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This paper develops new results on the use of
model predictive control to regulate the attitude
of a ground station antenna. Two degree of
freedom AZ-EL pedestal is considered as
ground station antenna. Permanent Magnet
Synchronous
Motors
are
taken
into
consideration as the best choice for satisfaction
of control objectives as actuators. The design is
based on a two cascade controller consist of
MPC and a simple feedback linearization,
respectively. The proposed approach provides
more smooth tracking and lower energy
consumption with respect to analogous works.
The model predictive controller employs
integral action, resulting in zero steady-state
error and load torque disturbance rejection.
Realistic disturbances caused by wind and load
is considered and applied to an industry-sized
pedestal. The reference data of azimuth and
elevation angles are chosen from a real tracking
mission. The comparison of simulation results
by typical PI controller, verify the effectiveness
of the proposed method.
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ABBREVIAION AND NOMENCLATURE
AZ
Azimuth
EL
Elevation
PMSM
Permanent Magnet Synchronous
Motors
LEO
Low Earth Orbit
GEO
Geostationary Earth Orbit
STS
Satellite Tracking Station
PI
Proportional Integral
DSP
Digital Signal Processor
MPC
Model Predictive Control
FL
Feedback Linearization
DH
Denevite Hertenberge
d-q
direct–quadrature
Number of pole pairs;
R
Stator resistance
L
Stator inductance
Rotor position
ω
Angular velocity
Viscous friction coefficient
J
Moment of inertia
Load torque
,
Stator current in d-q frame
,
Stator voltage in d-q frame
Flux of the permanent magnet
Air density
Affective area of the reflector in
Aerodynamic coefficient
V
Reflector speed ( ⁄ )
Wind speed ( ⁄ )
Elevation angle
Azimuth angle
Integral Square Error
Sampling time

Keywords: tracking, azimuth-elevation pedestal,
MPC, PMSM drive.
1. INTRODUCTION
LEO satellites offer several advantages over their
GEO cousins. Compared to a GEO, a LEO satellite
has lower launch costs, reduced power
requirements and a significantly reduced roundtrip
transmission delay. While a constellation of GEOs
can only see earth stations with latitudes less than
81°, the use of polar orbits allows a LEO
constellation to communicate with all points on the
globe [1].
A STS must be able to track a satellite at any
position in the sky above a few degrees elevation.
The best quality of data reception is obtained when
the telemetry signal is stronger, i.e., where the
satellite is closest to the ground station. In
addition, it is most important that the station can
be capable of continuing a good tracking through
and near the local zenith to assure quality
reception of the telemetry data [2], [3]. The
pedestals are one of the important parts of each
STS. The most common and well-known type of
pedestals are the elevation over azimuth pedestals.
The keyhole problem in an AZ–EL pedestal occurs
when the payload is tracking a satellite near its
zenith position. The AZ–EL pedestals are unable
to track continuously in cross of high elevation,
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because in this point, the difference of azimuth
angle after zenith is 180° in comparison with prior
azimuth angle before zenith, So it is necessary for
azimuth’s motor to turn the antenna during a short
time [4]. 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, which
possess the characteristics of high power density,
torque-to-inertia ratio, and efficiency, have been
widely used in many industrial applications.
Linear control schemes, are widely applied for the
PMSM system due to their relative simple
implementation [4-7]. In fact, nonlinear behavior
of PMSM system in the presence of disturbances,
as well as parameter variations, make it difficult
for linear controllers to maintain system
performance and even stability.
Some research have reported the weakness of
PI control algorithm to satisfying dynamic
behavior in the entire operating range [12]. Thus,
advanced control algorithms, are a natural
solution.
The required calculation time due to the nature
of nonlinear algorithms was one of the major
impediment existed to apply advanced control
methods to the power electronic systems with high
sampling rate. Although, this issue is partly
obviated by the advent of powerful processors like
DSPs.
There are many researches to develop
nonlinear control methods for the PMSM, and
various algorithms have been proposed, e.g.,
adaptive control [9,11,17], robust control [10,12],
sliding-mode control [13] as well as intelligent
control [14,18,22].
However, most of the control strategies
proposed in relevant literature do not pay attention
to experimental considerations, such as dynamics
and saturation limits of the actuators, which might
cause input signal to exceed an admissible value
and result in either loss of performance or even
crushing of system.
An interesting alternative to satisfy such a
requirement is utilizing model predictive control,
which provides some advantage over the other
method such as: (i) The multivariable case can
easily be deal with, (ii) The resulting controller is
easy-to-implement, (iii) Its extension to the
treatment of constraints is conceptually simple,
and these can be systematically included during
the design process [21]. Briefly, MPC strategy is
to calculate a set of future control signals by

optimizing a determined criterion to keep the
process as close as possible to the reference
trajectory. An explicit solution can be obtained if
the criterion is quadratic, the model is linear, and
there are no constraints; otherwise an iterative
optimization method has to be used. In each
instant, only the first element of computed control
sequence u(t) is sent to the process and at the next
time sample the same steps repeated with the new
measurement of system [21].
In this paper an AZ-EL pedestal is considered as
controlled system (Fig. 1). Two PMSMs are
employed as actuators for each AZ and EL angles.
System stability in the presence of wind

