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ABSTRACT 
 

Satellite tracking stations (STSs) are used in order to track satellite over a specified range of positions. Pedestals are 

being used as the most important component in each STS. Elevation over azimuth (Az-Elv) pedestals are the most 

common type of the pedestals, which are used in order to track low elevation orbit (LEO) satellites. However, due to 

motor speed limit, Az-Elv pedestals are unable to track targets at high elevations near the zenith point. Azimuth-

Elevation-Tilt (Az-El-Ti) can overcome this problem by introducing a third degree of freedom. However, there still 

remains real challenges in tracking targets under disturbances such as high speed winds. Considering conventional 

proportional-integral (PI) controllers, the overall system suffers from poor tracking performance under load variations. 

Moreover, the mechanical characteristics of load such as viscous coefficient and moment of inertia vary gradually. It is 
a key feature for drive controller to be robust against all these changes. This paper presents a solution for efficient 

performance of Az-El-Ti pedestals in terms of accurate positioning even during passing the zenith point.  The most 

important advantage of the introduced controller is its non-sensitivity to the variations of load, moment of inertia and 

viscous coefficient.  The controller output will regulate the output position of pedestal's actuators. Permanent magnet 

synchronous motors (PMSMs) are taken into consideration as the best choice for satisfaction of control objectives. 

Then a robust sliding mode controller is designed via defining suitable sliding surface and calculating the 

corresponding control input. While the designed controller is regulating the q-axis current of a PMSM motor, the 

tracking accuracy is measured via simulating, considering an accurate, nonlinear model of the motor. At last, the 

controller's performance is validated when it is used in an Az-El-Ti pedestal and the wind is blowing with different 

speed profiles. The reference azimuth and elevation data are chosen from a real tracking mission and simulation results 

prove effectiveness of the proposed approach for controlling LEO pedestals. 

 
Keywords: , Sliding mode controller, azimuth-elevation-tilt pedestal, LEO satellite track, PMSM drive. 

  
 

I. INTRODUCTION 

 
Pedestals are in charge of placing the antenna in a position at which, receiving telemetry data from satellite is 

performed with the best quality. Losing accuracy in antenna positioning will result in loss of significant amount of data 
[1]. Satellites circulate in different orbits with distinct elevations relative to the earth. LEO satellites offer some benefits 
in comparison with their geostationary earth orbit (GEO) cousins [2]. Having lower launch costs, less power 
requirements and reduced roundtrip transmission delay, compared to a GEO, makes LEOs more appropriate satellites. 
Moreover, in contrast with GEO constellations which only can see earth stations with latitudes less than 81°, a LEO 
constellation is capable to communicate with all points on the globe, using the polar orbits.  

Satellite tracking stations (STS) must be capable of tracking satellites in specified range of positions. There are 
different kinds of pedestals which are used to track satellites. Pedestals which are used in LEO STSs are categorized 
according to their degrees of freedom. The most prevalent type of pedestals is the elevation over azimuth pedestal (Az-
Elv pedestals) [3]. The most important advantage of these pedestals is that their reference position is easily provided. In 
fact, telemetry data which are being sent by the target satellite, contain the satellite's position in terms of azimuth and 
elevation angles. Therefore, there is no need for any additional conversion of these data. The pedestal has to rotate and 
move its reflector to be placed at a point with received azimuth and elevation. 

Whatever the telemetry data signal is stronger, the quality of the data reception goes higher. In other words, when 
satellite is located in higher altitudes, the quality of the received signal reduces.  Zenith point is a position at which, the 
pedestal's reflector is in horizontal state and satellite is crossing from the top of the pedestal, i.e., the elevation angle of 
the satellite is going to decrease from 90°. At this instant, the azimuth angle of pedestal has to be changed 180° in a short 
time period because the elevation motor is only allowed to rotate at angles between 0 and 90. This is very important that 
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the station can be capable of continuing a good tracking through and near the local zenith to assure quality reception of 
the telemetry data [4]. To reduce the high speeds of Azimuth motor in zenith pass and to avoid signal loss in the "dead 
zones" pedestals with 3-axes Support-Rotating Device (SRD) with an implemented additional azimuth axis of E1 with a 
slope       are developed.  

