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Abstract

A paper [1] indicated that the survey results apply
Model Predictive Control for the TRMS based on
Bellman’s dynamic programming method in order to
consider the stability with the predictive horizon goes
to infinity. The results of [1] has just proved the
stability of system but they did not satisfy constraint
conditions of state parameters. In this article, author
provide rules of change of weight matrix in objective
function in order to satisfy constraint conditions of the
inputs, the outputs and the state parameters of this
system. All of the state parameters reach to zero and
satisfied with constraint conditions, the stable global of
the system when the predictive horizon (NP) goes to

infinity proved a reasonable rule with simulation results.

I. INTRODUCTION

Optimization of the model predictive control
is a problem that is researching by many
scientists. Until now, it was mainly used line
search methods with finite predictive horizon
for solving to optimize the model predictive
control [2], [3], [8] because these methods are
quite favorable for contrainted optimal

II. THETRMSMODEL

problems. Moreover, there have few other
optimization = methods as  Levenberg-
Marquardt or trust region. However, all above
methods were only used for finite predictive
horizons. Therefore, these do not ensure the
global optimization. So, the system is difficult
to be stable [4]. The dynamic programming
method has outstanding advantages when
applying to solve multivariable optimal
problems with ensuring the global of the
optimal solution. However, this method is just
applied to solve the optimal problem for linear
systems  with constant parameters or
parameters changing over time. Besides the
above outstanding advantages, this method
also reveals certain limitations that it does not
directly satisfy the constraint conditions. In
this study, the author applies the dynamic
programming method to solve the optimal
problem for the system with parameters
depend on the TRMS state. At the same time,
propose a rule to change the weight matrix of
the objective function to overcome the above
limitation in order to improve control quality.

Considering the TRMS was given in figure 1, the predictive model as follows:

Tail rotor Tail shiald

- £ -

Fig 1. The TRMS
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kaA(++i Dk=Axk((+ikxk) C+ik)+Bxk((+
kuk) C+ik){ (1) lyk(+ik)=Cxk((+ikxk)(
+i k) i= 0,1,....Np —1 In order to determine the control
signal uk at the current predictive window, such that the
effect of model deviations gk to the stable quality xk—0
is minimal respectively with the predictive model (1),
we will use the quadratic objective function [1]: J =
NiYyP=0-1xk i+ Q2k +uki+ R2k — min (2) Where:
xki+ Q2k =xTki+Qkxki+ and 2 T Rkuki+uki+ R =uki+
with Qk , Rk are two arbitrary positive definite
symmetric matrixes. To increase the flexibility of the
controller, we can change Qk , Rk follow k , it means to
change along the time axis t =kTa . When the predictive
window is infinite (NP =0 ), the optimization is done as
follows: the objective function (2) will be rewritten to:
o0 2 2 J =iy =0 xki+Qk+uki+Rk— min (3) The dynamic
programming method gives the results [1]: uk=—(Rk+B
LBkT k )-1B LAkTkxk (4) where L is symmetric
solution of: L =+Qk A L IKT/| =Bk (Rk+B LBKT k )-1B
L AKT || k (5) L] The TRMS is a bilinear system with
two inputs and two outputs. It can be described by the
continuous model: [x&= A( )x x+B ( )x u
3 (6) Ly =C ( )x x State variables,
inputs, outputs, respectively are: X =[woawoh ,Sh, h, v
Sv , v T (7)) uw U=[ h UvV]T
® vy =loch v ]T
(9) Where: oh: Rotational
velocity of the tail rotor (rad/s) Sh : Angular velocity of
the TRMS beam in the horizontal plane without effect
of the main rotor (rad/s) ah : Yaw angle of the TRMS
beam (rad) wv: Rotational velocity of main rotor(rad/s)
Uv: Input voltage signal of the main motor (V) Uh:
Input voltage signal of the tail motor (V) Sv: Angular
velocity of the TRMS beam in the vertical plane
without effect of the tail rotor (rad/s) av: Pitch angle of
the TRMS beam (rad) In which: Rah ,Lah ,kah ho ,Jtr
Btr, IDEFkt,,, m,Rav,Lav, kav ve ,Jmr ,Bmr ,lm
kg, e ABCHI,,,, vkt are positive constants, Qh
and Qv is defined by Qh =Sh+ 2kmmavEcossin2vav
+F (10) D cos )y + ktoh
(11) Q=v Sv+Jv The
nonlinear continuous state space equations of the
TRMS are expressed in [5], [6], [7],[9] as (12): [
(kahgh )2 Btr fl(wh ) kahgh T|ohll| - J Rtr ah oh
—Jtroh —Jtr+ J Rtr ah fU6( h) || | 1t 2(0ah )eos v —
£7 (Qh ) — f3(ah ) IISh|ll D cos20v + E sin2av + F
[I[lah [[1ISh D cos2kemvoa+vEcossin2vay + F
[ dtd [ ov [ITE - (JkmravpRvmr)2 ov — BJ
mrmrov — f4J(mrov ) +JkmravpRvavf U8( v
yHITaz) svill f5(ov )(im+kgQh cosov ) — O(QV )
+T vl 21l g[(A —B )cosav —C sinav ]-
0.50QhH sin 2av [l av[ll 3v [IL1JISv+ktoh [LIv
|

