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Abstract. It is well known that the design of a huge class of non-linear control systems depends heavily
on the state-space representation of the to-be-controlled system. So, the task of choosing appropriate
control parameters for the nonlinear system’s stability and performance requirements tends to be time
consuming, tedious and relies mostly on the designer’s experience. The work presented here evaluates the
system performance using sets of random weighting matrices as input for the feedback control technique
based on the State-Dependent-Riccati-Equation (SDRE). These randomly generated sets are obtained by
using Monte Carlo sampling and UQLab, then evaluated using numerical simulations of two one degree
of freedom strongly non-linear systems and a slewing flexible structure. The results showed that these
sets serve as an interesting tool to map controllable regions of interest while allowing the designer to
visualize the effects of these weights on the system’s constraints and the performance requirements of
the systems response.
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1 Introduction

Mechanical systems usually require a type of Control Theory in order to assure that their states
during service are kept within design envelope, demanding stabilization, tracking, positioning etc. Many
of these systems are naturally stable and may not require active control systems. However, the increased
complexity due to non-linear phenomena and thus inherent instabilities require the application of active
control systems, being the investigation of feedback, Optimal Control, an important area of research [1]].

The State-Dependent Riccati Equation (SDRE) strategy offer significant advances when compared
to Linear Optimal Control Theory, specially when system states have strong influence in the response.
SDRE algorithm is based on a nonunique linear structure having a state-dependent coefficients (SDC)
matrices. The control feedback is then calculated by minimising a nonlinear performance index that is
based on these SDC and weighting matrices. Since the SDC vary during load, the procedure is calculated
every step of integration or when requested [2]].

So, due to differences in representation (or parametrisation) for the same system, weighting matrices
may produce different results. In addition, there are representations that may be more efficient, stable
or sensitive to the weighting matrices. Then, the choice of appropriate weighting matrices may lead to
a suboptimal solution, which is the optimal solution for that specific representation, while that global
optimal cannot be inferred or maybe never obtained if the ‘best’ SDC is not found [3].

The use of stochastic methods have been widely applied to investigate systems when geometry
parameters and material properties are naturally stochastic [4} 15]]. Pellissetti and Schuéller [6] integrated
commercial finite element code with the sampling of inputs. The deterministic results combined was
then used to infer the range of the stochastic response. Hence, evaluating series of simulations with
parameters obtained from sampling a distribution may serve as a tool to investigate the sensibility of the
system to a particular range and variables. Considering the response of the system according to a SDC
representation, varying weighting matrices randomly may result in a desired performance envelope.

Thus, this article investigates the use of random weighting matrices to verify the range of perfor-
mance of three different dynamic nonlinear models using SDRE control systems. By using these matrices
one can obtain a field of possible responses, allowing the designer to better explore the parameters and
maybe find a solution closer to the optimal one. In what follows, the three models equations and state-
space systems are shown in Sec. |2l A short description of SDRE methods and the importance of Q and
R matrices lie in Sec.[3] Section[d]describes the investigation method, by terms of obtaining the random
matrices using Monte Carlo method, numerical integration, parameters and initial conditions for all three
models. Results are presented in Sec[5| while Sec. [ encloses the article.

2 Theoretical Models

Three nonlinear models were chosen to explore the method to evaluate systems performance enve-
lope using random weighting matrices. The number of viable (nonunique) SDC representations increases
with model complexity, as presented in the following items.