Az-El-Tilt are capable of removing main problem of traditional Az-Elv pedestals, enabling high quality data 
reception during zenith pass. However, there are still a number of significant challenges in accurate positioning of these 
pedestals. The diameter of reflector body varies up to several meters. Significant torques should be supplied by servo 
mechanism in order to move the reflector. However, the amount of required torque is not constant at different positions. 
Moreover, STSs are mostly placed on top of hills where the wind speed is higher in comparison with near the earth 
surface. It is not easy for actuator control system of pedestals to maintain high accuracy in positioning under load 
variations. Regarding variations of wind speed and weight generated load torque in different elevation angles, so it is 
very important to design a controller which is able to overcome load changes. 

 

Figure 1.  Az-El- Tilt pedestal 

 

As it was stated before, finding a solution for accurate positioning of Az-El-Tilt pedestal's antenna seems to be of 
high importance. Electric motors are in charge of putting the pedestal's reflector in the desired point. Therefore, it is 
important to choose the best kind of electric motor and design its drive carefully. Permanent magnet synchronous motors 
(PMSMs), are being used widely in many application due to possessing characteristics such as high power density, 
torque-to-inertia ratio, and efficiency. Linear control schemes such as LQR based pole placement and proportional 
integral (PI) controllers are mostly being used to control PMSM's position and speed. Different types of linear controller 
including LQR and H  control schemes are suggested in [5]-[9]. These methods cannot offer good pointing accuracy 
because of inherent limitations in linear controllers' performance. However, the PMSM servo system is a nonlinear 
system with unavoidable and unmeasured disturbances, as well as parameter variations [10]. This makes it very difficult 
for linear control algorithms to obtain a sufficiently high performance for this kind of nonlinear systems. In fact, these 
schemes are easy from implementation perspective. On the other hand, it is verified that LQR position control results in 
steady state error in case of load changes. Similarly, PI controllers causes that system shows a relative long period of 
transients in output position when load changes. In Az-El-Tilt pedestal application, load is continuously being changed. 
Therefore, it is a must to design a robust  controller, such that fluctuations on their shaft position will be removed.    

With regards to nonlinear model of PMSMs, Nonlinear control algorithms become an appropriate solution for 
controlling these motors. Recently, with the rapid progress in power electronics, microprocessors, especially digital 
signal processors (DSPs), and modern control theories, many researchers have aimed to develop nonlinear control 
methods for the PMSM, and various algorithms have been proposed, e.g., adaptive control [10-12], robust control [13], 
sliding-mode control [14], [15], input–output linearization control [16], backstepping control [17-18], and intelligent 
control [19]. These algorithms have boosted the performance of PMSM from different aspects. 

In this paper, we have considered PMSM as the Az-El-Tilt pedestal's actuator. The paper continues with a description 
of Pedestal actuators' modeling. In the next parts, the proposed sliding mode controller design is described and its 
performance is compared with PI and LQ state feedback control schemes. In the final section, the whole Az-El-Tilt 
pedestal system using the designed adaptive controller is simulated under real conditions and results prove high 
robustness of the proposed sliding mode controller in accurate positioning under high load variations. 
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II. MODELLING THE PEDESTEL'S ACTUATORS 

 
Among all pedestal's constituents, electrical motors are the most important component to be modeled due to their 

nonlinear dynamics and their role in pointing. PMSMs seem to be the best choice according to their high efficiency, 
having compact construction and less maintenance costs in comparison with induction and direct current motors. 
Moreover, they are able to produce a ripple free torque in comparison with the Brush Less DC motors.    

Taking the rotor coordinates (d−q axes) of the motor as reference coordinates, the model of a surface-mounted 
PMSM motor can be described as   
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Where 

   ,         d- and q-axis stator currents, respectively; 

   ,       d- and q-axis stator voltages, respectively; 

              number of pole pairs; 

R              stator resistance; 

L              stator inductance; 

              rotor flux linkage; 

               torque constant; 

                angular velocity; 

                viscous friction coefficient; 

                 moment of inertia; 

               load torque. 

The specifications of the PMSM are shown in Table (1). 

