COBEM PABCM
UBERLANDIN

1019 25" ABCM International Congress of Mechanical Engineering
October 20-25, 2019, Uberlandia, MG, Brazil

COB-2019-0904
CONTROL OF A MAGNETIC LEVITATION SYSTEM USING GLOVER-
MCFARLANE H. LOOP SHAPING DESIGN

Caio Igor Gongcalves Chinelato
Instituto Federal de S&o Paulo — IFSP — Campus Séo Paulo, R. Pedro Vicente, 625, Canindé, 01109-010, S&o Paulo, SP, Brasil
caio.chinelato@ifsp.edu.br

Abstract. This work describes the control design and implementation for a magnetic levitation system. The system is
composed by a Y shape iron plate that must be levitated by the control of electromagnetic forces. The system is nonlinear,
open loop unstable and multivariable, whose inputs are represented by voltages applied to three electromagnets and the
outputs are represented by three plate positions. A controller must be designed so that the plate positions track input
references with adequate performance. The proposed method to control the system uses Glover-McFarlane H. loop
shaping design. This method is a combination of H., robust stabilization with classical loop shaping and presents good
performance and robustness when applied to several control problems. For the evaluation of controller, numerical
simulations results were obtained with Matlab/Simulink. The numerical simulation results indicate that the controller
presents stability, good performance and robustness.

Keywords: Magnetic Levitation System, H., Design, Glover-McFarlane H.. Loop Shaping, Robust Control,
Multivariable Control.

1. INTRODUCTION

Magnetic levitation (maglev) systems have practical importance in many engineering systems such as in magnetic
bearings, high precision positioning platform, aerospace shuttles, and fast maglev trains (Choudhary et al, 2012). The
most popular and widely used scheme of magnetic levitation system is controlling a magnetic ball’s height above the
ground by levitating it against the force of gravity using electromagnets (Khemissi, 2010). These kinds of system are
nonlinear, open loop unstable and single-input/single-output (SISO).

Typically, advanced control techniques are applied to control these systems with good performance. Several control
methods and approaches are described in literature, like sliding mode control (Khemissi, 2010), (Al-Muthairi and Zribi,
2004), Fuzzy logic control (Choudhary et al, 2012), H., control (Shen, 2002), feedback linearization (Tandon et al., 2014),
model reference adaptive control (Torres et al., 2012), LQR (Linear Quadratic Regulator) (Yaseen and Abd, 2017) and
LMI (Linear Matrix Inequality) (Khan et al., 2016).

The magnetic levitation system scheme proposed in this work is composed by a Y shape iron plate that must be
levitated by the control of electromagnetic forces (Fujii et al., 1994). The system is also nonlinear and open loop unstable.
However, this system is multiple-input/multiple-output (MIMO) or multivariable. The inputs are represented by voltages
applied to three electromagnets and the outputs are represented by three plate positions. A controller must be designed so
that the plate positions track input references with adequate performance. The proposed method to control the system uses
Glover-McFarlane H.. loop shaping design (Glover and MacFarlane, 1992). This method is a combination of H., robust
stabilization with classical loop shaping and presents good performance and robustness when applied to several control
problems. For the evaluation of the controller, numerical simulations results were obtained with Matlab/Simulink.

2. SYSTEM MODELING

The schematic diagram of magnetic levitation system is presented in Fig.1 (Fujii et al., 1994). Three electromagnets
are mounted above three edges of the Y shape iron plate of mass M and provide attractive forces Fi, F2, and F3 for
levitation. These attractive forces are controlled by the input voltages ui, u; and us from the controller through the
corresponding currents iy, iz and iz in the coils. Three gap sensors, mounted below the edges of iron plate, measure the
gap lengths or plate positions r1, ro and r3 between the plate edges and the corresponding electromagnets.
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Figure 1. Schematic diagram of magnetic levitation system (Fujii et al., 1994).