2.1 Model I

The first model is described as simple nonlinear one degree of freedom system, where an inertial
term is followed by a nonlinear portion based both on position = and velocity z, as

mi + axi’® = F. (1)

Equation m can be rewritten in terms of state-space variables, z; = z, z9 = % and its derivatives,
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r1 = T2

F  « 9 2)
Ty = — — —T1T

m

It is possible to rewrite Eq. (2) in the matricial state-space form

{i} = A(z) {z} + B(z) {u} 3)

being A and B the State-Dependent Coefficients (SDC); = and #, the state space vector and its derivative,
respectively. That modelling results in two different but equally viable state-space form representation

1 0 1 T 0 0 F

= + and (4a)
o — 222 0] |22 L0l |o
i:l 0 1 I 0 0 F

= + (4b)
I"Q 0 —%wlltz xI9 % 0 0

These two SDC representations will be used in Sec. ] to evaluate weighting matrices.
2.2 Model IT

Following the model I description, Eq. |1} a term is added, increasing its nonlinearity and thus
complexity

mi + Bxi + axi® = F. (5)
i’l = T2
. F B a (6)
Ty = — — —T1Ty — —IT1Ty
m m m

Equation [6] allow us to write the systems of equations in matricial form, similarly as for Model 1.
The extra term from Eq. (5)) allows one to write two additional representations, leading to four different
SDC A-matrices, such that

i‘l 0 1 1 0 0 F

= + (7a)
To _—% — - T1T2 T9 % 0 0
i‘l 0 1 T 0 O F

= + ; (7b)
To 0 —%xl — T1T2 To % 0 0
Zbl 0 1 1 0 O F

= + and (7¢)
:tg —%xg - %x% 0 o % 0 0
il 0 1 Tl 0 0 F

= + (7d)
To _—%x% — %xl 9 % 0 0

It is important to mention that all these SDC refer to the same dynamic model.
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2.3 Model III

The model I1I is comprised by a flexible beam-like structure in slewing motion, driven by an actuator

(a DC motor) and interacting with a fluid,

as shown in Figure The fluid effect on the motion is

represented by the drag force Fyre(, 1), a function of velocities © and 6. In addition, the inertial axis
is represented by XY, the moving axis (attached to the slewing axis and moving with it) is represented
by zy , the beam deflection (as a space-time variable) is represented by v(z,t) and slewing angle is

represented by 6(t).

Fdrag(xst)

Figure 1. Model III: A slewing flexible beam interacting with a fluid [7]. A drag force Fyr,g models that

effect of a fluid media.

6 acs acs + bey 0
+
Q1 bes + deg  bes + dey Q1
where
o = P
(01 + ,071(1%) Py — (Pa1)2
bh— —pai
(1 + pnia?) pr1 — (ponr)?
LS
c1 = Imotor + %
KK, pACpL?
=C,
Cc2 m T R, 3

_l’_
0 bC5 9
_|_
O dC5 Q1
(2nad +cqt)ad — (bpn)0Pq | | %L (8)
(27v1q141 + c603)b0 — (dpy1)03q %U

cs = pACpay

ca = p+ pACpm

Cy — EI)\l

cg = pACpm

d— c1+ p’nQ%

(c1 + pnd?) pn — (par)?

being L the beam length, E the elasticity modulus and I the moment of inertia of the beam section; Cp
is the drag coefficient; K;, Ky Imotors o, Cm the torque constant, back e.m.f. constant, motor inertia,
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armature resistance and motor internal damping, respectively; p represents mass per unit length, and y;
the assumed first flexural mode constant.
Let the states be given by

x1=0, z9=0, z3=q and z4=q

Thus, in the state-space form Eq. () is written as

1 = w2 (%a)
Zo = pU — exs — fary — gxs — kToxsry — wx%xg + ll’%l‘?, (9b)
i3 = x4 (%)
T4 = qU —rag — sy — txg — vx2T3x4 — zx%xz + yx%xg (9d)

where e = acy + bes, f = acs + bey, g = bes, k= 2ay1, 1 = bpy1, p = aKy/Rg, ¢ = K/ Ry,
r = bcg + dcs, s = beg + dey, t = des, v = 2bvy1, w = acg, 2 = beg and y = dpy;. Finally leading to a
matricial form

3\ r T ( ) ( (

T 0 1 0 0 T 0
T 0 —e—wx? —g+lrd —f— kxox T
2| _ 3 g 2 f 273 2 n p vl (10)
ig 0 0 0 1 T3 0
Ty _0 —r — zm§ —t 4+ ya:% —s —vwax3 | | T4 q)

The last three terms of both Eqgs. [9band [9d]indicates the possible SDC factorisations. So, Eq.[I0]is one
of 144 possible representations.

