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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. 
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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 
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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®. 
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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. 

 

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, rotates because of the linear motion of the ball screw nut. 
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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 
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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. 
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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. 

 

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 



7

 

 

 

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( ) 0.1 Nm/A 

Moment of inertia 1.5520·  kg  
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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 
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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. 

 

Figure 3.1 Steps of system identification [10] 

3.1 Step Response 

According to the definition of the step response, a step-shaped input  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: 

 The outputs (variables) affected by the specific input can be determined. 

 The time constants of the system are clearly visible. 

 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: 



10

 

 

 

 Limitations in the input amplitude together with measurement errors and 

noise impair the accuracy of the result considerably. 

 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 

-

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: 

 A quick insight into the system dynamics. 

 No special input signals are required, measurement noise can be compensated 

for by signal length. 

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

mean value-free with input uncorrelated). 

 The result (weight function) cannot be used directly for the simulation. 

 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: 

 

where  is the cross-correlation function between input and output ,  is the 

autocorrelation function of the input signal and  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 

 

which simplifies the equation 3.1 to 

 

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

and output is equal to the weight sequence . 
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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. 

 

Matlab performs this calculation using the  

option. 

2. Since the real input signal is usually not a white noise signal, the measured 

signals  and  must be filtered with a filter ; The filtered input signal 

should be as similar as possible to the white noise signal. Then one can 

estimate the weight sequence  with the filtered signals as described above. 

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

 

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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Figure 3.3 Input and noise 

The deterministic system behavior is directed through the input  and the output 

. Due to imperfections, measurement noise  always comes to the 

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

 

Since neither the measurement noise  nor the ideal deterministic output  

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. 

 

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  is described in the direct frequency domain by; 

 

where  is the system input and  is white noise. In this model, the 

parameters of 4 different polynomials  and  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: 

 

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. 

 

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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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. 

 

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 3.6 System current input 

 

 

Figure 3.7 Spectral density 



18

 

 

 

 

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]. 

 

here; 

Measured data. 

Estimated data. 
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Table 3.1 VAF of 10 best data set 

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 3.9 Best VAF result of validation data (Data pair 7) and estimated data 
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Figure 3.10 Correlation of training data and cross- correlation of estimated data and training data 
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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: 
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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; 

 

 

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

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

 

The transmission ratio of the system is considered as 78 and the torque constant of 

the DC motor  is 0.1 Nm/A. Then according to the fin axis moment of inertia of 

the system  and viscous friction constant  could be calculated as: 

 

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.  is the 

velocity of the motor. 
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Figure 3.12 Moment of inertia of the system 

 

The  is the velocity of the nut. The  is the equivalent mass of the 

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

. Therefore; 

 

 

 

 and are taken from NX software: 
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Another kinetic energy equation for the fin axis can be written; 

 

here is  the inertia of whole system reduced on the fin axis and  as a 

function of  

 

 

 

 could be taken by using NX software: 

 

and 

 

 

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  is 

fed back to the system inputs  via the feedback matrix K. The system reference is  

[19]. 

 

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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Here: 

: State vector (nx1) 

: Output vector (1x1) 

: Input vector (1x1) 

: State matrix(nxn) 

: Input matrix (nx1) 

: Output matrix(1xn) 

: Feedthrough matrix(1x1) 

: Time derivative of vector (nx1) 

The complete controllability of a system can be checked with the criterion proposed 

by Kalman. This criterion relates to the controllability matrix  which is an (nxn) 

matrix. If the system has only one input, the matrix  is square. 

 

The system ( ) is fully controllable if and only if the controllability matrix  has 

the rank n: 

 

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

( ) is completely observable if and only if the observability matrix  has rank n. 

 

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

 

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. 

 for all  

4.1 State Feedback Controller 

Dynamic equation of FAS is used to control the system: 

 

State space system equations could be written as; 

 

 

 

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.
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Figure 4.2 State feedback controller block diagram 

State feedback matrices could be written as below: 

Closed loop system equation is [21]:
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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. 

 

 

 

for the abbreviation: 

 

 

Equation 4.22 in new form; 

 

The difference of s times identity matrix and equation 4.25; 

 

 

the inverse of equation 4.27 

 

the inverse can be calculated with the help of determinant: 
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Output matrix C times equation 4.30; 

 

 

Equation 4.32 times B matrix; 

 

 

 

Equation 4.23 and 4.24 in equation 4.35 
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Finally, the closed loop transfer function can be written as: 

 

If the poles are at -150 ± 150i 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; 

 

The command place in Matlab is used to find the controller coefficients. 

 

For a good tracking performance, it must be guaranteed: 

if the final value theorem is in frequency domain written: 

 

Thus, for good performance for step response: 

 

So, for good performance, the transfer function from  to should be 

approximately 1.
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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 . 

 

Figure 4.3 Step response 

 is an additional gain used to scale the closed-loop transfer function (Figure 4.4). 
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Figure 4.4 State feedback controller with additional gain 

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

 

To realize good tracking  could be calculated: 

 

 

 

 

Numerator and the constant term of the denominator must be equal. 
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Therefore  is equal .This additional gain is also written in reference [22]. 

 

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

212.13 rad/sec. 

 

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 

 

Figure 4.7 Step response with disturbance 

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: 

 



37

 

 

 

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. 

 

Figure 4.8 State feedback controller with integral action 

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

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

 

 

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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And the new controller matrix, coefficient  and  : 

 

 

 

 

Figure 4.9 Simulink diagram of state feedback controller with integral action 
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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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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  matrix must equal 2 for controllability: 

 

 

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

the  matrix must equal 3 for controllability: 

 

 

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  matrix must equal 2 for observability: 

 

 

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

 matrix must equal 3 for observability: 

 

 

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 

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 

 

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 ± 150i and-180 

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

 

And the plant is: 
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The closed-loop system could be written as: 

 

Equation 4.70 and 4.71 in equation 4.72; 

 

 

 

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

calculated as: 

 

 

The controller is implemented in the real-time system. The continuous controller is 

denominator order. The 

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

 



44

 

 

 

CHAPTER 5  

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). 

 

Figure 5.1 Real time test setup 
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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. 
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Figure 5.3 Rate limiter of the system 

 

Figure 5.4 Response of PID controller 
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Figure 5.5 Response of state feedback controller 

 

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 

Current 

RMS Current 

PID 0.05 sec % 8.3 11.65 A 0.5955 A 

State 

Feedback 
0.05 sec < % 1 2.2 A 0.2557 A 

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. 

 

 

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. 

 

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 

 

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

fin angle follows the reference. 

 

Figure 5.12 Reference response of controller 

 

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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