition of the step response, a step-shaped input u(t) = o(t) is

given to the system. The resulting output is then viewed as a non-parametric model

of the system.
The following information can be obtained from considering the step response:

e The outputs (variables) affected by the specific input can be determined.
e The time constants of the system are clearly visible.

e The characteristics (amplification, vibratory, weakly damped, aperiodic, with

dead time) of the system become clear.

Because of the simple implementation and immediate information, this method is

still very common in the industry. However, there are also disadvantages associated
with this:
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e Limitations in the input amplitude together with measurement errors and
noise impair the accuracy of the result considerably.
e The result is only suitable for a simulation to a limited extent (using a finite

convolution sum).

In order to avoid the second point, methods are developed that read a parametric
model from the step response. Since these procedures are already relatively old,

continuous models are determined from continuous functional processes [11].
3.2 PRBS (Pseudo Random Binary Sequence)

According to reference [12] the PRBS is explained as follows:

A PRBS signal is a popular input signal for system identification because it is
persistently exciting to the order of the period of the signal. A PRBS signal is
a series of step functions generated by a series of shift registers with an
exclusive or operator [13]. A maximum length PRBS signal has a correlation
function that resembles a white noise correlation function. This property does
not hold for non-maximum length sequences. The maximum possible period
for a maximum length sequence is p = 2n -1 where 1 is the order of the
PRBS. Thus the PRBS signal used in identification processes should be a
maximum length PRBS signal.

3.3 Model Validation

During model validation, the prediction error of the individual models is typically

compared with one another. However, the following must be observed:

If it is a sufficiently high model order despite the wrong model structure chosen, then
the model is able to provide a good prediction for the training data. However, it could
be calculated as a prediction for validation data that is not used in training. In
general, the prediction error for the training data decreases continuously with the
model order, while the prediction error for the validation data has a minimum with

the correct model order.
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3.4 Correlation Analysis

The correlation analysis enables a quick insight into time constants and delays (dead

times) with simple means.
Advantages and disadvantages of the process are:

e A quick insight into the system dynamics.
e No special input signals are required, measurement noise can be compensated
for by signal length.

e The measurement noise does not have to meet any special conditions (only

mean value-free with input uncorrelated).
e The result (weight function) cannot be used directly for the simulation.

e In the closed control loop, if the measurement noise is correlated with the

input and the method delivers incorrect results [14].

The starting point of the procedure is the so-called Wiener-Hopf equation:

Ruy(9) = ) g0k) Ry (k +7) (3-1)
k=0

where Ry, is the cross-correlation function between inputuand outputy, Ry, is the

autocorrelation function of the input signal and g is the weight sequence of a discrete

system.

In the special case of white noise as input, however, applies to the autocorrelation

function of the input

(A t=0
Ry (1) = {0’ T£0 (3.2)
which simplifies the equation 3.1 to
Ruy(¥) = 2g(D) (3.3)

Equation states that in the case of white noise as input, the function between input

and output is equal to the weight sequence g.
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In the practical application, two extensions have to be made:

1. The actual CCF is unknown; it must therefore be replaced by an estimate.

1

N—-1
Ruy = mkz u(l) y(t— k) (3.4)

Matlab performs this calculation using the xcorr command with the ‘unbiased’

option.

2. Since the real input signal is usually not a white noise signal, the measured
signals u and y must be filtered with a filter F; The filtered input signal
should be as similar as possible to the white noise signal. Then one can
estimate the weight sequence g with the filtered signals as described above.

Block diagram of the filter could be seen in Figure 3.2.

h

u Up G(z—l) JF " F—i ¥

Figure 3.2 Filter of input signal

3.5 Model structures

In practical measurements, there is always measurement noise. This problem is

shown in Figure 3.3:
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Measurement
Noise n(k)
&

u(k) y(k)
Difference }’g{k)l

RNANA I =N paa 1111

Figure 3.3 Input and noise

The deterministic system behavior is directed through the input u(k) and the output
vo(k). Due to imperfections, measurement noise n(k) always comes to the

deterministic (ideal) output and only the real output can be measured.

y(k) = yo(k) + n(k) (3.5)

Since neither the measurement noise n(k) nor the ideal deterministic output y,(k)
can be measured, one always has incorrect output data. An attempt is made to

approximate the noise model (measurement noise) with the help of white noise.

