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Abstract

An optimal stabilization problem of a body in the
electromagnetic suspension is studied. For the lin-
earized system we synthesize the time-invariant output-
feedback controller based on the measurement of the
current in the solenoid circuit without measuring the
position and velocity of the body. A generalized H .-
norm of the linearized system is used as the optimality
criterion. It characterizes the disturbance attenuation
level for both exogenous signals and an uncertain ini-
tial state. The controller parameters are computed us-
ing linear matrix inequalities (LMIs). Numerical simu-
lation carried out for the nonlinear mathematical model
of the magnetic suspension system demonstrates some
advantages of the generalized H ., controller over stan-
dard ones.
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1 Introduction

The classical scheme of electromagnetic suspension
presupposes the presence of a levitated body position
sensor as a main element when forming feedback in
the control loop [Schweitzer, 2009]. Improving the
electromagnetic suspension design led to the idea of
implementing levitation based only on measuring the
current in the electromagnet circuit without measuring
the position and velocity of the body, so-called sensor-
less suspension [Mukhopadhyay, 2005; Gruber et al.,
2013]. The advantages of this implementation are pro-
vided by the greater compactness and reliability of the
design and its lower cost compared with the traditional
scheme. Usually there are two main approaches to ex-
clude a displacement sensor. The first of them condi-

tionally called algorithmic uses an observer which esti-
mates the position and velocity of the body in real-time.
The second one uses an additional high-frequency sig-
nal which allows to estimate the electric circuit param-
eters and calculate the position of the body [Gluck et
al., 2010]. This paper is closely related to the first ap-
proach.

Optimal stabilization of the body in an electromag-
netic suspension with various transient specifications
was considered in recent papers [Kumar and Jerome,
2013; Yang Yifei and Zhu Huangqiu, 2013; Hutterer
et al.,, 2014]. H,, and H, optimal output-feedback
controllers were synthesized in [Davoodi, Sedgh and
Amirifar, 2008]. An advantage of the H, optimal con-
trol is the best disturbance attenuation of external de-
terministic signals with a bounded Ls-norm, whereas
the Hs optimal control provides the best transient pro-
cesses for impulsive or random external signals. It
would be desirable to combine these performance in-
dices when synthesizing the control of a body in an
electromagnetic suspension. Such an approach is used
in this paper, where the performance measure of tran-
sient processes is the generalized H ., norm of the sys-
tem which takes into account both exogenous distur-
bances and uncertain initial conditions [Khargonekar,
Nagpal and Poolla, 1991; Balandin and Kogan, 2010].
LMI-based technique is used for synthesizing the feed-
back controller [Boyd et al., 1994; Gahinet and Apkar-
ian, 1994; Iwasaki and Skelton, 1994].

2 Magnetic Suspension System

A schematic representation of the magnetic suspen-
sion system is given in Figure 1. It consists of a sin-
gle electromagnet and the ferromagnetic object of mass
m. By controlling the electric voltage U in the coil of
the electromagnet, the magnetic field can be regulated
such a way that the object will levitate in an equilib-
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rium state when the electromagnetic force will be equal
to the weight of the object. The dynamics of the sim-
plest magnetic suspension system is described by the
two equations:

ms§ =F —mg,

: (1

v+ RI=U.
The first equation expresses Newton’s law and deter-
mines the change of the body’s coordinate s due to
the gravity force mg and the electromagnetic force F'.
The second equation represents Kirchhoff’s law for the
electric circuit of the electromagnet, where I is the cur-
rent in the electromagnet coil, R is the coil’s resistance,
and U is the flux linkage of the coil. If ® is the mag-
netic flux passing through one turn, and n is the number
of turns in the coil, then ¥ = n®.

Figure 1. Schematic diagram of the magnetic suspension system.