Fig. 1. AZ-EL pedestal

-gust and excessive loads as disturbance are
ensured by steering all signals in an admissible
region. In order to exploiting of the all capacities
of MP controller with imposing no restrictive
assumption to the system, a feedback linearization
is employed. Concisely, the main contributions of
this paper over the analogous works can be
itemized as follow:
• Dealing with original nonlinear model without
any locally linearization to prevent interfering
model mismatch destructive effects
• Provision a versatile MP controller for all
operating
points with the high performance and lower energy
consumption, during tracking mission
• Analysis of the forces produced by load and
wind and considering during simulation
Eventually, this paper is structured as follow:
Section 2 is dedicated to modeling of system. In
section 3, the proposed control strategy is
discussed. Section 4 devoted to the analysis of the
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forces produced by load and wind. Pedestal system
operation is described in section 5. A
comprehensive simulation is performed in section
6. Finally, conclusion is drawn in section 7.
2. System Modelling
Because of AZ-EL pedestal structure, system
coordination does not need to be transformed into
a secondary coordination using DH equations (Fig.
2). Therefore, it is enough to only extract the
model of motors and the gear boxes besides to the
reflector and atmosphere conditions such as wind
speed.
Among all pedestal's component, electrical motors
are the main section to be modeled and controlled.
PMSMs are appropriate choice according to their
high efficiency, construction and maintenance
costs with respect to other types. Taking the rotor
coordinates (d-q axes) of the motor as reference
coordinates, the model of a surface-mounted
PMSM can be described as [5]:

3. Controller design
With regards to the proportional integral
controllers' performance in position control of
PMSMs, significant efforts have been done in
order to use modern controllers for having better
tracking accuracy.
In this section, a model predictive control
technique is proposed for the closed-loop position
control system for permanent magnet synchronous
motors as the most important parts of the AZ-EL
pedestal system model. The control sequence for
the predefined path tracking by starting from an
initial condition is illustrated in Fig. 3
a) System Dynamic
Equation 1 can be expressed in terms of the
following equations
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It must be noted that variable in the Eq. 2 is a
virtual controlling input. By assigning the ∗ = 0 ,
the ∗ as a reference of
variable will be
obtained. The current references must be satisfied
through the input voltages
and
in the
following equation:
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Fig. 2. AZ-EL angles
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b) MP Controller Design
The MPC design used in this paper is from [20],
where is specialized to the case of position
regulation for a PMSM.
In common with the PI control scheme, an
integrator is embedded in the MPC design, which
is also used for the following purposes: (i)
elimination of motor parameters uncertainty, and
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(ii) removal of the load disturbance torque which
is assumed to be an unknown constant. This is the
first step and once complete the MPC design is
undertaken using the incremental model where the
defining vectors are the differences among the
state, input and output vectors, respectively, for
any two successive sample instants. Therefore,
when the operating conditions change it is only
necessary to update the set-point signals to reflect
this change and the other steady-state values for
the state variables are not required. However, the
parameters in the system matrices (2) depend on
the operating conditions and if these undergo a
drastic change, parameter updating may be
required, resulting in a gain scheduled predictive
controller [19].
( ) − ( − 1) and ∆ ( ) =
Let ∆ ( ) =
( ) − ( − 1) denote the incremental state and
input vectors, respectively, computed from the
corresponding vectors in (2). Then, the state
dynamics in the incremental model are described
by:
∆ ( + 1) =
∆ ( )+
∆ ( )
( + 1) − ( ) =
(
)+
∆
∆

and the augmented state-space model for design
takes the following form:
( + 1)
= ( )
+ ∆ ( )
( )= ( )
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One advantage of this model is removal of the
nearly constant and unknown load from the
design.
By means of Eq. 4 the future outputs of the model
take the following form
= ( )
+ ∆
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Fig. 3. Overall MPC-based control strategy
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Under the receding horizon principle, the control
vectors for the next
sampling instants are
obtained by minimizing the cost function (6) but
26
25
24

SARLAK et al: DESIGN OF MODEL PREDICTIVE CONTROLLER FOR TRAJECTORY TRACKING OF …

The error dynamics of Eq. 3 are shown in the
following:
∗
1
−
−
−
̇ =
−

only the first of these is applied to the plant. In the
absence of constraints the global optimal solution
is given by
∆

=0→ ∆

∗
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And the increment of the input at the instance t is
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A suitable choice for the input is performed by
utilizing inverse dynamic as the following

∗

=

In this case since the Eq. 2 is SISO, the closed
loop feedback takes the following form:
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The control law to be applied is as below:
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Where
and
are the positive constant which
larger value result in faster convergence of and
to the zero.