The coordinate axes, showed in Fig. 2, are represented by plate gap length at the center of gravity G (x,), pitching
angle (xp) and rolling angle (x,). The parameters of iron plate and magnetic levitation system are presented in Fig. 3 and
Table 1. M is the total mass of the plate, J, and Jr are moments of inertia in pitching (xp) and rolling (x;) directions,
respectively, g is gravitational acceleration, x," is plate gap length at the equilibrium point and u;", u,” and us” are the input
voltages at the equilibrium point. The symbol * represents the variable value at the equilibrium point. k1, k2 and k3 are

constants related to each electromagnet.

Figure 2. Coordinate axes of magnetic levitation system (Fujii et al., 1994).
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Figure 3. Schematic diagram and parameters of iron plate. mag, sen, p and O means electromagnets, gap sensors, acting

Table 1. Parameters values of magnetic levitation system (Fujii et al., 1994).

points of electromagnets forces and the origin of three coordinate axes (Fujii et al., 1994).

Unit Value Unit Value Unit Value Unit Value
lig[m] 0.327 logh [M] 0.218 g [m/s?] 9.81 us'[V] 3.04
log [M] 0.183 M [kg] 1.97 X/ [m] 0.018 ki [Nm?/V] | 2.42 x 10*
I3g[M] 0.12 Jo[kgm?] | 5.29 x 10° u V] 3.17 ko[Nm?/V] | 1.93 x 10"
lign [M] 0.362 Jr [kgm?] 9.35 x 10* uz"[V] 3.15 ks [Nm?/V] | 2.07 x 10*
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Under several idealized assumptions, the equations of vertical, pitching and rotating motions for the magnetic
levitation system can be written respectively as (Fujii et al., 1994)

Jp¥y = Filig — (F2 + F3)ly 2
Jrky = (F, — F3)l3g 3

The magnetic attraction forces can be written as a nonlinear function of the input voltages and plate positions:
Uuj 2 B
gzkmg) =123 4)

The plate positions r1, 1> and r3, are written by

=X, — llgtan(xp) (%)
Ty, =X, + lzgtan(xp) — lzgtan(x,) (6)
3 =X, + lzgtan(xp) + lzgtan(x,) @)

The system dynamic in state-space is defined as
x = f(x,u) ®)
y=g0,u) 9)

where x =[xy Xp Xr Xv Xp %r]" =[X1 X2 X3 Xa Xs Xe]" is the state vector, u = [uy Uz us]"is the input vector and y = [r1
r; r3]"=1[y1 y2 ys]" is the output vector. The system can be represented as:

_ X, .
[%1] Xs fi
X2 L X6 [fz]
X3 — g_E(F1+F2+F3) _ f3 (10)
Xy Fulyg—(Fp+Fs)lag [ £ |
Xs Jp fsJ
X6 ] (F2—F3)l3g fe
Jr
Y1 x; — lgtan(x,) g1
V2| = [x1 + Lgtan(xz) — lzgtan(xs) | = (92 (11)
Vsl [xg + Lgtan(xy) + lzgtan(xs) 93

As can be seen in Eq. (10) and (11), the system in nonlinear. The method proposed to control the system in this work
can only be applied in linear systems. Therefore, the system is linearized around the equilibrium point X" = [x* 0 0 0 O
0] and u” = [u;" u2" u3"] using Jacobian matrices and becomes

X =Ax + Bu (12)

y =Cx+Du (13)

where A is the state matrix, B is the input matrix, C is the output matrix and D is the direct transmission matrix (Ogata,
2009). These matrices are given by:
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0h . O
dxq Oxg
A=|: =~ (14)
e ... s
L0xq Oxg

6u1 auz 6u3
O 92 2
B = 6u1 6u2 6u3 (15)

’%%%]