The flux linkage ¥ and current I are determined by
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where L(s) is the inductance of the electromagnet, C',
is a parameter and ¢ is the nominal gap between the
electromagnet and the levitated body. If we denote the
nominal inductance as Ly = L(0), then C, = Lgd,
and

Lly) = 1—LZ/5'

3)

The magnetic force F' can be written using the mag-
netic energy W as
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Now substituting the expressions (2) and (4) into (1),
we get the final nonlinear motion equation:

ms = 7CL12 —-m
=G ™ s
Cr dl Cr i
— 1 1=U.
§—sdt+((5—s)2 STRI=U

When U = Uy = R+/26%mg/Cy, the system (5) has
a single equilibrium point s = 0, I = Iy = Up/R,
which is unstable. Denote

I:IO+IU) U:UO+U1)7 6)

where I, and U, are time varying parts of I and U,
respectively. The linearized equations of (5) are of the
form

ms = css + hil,,

E ™
Lod v + his+ RI, =U,,
dt
where
Cy, Lg CL Lo
Cs = 5—3[3 = 6—2137 h; = 572[0 = TIO' ®)

We make the change of variables

t=Tt,s=0x1, I, = Iox3, T =+/m/cs (9)

to reduce the linearized system to the following dimen-
sionless form omitting the prime symbol

j:‘l = T2,
Tg = T1 + T3 + Wi, (10)
T3 = —Xo — ax3 + U+ wa,
where
RT U, T
a o’ u Tolo (1D

It should be noted that the physical meaning of the pa-
rameter a is the ratio of the characteristic time 7" of the
“mechanical” part to the characteristic time Lo/R of
the “electrical” part of the system. Typical values of
the parameter are a = 5 <+ 10. The exogenous distur-
bances w; and wsq stand instead of nonlinear terms in
the system model. The state of a system (10) is often
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not available for a measurement. Further, we will as-
sume that the current in the solenoid circuit is available
for measurement only, i.e.

Yy = T3 + ws, (12)

where wj3 is the output measurement error.

3 Problem Formulation
Rewrite the system (10), (12) as follows

i = Az + Biw + Bau, z(0) = zo, (13)
Yy = 021’ + Dgw,
where © = (21,79,73) € R? is the state of the

system, y € R"v is the measurable output, w =
(w1, wa, w3) € R™ is the exogenous input, and u €
R! is the control input. It is assumed that the exoge-
nous disturbance w(t) € L2[0, +00) and that the plant
initial state xq is unknown. If the current in the coil of
the electromagnet can be measured, then n, = 1 and
the matrices in (13) have the following form

01 0 000 0
A=|10 1], Bi=[100], By=(0],
0-1-a 010 1
Cy=(001), Dy=(001).

Consider the controlled output z € R"™ to describe
transient processes occurring in the system:

z = Cix + Dyu, (14)
where
100 0
010 0
G=1oo1]" D=1y
000 1

Therefore the square of the Lo-norm of the controlled
output is a quadratic cost of the state components and
control

Iz|* = / (23 + 23 + 23 + u?)dt.
0

Now suppose that the initial state of the system (13),
(14) is zero. To evaluate the response of the object
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to the disturbance w, we define the worst case perfor-
mance measure J; by the formula:

Jy(u) = sup 121 (1)

w##0 ||U)||

Note that for a fixed control law « this cost coincides
with H . -norm of the system (13), (14).

However, there exist situations when exogenous dis-
turbance does not act to the system and its initial state
is possibly nonzero and unknown. The nonzero initial
state causes an additional unknown so-called initial dis-
turbance. Define the worst case performance measure
Jo as follows [Balandin and Kogan, 2008, 2009]:

Jo(u) = sup — (16)

z0#0 |I0| ’

Finally, if both types of the disturbances act to the sys-
tem (13), (14), we define the performance measure as
the worst-case norm of the controlled output over all
admissible exogenous disturbances and initial states:

J) = sup =] (17)

lwliz+p2[zol20 /w2 + p2|zo2

where p > 0 is a given weighting coefficient [Balandin
and Kogan, 2010]. Obviously, when o = 0 the cost
J is reduced to the cost (15), and for w = 0 we obtain
J = Jy(u)/p. In addition, the following properties
were proved in [Balandin and Kogan, 2010]:

lim p J(u) = Ja(u), lim J(u) = Ji(u).

p—0 p—r0

Therefore, the parameter p is a measure of the impor-
tance of the unknown initial conditions xg over exoge-
nous disturbance w. For this reason the cost (17) is
a trade-off between performance measures JJ; and Js
[Khargonekar, Nagpal and Poolla, 1991; Balandin and
Kogan, 2010].

Now we are ready to formulate two control prob-
lems associated with the cost (17). The first is a state-
feedback problem.