( ) = ( − 1) + ∆ ( )
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d) PI controller
As it was mentioned before, PI controllers are
widely used for controlling of PMSMs. In this part
a PI controllers as the PMSM's position controller
is designed. Fig. 4 shows the overall PI strategy.
The PI controller gains for both of the position and
d and q current controllers has been shown in the
table (1).
It must be noted that the PI controller parameters
are tuned in a way to achieve the best performance
of system outputs.

(9)

C) Current controller design
Due to straightforward structure of Eq. 3, it is
convenient to apply a simple feedback
linearization concept in order to obtaining a zero
steady state error for d-q axis current.

Fig. 4. Overall PI control strategy [5]
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Where, is the wind blowing direction angle. The
applied torque on the elevation motor is obtained
in a similar way:
=

. .
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5. 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 the
next step, desired elevation and azimuth angles are
set as the reference position for the two motors of
pedestal. Next, the reference will be achieved by
applying the proposed control strategy to each
PMSM as system’s actuators.

(12)

6. Simulation Results
Simulation study has been done based on set of
sensor data which received from real satellite. 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 suddenly.
Table 2 shows the value of parameters of the
simulated pedestal system. Control parameters are
assigned appropriately and listed in Table 3.

is considered as length for distance between
motor shaft and the center of the reflector,
therefore:
+
. cos(

1
2

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

It should be noticed that, no force would be
applied to the azimuth motor from the
gravitational source then
=0
(13)

=

(15)

( +
)
. cos( ). sin(

=

4. Analysis of applied forces to the pedestal
An AZ-EL pedestal uses two motors with the
mounted axis correspond to AZ-EL angles. The
load torque, itself is composed of two kinds of
forces: the gravitational force which depends on
the weight of the reflector and pedestal's back
structure; and the wind force. These forces vary
when the reflector turns around in both azimuth
and elevation axis.
In AZ-EL pedestals, one motor rotates the reflector
in azimuth direction and the other is in charge of
rotating in elevation plate. 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
gravitational force increases. The equation (12)
models the gravitation force which is applied on
the elevation motor in terms of elevation angle:
=

)

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.
Therefore, the applied torque on azimuth motor
which its source is the wind can be yield through
the below relationship:

Table 1. PI controller parameters

Controller for
Position
Speed

( +

Table 2. Parameters for a Typical Pedestal

) (14)

Parameter

The wind force can be demonstrated in terms of
following parameters in Eq. 15
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Value

Parameter

Value

1.2

Nominal
speed

3000 rpm

0.3

Max. wind
speed

90 km/h
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Radius of
Reflector

All mass

501 kg
90

2.87n.m

2.35
∗ 10

J

MPC
PI Controller
Ref

80
70
60
50

θEL [Deg]

Nominal
torque

150 cm

40
30

Table 3. Controller Parameters
20

Parameter
Prediction
horizon
Control
horizon
Q

Value
5s

Parameter
R

Value
1

10
0

50

To show performance achieved by the proposed
control strategy, a comparison between the
proposed control strategy and previous PI
controller applied to the error dynamics, has been
carried out. To this end, Integral Square Error
indices in the following form are considered.
( )
( )

=

0

300

400
500
Time [s]

600

700

800

900

15
MPC
PI Controller

10
5
0

(16)

-5
-10
-15
-20
-25

250

0

100

200

300

400
500
Time [s]

600

700

800

900

Fig. 7. Azimuth angles tracking error
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Corresponding tracking errors is illustrated in fig.
7 and fig. 8, respectively.

Reference trajectory tracking of Azimuth and
Elevation angles obtained by each controller, is
shown in fig. 5 and fig. 6 respectively.
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for each of PMSMs. The applied forces on each
pedestal’s actuator, gravitational and

8
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Fig. 11. ISE indices for

Fig. 9. d-q axis input voltages of Azimuth motor
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Fig. 10. d-q axis input voltages of Elevation motor

wind forces were analysed and modelled for an
AZ-EL pedestal. Parameters of a real pedestal and
atmospheric conditions, such as wind speed, were
considered during simulation.
Finally, to show the improvements achieved by the
proposed control strategy, a comparison between
the proposed control
strategy and previous PI controller, was carried
out. In this way, a numerical analysis was
performed by employing ISE indices. The better
performance and robustness of proposed method
with respect to the unknown disturbance was
demonstrated. Results approved the effectiveness
of the proposed controller.

Although, designed control signal through the
controllers are depicted in figures 9 and 10.
It is apparent from the designed control signal and
trajectory tracking error figures, proposed
controller has provided lower energy consumption
with better performance, during trajectory tracking
mission.
To be more specific, ISE indices is calculated and
displayed in figures 11 and 12. As it can be seen, a
dramatic improvement achieved by proposed MP
controller, especially around the zenith point.
7. Conclusion
In this paper, a nonlinear model of two degree of
freedom AZ-EL pedestal without any linearization
around the operating points was considered. Two
permanent magnet motors were chosen as system
actuators. To solve the trajectory tracking problem,
a control structure with two general cascade
controllers consist of MPC for position and
nonlinear FL to regulate the current was developed
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