These so-called noise models always have the same structure. White noise is present
at the input of a linear discrete transfer function and colored noise is obtained at the

output. The corresponding block diagram is shown in Figure 3.4.

sv("-‘-’j Sn(‘:‘-’)

v(k) D(z ™) n(k)
— C(Z_lj —

k

Figure 3.4 Corresponding block diagram
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However, it should be clear that these noise models, like the modeling, which only
adds noise after the system output, are purely theoretical assumptions. In fact, many
noise sources act on the system, and the appropriate choice of a noise model

contributes greatly to the success of experimental modeling.

A noise model is necessary to describe a real measurement noise. However, the
structure and the parameters of this noise model are not fixed a priori, but must first

be determined together with the transfer function of the unknown dynamic system.

The most general model, which includes all other than special cases, is the Box-

Jenkins model. The output Y (z) is described in the direct frequency domain by;

B(z™1) D(z™1)

V@ = l@ s’

(2) (3.6)
where U(z) is the system input and V(z) is white noise. In this model, the

parameters of 4 different polynomials 4, B, C and D have to be estimated.

The simplest structure is the Output Error (OE) model, in which the transfer function
of the noise model is 1, which means that white noise is added directly to the output:
B(z™Y)
Y(Z) = mU(Z) + V(Z) (3 7)
This means that only the polynomials A and B have to be estimated; the noise model

is set to 1 from the start.

Another widely used variant is the ARMAX model (Auto regression with moving
average and extra input). A common denominator is assumed for both transfer

functions and the number of unknown polynomials is 3.

B(z™1) D(z™1)
N AT

Y(z) = V(z) (3.8)

Another simplification of the ARMAX model is the ARX model. The numerator

polynomial of the noise model D = 1 is also chosen here; thus the formula;
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v =20 @)+ v 3.9
DA T Ay Y 3-9)
again only 2 unknown polynomials remain. Note that the ARX and OE models only

differ in the noise model.

The structure of the models in the form of block diagrams can be seen in Figure 3.5.
In addition to a transfer function for the system, all models have a noise model of

varying complexity.

lv(k) lv(kJ
D[:z_i) 1_
Az D Az
ul(k n(k ulk n(k
A(z™1) y(k) A(z 1) y(k)
ARMAX ShE
lv(k)
p(z™1)
c(z ™1
u(k v(k @ n(k
Of g | ® Qlf gy l )
— D — >
Az b (k) Az"Y) = y(k)

OE Bl

Figure 3.5 Noise model structures

In general, the following can be said about the selection of the suitable model

structure:

The ARX model is simple and the parameters of the transfer function can be
estimated very efficiently because of the structure. The obvious disadvantage is that
the poles of the transfer function completely define the noise filter. This can lead to
an unnecessarily high order of the transfer functions. If the measurement noise is

only present to a lesser extent, then this leads to good results [15].
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The ARMAX model provides a more flexible noise model and can therefore deliver

good results in many cases. It can also be calculated efficiently [16].

The OE model only describes the system dynamics and does not specifically deal
with the noise. This model delivers good results even if the noise signal is not white,

but with increased numerical effort [17].

The BJ model has the most flexible structure and can therefore generally deliver the
best results. However, for a good estimation, it also needs the longest data records,

since most of the parameters have to be estimated and non-linearly optimized [18].

In addition, one should keep in mind that real noise can also have an effect close to
the input; in this case, it is obvious that the noise model has the same poles as the
system model. However, if there is real measurement noise, a BJ model is more

effective.

At the same time as the decision on the structure, one must also make the decision on
the model order. The order is also an a priori assumption and can only be checked
afterwards. Therefore, it can only be compared and contrasted models of different

orders.

3.6 Identification

The input which is used for identification of the system is a PRBS (Pseudo Random
Binary Sequence). A data set, which is collected separately, is used for the system
validation. This has a 0.2 A Amplitude and 25 Hz frequency The input is limited
because the motion of the system is constricted. The output shaft can only rotate
+30°.25 Hz frequency is chosen because one of the system pole expected around 62
rad/sec (10 Hz).In Figure 3.6 and Figure 3.7 are shown the input PRBS signal and
the spectral density of the signal. The output of the system is the fin angle which is

shown in Figure 3.8.
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Figure 3.8 System output

For the system identification, 37 different inputs were generated and these inputs
were given to the system. As noise model is BJ method is chosen because of the
sensor noise. The best 10 VAF result is given in Table 3.1. With obtained outputs
system identification process is done. Because of the sensor noise, BJ method gives

the best results. As model order is a polynomial with coefficients (1 4 4 2 1) chosen.

As a scale of precision of the suggested model, the Variance Accounted For (VAF),

which can be calculated by the formula below [19].

