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Robust Performance and Transient Response of théf./;. DIA
Control for Magnetic Suspension Systems
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Abstract— This paper deals with robust performance and systems can suspend a magnetic body by magnetic force
transient response of Ho./p DIA control for magnetic sus-  without any contact[7], which requires feedback control
pension systemsHs, DIA control is an Hs, control problem i grqer to be workable. Recently, magnetic suspension
which treats a mixed Disturbance and an Initial-state uncer- t includi ti tic beari 8 d al
tainty Attenuation(DIA) and supplies H., controls with good SYys em§ |nc uding active magnetic bearings[8] an . ago
transients. H., DIA controller has a good initial response Magnetic filed control[9] seem to be one of the hot topics in
property, however its robust performance might be improved. control application field. Nonlinear control approaches are
We propose Hoo/p. DIA Control which is to find a multi-  recently focused in this field[3], [8], [9], but our approach

objective controller to achieve both theH DIA condition for 51 an here is a reliable linear robust control methodology[1],
good initial responses/transient responses and the structured

singular value x condition for robust performance. We apply [5]- . . .
this proposed approach to magnetic suspension systems, and  Finally, compared with the conventional., DIA con-
design a robust controller which has both good properties. troller, usefulness and effectiveness of the propaded

Finally simulation and experimental results show effectiveness DIA control design framework considering initial-state un-
of the proposed control system design framework. certainty will be shown via some simulation and experimen-

| INTRODUCTION tal results for transient responses and for improving robust

performance.
Conventional H,, control attenuates the only effect of
disturbances on controlled outputs and is originally defined . 1. P_ROBL.EM .STATEMENT o
under the assumption that the initial states of the system Consider the linear time-invariant system which is de-
are zero. If the initial states are non-zero, some transiefifed on the time interval [0,00) and described by
properties with the system applying d#., control will

> > ) z = Ax+ Biw+ Bou, z(0) =z
deteriorate. We proposed dii,, control which achieves a z = Cyz+ Diu
mixed Disturbance andhitial-state uncertainty Attenuation y = Cox+ Dyw (1)

in controlled outputs[1]. This mixed attenuatidi,, con-
trol (H., DIA Control) has good initial/transient responsewherez € R™ is the state and is the unknown initial
properties[2], however its robust performance might bétate;u € R" is the control inputy € R™ is the observed
improved. There are some previous works on studyingutput; = € R? is the controlled outputw € RP is the
about control performance of transient property and rodisturbance. Without loss of generality, we regardas the
bust performance[3], [4]. Yang et. al.[3] utilized adaptiveinitial-state uncertainty, and, as a known initial-state case.
robust nonlinear control and Uchiyama et. al.[4] applied 2The disturbancev(t) is a square integrable function defined
degree of freedom control witp-synthesis. Both results on [0,00). A, Bi, Ba, C1, Ca, D12 and Dy, are constant
are effective, but the only problem here is a complexitynatrices of appropriate dimensions and satisfy that
of their implementations and a fragileness to initial state « (A, B;) is stabilizable and A4, C,) is detectable
uncertainties. « (4, By) is controllable and 4, C5) is observable
To achieve the good transient property and robust per- Di,Di2 € R™*" is nonsingular
formance under the initial state uncertainties of the plant, « D21 D3, € R™*™ is nonsingular
we apply a D-K iteration technique[5] for improving For system (1), every admissible contidl) is given by a
robust performance té{, DIA control. Here,H../u DIA  linear time-invariant system of the form
control is to find a multi-objective controller to achiet&,, :
DIA condition for good initial responses/transient responses ¢ = A+ Bry, ((0)=0
and the structured singular valye condition for robust u = Cl+ Dry @
performance[6]. which makes the closed-loop system given by (1) and (2)
This proposed approach is applied to magnetic suspeimternally stable, wherg(¢) is the state of the controller of a
sion systems[7] and its effectiveness is evaluated via sorfiaite dimension;A;,, By, Ci and D;, are constant matrices
control experiments and simulations. Magnetic suspensi@f appropriate dimensions.
For the system and the class of admissible controls de-
i . . scribed above, consider thé../is DIA control problem to
H. Seto and T. Namerikawa are with Department of Mechanical Engi- . .
neering, Nagaoka University of Technology, Niigata, 940-2188, Japan consider both of transient response and robust performance
set o@t n. nagaokaut . ac. j p, toru@agaokaut.ac.jp under the initial state uncertainty of the plant.
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A. H_,DIA Control Problem