 

Table I. Value of the selected PMSM model parameters 

 

rated power 750W 

rated speed 3000 rpm 

rated voltage 105V 

rated current 4.7A 

rated torque 2.3Nm 

stator inductance (L) 4mH 

stator resistance ( R ) 1.74Ω 

torque constant (  ) 1 Nm/A 

rotor inertia (J) .001 Kg    /rad 

viscous coefficient (B) .0015 Nms/rad 

pole pairs (  ) 4 

 



International Journal of Enhanced Research in Science, Technology & Engineering 

ISSN: 2319-7463, Vol. 5 Issue 2, February-2016 

 

Page | 32  

 

III. POSITION CONTROLLER DESIGN 

A. General control scheme 

 

The primary principle in controlling a PMSM drive is based on field orientation technique. Since the magnetic flux 

generated from the PM rotor is fixed in relation to the rotor shaft position, the flux position in the d-q coordinates can 

be determined by the shaft position sensor. If      the d-axis flux    is fixed. Since magnetizing inductance and 

current  are constant for a PMSM, the electromagnetic torque,    is then proportional to   , which is determined by 

closed-loop control. The rotor flux is produced only in the d axis while the current vector is generated in the q axis in 
the field-oriented control. Since the generated motor torque is linearly proportional to the q-axis current as the d-axis 

rotor flux is constant, the maximum torque per ampere can be achieved. 

 

 
Figure 2.  Simplified control system block diagram. 

 

The configuration of a field-oriented PMSM drive system with conventional cascade position and speed control is 

shown 

in Fig. 2. The PMSM used in this drive system is a three-phase four-pole 750-W 4.7-A 3000-r/min type. Using the 

field-oriented mechanism, the PMSM drive system can be simplified to the control system block diagram shown in Fig. 

2, in which 
 

                      (2) 

                
 

      
                    (3) 

 

The parameters of the experimental servo motor system in its nominal condition are        
  ,             

       and                   . In addition,   is the inverter torque command which is proportional to the q-

axis current   . 

 

In this section, based on the state-space equation of the motor dynamic system and the introduced performance index, 

the general concepts of LQ method will be described. Thereafter, under the obtained feedback gain, a new robust 

controller will be developed to conserve the control performance designed by the LQ method. 

 

B.  Nominal condition 

 

To design a desired controller using the LQ method, the system must first be expressed in the state-space form. 

Considering the electromechanical equations of the motor, with taking external load into consideration we will have 

 
  

 

   
   

             

     
  

  

  
  

  
   

 
 

  

     
 
 

  

       (4) 

 

For position control, we redefine the new state variables   and    as 

 
                

     

       (5) 

 

where    denotes the position command. Then, combining (4) with (5), the following new state-space equation without 

considering the disturbance is obtained: 
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where   
   

  
,   

  

  
 , and            is the state. In view of the LQ method, it is to find an optimal control,   , 

minimizing the performance index J 

              
 

 
        (7) 

 

associated with the system (6). In (7), matrix R is positive definite, and Q is nonnegative definite. To find the optimal 

control law,   , the following Riccati equation: 

                                      (8) 

is first solved. Let    be the solution for (8) and be nonnegative. Thus, to yield a minimum index of (7), the control law 

is as follows: 

                                    (9) 

and the feedback gain is defined as 

                                  (10) 
 

When system (6) is under the control of (9), the resultant closed-loop dynamics are given by 

                                                   (11) 

C. New Sliding Surface  

 

Here, a new switching function for sliding-mode position control is designed as follows: 

                                       
 

 
                 (12) 

 

Where X is system state and    is its initial value. In addition,    is a constant vector, which is chosen to make (12) 

simple but satisfies       . The choice for the current condition is           , then      . It is obvious that, 

based on (12),          during all the control process. Therefore, for any chosen state feedback (9), the system 

possesses a sliding surface          on which the state slides. 

 

D. Real Condition 

 

For most of the system, the perturbation exists, then the linear optimal control    in (9) will neither minimize the 

performance index (7) nor maintain the sliding mode,         . Thus, the desired performance will be deteriorated 

and the steady-state error will occur. To overcome the drawbacks of the LQ method, a VSC-based strategy will be 

added to the conventional LQ-method-based control system. 

