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Abstract. This paper presents the control strategies of an electromechanical system with an embarked pendulum using
a magnetorheological (MR) fluid. We used two different approaches for modeling and control of the electromechanical
pendulum and electrical parts of the force of friction in the pendulum with the MR fluid. First, we have formulated the
control problem in order to design the friction force of friction in the pendulum controller. Then the values of the
control friction force functions were transformed into electrical control signals. The numerical simulations were
provided in order to show the effectiveness of this method for the active control of the pendulum oscillation.
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1. INTRODUCTION

The control of the pendulum embedded by using magneto rheological fluid (MR) brakes proposed in this paper
follows the principle using two controls, one feedforward control in order to maintain the system in a desired orbit, and
feedback control to take system in the desired orbit (Tusset et al, 2013). The feedback control is obtained using
Equation state-dependent Riccati (SDRE).

The SDRE control provides computational algorithms simple and highly effective for the control of nonlinear
systems (Fenili and Balthazar, 2011).

MR fluids are composed of micron-sized magnetic particles, located inside a liquid carrier, that form chain-like
structures when the external magnetic field is applied, resulting in an increase of the apparent viscosity of the fluid
(Avraam et al., 2010).

MR brakes create braking torque by changing the viscosity of the MR fluid inside the axis. In the initial state the
fluid has a viscosity similar to low viscosity oil. Upon activation with a magnetic flux, it changes to a thick consistency
(Senkal and Gurocak, 2010).

A representation of the embarked pendulum model can be seen in Figure 1:
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Figure 1. Pendulum embarked model

The model consists of two parts: m, is the platform mass and mis the pendulum mass, being a system with three

degrees of freedom. It is considered that the mass of the platform is a rigid body with pitch and vertical motions. Since
x represents the displacement of the center of gravity of the platform, and & is the pitch angle. The angles of
pendulums are represented by (. The back and forth motion represented by X; and X, , respectively, are caused by

wave motion and can be represented by w; and w,, respectively. The environment in which the platform is submerged

generates a damping force due to movements of the hull (drift damping hull) and a thrust which can be represented by
(Fy) and (Fy ), respectively (Faltinsen, 1990).

2. PENDULUM EMBARKED MODEL

The damping forces due to movements of the hull (drift damping hull) may be represented by Eq. (1) and (2):

For =Dy (¢ v ) (1)
For =Dy (Xr — Wy ) (2)
The thrust forces carried by the hull displacement can be represented by Eq. (3) and (4):

Fest =K¢ (Xg —Wg) 3)
Frer =k (X — W) “4)
The vertical force, the force of pitch and force acting on the pendulum can be represented by:

MX = Fys

Jo=F, (5)
2..

mly~6G = Fy

The balance of forces can be written as follows:

Fms = _ka - be - I:kr - I:br
Fo =1t cos()(Fyt + Fof ) =1y cos(O)(Fyr + For) (6)
Fq =—cq—ml,Xcos q+ml,xdsing—gml, sing

Substituting Eq. (6) into Eq. (5) yields the system:
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x:m—<— Fie — For —Fkr_Fbr)
S
6= é(lf cos(O)(Ft + Fof ) — I cos()(Fyr + Fbr)) @

(:]':#(—Cq—mIchosq+m|pXQSinq— gml, sinq)
p

In general, the equations of motion are considered in terms of dimensionless variables, therefore, introducing new

. X 0 s .
variables defined as: T=ayt, y=—, z=— and v= i*, where: T, X, 6" and q*, are constant, we obtain the
X o

q
system (8) in state space and dimensionless form:

X=X,
X'y =—aiXif +apWp —a3Xpf +aqWg —asXjp + agWy —a7Xor + agWy
Y'3=Y4 ®)
X'4=COS(X3)(ﬂ1X1f = PoWs + B3Xo ¢ — BaWs — BsXir + BeWr — BrXor +ﬁ8Wr)
X's = Xg
X'6 = _51)(6 — 52X'2 COS X5 + 53X2X6 sin X5 — 54 sin X5
where:
K Ke by br ke . ke . b . by
o =-— > sy = o _* 03 =— 50y = o _* 5 =— 2 s0g = PR o7 =— sag = o _*
@y Mg @y X Mg a)Oms X Mg @y Mg @y X Mg wOms @y X Mg
liky leky I¢b¢ Itby Ik Ik Ib b
_ . _ . . _ o rfr _ rr . I G S | e §
ﬁl_T’ﬂZ__ 2 ’ﬁ3_ ’ﬂ4__ o % bf’ﬂS__ P ’ﬂ6_+ PP ’ﬁ7__ ’ﬁS_ PP
wpd wh8 @yJ wH0 J whJ @y W, @y0
% *
c X . X, g . . . : .
51=——2;52:— > 53:|—, 54 :—I—, X1 =X —Ws —opsinXz; Xir =X =W, + 0, 81nX3;
a)omlp q |p p p

Xof =Xy —W¢ —07Xq €0 X4 and Xpp =Xy —W, +0pX4 SIn Xy .

2.1 Numerical Simulations
In Figures 2, 3 and 4, we can observe the behavior of the system (8) for the parameters:

o) =25,86207; a5 = 25,86207; a3 =0,68965; a, = 0,68965; ars = 25,86207; s = 25,86207, cr7 =0,68965; ag = 0,68965;
B, =13,63636; 8, =13,63636; B3 = 0,36363; B4 = 0,36363; s = 20,45454; S = 20,45454; B; = 0,54545; s = 0,54545;
5, =10, =1;0; =1;0, =9.8;01 = ;0 =1.5Ws =0.8sin(3.7699T) and w, = 0.8sin(3.7699T).
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Figure 2. Vertical movement of the platform: (a) Displacement. (b) Velocity. (¢) Phase Diagram
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Figure 3. Pitch movements. (a) Pitch angle. (b) Angular velocity. (c) Phase diagram
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Figure 4. Movements of the pendulum: (a) Angle of the pendulum (b) Angular velocity. (c) Phase diagram

As can be seen in Figs. 2, 3 and 4 the system exhibits chaotic behavior for these values presented above. In Fig. 5
we can observe the frequency spectrum. Note that, in this case, the behavior of the system is chaotic.
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Figure 5. Frequency Spectrum: (a) displacement (x1). (b) Angular pitch velocity. (c) Angle of the pendulum

3. MATHEMATICAL MODEL OF THE TORQUE FOR MR FLUID

MR-brakes have found various applications in many different areas, such as prosthetics, automotive and haptics
where the MR-actuator can function as a clutch or brake (Chen and Liao, 2010; Blake and Gurocak 2009; Senkal and

Gurocak 2010) .

In Figure 6 we can observe that the torque variation is defined by a positive variation of electric current to MR-

brakes.
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Figure 6. Braking torque versus current (Gonenc and Gurocak, 2012)

For the case of an application as active control is necessary to use the curve energized, because the variations of the
power will be used with a frequency, not allowing the de-energizing of the iron used in the brake.
We will consider an approximation, in the form:

ye”!

X
73e7 + 75

T()= (€))

where: i electric current, e is natural number and y;,7,,73,74 and y5 are constants, determined by using the least

square method (Tusset et al. 2012):
Considering then an approximation function depend on the electric current:

Ty 0! 1075927681 10)
0.110759327681 1 6

In Figure 7 one can observe an approach of the Fig. 6 considering the model proposed (10).
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Figure 7. Approach braking torque versus current

4. PROPOST CONTROL FOR PUNDULUM EMBARKED MODEL

Considering the introduction of a controllable Torque (U ) in pendulum:
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X=Xy
X'y =—arXif +QWs —azXyt +agWs —asXp + dgWy —a7Xor + agWy
Y'3=Y4 (11
X4= COS(X3)(ﬁ1X1f = PoWs + B3Xo s — BaWs — BsXir + BeWr — BrXor +ﬁ8Wr)
X's = Xg
X'6 = _51)(6 - 52X'2 COS X5 + 53X2X6 sin X5 — 54 sin X5 +U
where:
*
U=u +u (12)