3 State Dependent Riccati Equation (SDRE) Control

A nonlinear system can be modelled as a state-space system

@ = f(z) + B(z)u.

or being f(x) state dependent, such as

&= A(z)xr + B(z)u (11)

with feedback control effort described as

u=—R(z)BT (2) P(z)x, (12)
which is a function of weighting matrix R(x) and P(z). The latter is the solution of the algebraic State
Dependent Riccati Equation (SDRE) [2]]

P(z)A(x) + AT(a:)P(ar) +Q(x) — P(a:)B(x)Ril(x)BT(x)P(x) =0. (13)
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MATLAB/Octave function LQR calculates the Linear Quadratic Regulator gain — R~ (z) BT () P(z),
minimising the performance index

J =

N | —

/ [ (1)Qa(t) + o (t) Ru(t)) dt. (14)
0

So, from Egq. 14| becomes clear that weighting matrix @Q(z) is associated with evolution of states,
while R(z) with the control effort. Note that for the general case, both matrices are written as dependent
on the current states, and hence may vary with time [3]. SDRE Control requires both matrices to be
symmetric, with () semi-definite positive and R definite-positive, or

Q=0
R>0

Lipschutz and Lipson [8] mention that matrix definite- and positiveness can be verified by calculat-
ing its eigenvalues. Being g and \p eigenvalues of () and R, respectively, thus

Ao >0, Vg (15)
Ar >0, VAg. (16)

3.1 Model I & II considerations

Model I and II systems are of the same size, Eqs. {f] and [7, hence require @) and R of same size,
i.e., 2 X 2. As per matrix positiveness, diagonal terms should be real, equal or greater than zero for ()
and real positive for R. Nondiagonal terms might assume any real values, as long as tested according to
Egs.|15|and Gaussian distributions were defined so as to respect the aforementioned range consider-
ing position in matrix, centred in zero with high variance, so . = 0 and o = 10'°. The sampling method
on these distributions resulted in the testing cases.

More information on the resulting matrices will be given in Section 4]

3.2 Model III considerations

The same distributions used for Models I and II were applied to Model III, however @ is 4 x 4,
while R is 1 x 1. Due to large number of required samples to be tested, a slightly small variance was
used, o = 10°.

4 Investigation Method

A large set of constant weighting matrices was tested for each model. Among the results of these
large sets, the selected samples were sorted with the criteria of respecting a limit time convergence and
the amount of energy required to do so. The following items will detail the procedure.

4.1 Random Q and R matrices

UQIlab [9] was used to create individual gaussian distributions for each diagonal and nondiagonal of
@ and R, always respecting the symmetry conditions. The distributions parameters followed the consid-
erations of Item[3.1]and[3.2] that were afterwards sampled using Monte Carlo method [L1]. Important to
mention that each generated set formed a matrix that was tested to assure positiveness requirement listed
in Eqgs. [I5]and[T6] Figure[2a]shows the full set of samples for first diagonal term for matrix Q, respecting
the positive real restriction. The “selected” refers to the terms that belong to matrices that respect the
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% 10° Q Matrix - Diag. Term ; «1010 R Matrix - Nondiag term)

. . . + full set X . - « full set
ar L - selected set . ot . + selected set
> - . ¥

0 2 4 6 8 10 0 2 4 6 8 10
sample N <10% sample N <104

(a) (b)

Figure 2. Samples terms of matrices () and R. The number of selected samples was 6605 out of the
generated 10°.

requirements. Accordingly, Fig. [2b] show a nondiagonal term from R. Note that these values now can
assume any real value. The same procedure was made to obtain () and R for model III.

