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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 reection.
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 areal tracking
mission. The comparison of simulation results
by typical PI controller, verify the effectiveness
of the proposed method.

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 alows 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
Pl control algorithm to satisfying dynamic
behavior in the entire operating range [12]. Thus,
advanced control algorithms, are a natura
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, eg.,
adaptive control [9,11,17], robust control [10,12],
diding-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 aternative 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 systematicaly 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
tragjectory. 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. Finaly, conclusionisdrawn in section 7.

2. System Modelling

Because of AZ-EL pedesta 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]:

iy

~-T (1)

di 1 ) )

d_L? = E(vq —Ri; —wlgig — w<pmg)
dig _ 1 . .

E = E(vd —Riz;+ (,()quq)

3 . .
Where T, = 5p[¢mglq + (Ld — Lq)ldlq]
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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 conditionisillustrated in Fig. 3

a) System Dynamic
Equation 1 can be expressed in terms of the
following equations

Xm
= Ax,, + Bu
+ d(k) 2
y
= Cxpy;
where x,, = [z] Ay,
0 1 0
_ B _
“lo -8 m=
J)
Cn=1[10] u

3 . .
= zPZ[‘i’mglq + (La = Lg)ialq]
d(k) = =T, (K)

It must be noted that variableu in the Eq. 2 is a
virtual controlling input. By assigning thei; =0,
the i; as a reference of i, variable will be
obtained. The current references must be satisfied
through the input voltages v, and v, in the
following equation:

dig 1 ) )
a = E(vq —Ri; —wlyig

- wq)mg) (3)
dig

1 . .
a E(vd —Riz; + a)quq)
b) MP Controller Design
The MPC design used in this paper is from [20],
where is speciaized to the case of position
regulation for aPMSM.
In common with the PI control scheme, an
integrator is embedded in the MPC design, which
is aso 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. Thisis 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].

Let Ax,, (k) = x,,(k) — x,,,(k — 1) and Au(k) =
u(k) — u(k — 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:

Ax,,(k + 1) = A,,Ax,, (k) + B,,Au(k)

y(k + 1) - y(k) = CmAmAxm(k) + CmBmAu

and the augmented state-space model for design
takes the following form:

x(k +1)
= Ax(k)
+ BAu(k) 4)
y(k) = Cx(k)
Where x(k) = A;C/?Ig( )] A=

A, O
e 1)

B= [ngm] c=[001]

One advantage of this model is removal of the
nearly constant and unknown load T, from the
design.

By means of Eqg. 4 the future outputs of the model
take the following form

Y
= Fx(k)
+ GAU

Where ¥ = [y(k +1) .. y(k + N,)|"

()

Vg

E-"I-;' th
i, i* Feedback * ) —»
—_— AP 7, o dyabc vy | SVPWK
Linerization iy b "
[
[ 3 F Yy F 3 i
1520 .
i f‘r . l.li‘
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L8]
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g

Fig. 3. Overall MPC-based control strategy

AU = [Au(k) Au(k +1) ... Au(k+ N, —
nI”

F=[(cA)" (cA>)" .. (cA™)'T"
G
C 0 . 0
CAB CB . 0
- s s 0
CAY™'B  CAe7?B CANp~Nup

Then cost function used for the MPC design has
the structure

J

= (Yr - Y)TQ(Yr - Y)
+ AUTRAU (6)
WhereinthiscaseY, =[1 1 .. 1]1prTyr(k)

Under the receding horizon principle, the control
vectors for the next N, sampling instants are
obtained by minimizing the cost function (6) but
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only the first of these is applied to the plant. In the
absence of constraints the global optimal solution
isgiven by
9 0- AU*
—_— -
oAU
=(G"QG +R)'GTQ(Y,
— Fx(k)) @)
And the increment of the input at the instancet is
Au(k) =[100.. 0]AU*

In this case since the Eq. 2 is SISO, the closed
loop feedback takes the following form:
Au(k) = Ker(k) - Kxx(k)

Ax
N G
bow—wwl ©
The control law to be applied is as below:
u(k) = u(k — 1) + Au(k)
Finally i (k) takes the following form
ig(k) =
2J
3P2¢mg u(k) (9)