(3.10)

VAF — (1 _VAR(y(®) - ﬁ(t)))x 100

VAR(y(1))
here;
y(t): Measured data.

(t): Estimated data.



Table 3.1 VAF of 10 best data set
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Data Pair VAF %
1 85,4
2 73,7
3 71
4 72
5 79,8
6 72,6
7 94,8
8 75,7
9 86,2

10 82

VAF is frequently used to confirm the precision of a model, to compare the measured

output with the output of the model which is calculated via system identification.
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Figure 3.10 Correlation of training data and cross- correlation of estimated data and training data
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Correlation function of residuals.
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Figure 3.11 Correlation of validation data and cross- correlation of estimated output and validation

data

As shown in Figure 3.9, Figure 3.10, and Figure 3.11 the percentage coherence of the
model outputs obtained by using the training data and the validation data output is
high. The fact that the correlation test results remain within the band indicates that
the estimated model was obtained safely. The transfer function between motor

current and fin angle is:

(3.11)

281.6 degree
Gplant(s) = [

0.02092s2+sl A
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If this plant transfer function with Laplace transfer of the dynamic equation of FAS

is equalized by considering the system is linear;
Jr - 0p(t) + Bp - 0p(t) = N - K, - i(t) (3.12)
]F'GF'SZ+BF'9F'S=N'Kt'i (313)

this Laplace transformed equation could be written as a transfer function. The input

is the motor current and the output is the fin angle.

N-K¢
Or N - K; B_F 281.6
Cptant () = =1 g s T T 25 00200257 55 O

Bp

The transmission ratio of the systemNis considered as 78 and the torque constant of
the DC motor K; is 0.1 Nm/A. Then according to the fin axis moment of inertia of

the system J and viscous friction constant B could be calculated as:
Jr =579 -10"*kg - m? (3.15)
Br =0,0277Nm - s/degree (3.16)
3.7 Calculation of System Inertia

In order to calculate the projected inertia respect to fin axis of the system, it has to be
added to every link and every rotating component, because the whole system is
driven by motor. Fin axis and motor axis are not on the same line. Parts of the system

could be seen in Figure 3.12.

The moment of inertia equation of the ballscrew-nut could be derived from the
kinetic energy equation for both systems because of translational motion. 8y is the

velocity of the motor.
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Muut

lek

Figure 3.12 Moment of inertia of the system

1

1 .2 1
Emequivalent : vnutz = E (]motor +]shaft) : HM + E (mnut) : vnutz (3' 17)

The vy, is the velocity of the nut. The Megyivgient 18 the equivalent mass of the

components on the motor axis. The transmission ratio between shaft and nut is

p=3/2n = 0.4775 mm/rad. Therefore;

1

Emequivalent “(p- éM)z =

1 .2 1 )
= E(]motor +]shaft) Oy + E(mnut) : (,0 : 9M) (3.18)

_ (]motor +]shaft)
Mequivalent = ,02

Myt (3.19)

Mpye = 6.632 - 1072kg (3.20)

Jmotor and Jspqrrare taken from NX software:
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Jmotor = 1,5520 - 10~°kg - m? (3.21)
Jshare = 3,30 - 10~kg - m? (3.22)
Mequivalent = 6.64 - 107%kg (3.23)

Another kinetic energy equation for the fin axis can be written,;

1 . 2 )
E]equivalent : 9F = E]link ’ QF + Emequivalent : 1'7nut2 (3- 24’)

here 18 Jequivaient the inertia of whole system reduced on the fin axis and vy, as a

function of Op:
Vnut = Liink - éF (3.25)
1 .2 1 .2 1 s 2
z]equivalent : HF = E/link ' BF + Emequivalent : (LLink : 6F) (3- 26)
]equivalent = ]link + mequivalent : Llink2 (3- 27)

JLink could be taken by using NX software:

ok = 3,2910 - 10~% kg - m? (3.28)
and

Ly = 0.060 m (3.29)

Jequivatent = JF caiculatea = 56815 -10™* kg - m? (3.30)

Calculated inertia is similar to inertia which is founded with system identification

method. The reason for this difference could be rolling components in bearing.
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CHAPTER 4

CONTROLLER DESIGN

The nonlinear behavior of electromechanical actuators represents a difficult question
in designing ideal controllers for these actuators. Problems in identifying a precise
model of naturally nonlinear dynamics make controller design more sophisticated.
Many scientists have used modern control methods to upgrade the system

performance especially in tracking and motion control capability [20].