Find an admissible control attenuating disturbances and R
initial state uncertainties in the way that, for givéh> 0, L
z Satisﬁes Electromagnet

. 4 xut) | f a
;)

Gap sensor

E+e(t)

1213 < llwl3 + 25 N "o @)

X

for all w € L?[0,00) and allzg € R™, s.t., (w, xq) # 0. vl
We call such an admissible control theisturbance Mg
and Initial state uncertaintyAttenuation (DIA) control.
The weighting matrixN' on z, is a measure of relative Fig. 1. Magnetic Suspension System

importance of the initial-state uncertainty attenuation to the
disturbance attenuation[1].

electromagnetic force(8) and equation of an electric circuit

B. p-Synthesis Problem of the electromagnet(9) respectively.

LFT and u-synthesis[5], [6] have come to play an im-

2.
portant role in control system design and proved a uniform M ddigt) = Mg—f+uvn(t) @)
frame work for realization, analysis and synthesis for un- . 9
certain systems. The block structufeis generally defined ) = k (%) (8)
as X +z(t) + 2o
di(t) )
A = diag[o1I1, - 05l A1, Ap]  (4) L o +R(I+i(t) = E+4e(t)+uvn(t) 9)
10; ER,A; €CTIT where M is the mass of the iron ballX is the steady

Jap between the electromagnet(EM) and the iron bétl)

is the deviation fromX, I is the steady current(t) is

the deviation fromI, E is the steady voltage;(¢) is the

deviation from E, f(t) is the electromagnetic force

pa(M) = ——— 1 (5) andz are coefficients off () which are determined by
min{o(A) : A € A, det(] — MA) =0} experiments[ is an inductance of the EM is a resistance

of the EM, andv,,,(t), v (t) are exogenous disturbance and
d uncertainty. The nominal model parameters of the plant are

Here it is well known that the structured singular valu
ua (M) is defined for matriced/ € C™*™ with the block
structureA as

unless noA € A makes(I — MA) singular, in which
caseua (M) := 0 [5]. Then the control problem is to fin

the controller K(s) which achieves the following robust given in Table I. . )
performance condition. In the case we apply the linear control theory with respect

to this system and the problem is that the equation of the

sup pa [Fi(P(jw), K(jw))] <1 (6) electromagnetic force(8) is nonlinear concerning) and
weR i(t). Here we utilize the standard linearization approach
C. Final Control Problem based on the Taylor series expansion around the operating
point.

Our final control problem is to find an admissible con- )
troller to satisfy bothH ., DIA control condition in (3) and B I .
robust performance condition in (6). fO) =k T Kax(t) + Kia(t) - (10)

IIl. SYSTEM DESCRIPTION AND MODELING where K, = 2kI? /(X + x0)*, K; = 2kI /(X + 0)>.

Consider the electromagnetic suspension system shown TABLE |

schematically in Fig. 1. An electromagnet is located at the PHYSICAL MODEL PARAMETERS
top of the experimental system. The control problem is to [ Symbol | Parameter Namé _ Value | Unit |
levitate the iron ball stably utilizing the electromagnetic M Mass of the ball 0.286 kg
force. The mass\/ of the iron ball is 286[g], and steady X Steady Gap | 3.000x107° m
state gapX is 3[mm]. Note that this simple electromagnetic I Steady Current 0.843 A
suspension system is unstable without feedback control.| £ Steady Voltage 8.47 v
A standard optical gap sensor is placed both sides of the| _F coefficient of f | 2.14x10°" | Nm?/A”
ball to detect the distance between the iron ball and the | %0 coefficient of f | 4.36x107° m
electromagnet. R Resistance 9.50 Q