Problem 1. For the system (13), (14), find a stabilizing
state-feedback control law

u = @JI, O = (91 02 93) 5 (18)

minimizing the cost (17). If the initial state of the ob-
ject is zero, then the formulated problem is the Hoo-
optimal control problem. In the opposite case, when
an external disturbance w does not act on the object,
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the problem is equivalent to finding the minimal ~yq for
which the following inequality holds:

o0

inf ||2]|2 = mf/ (:chclx + uTDlTDlu) <
u u
0
<A5p°|wol?, Vg # 0.

This minimization problem is the classical linear-
quadratic control problem. It is known that its optimal
value depends on the initial conditions x( and is written
as x(—)'— Xxp, where the matrix X is a stabilizing solution
of the Riccati equation

ATX+XA-XByB, X +C/C, =0.

At the same time, the value of the cost J5 does not de-
pend on x, i.e.

T
Ty X0 9 9

X Y0P Vo 7& 0.

|zo/?

Such a reformulation of the linear-quadratic control
problem in terms of the attenuation level of the ini-
tial disturbances is important in the case of the output-
feedback controller design.

Problem 2. For the system (13), (14), find a stabiliz-
ing full order dynamic output-feedback controller de-
scribed by the equations

&y = Arxy + By, 2,.(0) =0, (19)
u = Crx, + D,y.

The generalized H ,-suboptimal controller is defined
by inequality J(u) < ~ for a given v > 0. Respec-
tively we say that the control law u* is the generalized
Hoo-optimal if

u* = arginf J(u),

Similarly, using the attenuation level of the initial dis-
turbances J(u) and the attenuation level of the ex-
ogenous disturbances J;(u), we define vp- and Hoo-
suboptimal controllers.

4 Control System Design

In this section, we present some results which will be
applied for solving the problems indicated in the pre-
vious section. More details can be found in [Balandin
and Kogan, 2010].

Consider the linear system defined by (13), (14). The
design of linear state-feedback control law of the form
(18), such that the value J (u) of the closed-loop system
is less than a given v > 0, is based on the theorem.
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Theorem 1 ([Balandin and Kogan, 2010]). The gen-
eralized Hoo state-feedback controller exists for a
given vy if and only if the LMIs

YAT +AY + BoZ+Z"By  x %

Bl -2 + | <0,
Ci\Y +DZ 0 I
(20a)
Y «x
[I W%QI} >0 (20b)

are feasible for (n, x ng)-matrix Z, and a symmetric
positive definite (n, X n, )-matrix Y. When such a pair
of matrices Z and 'Y are found, a gain matrix © can be
computed as © = ZY 1.

Note that the optimal value of the cost (17) can be
found as a minimal value of v for which LMIs (20)
are feasible in variables Z, Y = YT > 0, and v >
0. This may be done using standard LMI solvers in
Matlab.

Also note that H.-optimal state-feedback controller
is computed as solution of (20a), while ~yy-optimal
state-feedback controller is found as solution of (20a)
where the second row and column are deleted, and
(20b) with p = 1.

Now we turn to design the optimal output-feedback
dynamic controller of the form (19). The necessary and
sufficient conditions for solvability of the generalized
‘H o problem are given by following theorem.

Theorem 2 ([Balandin and Kogan, 2010]). The full
order generalized H . output-feedback controller ex-
ists for a given v > 0 if and only if the LMIs

ATXll +X11A * *

MlT Bierl 7"}/21 * M, <0,
Ch 0 -I
(21a)
Y11 AT + AV % *
M, ChYii —1I * My <0,
Bl 0 —2I
(21b)
X I
>0, (21¢)
I Y,
X1 <01 (21d)

are feasible in (n, x ng)-matrices X11 = X{; > 0
and Y11 = YlTl > 0, where

N1 O N5 0
M1: ) M2:
01 01
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and the columns of the matrices N1 and N» form bases
of kernels of matrices (Cy Do) and (By D7), respec-
tively.