When designing a state feedback control, all existing cross-couplings of a system are
taken into account. For this, it is necessary to be able to measure all state variables of
the system in the ideal case or to estimate them by an observer. The system must be
fully controllable for the design. If an observer is to be called in to estimate the

states, the system must also be fully observable.

Figure 4.1 illustrates the structure of a state feedback control. The state vector x is
fed back to the system inputs u via the feedback matrix K. The system reference is r

[19].

3 U Plant Y

K

A

Figure 4.1 General state feedback block diagram

The state space model is described with state feedback according to the following

equations:
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x = Ax + Bu 4.1)
y= Cx +Du (4.2)
Here:

x: State vector (nx1)

: Output vector (1x1)
: Input vector (1x1)

: State matrix(nxn)

: Input matrix (nx1)

: Output matrix(1xn)

O O W o> 2 <

: Feedthrough matrix(1x1)

x: Time derivative of vectorx(nx1)

The complete controllability of a system can be checked with the criterion proposed
by Kalman. This criterion relates to the controllability matrix S, which is an (nxn)

matrix. If the system has only one input, the matrix S is square.
Sc = (B AB A%’B ... A"1B) (4.3)

The system (4, B) is fully controllable if and only if the controllability matrix S has

the rank n:
Rank Sc =n 4.4)

The observability criteria and the controllability criteria are very similar. It becomes
obvious that observability is a dual property to controllability so that the following
investigations can be made much more briefly. The Kalman-criterion refers to the

observability matrix
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C
CA
CA?

(92
S
I

(4.5)

CA-n—l

which is an (nxn) matrix. It is square if the system is only one output. The system

(4, C) is completely observable if and only if the observability matrix S, has rank n.
Rank Sp =n (4.6)

A system is asymptotically stable if its states are at a finite initial deflection for t —

oo strive towards 0.

A linear system is asymptotically stable if and only if all real part of eigenvalues of

the system matrix A lie in the left half-plane, i.e.
Re{A;}<Oforalli=12,..,n
4.1 State Feedback Controller
Dynamic equation of FAS is used to control the system:
JrOr(t) + BB (t) = NKi(2) (4.7)

State space system equations could be written as;

X =Ax + Bu (4.8)
y= Cx +Du (4.9)
u=r—Kx (4.10)

The states are chosen, the first state is the fin angle and the second state is the

angular speed of the fin. And state space block diagram could be seen in Figure 4.2.

X, = O (4.11)
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X1 = Xy
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Figure 4.2 State feedback controller block diagram

State feedback matrices could be written as below:

0 1
A= Br
0 ——
! JF
F 0
B = |NK:
L JF
Cc=[1 0]
D = [0]
K = [k1 kz]

Closed loop system equation is [21]:

Y(s) _
RG) C(sI— (A—BK))"'B

x(1) (0

29

(4.12)

(4.13)

(4.14)

(4.15)

(4.16)

(4.17)
(4.18)

(4.19)

(4.20)
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In order to calculate the closed loop equation, the components of the matrices have to

be calculated. The calculation is written step by step.

0 17 10
A—-BK = |, _Br| = |NKt|[ky ko] (4.21)
! Jel Lk
0 171 1 O 0
A-BK=|, _Br|l—[liNK: k;NK; (4.22)
! Jed L Jr Jr
0 1
A-BK=| kiNKi  Br Kk;NK; (4.23)
Jr Jr Jr
for the abbreviation:
kiNK;
- =a (4.24)
Jr
Br k,NK;
- =b 4.25
I~ s %25
Equation 4.22 in new form;
_J0 1
A-BK=|_ b] (4.26)

The difference of s times identity matrix and equation 4.25;

sI—(4-BK) =} S]—[g 11? (4.27)
sI-(A-BK)=|* ‘1b] (4.28)

the inverse of equation 4.27
_ _ -1 _ S -1 -1
(sI — (A — BK)) [_a o b] (4.29)

the inverse can be calculated with the help of determinant:



4 1 s—b 1
(sI — (A— BK)) l_m[ a S]

s—b 1
(sI—(A-BK)) =St~ D) —a sls=b)~a

s(s—=b)—a s(s—b)—a

Output matrix C times equation 4.30;

s—b 1
C(sI—-(A-BK)™'=[1 0] S(S_é’)_a S(S_Sb)_a

s(s—=b)—a s(s—b)—a

b 1 ]

-1 S —
C(sI - (A - BK)) =[5(5_b)—a s(s—b)—a

Equation 4.32 times B matrix;