C) Current controller design

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

The error dynamics of Eq. 3 are shown in the
following:

' ] dig
eiq = L—(Uq — Rel‘q - (J.)Ldld - (l)(pmg) - E
q
R
—Elq (10)
. 1 . di; R - %
éi, :E(vd — Rey, +a)Lqu) _E_Eld

A suitable choice for the input is performed by
utilizing inverse dynamic as the following

] diz R
Vg = Whylqg + 0@pg+L, a + L—lq
q
—age;, (11)
. dig R .
Vg = —wlgig + Ld(E + Eld) —age;,

Where a,and a4 are the positive constant which
larger value result in faster convergence of ei, and
e;,to the zero.

d) PI controller

As it was mentioned before, Pl 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 Pl strategy.
The PI controller gains for both of the position and
d and g current controllers has been shown in the
table (1).

It must be noted that the PI controller parameters
are tuned in away to achieve the best performance
of system outpults.

dgsahe MR AVTWRR

-
B

]
Fonc ’1
G.

Fig. 4. Overall Pl control strategy [5]
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Table 1. PI controller parameters

Controller for K, K;
Position 4 3.16
Speed 316 316

4. Analysis of applied forcesto 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
adirect 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 O 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:

gravity __
Fmotor—El - (Mpedestal +

Mback structure) .g.Cos (HEI) (12)

It should be noticed that, no force would be

applied to the azimuth motor from the
gravitational source then
it
Frotor—az = 0 (13)

L, isconsidered as length for distance between
motor shaft and the center of the reflector,
therefore:

gravity __
motorl — (Mpedestal +

Mback structure) -9 Ll : COS(QEZ) (14)

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

Fuina = 5 PArCo(V + Viyina)? (15)
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 bel ow relationship:

wind

Tmotor—Az — (% pAfCD (V + Vwind)z)
Ly .cos(0g;).sin(0,, — 6)
(16)
Where,d is the wind blowing direction angle. The
applied torque on the elevation motor is obtained
inasimilar way:

, 1
ezt = (2 pAsCo(V + Vima)?)
.Ll.Sin(HEl - 6) 0 < HEl
<90 (17)

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

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.

6. Smulation 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.

Table 2. Parameters for a Typical Pedestal

Parameter Value Parameter Vaue
p 12 Nominal 3000 rpm
speed
Cp 0.3 Max. wind 90 km/h
speed
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Radius of 150 cm All mass 501 kg
Reflector
Nominal 2.87n.m J 2.35
torque *107*
Table 3. Controller Parameters
Parameter Vaue Parameter Vaue
Prediction 5s R 1
horizon
Control 1s ag 50
horizon
Q 10° ay 50
T 10 ms

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

= Z Ejz(k)
i=1

Reference trajectory tracking of Azimuth and
Elevation angles obtained by each controller, is
shown infig. 5 and fig. 6 respectively.

(16)
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Corresponding tracking errorsisillustrated in fig.
7 and fig. 8, respectively.
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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. Asit 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 trgjectory tracking problem,
a control structure with two general cascade
controllers consist of MPC for position and
nonlinear FL to regulate the current was devel oped
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for each of PMSMSs. The applied forces on each
pedestal’ s actuator, gravitational and
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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 Pl controller, was carried
out. In this way, a numerical anaysis 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.

8. Reference

[1] K. Willey, Selecting a Pedestal for Tracking LEO
Satellites at Ka Band. Microwave journal, Vol. 12,
pp. 234-239, 2000.

[2] C. H. Looney, and D. J. G. Carlson, Coverage
diagrams for X-Y and devation-aver-azimuth



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

antenna mounts, Space Flight Center, Greenbdlt,
MD, USA, Tech. Rep. D-2963, Aug. 1965

[3] A. J. Rolinski, D. J. Carlson, and R. J. Coates,
Satellite-tracking characteristics of the XY mount
for data acquisition antennas, Goddard Space Flight
Center, Greenbelt, MD, USA, Tech. Rep.D-1697,
Jun. 1964.