In order to synthesize the controller we use the
technique described in [Gahinet and Apkarian, 1994;
Iwasaki and Skelton, 1994; Balandin and Kogan,
2010]. Suppose that we have solved LMIs (21) for X
and Y7;. Define a positive definite matrix

X11 X192
X = . ,

Xy Xoo
where the blocks X5 and X595 can be chosen, for ex-
ample, as Xio = Xoo = X171 — Yﬁl. After that we
collect all controller parameters into the single matrix
variable
AT B’I‘
C,. D,

and introduce the matrices

Al X + XAy XBy Cf

U = BS—X %I 0 |,
Co 0 -I
P=[c D, 0], Q=[BTX 0 DJ],
where
A0 B;
0 — ) B(): ) CO_[CI 0]7
0 0 0
0 By 0 I
B= 5 C: )
I 0 Cy 0

Di—[0 Di], Dy |
1= 1] 2 = Dol
Then the required controller can be found as a solution
O of the LMI

v+P'OTQ+Q"er<o. (22)

Note that H ., output-feedback controller can be com-
puted as solution of (21a)—(21c), while ~y output-
feedback controller is found as solution of the linear
matrix inequalities

T

017

N1 O
Cl —’}’2.[ 07

ATX11 +X11A * Nl 0
<0,

(23a)
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T YllAT —|—AY11 *

Ny <0, (23b)
Clyll —’72.[

and (21c), (21d) where p = 1. The columns of the
matrix [NV, forms bases of the kernel of the matrix Cs.

5 Simulation Results

We present the results of numerical solution of prob-
lems 1 and 2. Using the variables (9), we transform the
original nonlinear object (5) to the dimensionless form

i1:x27
L[+ ag)?
$2—2|:(1I1)2_17 (24)
. 1+
E3 = — 3m2—a(1—361)$3+(1_951)“7
].7%1

where a and v are defined by (11). Then we substitute
the found optimal controllers to the nonlinear system
(5). In numerical simulation the parameter a is fixed
and equal to 7.5.

Firstly, we consider the solution of the problem 1. To
find the optimal feedback gain matrix, we set p?> = 0.05
and apply Theorem 1:

1. O = (—585.3589 — 552.2473 — 64.9617);
2. ©g = (—17.0923 —16.1215 — 1.9601);
3. B0 = (—21.3529 —20.1411 — 2.4324).

Here © is Hoo-controller gain, © is ~yp-controller
gain, and O o is the generalized H,-controller gain.
It is seen from the given data that the feedback coeffi-
cients for the H.-controller are substantially greater
then those of the ~g-controller. The plots of tran-
sient processes in the nonlinear closed-loop system are
shown in Figs. 2 and 3. It can be seen that the H -
optimal controller attenuates initial disturbances much
worse than other controllers. This is expected, since
the Ho-optimal controller is designed to attenuate only
external disturbances. At the same time, the gener-
alized Hoo-optimal controller (solid line) provides a
trade-off between the H -optimal and ~p-optimal con-
trollers.

Now we consider the output-feedback optimal con-
trol. We assume that only the current in the coil of the
electromagnet is measured. In this case, the output-
feedback controller is described by (19) and defined
by 16 parameters, unlike the state-feedback controller
depending on three parameters. Using the technique
described in the previous section, we obtained the fol-
lowing output-feedback gain-matrix for the generalized
‘H ~o-optimal controller:

A,|B,
oo (1) -
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—_— ~Yo-controller

—_— H ~o-controller

——The generalized Ho-controller
The g lized H. troll

0.05

Figure 2. Time-history of position of the body when using a
state-feedback ~o-controller, H .-controller, and generalized H .-

controller.

— ~o-controller

—0.6 — ‘H -controller
—— The generalized H..-controller

Figure 3. Time-history of current in the coil when using a
state-feedback ~p-controller, H ..-controller, and generalized H .-

controller.

—1.437 —0.355  51.027| 51.222
—0.386 —1.307  49.626| 48.814
—17.026 —17.058 —107.690|—98.242
17.365 16.378  93.639| 91.644

The plots of transient processes in the nonlinear closed-
loop system are shown in Figs. 4 and 5. The initial state
is chosen as ( —0.067, 0.0, 0.0). It can be seen from
Fig. 5 that the H -optimal controller leads to rather in-
tensive oscillatory processes, whereas the generalized
"Ho-optimal regulator provides a very good quality of
the transient process. Moreover, the Figs. 4 also show
some advantage of the generalized H,-optimal con-
troller over vyg-optimal one.

The quality of the transient processes provided by
each controller can be estimated by the ratio n =
|Re(A)|max /| Re(A) |min- The smaller this ratio the bet-
ter the quality of the transients is achieved. For the gen-
eralized H .-optimal regulator, we have 1, 0 = 14.3,
for ~yp-optimal controller is 779 = 93.4, and for H .-
optimal regulator is 7o, = 166.4.