C(sl — (A— BK))™'B = [ S—b ! ] N(}Q
“Is(s=b)—a s(s—b)—a ]_
F
NKe
C(sl-(A—BK))'B=—2—
(sl —( ) SG-b)—a
NKe
I-(A-BK)'B=—1
ClsT=<( ) s?2—bs—a
Equation 4.23 and 4.24 in equation 4.35
NKe
—_ — -1p _ JF
B O G173 P UL
JF JF JF
NK,
C(sI — (A— BK))"'B = Jr

Sz+(ﬁ+w)s+(w)
F JF

31

(4.30)

(4.31)

(4.32)

(4.33)

(4.34)

(4.35)

(4.36)

(4.37)

(4.38)
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Finally, the closed loop transfer function can be written as:

NK;
Y(s) -1, JF
(s) Clst = (4-BK)) B = s2 + (ﬁ + kzNKf) s+ (klNKt) (439
JF JF JF

If the poles are at -150 + 1501 located, with this placement it is aimed a system with
33.76 Hz (212.13 rad/sec) natural frequency and damping coefficient 0.707. Than the

transfer function is;

NK;

Y(s) _ Tr _ 13470 (4.40)

R(s) 424 (‘j_g + kz]LFKt) s+ (’HJLF’Q) s? + 300s + 45000
The command place in Matlab is used to find the controller coefficients.

K = [k, k,] =[3.3404 0.0187] (4.41)
For a good tracking performance, it must be guaranteed:

u=r-—Kx (4.42)

yit) = r(t) as t - o (4.43)
if the final value theorem is in frequency domain written:

tli_)rrc}o y() = ll_)rr(l) sY(s) (4.44)
Thus, for good performance for step response:

sY (s) =~ sR(s)ass —» 0 % » =1 (4.45)

So, for good performance, the transfer function from R(s) to Y(s)should be

approximately 1.

Y(S)| 13470 _13470
R()l,_, 52+ 300s + 45000 45000

(4.46)
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In this case, reference could not be tracked. This can be seen in Figure 4.3. From the
equation could be understood that the numerator and the constant term of the

denominator must be the same. Therefore the reference has to multiplied by a gain N.

Step Response

—u=r-Kx
—— 3tep Reference

o
©

Fin Angle [degree]
o
2}

o
'S

0.2 /\

0 0.05 0.1 0.15 0.2 0.25 0.3
Time [sec]

Figure 4.3 Step response

u= Nr—Kx (4.47)
N is an additional gain used to scale the closed-loop transfer function (Figure 4.4).
x =(A—BK)x +BNr (4.48)

y= Cx (4.49)
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Figure 4.4 State feedback controller with additional gain

Now the closed-loop transfer function is in a new form:

Y(s)

RG) C(sl — (A—BK))™'BN

To realize good tracking N could be calculated:

MO
R(s) s=0
P 45000

~ 13470

NK; ~
Y(s) _ 5N 45000
R(s) 424 (& N kzNKt) N (klNKt) ~ s2 + 300s + 45000
JF JF

Y(s) 45000 45000

_, SZ+ 3005+ 45000 45000
Numerator and the constant term of the denominator must be equal.

NNK; k,NK,
Jr Jr
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r(t) _ u[t) x(t) - y(©)

(4.50)

(4.51)

(4.52)

(4.53)

(4.54)

(4.55)
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Therefore N is equal k,.This additional gain is also written in reference [22].
N = 3.3404 (4.56)

45000 B Wp?
s2 + 300s + 45000  s2 + 2Ew,S + w,2

(4.57)

Based on this transfer function, the natural frequency of the system is found as

212.13 rad/sec.

Step Response

1.5 : :
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Figure 4.5 Step response

When a step reference is given to closed-loop transfer function in the simulation
environment, it is seen that the system response tracks the reference (Figure 4.5). The
improved controller has no steady-state error after step response but at 0.1 seconds 1
ampere disturbance in form of motor current applied (Figure 4.6 and Figure 4.7).
Because of this disturbance, the controller loses out the reference tracking (Figure

4.7).
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Figure 4.6 Simulink diagram of state feedback controller

Step Response with Disturbance
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Figure 4.7 Step response with disturbance

0.2

To solve this reference tracking problem an outer loop with an integral behavior is

added. Because, there was no integral behavior in designed state space controller.

The principle of this method in the continuous-time system is:

t
u(t) = — Kx(t) + H]Vf (r(@- y(1))dr
0

(4.58)
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H is the new gain, which is in integral action used. From the equation 4.58, the
improved controller block diagram of the system turns into the shape shown in

Figure 4.8.