For a more realistic condition, the nominal system (6) is rewritten as 

 

                               
                
        

    
 

    
        (13)  

 

where    and    denote the uncertainties introduced by system parameters   ,   , and    , and d represents the 

external disturbance and its form is as 
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Equation (13) can be expressed in the form of 

                                       (15) 

 

Where P is the total perturbation given by 

                                           (16)  

 

For the position control system, P vector is of the form 

    
 

            (17) 

   

Then, (16) can be rewritten in scalar form as 

                       (18)  
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One’s object is to keep the system states on the sliding surface. Once the sliding mode          can be obtained 

during all the control process, the control system will reserve as an equivalent system whose dynamics are the same as 

the closed-loop dynamics in the nominal condition given by (11). To reserve the nominal responses and control the 

states on the sliding surface under the perturbed condition, a new control is given as 

 

                                                              (19) 

 

where sgn(.) is a sign function defined as 
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  has been defined in (12) and q is defined as the upper bound of the total perturbation (17), i.e., 

 

                 
 

 
                     (21) 

 

Lemma: If the switching surface        of the controlled system satisfies the following condition, then the existent 

condition of the sliding mode,         , must be guaranteed [10] 

 

                      (22)

  
 

Theorem: The position control given by (19) makes the sliding mode occur and stabilizes the system (13). 

Proof: According to the lemma, the existence of the sliding mode of the proposed control can be derived as 
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Replacing the control input    with (19), one can obtain the following inequality: 

 

      
 

 
                            (24) 

 

Therefore, using the control law (19), the existent condition of the sliding mode in the lemma is satisfied, and the 

dynamic of the closed-loop system is governed by (11), which is designed stable, so that state X(t) will slide into the 

origin. 

 

Remark: Because the system is in the sliding mode for the controlled period, the state responses of perturbed system 

(13) will be totally the same as desired system (17), i.e., it is invariant all the time. 

 

E. Simulation results for PMSM response 

 

In this section, it is intended to verify the controller's performance in satisfying the tracking goals of individual 
permanent magnet synchronous motors. The motor's characteristics are the same as the Table. I parameters. Simulations 
are done in MATLAB environment and the detailed nonlinear dynamics of the motors are considered for modelling 
purposes. The controlled object is to drive the motor rotor to rotate 0.5235 rad, which is about 30 . The parameters of the 
PMSM drive system in nominal condition have been given in previous Sections, and substituting them into (6), we have 
the state-space equation as 
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To determine the feedback gain K for PMSM drive system, matrices Q and R in (7) are chosen as 

 

   
            

        
     R=70              (26) 
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and the resultant feedback gain is                   . The poles of the closed-loop dynamic system are at -4.472 
and -267.228, respectively. To reduce the chattering of the SMC, the smooth function is utilized in the control law (19), 
i.e., 

                  
 

     
              (27) 

 

Where   is a small positive constant chosen as 0.01. 

As it was stated before, proportional integral (PI) controllers are used widely in order to control permanent magnet 
SMs. Fig. 3 shows a conventional position control scheme using PI position, speed and current controllers. 

 

Figure 3.  Conventional position control scheme for PMSMs using PI controllers 

 The PI controller gains for position, speed and d and q current controllers has been shown in the table (2). 

TABLE 2. PI GAINS FOR POSITION AND CURRENT CONTROLLERS 

Kp(position controller) 10 

Ki(position controller) 1 

Kp(speed controller) .8 

Ki(speed controller) 1.25 

Kp(current controllers) 40 

Ki(current controllers) 2500 
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In the following, effects resulting from the external disturbances are given in Fig. 4. In those simulated results, a 2 

N.m load is suddenly added to the position control system at time 2 s. It is obvious that the position response caused by 
the LQ method shows a steady-state error. The PI controller removes steady state error; however, response is highly 
influenced after introducing a sudden load torque. But, the steady-state error is zero for the system based on the sliding 
mode controller and moreover system performance seems to be independent of load changes. Observing the responses 
controlled by the proposed new one, choosing an appropriate extra control force q, the system response is independent of 
the disturbance as Fig. 4 shows. Above all, the response is the same as that of the nominal system before and after the 
load is added. It is proved that the system controlled by the proposed robust controller is invariant to the disturbance. 

 

Figure 4.  Comparison between performance of PMSM position tracking in presence of a load adding by SLM, LQ and PI controllers 

Another consideration for the proposed new optimal controller is that this new one just exists in the sliding phase but 
not in the reaching phase. i.e., the system controlled by this new one is robust and invariant from the beginning of the 
control process. A load with 2.0 N.m is added at time 0 s and is removed at time 2 s to evaluate this property. Fig. 5 
shows the results under this condition. The system controlled by the LQ method and LQ method with integral feedback 
is affected at these two instants. However, the system controlled by the proposed method is still little affected; it shows a 
good property of robustness in the beginning and during all the control process. 