4.2 Initial Conditions and Model Parameters

The equations from Model I — Eqs.[d Model II — Eqs.[7]and Model III — Eq.[I0} were implemented
in MATLAB and integrated using Runge-Kutta 4™ order with fixed timestep [10]. The calculation of
gain from Eq. [I2| was performed at the beginning of each step of integration, with control effort u(z),
A(z) and B(x) recalculated intrastep.

The parameters and initial conditions to simulate Model I, II and III are presented in Tabs. [T}2]
Model III remaining parameters are shown in Tab. 3]

Table 1. Parameters and initial conditions for models I and II.

Variable Unit
T 10 [m]
9 0 [m/s]
m 2 [kel
« 500 [-]
153 100 [-]
At 0.01 [s]
to 0 [s]
tr 20 [s]

CILAMCE 2019
Proceedings of the XL Ibero-Latin-American Congress on Computational Methods in Engineering, ABMEC.
Natal/RN, Brazil, November 11-14, 2019



Assessment of sub-optimal SDRE control systems performance by defining a set of random weighting matrices

Table 2. Parameters and initial conditions for model III.

State Casel Case2  Unit
1 0.1745 0.8727 [rad]
To 0 0 [rad/s]
T3 0 0 [m]
i) 0 0 [m/s]
At 0.001  0.001 [s]
to 0 0 [s]
ty 10 10 [s]
Table 3. Model III parameters.

Parameters Unit
L 2 [m]
E 70 [GPa]
I 5.6250E-12 [m?]
I 5.6250E-12 [m?]
Cp 1.1 [-]
K 0.0528140 [Vs/rad]
K 0.0528140 [Nm/A]
Tinotor 0.0000654 [kg/m?]
R, 1.9149520 (2]
R, 0.0031000 [H]
Cm 0.0046290 [Nms/rad]
p 2700 [kg/m?]

5 Results

The models SDCs were simulated with selected constant () and R matrices using the aforemen-
tioned parameters and initial conditions. The results were separated into the following items.

5.1 Model I

Figures show the results for x1, 1 and « for model I SDC representations, Eq. 4] Both SDC
give a variety of results with the wide range of @@ and R used. Note that several sets results could not
reach zero, meaning that they could not converge with the available time, Fig. [3a] and In addition,
SDC 1 gives a greater negative overshoot than SDC 2. For that reason, Fig. [3b|shows positive values for
21, that almost cannot be seen in SDC 2, Fig. For both SDCs, u almost ceases with ¢ = 5s.

The absolute value of control effort u for all sets that reach x; = 0 was integrated over time to
establish an energy analogous. These results were then sorted, with the first four of each SDC plotted in
Figs. Although the aggregated results showed different tendencies, when the least energy sets are
compared in Fig.[4d] they appear more similar. Also, SDC 2 provides the four chosen sets closer to each
other than the SDC 1. So, one can affirm that for this specific model and these initial conditions, both
SDCs shows similar suboptimal results.
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Figure 3. Model I results for all simulated sets of random matrices.
01 Model | %103 Model | i
' ——SDC 1
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Figure 4. Model I - Least "energy’ curves sorted as ascending order ’-’,- -’;”.” and ’-."..
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The ’least-energy’ analysis sorted the following weighting matrices samples for SDC-1

143 Q108 0.07631 —0.35714] - 6.44231 —1.77308]
I 1.93203 | i 3.43462 |
S:4330 Q= 10° 0.11847  40.19286] B 109 119926 —0.50927]
I 2.49537 | I 1.57918 .
S:2360 Q= 10° 0.20161 +0.23611] B 100 125412 —0.54302 (
I 3.10594 | i 1.24291 |
51813 0= 10° 0.08030  10.33317] B — 109 2.72680 —0.61663]
I 1.94823 | i 2.41415 |
and SDC-2
S:2360 Q= 10° 0.20161 +0.23611] B 10 125412 —0.54302]
I 3.10594 | i 1.24291 |
S:69 Q= 10° 0.40901  —0.53590] B — 109 (2.46574  10.46331]
! 5.01121 | I 0.93964 | o
S.2735 Q= 10° 0.32556  +0.70160] B — 109 1.65930  10.34374) (
I 3.68050 | i 1.23680 |
S:5174 Q=10 0.28745  —0.11438] B 100 163950 —0.96704] |
! 4.86463 | I 1.65291 |