Ofs 9fs Ofe
Lou, Oup, OJug

091 ., 291
0xq1 Oxg
c=|: -~ (16)
996 ... 29
Ldx4 Oxg

091 991 991
6u1 6u2 6u3
D=l 2 0
du; Odup Odug
995 995 993
Lou, Oup, Odus

a7

3. GLOVER-MCFARLANE Hs, LOOP SHAPING DESIGN

The proposed method to control the system uses Glover-McFarlane H. loop shaping design and has been applied to a
variety of practical control problems successfully (Glover and MacFarlane, 1992). This method is based on H, robust
stabilization combined with classical loop shaping (Skogestad and Postlethwaite, 2005). The procedure consists of three
steps: loop shaping, robust stabilization and design of the final feedback controller (Glover and MacFarlane, 1992). In
loop shaping design, the closed loop performance is specified in terms of requirements on the open loop singular values.
Using a pre-compensator Wi and a post-compensator W, the singular values of the nominal plant are shaped to give a
desired open loop shape. The nominal plant G and shaping functions W1 and W, are combined to form the shaped plant,
Gs = WoGW;, as shown in Fig. 4.

.........................................

Figure 4. Block diagram of shaped plant Gs (Ban et al., 2009).

The singular values of Gsusually requires high gain at low frequencies, roll-off rates of approximately 20 dB/decade
at the desired bandwidth, with higher rates at high frequencies. Some trial and error are involved here. W is usually
chosen as a constant, reflecting the relative importance of the output to be controlled and the other measurements being
feedback to the controller (Skogestad and Postlethwaite, 2005). This procedure usually guarantees good disturbance
attenuation, noise attenuation and robust stability.

In robust stabilization, a controller K is designed by solving the problem (Ban et al., 2009)

<y (18)

[oe]

] 0= 6 G

where y = &1 and ¢ is the robust stability margin. ¢ is an indicator of the success of the design procedure. It can be shown
that if ¢ >= 0.2, the frequency response of KL W.GW, is similar to W,GW; (Glover and MacFarlane, 1992). On the other
hand, if € is too large, the system performance can be deteriorated.

Finally, if is guaranteed that ¢ >= 0.2, the final feedback controller K is then constructed by combining K, with the
shaping functions W; e W such that K = W,K,Wj, as shown in Fig. 5.
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Figure 5. Block diagram of final feedback controller K (Ban et al., 2009).

4. SIMULATION RESULT

For the evaluation of controller’s performance, robustness and stability, numerical simulations results were obtained
with Matlab/Simulink. The system dynamic in state-space was obtained in Eq. (10) and Eqg. (11) and linearized around
the equilibrium point. The linearized system is represented in Eq. (12) and (13) and the values of matrices A, B, C and D

are given by:
0 0 01 0 O
0 0 0 0 1 O
A= 0 0 0 0 01
1089.7 =165 0 0 0 O
0 0 0 0 0 O
0 0 0 0 0O
0 0 0
0 0 0
B = 0 0 0
—-2.4038 —-1.9050 -1.9718
0 0 0
0 0 0
[1 —0.3270 0 0 0 0
C=11 101830 -012 0 0 O
11 0.1830 012 0 0 O
[0 0 O
D=[0 0 0
0 0 O

The pre-compensator W, and a post-compensator W- chosen were

- s+10
0 0 ]
0.1s+0.05
s+10
Wl = 0 0
0.1s+0.05
s+10
0 0 e ——
0.1s+0.05

11000 0 0
W,=| 0 1000 0
0 0 1000

(19)

(20)

(21)

(22)

(23)

(24)

and the final feedback controller K was obtained using Matlab function ncfsyn (Gu et al., 2013). It was obtained y = 3.6181
and ¢ = 0.2764. As ¢ >= (.2, is expected that the system demonstrates robustness.

The control system implementation in closed loop using Simulink is presented in Fig. 6. The reference inputs are
rl_ref, r2_ref and r3_ref, a saturation block was applied to limit the control amplitude (+24 V/-24 V) and disturbance

and noise were applied to verify system robustness.
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Figure 6. Control system implementation in closed loop using Simulink.

The step response for plate positions r1, rz and rzand input voltages ui, uz and us, without considering disturbance and
noise, are presented in Fig. 7. The step amplitude was 0.01 m and step time 1 s. Analyzing the simulation results, it can
be seen that plate positions track the references with good transient and steady state performance and the input voltages
present adequate amplitude values for a practical situation.
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Figure 7. Step responses for the plate positions ry, r> and rz (references in blue and plate positions in red) and input
voltages u1, Uz and us without considering disturbance and noise.