The u” will be the feedforward control and u the feedback control can be determined using SDRE Control (Tusset
et al., 2013):

Since the objective of this work is to control x: and X, in a desired orbit x: and x; the variables x , X5, Xz and
) 5 6 5 6 1> %25 X3
x4 will be considered only as disturbances of the system.
For the system (11), we have:

* * L%
U =J,X'5 €os X5 + Oy SN Xg (13)

Substituting Eq. (13) in system (8) and considering only the states that wish to control, we have:

{x's = Xg 14)

X'6 = _51)(6 + 53X2X6 sin X5 +u

Rewriting the system (10) in matrix form: X = A(X)x+Bu.

X's _ 0 1 X5 N 0 u (15)
X'6 0 —51+53X25inx5 X6 1

As can be observed in the system (15), the states of the matrix A(X) are not controllable and therefore, in order to
solve this problem, we consider the introduction of ( X5Xg —Xs5Xg ) in the system (15), resulting in A(X) controllable:

X's 0 1 X3 0
_ | R (16)
X'6 X6 — X5 — 51 + 53 X2 sin X5 X6 1

The state feedback control law (U ) to be considered have the aim to enhance the control performance. In this way,
the quadratic cost function for the regulator problem is given by:

_ 1T T
J= 2![x Q(x)x +u R(x)u}it 17)

where Q(X) and R(X) are positive definite matrix.
Assuming full state feedback, the control law is given by:

u=-R(x)BT (x)Py (18)

where y = [X— X*] represents the deviations from the desired trajectory X" . The State-Dependent-Riccati equation to
obtain P(X), is given by:
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AT (x)P(x)+ P(x)A(x) - P(x)B(x)R ™ (x)BT (x)P(x) +Q(x)=0 (19)

. . . . . . 100 0
Defining the desired trajectory as the periodic orbit: X5 =0.5sin(8t) , and matrices: Q = { 0 100} and R= [1] .

In Figure 8 we see the system with the proposed control.

=< <€ 0
1 -
0 2 4 6 8 10 % 2 4 6 8 10
T T
(@) (b)
5 T T T 30 T v T
20
101
© o ] £ o
X 5 0
_10;
-20+
= 05 0 05 1 -30 ’ ’ :
: : 0 5 10 15 20
X5 T
(© (d)

Figure 8. Movements of the pendulum with the proposed control: (a) Angle of the pendulum (b) Angular velocity. (c)
Phase diagram. (d) Used torque

As can be seen in Figure 8 the proposed control was effective to control the oscillations of the pendulum (Fig. 8a-c).
It can also be seen that to maintain the system in desired orbit the required torque must be variation between positive
and negative values. For the case of positive torque should be simply increase the current in the coil until the desired
value. On the other hand, in the case of negative torque is necessary to add another clutch assembly is energized 1.5 [A]
and reduce torque when needed. Thus when it is desired torque positive energizes a coil of a clutch when torque is
needed is negative energizes the coil of the other clutch.

The electrical current to be applied each coil can be determined by solving numerically the following function:

. 0.110759>-27681
C(i)= : Y (20)
0.110759%>%7%% 116
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Figure 9. Current applied: (a) Negative torque. (b) Positive torque
5. CONCLUSIONS

As can be seen in Figures 8 (a), (b) and (c), the chaotic behavior of the pendulum could be steered to a desired
periodic orbits ( X; = 0.5sin(8t) ) with the proposed association of feedforward control (u *) with feedback (u ). Getting

the model of the torque-current (20) allowed us to determine the electrical current to be applied to control, as shown in
Fig. 9 (a) and (b).
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