1L DESIGNING

PREDICTIVECONTROLERFORTHETRMSBAS

EDONDYNAMICPROGRAMMINGMETHOD
(XK' (++H 1 )k=Axk((+i kxk))(C+ k+B
xk((+#ikuk) C+k13i Q) lyk(+k)=C
x k( (+ kxk))(+k)i=0,1,.,Np -1 In
order to determine the control signal uk at the
current predictive window, such that the effect
of model deviations €k to the stable quality
xk—0 1is minimal respectively with the
predictive model (1), we will use the quadratic
objective function [1]: J = NiXP=0-1xk i+
Q2k +uki+ R2k — min (2) Where: xki+ Q2k
=xTki+Qkxki+ and 2 T Rkuki+uki+ R =uki+
with Qk , Rk are two arbitrary positive
definite symmetric matrixes. To increase the
flexibility of the controller, we can change Qk
, Rk follow k , it means to change along the
time axis t =kTa . When the predictive
window is infinite (NP =o0 ), the optimization
is done as follows: the objective function (2)
will be rewritten to: oo 2 2 J =i2=0
xki+Qk+uki+Rk— min (3) The dynamic
programming method gives the results [1]:
uk=—(Rk+B LBKT k )-1B LAkTkxk (4)
where L is symmetric solution of: L =+Qk A L
IkT/| =Bk (Rk+B LBKT k )-1B L AKT || k (5)
|| The TRMS is a bilinear system with two
inputs and two outputs. It can be described by
the continuous model: [x& = A()xx+B ()xu
3 (6) ly =C ()x x State
variables, inputs, outputs, respectively are: x
=[woawoh ,Sh , h , v Sv , v ]T
(7) u U= h Uv]T
8) y =[oah v |T
(9) Where: oh:
Rotational velocity of the tail rotor (rad/s) Sh :
Angular velocity of the TRMS beam in the
horizontal plane without effect of the main
rotor (rad/s) oh : Yaw angle of the TRMS
beam (rad) ov: Rotational velocity of main
rotor(rad/s) Uv: Input voltage signal of the
main motor (V) Uh: Input voltage signal of the
tail motor (V) Sv: Angular velocity of the
TRMS beam in the vertical plane without
effect of the tail rotor (rad/s) av: Pitch angle
of the TRMS beam (rad) In which: Rah ,Lah
,kah he ,Jtr Btr, IDE Fkt,,, m ,Rav,Lav,
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kav vo ,Jmr ,Bmr ,Im kg, g ABCHIJ,,,,
v,kt are positive constants, Qh and Qv is
defined by (2h =Sh+ 2kmmavEcossin2vav +F
(10) D cos v +  ktoh

(11) Q=v Sv+Jv

The nonlinear continuous state space
equations of the TRMS are expressed in [5],
[6], [71,[9] as (12): [ (kaheh )2 Btr fl(wh )
kahoh [l ohll| - J Rtr ah wh —Jtroh —Jtr+ J
Rtrah fU6(h) |l | 1 ft 2(wah cos v — £7
(Qh ) — 3(ch ) Il shlll D cos2ov + E

sin2av. + F 1] oh I[IIISh D
cos2komvma+vEcossin2vav + F
[ +dtd [T ov [[THT] - (JkmravoRvmr)2 ov

— BJ mrmrov - f4J(mrov ) +JkmravoRvavf

Table 1: System parameters

is shown in Figure 2.

v
k:=0
!
measure x;

v

| determined Ay, Bk |
v

calculate L

True

| The end |

Fig 2. Algorithm diagrams of dynamic

programming method

us( vHllITall svlll f5(wv )(Im+kgQh
cosav ) — Q)+ T 1v T 211 ga
-B )cosav —C sinav ]- 0.5QhH sin 2av
Hov Il 3v LU Sv+ktwh [LTv]

IV. SIMULATIONRESULTS

Ts With the mathematical model of TRMS was built
in (12) and the parameters of the system as
[ x=k[+I1+T A=sxk(x+kT A)]sxk(x+kT B)xsk-+(xT
Bks)uk(xk )uk (14) shown in figure 2, the simulation
on Matlab obtained the time table 1, the algorithm
diagrams shown in = "(xk )xk+B"(xk )uk response
of the state variables of the TRMS are shown A
| [=Ak kx+Bk ku from figure 3 to figure 8. Algorithm
diagrams of dynamic programming method