Equations present the ’least-energy’ weighting matrices () and R for both SDCs. Since the
matrices are symmetric, the lower nondiagonal terms were omitted. Note that the order of magnitude for
all @ and R are similar. The difficulty of choosing SDC representation and () and R can be exemplified
by observing that Sample S : 2360 — least-energy for SDC-2 — is only the third for SDC-1. In addition,
weighting matrices look quite different, even if similar results are obtained for the same or different SDC.

5.2 Model II

The same procedure of Item[5.1|was used to infer Model II SDCs behaviour, resulting in Figs. [Sal{5]|
The first plots row shows that SDCs 1 and 3 are similar and less sensitive to () and R, allowing almost all
sets to converge before ¢ = 20s. On the other hand, SDCs 2 and 4 allow to infer a broader performance
envelope. The velocities, &2, also corroborates to the idea of swiping a broader envelope. Control effort
u, Figs.[515]] indicates that SDCs 1 and 3 faster convergence occurs due to higher u values.

Integrating absolute u over time, sorting the results and choosing four converged sets per SDC, one
obtains Figs. [6al{od] Differently from Model I, the SDCs gave constrasting results. SDCs 2 and 4 x;
state reach zero with a smaller velocity, Fig. [6b] result from different integrated u curve shape, Figl6d]
As discussed before, SDCs 1 and 3 gave more consistent results, probably for being less sensitive to the
chosen (Q and R.

Sample matrices that resulted in least-energy for SDC-1 and 3 were equal, the same for SDC-2 and
4. For that reason, they are grouped in Eqs.[I9}20] Differently from Model I, S : 5922 sampled matrices
resulted in least-energy for all SDCs. However, although the [ (|u|) have almost equal values at ¢t = 20s,
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Figure 5. Model II results for all simulated sets of random matrices.
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Figure 6. Model II - Least ’energy’ curves sorted as ascending order ’-’,’- -’,’.” and ’-..
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the evolution is completely different, as can be seen in Figl6] Concerning samples that appear in both
groups, S : 5145 is fourth at SDC1-3, while second in SDC2-4, giving different evolution, but similar
final results.

Sampled weighting matrices for SDC 1-3

2.92965 +3.65104 5.02544 —0.00362

S$:5922 Q@ =108 R =108
9.48856 8.50107
o 025495 —0.17407 o [1:28086  —0.00097
S :5144 Q=10 R =10
1.54859 2.05178
_ _ - - (19)
o |0.13544 +0.37925 ¢ [8-41588  +0.00429
S : 4699 Q=10 R =10
1.35824 5.80279
o |1.26769 +0.38996 o [0.70557  +0.00129
S : 5145 Q=10 R =10
0.18398 1.58628
and SDC 2-4
o [2:92965 +3.65104 ¢ [5.02544  —0.00036
S$:5922 Q=10 R =10
9.48856 8.50107
o |1:26769 +0.38996 o [0.70557  +0.00129
S:5145 Q=10 R =10
0.18398 1.58628
- - - - (20)
o 037289 —0.03658 ¢ [0.38708 +0.00589
S : 623 Q=10 R =10
1.03759 5.07238
o 210502 —1.41791 o [0.64627 —0.00233
S$:1322 Q=10 R=10 .
1.68649 2.08590

5.3 Model III

Model III equations were evaluated for a set of 5687 () and R sets and integrated for load case 1
and I, resulting in the plots in Figs. The general aspect of 2 for both load cases, Figs. [7a and
resembles a combination of Model I SDCs 1-3 and SDCs 2-4, Figs.[5al5dl The more disperse the results
are, the easier one might extract possible scenarios. However, a few of the sets did not provide means to
reach zero, not stabilising the system during the simulated time.