 

Figure 5.  Comparison between performance of PMSM position tracking in presence of a load removing by SLM, LQ and PI controllers 
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In bellow, a schematic diagram of the PMSM control system is brought. 

 

 
Figure 6.  full diagram of a PMSM drive implementation 

4. Analysis of applied forces to the pedestal 

As it was discussed, an Az-El-Tilt pedestal system uses three motors in order to overcome the resistant forces and 
reach the reflector to any desired position in azimuth and elevation. The load torque is composed of two kinds of forces: 
the gravitational force which depends on the weight amount of the reflector and pedestal's back structure; and the wind 
force that varies with the wind speed. As the pedestal is the case, both of these forces vary when the reflector turns 
around in different angles. 

The elevation angle has a direct impact on the amount of both gravitational and wind forces. When the reflector is 

placed in a horizontal position, the applied torque is approximately negligible. As the Elevation angle goes towards 0 

degrees, the amount of both gravitational and wind force increase. The equation (19) models the gravitation force 

which is applied on the elevation motor in terms of elevation angle:        

                           
       

                                                                         (28) 

It should be noticed that, no force would be applied to the azimuth motor from the gravitational source (Eq. 29). 

                                    

       
                                       (29) 

However, because the third axis has a slope of   relative to the direct Azimuth axis, a fraction of the total weight will 

resist with its rotation: 

           
       

                                      

Assuming a length of L for distance between motor shaft and the center of the reflector, we have: 

                          
       

                                                              (30) 

           
       

                                         

Equation (22) gives a general description of the wind force in terms of several parameters: 

                           
 

 
                                      (31) 

Where 

 , is the air density 

  , is the effective area of the reflector in    

  , is the aerodynamic coefficient 
V, is the reflector's speed in     

     , is the wind speed in     
 

The effective area of the reflector changes as the elevation angle varies. Moreover, the wind force's sign could be 

changed depending on the azimuth angle of the reflector and wind blowing direction. Here, we assume that wind 

blowing direction is always horizontally to area of the reflector. Therefore, the applied torque on elevation motor which 

its source is the wind can be yield through the below relationship:   

 

                   
      

 
 

 
                     

      

  
                           

  
 

 
                     

      

  
                            

              (32) 
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Where,     is the elevation angle. The applied torque on the azimuth and tilt motors are negligible. The overall applied 

torque to each of the motors can be calculated by adding the gravitational and wind torques separately.  

 

IV. PEDESTAL CONTROL SYSTEM 

 

LEO pedestals are used in order to track a signal source continuously. The desired position of the reflector is sent to the 

central controller unit in terms of reference azimuth and elevation commands. In the next step, desired position of three 

motors are calculated through the results of denavit-hartenberg transformation. A typical diagram of the pedestal's 

control system is shown in the Fig. 7.  

 
Figure 7.  Schematic view of an Az-Elv pedestal's control system 

 

The control system needs to perform the transformation of input coordinates   ,    in order to accompany the 

spacecraft with this antenna, from a topocentric azimuth-elevation coordinate system into the local coordinate system 

of each axis of the pedestal (array R[  ,    ,     ,    ]), where     ,     ,      are the rotation angles of each axis tilt, 

elevation and azimuth respectively at time   . 

 

 

 

 
(33) 

  – the rotation angle of the tilt axis Е1,  

   – the rotation angle of the elevation axis Е2, and  

   – the rotation angle of the azimuth at vertical axis Е3.  

     - the angle of the axis E1 relative to the axis of E3. 

The range of angle limits are as bellow:  

 - (0 to 360 ),  
 - (0 to 90 ),  
  ,    - (-170  to 170 ),  
   - (0 to 120 ). 
During the execution of the accompaniment of a spacecraft with a given aimer table (array R[  ,   ,   ]), the controller 

control system has to convert them into a format of local  coordinates (array R[  ,    ,     ,    ]). 