\\
d(e)

e e

@ 9
r[t)_ J‘ }Q_[tl‘ H

Integral

Action
k __/ \_State-Feedback Controller

Figure 4.8 State feedback controller with integral action

In this case, the state-space equation of the improved system is;

d 1x(t) x(t) B
zlaol =1 ol gl [0 (4.59)
y(®) = [C 0][’“%3 (4.60)

In order to calculate the new closed-loop transfer function;

—1n% 1
Yoew(s)  C(sI=(A—BK) BNy, H>

= ——— (4.61)
R(S) 14 C(sl— (A—BK)) "By, H=
N
Yew(®) _ i e (4.62)
R(s) .3 konewNKe\ o kinewNK¢ NK; &5 )
s) s +(F+ e ) +( JF )S+/FN”3WH

Now the system has third order and a pole must be chosen and placed. The third pole
is placed at the point -180 on the real axis, which is faster than other pole pair. The

new closed-loop transfer function is:
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Yoew(s) 8100000

R(s) ~ s3+480s2+99000s + 8100000 (4.63)
And the new controller matrix, coefficient H and N,,,,, :
Knpew = [Kinew Konewl =[7.3488 0.0321] (4.64)
N,., = 7.3488 (4.65)
H = 81.8187 (4.66)

Fin Angle
J_ * = Ax+Bu A
i y = Cu+Du
Disturbance
Stete-Space Derivative
—( w1
= 3
Step Reference 4 Integrator )
K Ntilde ———

Figure 4.9 Simulink diagram of state feedback controller with integral action
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Step Response with Disturbance

— Step Reference
— Step Response with Disturbance
@ ~——
5 ra
@
=y
[0)
k=)
=
<
£05
[
00 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Time [sec]

Figure 4.10 Step response of state feedback controller with integral action

The simulink block diagram could be seen in Figure 4.9. When the results of the
improved controller are examined, it is seen that it has 0.8 % overshoot and settles at
1 degree before disturbance, tracks the reference after 1-ampere disturbance effect at
0.1 seconds. Motor current before disturbance is nearly 3 ampere. The closed-loop
system bandwidth is 22.9 Hz. Step response with the disturbance effect could be seen

in Figure 4.10. And the bode plot could be seen in Figure 4.11.
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Bodeplot of Augmented System

0
|_ss o

7 (SNSRI NI MIIRE. > .. . i el IO N~ TR, SOOI DUV WU, .
o
oS A e e e e e e L e e S e e G B
ke
=2 | ! ; !
FoS ) I | System: G_cl_ss e e
2 : Frequ_ency (Hz): 22.8 : :

o "7 Magnitude(dB): -3 R

Phase (deg)

Freguency (Hz)

Figure 4.11 Bodeplot of augmented system in equation 4.63

4.2 Controllability

The state-space system without integral action has two states. Therefore the rank of

the S-; matrix must equal 2 for controllability:

13470

10
561‘[13470 —644490 (4.67)

Rank S¢y = 2 (4.68)

And the state-space system with integral action has three states. Therefore the rank of

the S¢, matrix must equal 3 for controllability:

1 —480 131400
Se=l0 1 —480 (4.69)
0 0 1
Rank S¢; = 3 (4.70)

Both systems are controllable.
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4.3 Observability

The state-space system without integral action has two states. Therefore the rank of

the Sy, matrix must equal 2 for observability:
_[0 1
So1 = [1 . (4.71)

Rank Sy, = 2 (4.72)

The state-space system with integral action has three states. Therefore the rank of the

So» matrix must equal 3 for observability:

0 0 8100000
So2 = 0 8100000 0 (4.73)
8100000 0 0
Rank Sy, = 3 (4.74)

Both systems are observable. The observability was not used in the thesis, but this

subject was mentioned as it could be used in future studies.
4.4 Stability

The closed-loop system has three poles. All poles of the system present in the left
half of the ‘s’ plane. In Figure 4.12is shown the poles of the system.
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Figure 4.12 Pole zero map of closed loop system of state feedback controller

4.5 PID Controller Design

PID Controller (Cp;p) || Plant (Gp)

v

Figure 4.13 Block diagram of PID controller

A general PID controller block diagram could be seen in Figure 4.13. In order to
design a PID controller, the same closed-loop poles of the state feedback controller
are chosen. The closed-loop system of the PID controlled system has to have the
same poles as the previous system. Also, the poles are located at -150 + 1501 and-180

in the complex coordinate system. The PID controller could be written as:

Kps? + Kps + K;
s

Cpip = (4.75)