Comparing the results for load cases 1 and 2, Figs. and Figs[7{7]] one notes that curve shapes
are similar, being scaled by a large factor for load case 2. Hence, the higher the initial conditions 1, the
greater the velocities and control effort.

Absolute control effort results were integrated over time, sorted in ascending order. The first five
were selected, grouped, and plotted for load cases 1 and 2, Figs.[8a) and [8]] respectively. It is possible to
observe that a few sets of () and R converge faster than the least energy cases, but probably with a higher
u, peak velocity and thus penalising the required energy.

The selected least energy weighting matrices are shown in Eq. [21] It is possible to observe that for
the five least-energy cases the order of magnitude for both () and R are the same. Not all nondiagonal
terms are always positive or negative, indicating that nonzero values can indeed produce interesting
results. In addition, results shown in Fig. [§|imply the close equivalence of these five least-energy sample
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Figure 7. Model III results for load case I and II
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matrices and that can be a sign that the () and R terms are almost equivalent. If one multiplies () and
R for the same scalar, the optimisation procedure would result in the same performance index, Eq. [14]
hence the same states and control effort.

_0.14851 +0.18371 —0.16622 —0.09322_
9 0.36773 —0.32453 —0.09579 8

13299 Q = 10 R =10 [6.31849}
143156 —0.79603

1.30961 |

(026130 +0.23897 +0.14820 -+0.21039]
. 050817 +0.67624 —0.23474 .

S:3280 =10 R =10 [8.79359}

2.97110  +0.07465

2.06779 |

(0.22223  +0.08361 +0.13119 —0.01131]
0.36139  +0.53200 +0.17547
1.170605 +0.69554

S 12277 Q = 10° R =10°[s30370] D)

1.03593 |

(016679 +0.10273 +0.36592 +0.08082]
0.36043 +0.25777 +0.23788

13630 Q = 10° R =108 [5.39829}
0.82016  +0.35273
i 2.25461 ]
(0.98394 —0.22676 —0.28041 +0.64627]

9 0.68383 +0.24652 —0.77017 B

12820 Q = 10 R =10 [8.17706] .
1.25420 —0.69405
1.76055

6 Concluding Remarks

A method to evaluate the performance of SDRE controlled system was here presented. Three non-
linear models were evaluated by using a large set of constant weighting matrices () and R) obtained by
Monte Carlo sampling of gaussian distributions. Weighting matrices need not to be constant and setting
state dependent () and R might lead to interesting performance results [IH3]. However, the designer
might need experience to penalise a specific term of a @ and/or R, that can also be troublesome. Thus,
the presented method allows one to investigate a system performance envelope using simple constant
weighting matrices, without the need of prior system knowledge.

Weighting matrices can be varied during simulation for evaluation purposes. However, the amount
of computational cost and generated data might be prohibitive. Criteria based on maximum/minimum
states or u may lead to results that are within the system and/or actuator limits. However, establishing
an integrated criteria during simulation may trap the solution in a local minimum. For instance, Fig. [6d]
shows that ’energy’ for SDCs 2 and 4 were smaller than SDC 1 and 3 until ¢ = 10s, becoming greater
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after that instant. Hence, defining a criteria to choose only one set for a specific instant may result in a
not so optimal global solution. To tackle this problem, one might record all data for simulations varying
@ and R each step, but that may be impractical for costly simulations.

Multiplying @ and R by a single scalar may result in exactly the same performance index, Eq.[T4]
and thus the same = and u. So, in a future work, it is expected that generated sample matrices form
independent basis, which cannot be obtained by simply multiplying another sample by a single scalar,
thus enriching the analysis.

The complexity of investigating performance envelope might be reduced if the simulated SDCs are
a composition of two distinct SDC as suggested by Cloutier et al. [3], but also if the designer establish
a range of possible () and R terms and sample their distributions without concerning physical meaning.
Moreover, physical system limitations as maximum gain, energy or force, can be verified to choose
candidate sets.
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