To determine the real data about the AS’s position and to compare with a given aimer table and issue them in the 

control and information processing unit, it is necessary that the inverse transformation of the "local" coordinate axes in 

the  system topocentric coordinates pointing to the spacecraft accord with the correspondences below: 

 

 

https://www.google.com/search?espv=2&biw=1536&bih=777&q=denavit+hartenberg&spell=1&sa=X&ved=0ahUKEwjK9Lq7l7PKAhUFEHIKHQqYAQUQvwUIGSgA
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(34) 

The control system of such an AS needs to calculate and execute the required angle     vertical azimuth axis E3 after 

every calculation or after receiving - via the communication channel - the trajectory of spacecraft, taking into account 

the mechanical limits of the rotation range of this axis, as follows: 

 
(35) 

where:  

   ,     are the angles of triggering the limit switches the constraint turn of the antenna on the angle     (around the 

tilt axis  Е3) into "plus" and "minus" respectively (                    ) 
   is a value of azimuth counting with a maximum angle of the elevation of the spacecraft (         at      
    ), determined from the pointing-table that is calculated for the selected spacecraft. 
The heart of the control system, is consisted of three PMSM robust sliding mode position controllers. The controllers' 

equations were described in detail in the former sections.  

 

V. AZ-EL_TILT ROBUST SLIDING MODE CONTROL SIMULATION RESULTS 

 

In the last sections, a complete model of pedestal's components and applied forces were extracted and the controllers' 

equations were explained in detail. In this section we have used a set of real azimuth and elevation data and the results 

of implementing the designed controllers has been studied. The table (3) shows the value of parameters of the simulated 

pedestal system. 

 

Table 3.   Parameters for a typical pedestal and controller gains 

 

Parameter 
 

Value 

 

Parameter 

 

Value 

 

  

 

1.2 

Wind speed  

 90 km/h 

 

   

 

0.3 

Mass of reflector 

and back structure 

 

501.78 kg 

 

J 
          Gravity constant 9.81 

 

   

Reflector's radius 150cm Motor's inductance 4mH 

 

B 

0.000074 Nms/rad Motor's ohmic 

resistance 

 

1.74 

Nominal speed of 

motor 

 

3000rpm 

 

Pole pairs 

 

4 

Nominal torque of 

motor 

 

2.387 Nm 

Motor's torque 

constant 

1.608 Nm/A 
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Fig. 8 shows a schematic of the performed simulations in Simulink environment. 

 
Figure 8.  Schematic of implemented system in Simulink environment 

 

The set of real data includes the interval at which the elevation angle passes the zenith angle and the azimuth angle 

should vary 180 degree in a short time. Figures (9) and (10) show the reference azimuth and elevation angles. 

 

Figure 9.  reference azimuth angle 

0 20 40 60 80 100 120 140 160 180
0

0.5

1

1.5

2

2.5

3

3.5

time(s)

A
zi

m
u
th

 r
e
fe

re
n

c
e

 a
n

g
le

(r
a
d

)

Azimuth reference angle variations



International Journal of Enhanced Research in Science, Technology & Engineering 

ISSN: 2319-7463, Vol. 5 Issue 2, February-2016 

 

Page | 41  

 

 

 
Figure 10.  Reference Elevation angle variations 

 

 

 
Figure 11.  Variations of Tilt axis during tracking mission 
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Figure 12.  Variations of Elevation axis during tracking mission 

 

 

 
Figure 13.  Variations of Azimuth axis during tracking mission 
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Figure 14.  Difference between resultant and command azimuth angle 

 
Figure 15.  Difference between resultant and command Elevation angle 
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VI. CONCLUSION 

 

In this paper, an Az-El-Tilt pedestal was considered to make improvements in its tracking accuracy, especially around 

the zenith point. The three degree of freedom pedestal system was modeled mainly by its structural components such as 

reflector and actuators which were chosen permanent magnet motors. After introducing a complete nonlinear model for 
PMSMs, a robust sliding mode position controller was developed for each of PMSMs. It was proved by simulation 

results that the proposed controller's performance is independent of load torque variations. The applied forces on each 

of the pedestal's actuator were then analyzed and the gravitational and wind forces were modeled for an Az-El-Tilt 

pedestal. At last, after introducing the parameters of a real pedestal and some other atmospheric conditions such as 

wind speed, the whole system was simulated. The output results proved effectiveness of the proposed controllers and 

tracking was done with a very low position error during passing the zenith point considering wind blowing and change 

in gravitational force distribution. 
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