And the plant is:
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281.6
G = 4.76
Plant = 0,02092s2 + s (4.76)
The closed-loop system could be written as:
CPIDGPlant
Gep, = (4.77)
LT 1+ CpipGpigne
Equation 4.70 and 4.71 in equation 4.72;
281.6 (Kps®+Kps+Kj)
_ 0.0209253 +52
Ger = 0.0209253+52+281.6 (Kps2+Kps+K)) (4.78)
0.0209253 +52
. — 281.6 (Kps? + Kps + K)) (4.79)
€L 70.02092s3 + (1 + 281.6 Kp)s? + 281.6Kps + 281.6K)) '
281.6 (Kps? + Kps + K;)
Ger = 5 , (1+281.6Kp) , , 28L6Kp 281.6K; (4.80)
S s% + S
0.02092 0.02092 0.02092

For the same denominator with equation 4.62, PID coefficients (Kp,Kp,K;) are

calculated as:

Kp = 0.0321 (4.81)

Kp = 7.3547 (4.82)

K; = 601.7472 (4.83)
0.0321s% + 7.3547s + 601.7472

Coip = . (4.84)

The controller is implemented in the real-time system. The continuous controller is
converted to a discrete controller. The Matlab command ‘c2d’ is used with the option
‘tustin’ because the numerator order is higher than the denominator order. The

Matlab code could be seen in Appendix Figure A.1. The discrete controller is:

71.87z% — 127.8z + 57.16
CpiScRETE_PID = 221 (4.85)
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CHAPTER §

REAL TIME EXPERIMENTS

In order to see the performance of the designed controllers, they must be tested in a
real-time system. Matlab and real-time platform xPC Target are tools for these tests.
The system contains two computers, a data acquisition card, an I/O card, a servo
amplifier, a power supply, and the fin actuation system (Figure 5.1). To implement
load on the system there is an angular spring and a torque sensor. The spring applies
torque when the fin turns. The spring constant is 5 Nm/degree and it has a linear

behavior between + 40 degrees. If the fin actuation system turns 12 degrees, there are

60 Nm load on the system (Figure 5.2).

W

Data Acquisition Card

!

&

1/0Card

Target Computer /
———
Host Computer

Fin Actuation System

Servo Amplifier

Figure 5.1 Real time test setup
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Spring Torque Sensor Fin Actuation System

Figure 5.2 Fin load system [23]

5.1 Comparison of PID and State Feedback Controllers

State feedback controller with integral action and PID controller are designed and
they have to be tested in a real-time system. After a controller comparison, which has
better results could be used as the main controller. The reference which is given to
the real-time system contains signals in step and sinusoidal form. The reference
signal is limited with a rate limiter block. Because references in step form are not
realistic and velocity of the rising interval is infinite. The rate limit value of the
reference signal is +£300°/sec. This limiter can be seen in Figure 5.3. For these tests,

no disturbance load was applied to the system.



[Degree]

Fin Angle

Ei Function Block Parameters: Rate Limiterl

Rate Limiter
Limit rising and falling rates of signal.
Farameters
Rising slew rate:
300

Falling slew rate:

-300

Sample time mode: |inherited

Initial condition:

0

[7] Treat as gain when linearizing

[ oK J | Cancel

Help J| Apply

Figure 5.3 Rate limiter of the system
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Figure 5.4 Response of PID controller
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Figure 5.5 Response of state feedback controller
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Figure 5.6 Current output of servo amplifier of PID and state feedback controllers
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Table 5.1 Comparison of controllers

Controller | Settling time(%1) Overshoot(12°) Peak RMS Current
Current
PID 0.05 sec % 8.3 11.65 A 0.5955 A
State
0.05 sec <% 1 22A 0.2557 A
Feedback

Figure 5.4, Figure 5.5, Figure 5.6, illustrate the responses of two controllers and their
required current. The settling times are similar. But PID controller has a higher
overshoot and more current consumption. The Servo amplifier current output of the
PID controller is more than five times higher than the servo amplifier current output
of the state feedback controller (Table 5.1). State feedback controller is chosen,
because battery capacity of missiles is limited. After these results, the state feedback

controller was chosen as the main controller.