L Inductance 0.300 H

Under some assumptions around the steady state
operation[7], we can derive the following three equations,
which show an equation of the motion of the iron ball(7),The gap sensor provides the information for the gap x(t)
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a noise. Hence the measurement equatioryf¢t) can be A, 0 |
written as

Yy (t) = z(t) 4+ wo(t) (11) 0 A,

wherewy (t) represents the sensor noise as well as the model pUTTTTTTTemenseensessssionnnneney ;
uncertainties. ‘ ‘
Moreover, the steady state equations are givedhy=

2
k (ﬁ) and RI = E, then summing up the above <
results, the state equations for the system are
iy = Agxg+ Bgug+ Dgyug (12)
yg = Cgxg+ wo
wherez, := [z & i’ Ug =€, Uy 1= [Upy vr]”, )
0 1 0 T Fig. 2. Generalized Plant with Uncertainty
Ag=| 2670 0 -233 |, B,=[0 0 333 ]
0 0 -316
0 0 . .
C,=[10 0], Dy=]|35 o0 zg, @nd z; is a (1,2) element ok. This value®, as yet
' ‘ 0 3.33 unspecified, are also free design parameters.

Furthermore the control input should be also regulated,
Here (4,, B,) and (4,, D,) are controllable, and znd we define

(Ay, Cy) is observable.

IV. CONTROL SYSTEM DESIGN wherep is a weighting scalar, ang, is a (1,2) element of

In this section, we apply thél../u DIA control to the z. Finally, letz := [lgT 1{]T wherez, denotes the state

magnetic suspension system and design a control systeras the frequency weighting¥’, (s), andw := [wT wgﬂ}T

A. Construction of the generalized plant z = [T zQT]T, then we can construct the generalized
plant as in the following;

21 = Oz, (18)

First let us consider the system disturbange Since
v mainly acts on the plant in a low frequency range in

r = Azx+ Biw+ Bsu
practice, it is helpful to introduce a frequency weighting 2 = Cyx+ Diou
factor. Hence let, be of the form y = Csx+ Dow (19)
v = W, (3) w2 (13)
W, — ®C,(sI—A)"'B,, =1 17 (14 A = { 5 va } By = { ’ E?U }
where W, (s) is a frequency weighting whose gain is B, 0 0 P
relatively large in a low frequency range, and is a (1,2) By = 0 } Cr= { OF 0 } y D12 = { 0 } )
element ofw. Consider the system disturbaneg for the Co =[Cy 0], Doy = [ng 0]
output. The disturbancea), shows an uncertain influence '
caused via unmodeled dynamics, and define B. Problem Setup for Control System Design
wn = Wow (15) Next, for the robust performance synthesis, we define the
0 Wl definite block structureA in this system as follows.
whereW,, is a weighting scalar, and; is a (1,1) element A 0
of w. Note thatlV,, is sometimes frequency dependent, but A := {[ O“’ A, } Ay, eC A, € C“z} (20)

it is selected as scalar for the sake of simplicity.
Next we consider the variables which we want to regulatevhere A, is an additive perturbation including parametric
In this case, since our main concern is in the stabilizationncertainty, linearization error and unmodeled dynamics;
of the iron ball, the gap:(t) and the corresponding velocity and A, is defined asA, = [A,1 A,,] and is fictitious
z(t) are chosen; i.e., uncertainty for control performance. The final interconnec-
tion structure with an unspecified controlléf by LFT

zg = Fgxg, Fy= { (1) (1) 8 } (16) representation is shown in Fig. 2.
Control Problem Setup: Find an admissible controller
Then, as the error vector, let us define as follows K(s) that achieves both of the DIA condition in (3) and
= puy, O = diag[ 0, 0, ] 17) the structured singular valye condition (6) for the inter-

connection structure. We call such an admissible controller
where® is a weighting matrix on the regulated variablesK (s) u-DIA controller.
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C. Design Procedure of the p-DIA Controller [Step 9] Reconstruct the generalized plant:

We design theu-DIA controller based on the following Construct a new state-space model for the new generalized

Nine-step procedure. lterative calculations concerning /2Nt i
design parameters arfd-scaling matrix are done to obtain Py = [ Ditx 0 ] Ja) { Dy 0 ] (24)
appropriate numerical sets on MATLAB, then we obtain a 0 1 0 1

numericaly-DIA controlle_rK(s) dl_rectly. and return to[Step 5] and repeat the procedure until the
[Step 1] Select a weighting functioniV’, (s): controller K to achieve the conditionD

W, (s) is a frequency weighting function which its gain is

relatively large in a low frequency range. This parameter ig, Design of u-DIA controller

mutually related to a low gain of the controlléf and the

controller performance. After some iteration in MATLAB environment, these

[Step 2] Select a weighting functioni,,(s): parameters are chosen by the above 9-step design procedure
W, is a frequency weighting function and this is relatecs follows;

to robustness. Bigger choice &F,, could mean allowing 5.0 x 104

bigger uncertainties. Here we selectdd, as a scalar for Wy(s) = 510010 Wy =03

simplicity, but it can be chosen as a frequency function. 6,1 0 1.0 0

[Step 3] Select a weighting matrix©: © =1 02| — | 0 0.00010

© is a weighting matrix on the regulated variableg p = 40x1077 (25)
which means tha; andé, regulatez(t) andz(t) in z4(t)

respectively. We obtained a following controlleK (s) after the 2ndD-K

[Step 4] Select a weighting scalar. iteration, where the peak value pfa [F;(P, K)] is 0.743

p is a weighting scalar on the input variable and p and a constant scaling matrix is employed.

regulates inputi(t). 8.496 x 108(s + (48.68 + 20.397))

[Step 5] Construct the generalized plant and anH., K(s) = - (26)
DIA controller : (s + (330.59 4 655.77))

With a specified set of design parameters from [Step 1] « (s 4 (48.68 — 29-397/))(8 + 7.1955)

to [Step 4], a generalized plant is constructed. The DIA (s + (330.59 — 655.71)) (s + 811.19)(s + 0.01)

controller is designed for this plant, and its state-spacfne maximum value of the weighting matriX in (3) is
description is given by easy algebraic calculation. given by

[Step 6] u-Analysis:
Calculatey for Fi(P;, K;) and the block structura. Next

we can get the scaling matrik; ;1 (jw) to minimize the cglculated upper and lower bounds ok [F}(P, K)] and

N = 4.561157 x 1073 x I, (27

following function on every frequency [DF,(P;, K;)(jw)D™!] with the controllerK (s) in (27)
51Dy (jw)Fy (P, K (jw) DL (5 21) are shown in Fig. 3, where two solid lines show upper
o [Di1 () F(P:, Ki) () D ()] (21) and lower bounds ofx and the dashed line shows the

Then, evaluate the condition; maximum singular value respectively. Since the peak value

. ) VAL if the upper bound ofu is less than 1 in Fig. 3, the
EE%U[DHl(J“)Fl(P%Ki)(Jw)DHl(W)] <l (22 closed-loop system with uncertainties achieves the robust
B ) ) ) _performance condition (6) and also achieve ti@otitrol
If the condition(22) is achieved, then this procedure ipgplem Setup” condition forN = 4.561157 x 103 x I.
completed and stopped. Ot_hervvise go to the next step.  The frequency responses of the controlleDIA con-
[Step 7] Calculate the maximum matrix N: troller and the conventionaH., DIA controller shown
Calculating the_ ma_x!munj\f satisfies the condltlon(3)._For in Fig. 4 by a solid line and a dashed line respectively.
the sake of simplicity, the structure of the matiX is iy 4 shows that both controllers have high gain at the
limited as low frequency and good roll-off property at high frequency
N =nl (23) range. These two controllers are obtained by using the same

wheren is a positive scalar number ardis a unit matrix SEt ©f design parameters (25).

of appropriate dimensions. This limitation on the positive
defir?i?e rF:1atrixN is for easy evaluation after théJ DIA V. EVALUATION BY SIMULATIONS AND