Parameters Cost Parameters Cost

I my() 0282 1 Ra( ) 8
Lu( )m 0,246 LmHy( ) 0,86
I mp() 0,290 kovy  (Nm ) | 00202
len(m) 0276 | Jugem?) 1272
Fns () 0,155 Ju(gem?) 248
rs( )m 0,100 Bkgmss( [ 23 10°
mi(kg) 0221 | Bulkgms) [ | 45 10°
mm(kg) 0,236 kth 3,6 107
mep( kg 0,068 kv 8,7 107
my(kg) 0.015 | kpmp 1,84 10°
mm (kg 0,014 kfhn 2,20 107
m kgs() 0,022 kfip 1,62 10
mys( kg 0,119 kfon 1,08 107
Mms (kg 0,219 k; 26 105
kg 0,2 km 2 104
kann  (Nm /{) 0.0202

Sample time and weight matrixes have parameters: T = 0.2, Rk=[0.01 0; 0 0.01], Qk=[100000;010000;00

0.01000,000100;,000010,000000.01]
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Fig 4. The response of the second state variable

(rad)

IWAN

N

Sh

Omegah (rad)
A N o
—

e

0 1 2 3 4 5 [¥] 10 20 30 40 50
Time (s) Tiem (s)
Fig 3. The response of the first state variable
200
=)
g
- o
=
o]
g
£ -2001 1
. 2
©
-400 ‘ : ; g9
0 1 2 3 4 5 =
Time (s) 22
Fig 15. The response of the first state variable .
50 - : : ‘ :
0 10 20 30 40 50
= or Time (s)
g L Fig 5. The response of the third state variable
% 2r ‘ .
-100 1 T
%% 1 2 3 4 5 g 2f
Time (s) g
4
Fig 16. The response of the second state variable

I

1 2 3 4 5

[
1.5 T T T Time (s)
5 Fig 6. The response of the fourth state variable
E 1 5- i i _
8
205 1 ]
2 g,
o ‘ | . @
0 1 2 3 4 5
Time (s) 5 I 1 |
. . . [ 50 100 150
Fig 17. The response of the third state variable Time (s)
50, ‘ . " | Fig 7. The response of the fifth state variable
g o 10 :
@ =
g -100, 1 E
<
-150 : . - -
0 1 2 3 4 5 .18 .
Time (s) 0 50 100 150
Fig 18. The response of the fourth state variable Time (s)

100 i i , . Fig 8. The response of the sixth state variable

0
With a simulation time of 5s, the simulation results

show: the first and fourth state variables (oh ,0v ) move
‘ , | to 0 at 0.2s of the simulation process and satisfy their
0 ! 2 Time (5) 3 4 5 state constraint condition. When the simulation time is
200s the second and third state variables ( Sh,oh ) go to

‘ ‘ . 0 at 20th seconds, the fifth and sixth state variables ( Sv
| | ,av ) also go to 0 at the simulation time of the 100th
second. So when the predictive window (Np) goes to
infinity, all 6 status parameters of the TRMS system are
| approaching 0, which proves that the system is globally
1 2 e (9 3 4 5 stable. However, state variables Sh , Sv , ah and av are
the relatively large adjustment, which shows that the

method has not directly solved the input constraint
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conditions of the state variables, the fifth and sixth state
variables have a lot of fluctuations. So we propose to
change the weight matrix in the objective function as
follows: keeping the matrix unchangeRk and change the
value of the weight matrix Qk as a rule Qk+1=i Q2 k in
which i=+1 2 to satisfy the constraint conditions of
system state variables given from figure 9 to figure 14.

Fig 14. The response of the sixth state variable

Comment: With simulation time of 5s, the simulation
results from Figure 9 to Figure 14 show: state variables

Sw,  h, vand Sare all going to zero at 0.2 second during
the simulation and satisfy the input and output constraints
of the state parameters compared to them that were given
from Figure 3 to Figure 7. In particular, the 6th state
parameter ov although it has not reached 0 in the first
second of the simulation process like other state variables,
the adjustment is only from - 0.2 rad to 0.35 rad compared

to the actual constraint conditions. Infact, the output of the

object is -2 rad to 2 rad. When we keeping the matrix

unchangeRk and change the value of the weight matrix Qk
c o1

as arulerl 4 xin which i 1 3to satisfy the

constraint conditions of system state variables given from

Figure 15 to Figure 20.

Comment:With simulation time of 5s, the
simulation results from Figure 15 to Figure 20 show: state
variables wh , Sh, ah ,@v, Sv and av are all going to 0 at
0.2 second during the simulation and satisfy the input and
output constraints of the state parameters compared to them
that were given from Figure 3 to Figure 8 and from Figure
9 to Figure 14.

V. CONCLUSION

By using Bellman's dynamic programming
method, we have built a predictive controller for
the TRMS to consider the stability of the system
when the predictive window is infinite. At the
same time, overcome the limitations of this

method when proposing rules to change the
weight matrixes in the objective function to
satisfy the constraint conditions of the state
parameters of the system. The simulation results
on Matlab prove that the system is global stable
and also resolves the constraint conditions. This
results also prove the rationale for changing the
weight matrix has been proposed.
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