6 Conclusion

We have applied a concept of the generalized H.
control to synthesize a sensorless magnetic suspension
system. The approach is based on the generalized H .-
norm of the linear system and its LMI characterization.
The results of numerical simulation have showed the
advantages of the generalized H, controller over the
classical H ., and H, optimal controllers.

CYBERNETICS AND PHYSICS, VOL. 6, NO. 2

—0.05

~o-controller
— H o-controller

—0.1 — The generalized H.-controller

Figure 4. Time-history of position of the body when using a
output-feedback ~o-controller, H . -controller, and generalized H o -

controller.

OTTIUAI T 5 6 T 5 9 10
—0.2 — ~o-controller
—04 1 s H -controller
—— The generalized H.-controller

Figure 5. Time-history of current in the coil when using a
output-feedback ~o-controller, H .. -controller, and generalized H o -
controller.

Acknowledgements
The work was supported by Russian Scientific Foun-
dation (grant 16-19-10279).

References

Schweitzer, G. (2009) Magnetic Bearings Theory,
Design, and Applications to Rotating Machinery.
Berlin: Springer.

Mukhopadhyay, S. C. (2005). Do We Really Need Sen-
sors? A Sensorless Magnetic Bearing Perspective.
1st Intern. Conf. on Sensing Technology. Palmerston
North, New Zealand. pp. 425-431.

Gruber, W., Pichler, M., Rothbock, M. and Amrhein,
W. (2013). Self-Sensing Active Magnetic Bearing
Using 2-Level PWM Current Ripple Demodula-
tion. Proc. 7th Intern. Conf. on Sensing Technology.
Wellington, New Zealand. pp. 591-595.

Gluck, T., Kemmetmuller, W., Tump, C. and Kugi, A.
(2010). Resistance Estimation Algorithm for Self-
Sensing Magnetic Levitation Systems. Proc. 5th
IFAC Symp. on Mechatronic Systems. Boston, USA.
pp. 32-37.

Kumar, V. and Jerome, J. (2013). LQR Based Optimal
Tuning of PID Controller for Trajectory Tracking of
Magnetic Levitation System. Procedia Engineering.
64. pp. 254-264.

Yang Yifei and Zhu Huanggiu (2013). Optimal Control
and H., Output Feedback Design Options for Ac-
tive Magnetic Bearing Spindle Position Regulation.
J. Networks., 8. pp. 1624-1631.

Hutterer, M., Hofer, M., Nenning, T. and Schrodl, M.



CYBERNETICS AND PHYSICS, VOL. 6, NO. 2

(2014). LQG Control of an Active Magnetic Bear-
ing with a Special Method to Consider the Gyro-
scopic Effect. 14th Intern. Symp. on Magnetic Bear-
ings. Linz, Austria. pp. 54-59.

Davoodi, M., Sedgh, P. K. and Amirifar, R. (2008). Hs-
and H.- Dynamic Output Feedback Control of a
Magnetic Bearing System via LMIs. Proc. American
Control Conf. Washington, USA. pp. 2522-2527.

Khargonekar, P. P,, Nagpal, K. M. and Poolla, K. R.
(1991). Ho-Control with Transients. SIAM J. Con-
trol Optim., 29 (6), pp. 1373-1393.

Balandin, D.V. and Kogan, M.M. (2010). LMI-Based
Hoo-Optimal Control with Transients. Intern. J.
Control, 83(8), pp. 1664—1673.

Boyd, S., El Ghaoui, L., Feron, E. and Balakrishnan,
V. (1994). Linear Matrix Inequalities in System and
Control Theory. Philadelphia, SIAM.

63

Gahinet, P. and Apkarian, P. (1994). A Linear Matrix
Inequality Approach to ‘H, Control. Intern. J. Ro-
bust and Nonlinear Control, 4, pp. 421-448.

Iwasaki T., Skelton R. E. (1994). All Controllers for
the General H., Control Problem: LMI Existence
Conditions and State Space Formulas. Automatica,
30, pp. 1307-1317.

Balandin, D. V. and Kogan, M. M. (2008). LMI based
output-feedback controllers: ~y-optimal versus lin-
ear quadratic. Proc. of 17th World IFAC Congress,
Seoul, Korea, pp. 9905-99009.

Balandin, D. V. and Kogan, M. M. (2009). Revisited
LQ Output-Feedback Control: Minimax Controller
for a Set of Initial States. Int. J. Control, 82(11),
pp- 2051-2058.