5.2 State Feedback Controller Real Time Test with External Load

While one encoder in the system measures the angle of rotation of the motor, the
other encoder measures the fin angle (Figure 5.7). When the fin angle is obtained by
using the encoder measuring the motor angle, the measurement is made more precise
than the encoder that measures the fin angle directly. In other words it is as accurate
as the transfer rate, assuming no backlash and deflection. Also, nonlinear phenomena
due to backlash and deflection of mechanical components in the system have no
effect on the designed linear controller. For this reason, the controller design was

made with the system considered as linear.
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Figure 5.7 A fin actuation system with two encoders[24]

The disadvantage of obtaining fin angle by measuring from the motor side is that
there are errors as much as backlash in mechanism and deflection of mechanical
components in the system. The difference between the motor side encoder and the fin
angle encoder when the fin angle reference which is 12 degree, is given to the system

is shown in Figure 5.8.

Angle Difference Between Two Encoders

—— Sinusoidal Reference
—Encoder on the Motor Shaft
— Encoder on the Fin

N
NS

e P

N

Fin Angle [degree]

_150 0.056 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Time [sec]

Figure 5.8 Angle difference between two encoders
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Here, the fin angle obtained by deriving from the encoder measurement on the motor
side against a 12-degree reference is 12.04 degrees, while 11.27 degrees is measured
from the encoder on the fin side. That is, the controller which has only feedback from
motor side, cannot detect the true angle value. For this situation, from fin side
encoder is taken only measurement. In order to eliminate this situation, the controller
feedback is added to the reference by subtracting the measurement difference of the
two encoders from the measurement, which is taken from the motor side. This

situation is shown schematically in Figure 5.9.

Fin Angle
Reference -+ i
Controller J_, System Difference
— +
Motor
Angle

k

[

Figure 5.9 Angle difference compensation

The Simulink block configuration of this method can be seen in Figure 5.10 and

Figure 5.11. Note that in Figure 5.11 obtained backlash was used in Figure 5.10.
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Figure 5.10 Simulink block diagram of state feedback controller with angle difference compensation

backlash
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fAngleEnc Subtract Goto

Fin Angle

Figure 5.11 Backlash calculation block diagram

After the controller feedback of the system was adapted to the structure in Figure
5.10, the system was loaded with a Fin Load System, and tests were carried out. The
load is applied to the system in inverse proportion to the fin angle with a spring in
Fin Load System. The spring coefficient of the system, which is used in Fin Load
System is about 5 Nm/degree and the applied load was measured with a torque
sensor on the Fin Load System shaft. The reference, which was given to the system

and the response of the system are shown in Figure 5.12, and the load on the system



52

is shown in Figure 5.13. The augmented controller has no steady state error. And the

fin angle follows the reference.

Fin Angle [degree]
o )

System Response

.
—Reference ||

—Fin Angle

[ N\ 4

AN

\
\ |
\/

\ 1Y)

0.5 1 15 2 2.5 3 3:5 4
Time [sec]

Figure 5.12 Reference response of controller
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Figure 5.13 Load on the system

The current that the system consumes to achieve this performance is given in Figure

5.14. The RMS value of the current is 5.0903 A. It has an overshoot smaller than %1.
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Figure 5.14 Output current of servo amplifier
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CHAPTER 6

CONCLUSION

In this study, it is aimed to reduce the effects of the backlash caused by the
mechanism and deflection in the control of the fin actuation system of the missile. In
the first chapter, the literature was examined and an introduction to the study was
given. In the second chapter, information about the system components and
mechanism was given. In order to do this examination, sensors are placed in two
separate locations of the mechanism. In the third chapter, system identification was
explained with its theoretical background. In order to identify the system, data were
collected by giving a current profile to the system. With these data, the mathematical
model of the system was obtained by using the Box Jenkins noise model. With the
system identification, the unknown parameters of the system, the viscous friction
coefficient, and the moment of inertia of the system, were found. One of these
parameters, the moment of inertia had been calculated using the kinetic energy
formulation and it was shown that it is very close to the value founded by system
identification. In the fourth chapter, controllers were designed and in the fifth
chapter, the results of real-time tests were done. The first controller was designed
with the state feedback method, and with a two-stage improvement, the controller
was ensured not to make a steady-state error and to be resistant against disturbing
effects. The second controller was designed as a PID with the same pole
characteristic as the controller designed with the state feedback method. This
controller was discretized to be used to compare two controllers. The model was
tested in real-time with two separate controllers. The state feedback method
controller, which was the controller that makes less overshoot and uses less power,
was chosen. As a result of the tests carried out by applying the load with the loading
system, the angle difference taken from the sensor on the motor side and the encoder
measuring the fin angle was added to the reference and the controller was able to
settle the correct angle. A non-linear system was controlled by a linear controller and

the applied method. The test results were also graphically added to the study. As
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future work, new control studies can be done by using the hall sensor which is

attached to the motor and an observer can be designed.
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