[4] H. B. Shin. New anti windup Pl controller for
variable-speed motor drives. |IEEE Transactions on
Industrial Electronics, 45(3), 445-450, 1998.

[5] A. R. Ghafari Kashani, J. Faiz, M.J. Y azdanpanah,
Integration of nonlinear H1 and diding mode
control techniques for motion control of a
permanent magnet synchronous motor, |ET Electric
Power Applications. 2009.

[6] K. H. Kim and M. J. Youn, A nonlinear speed
control for a PMSM using a smple disturbance
estimation technique, |IEEE Trans., Ind., Electron.,
val. 49, no. 3, pp. 524-535, Jun. 2002.

[7] B. Grcar, P. Cafuta, M. Znidaric, and F. Gausch,
Nonlinear control of synchronous servo drive, IEEE
Trans., Control Syst. Technol.,vol.4, no. 2, pp. 177—
184, Mar. 1996.

[9] H. Z. Jin and J. M. Lee, An RMRAC current
regulator for permanent magnet synchronous motor
based on satisticad modd interpretation, IEEE
Trans,, Ind., Electron., vol. 56, no. 1, pp. 169-177,
Jan. 2009.

[10] Y. A.R. |. Mohamed, Design and implementation
of a robust current-control scheme for a PMSM
vector drive with a simple adaptive disturbance
observer, IEEE Trans,, Ind., Electron., vol. 54, no.
4, pp. 1981-1988, Aug. 2007.

[11] Y. A. R. |. Mohamed and E. F. Saadany, A current
control scheme with an adaptive internal model for
torque ripple minimization and robust current
regulation in PMSM drive systems, IEEE Trans.,
Energy Convers,, vol. 23, no. 1, pp. 92-100, Mar.
2008.

[12] T. L. Hsen, Y.-Y. Sun, and M.-C. Tsai, H-infinity
control for a sensor less permanent magnet
synchronous drive, Proc. Inst., Elect. Eng., Electr.
Power Appl., vol. 144, no. 3, pp. 173-181, May
1997.

[13] I. C. Bak, K. H. Kim, and M. J. Youn, Robust
nonlinear speed control of PM synchronous motor
using boundary layer integral diding mode control
technique, IEEE Trans.,, Control Syst.,, Technal.,
val. 8, no. 1, pp. 47-54, Jan. 2000.

[14] R. J. Wai, Tota diding-mode controller for PM
synchronous servo motor drive using recurrent
fuzzy neura network, IEEE Trans., Ind., Electron.,
vol. 48, no. 5, pp. 926-944, Oct. 2001.

[15] B. Grcar, P. Cafuta, M. Znidaric, and F. Gausch,
Nonlinear control of synchronous servo drive, IEEE
Trans., Control Syst., Technol.,vol.4, no. 2, pp.
177-184, Mar. 1996.

[16] D. M. Vilathgamuwa, M. A. Rahman, K. Tseng,
and M. N. Uddin, Nonlinear control of interior
permanent magnet synchronous motor, |EEE Trans.,
Ind., Appl., val. 39, no. 2, pp. 408-416, Mar. Apr.
2003.

[17] J. Zhou and Y. Wang, Adaptive backstepping
speed controller design for a permanent magnet
synchronous motor, Proc. Inst. Elect. Eng., Electr.
Power Appl., vol. 149, no. 2, pp. 165-172, Mar.
2002.

[18] Y.-S. Kung and M.-H. Tsai, FPGA-based speed
control IC for PMSM drive with adaptive fuzzy
control, IEEE Trans. Power Electron., vol. 22, no. 6,
pp. 2476-2486, Nov. 2007.

[19] Wang, L., & Gan, L. Gain scheduled continuous-
time model predictive controller with experimental
validation on ac machine. International Journal of
Control. 2013.

[20] L. Wang, Model predictive control system design
and implementation usng MATLAB (1st ed).
London: Springer. 20009.

[21] E. Camacho & C. Bordons, Mode predictive
control. New Y ork: Springer-Verlag, 2007, ch. 2.
[22] Y. Wang, J. Fei, adaptive fuzzy diding mode
control for PMSM position regulation system,
International Journal of Innovative computing,

Information and Control, Vol 11, June 2015.

29