; EXPERIMENTS
analysis.
[Step 8] Fix the scaling matrix D(s): In order to evaluate the proposed control design method-
The scaling matrixD; 1 (jw)D;(jw) pointwise across fre- ology, we implemented the obtained bothyeDIA and H,
guency is transformed to the real rational matrix functiodlA controllers via digital control system, and carried out
D;.1(s). This step can be done by graphical matching usingontrol experiments. The iron ball as a standstill has been
lower-order transfer functions. suspended stably with both controllers.
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Fig. 4. Frequency Responses . » . . .
Fig. 6. Initial Responses with Initial-state uncertainty

Transent Response obvious thatH ., DIA controller shows better performance

For evaluation of transient response, a step referen#eanp-DIA controller in Fig. 5 and 6.
signal is added to the system around 0.05[s], where the
magnitude of the step signal is 1.0[mm] and the steadyjobust Performance
state displacement from the electromagnet to the iron ball Next our concerns are the robust performance comparison
is 3[mm]. Experimental results with-DIA and H,, DIA  of these two controllersu-DIA controller is expected to
are shown respectively in Fig. 5. have better robust performance thah, DIA because of
Comparedu-DIA controller with H., DIA controller, we the control problem setup in this study. To check robust
can see that overshoots are almost same with both cqmerformance, we changed the suspended iron ball.
trollers, but two settling times are different ad#fl,, DIA  Three iron balls including the original ball in Table Il were
controller shows a better transient performance. On thgsed to make model perturbation of the plant.
other hand, the transient responseeDIA controller is For the robust performance comparison, step responses of
getting worse in exchange for robust performance. both controllers using these three iron balls are measured
Next, we obtain the simulation results of initial responses
where initial current is 0.2[A] as an initial-state uncertainty,
and results are shown in Fig. 6. We consider an initial-sate

TABLE 1l
MASS CHANGE OF THEIRON BALL

uncertainty which is the magnitude of maximum control [__[ Mass of the Ball [g]| Varying Rafe|
input while the iron ball is suspended stably. From this (1) 286(”":2'(’)“' val) +g‘:{%/0
figure, we can see that rise time and settling timefof, > 534 +87%

DIA controller are shorter tham-DIA controller’s. It is
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TABLE I
OVERSHOOTCOMPARISON IN TWO CONTROLLERS
| [ Varying Rate[%] |
| | 440([g] [ 534[d] |

[Hx DA | 448 | 597 |
[ wDIA | 149 | 299 |

and the obtained experimental results are shown in Fig. 7
and 8.

Then we find that the overshoot of ti&,, DIA controller

is getting bigger tharu-DIA controller according to an
increase in mass of the iron ball. However, the influence
of mass change is kept down relativelyirDIA case. The
overshoots changed with both controllers are indicated in
Table 111.

Each numerical value shows a rate[%] of change of the
overshoot based on the nominal response. LHeIA is
robust to change in the maag of the iron ball as recorded
in Table Ill. Thusp-DIA would be considered to achieve
robust performance.

From the above 2-types of control experimenisDIA
controller would not have a bad transient response property
and have a better robust performance compared with the
conventionalH,, DIA controller. It can be considered that
u-DIA controller have both a good transient performance
of H,, DIA control and a good robust performance jof
synthesis.

VI. CONCLUSION

In this paper, we applied ®-K iteration technique for
improving robust performance téf/., DIA control and
employed gu-analysis to check the robust performance con-
dition. Here,H../;. DIA control is to find a multi-objective
controller to achieve both théd,, DIA condition for
good initial responses/transient responses and the structured
singular valueyp condition for robust performance. This
proposed approach was applied to the magnetic suspensigﬂ
system and its transient response, initial response and robust
performance were evaluated via several control experimenté!
and simulations.

Finally, compared with theéZ,, DIA controller, useful-
ness and effectiveness of the propogég/p DIA control  [8]
design framework considering initial-state uncertainty wereyg
shown for transient responses and for improving robust
performance. ol
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