To verify system robustness, it was applied disturbance and noise. The disturbance applied was a step with amplitude
0.001 m and step time 3 s and was considered a random noise uniformly distributed with minimum 0 and maximum
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0.0003 m. The step response for plate positions r1, r2 and rzand input voltages us, Uz and us, considering disturbance and
noise, are presented in Fig. 8 and Fig. 9, respectively. The noise is presented in Fig. 10. The simulation results demonstrate
the system robustness in terms of disturbance and noise attenuation.
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Figure 8. Step responses for the plate positions r1, r2 and rz (references in blue and plate positions in red) and input

voltages uz, Uz and us considering disturbance.
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Figure 9. Step responses for the plate positions r1, r2 and r3 (references in blue and plate positions in red) and input
voltages u1, Uz and uz considering noise.
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Figure 10. Noise applied in the system.

The robustness was also verified in terms of structured uncertainty in parameters. To realize robust stability analysis,
the system is represented in M-4 loop, shown in Fig. 11. M represents the control system nominal part and 4 represents
uncertainty (Skogestad and Postlethwaite, 2005). The robust stability analysis is done by using the structured singular
value 14(M). Considering the nominal system M stable and ||4||.. < 5, where f is an uncertainty bound, the system of
Fig. 11 is robustly stable if and only if us(M) < 1/ . The structured singular value u4(M) is characterized by upper bound
By and lower bound 4. The uncertain system is guaranteed stable for matrices 4 with || 4. < f. and there exists a specific
matrix 4 with ||4]|.. = fi that destabilizes the system. The robust analysis was realized with Matlab function robuststab
(Gu et al., 2013). This function calculates the upper bound of stability margin (1/4)) and lower bound of stability margin
(1/B.), decomposing the uncertain system in M- loop with || 4. < 1.

Considering normalized uncertainty ||4]|..< 1, it follows that (Gu et al., 2013):

o If Sy <1orl/ B (lower bound of stability margin) >1, the system is robustly stable;
o If fi>1o0r1/p (upper bound of stability margin) <1, the system is not robustly stable;
o Ifpi<lorl/pi>landp,>1or1/fu<1,itisnotpossible to conclude about stability;

A

M

Figure 11. System represented in M-4 loop.
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To verify robustness, the parameters M, Jp, Jr, k1, k2 and ks were changed 15% in relation to the nominal values, shown
in Tab. 1. The function robuststab reports that uncertain system is robustly stable to modeled uncertainty. This can be
seen in Fig. 12, where is presented upper bound (5.) and lower bound (/) of structured singular value as a function of
frequency. By < 1 for all frequencies, therefore the system is robustly stable. The step response for plate positions ry, r,
and rzand input voltages ui, Uz and us, considering structured uncertainty in parameters, are presented in Fig. 13. The
simulation results are very similar to Fig. 7 and demonstrate robustness in terms of parameters variation.
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Figure 12. Upper bound (f,) and lower bound (/) of structured singular value as a function of frequency.
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Figure 13. Step responses for the plate positions ri, r> and r3 (references in blue and plate positions in red) and input
voltages ui, uz and us considering structured uncertainty in parameters.
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5. CONCLUSIONS

This work describes the control design and implementation for a magnetic levitation system. The proposed method to
control the system uses Glover-McFarlane H., loop shaping design. The feedback controller is obtained using Matlab
function ncfsyn. The pre-compensator W1 and a post-compensator W, chosen ensured that robust stability margin ¢ >=
0.2. Analyzing the results with Matlab/Simulink, it can be seen that plate positions track the references with good transient
and steady state performance and the input voltages present adequate amplitude values for a practical situation. The
system demonstrates good performance, stability and robustness when disturbances, noises and parameters variations are
applied, as can be seen in step response and structured singular value.
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