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Abstract— In this paper, an iterative adaptive design method
for practical PID controllers based on the unfalsification of
the input-output data is considered. The proposed design
method is plant model free and includes the procedure for the
adjustment of the performance specification. The effectiveness
of the proposed method is evaluated by experiments on a
magnetic levitation system.

I. INTRODUCTION

PID control method 1s effective for many actual plants
including active magnetic actuator system, e.g. active mag-
netic bearing, magnetic levitation system. There are several
methods for tuning PID gains. These conventional PID gain
tuning methods are based, either implicitly or explicitly, on
identifying approximate plant models. The mismatch and
inaceuracy of plant models directly leads to the poor control
performance. In particular, for active magnetic actuator
system, in case the stabilizing controller is unknown, the
tuning of the PID gains becomes much harder due to the
instability of the system.

In this paper, we propose a new direct PID con-
troller design method from measured data without using
plant models. The proposed method applies the notion of
"Unfalsification™ ™41 on the measured data and Lo gain
criterion. The notion and technique of “Unfalsification”
enables us to determine whether candidate PID controller
meets the desired performance specification or not without
performing additional experiments. Our proposed method is
one of the iterative adaptive control method.

II. PRELIMINARY

In this section, notations and the basic notions for unfal-
sified control are introduced for preparation.

Let denote a controller K, a plant P, a referecne input
7(t), a control input w(¢) and a measured output y(¢).
Supposed standard feedback structure as follows;

y(t) = Pult),  wt) = K{7(t) —y(®)}. D

For an unknown plant P, suppose a pair of measured input-
output data 1s given by (udata(t), Ydata(t)).
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Define a measured data set Myata as

Mdata S {(y,u) cVxU | (ydataaudata) < (y7 u)}: (2)

where I{ and ) denote an adequate functional space. Intro-
ducing a fictitious reference input r £ R, define measured
information set Paats as

Poata = {(ry, ) e R x ¥ x U | {y,u) € Maaa+. 3)

Define an admissible control law Kqmiss and a control
specification Tipe. as

Kadmiss C R x y x M: (4)

Tipec TR XY x U. (5)

Now, the fundamental unfalsification theorem for unfalsified
control method 1s described as follows;

Theorem 1 [Unfalsification Theorem ']

K is unfalsified for Faata and Tipec if and only if

Y{ro,yo, o) € Paata MK,  I(y1,u1) st

(TO: Y1, ul) € FPiata MA N Tspec (6)

holds. (Refer [1] for the proof.)

For the note of the theorem, we emphasize the following
three points; 1) The theorem is necessary and sufficient
condition without conservativeness. 2) In order to falsify
a controller, there is no need to implement the controller.
Controllers could be falsified based on arbitrary input-
output data with other controllers. 3) Plant models are not
needed.

III. PID CONTROLLER DESIGN BASED ON
UNFALSIFICATION THEOREM

In this section, a PID controller design method based on
the unfalsification theorem 1s proposed.
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A. Fictitious input and performance specification

Restrict the controller K to PID controllers as
K
u—(Kp—i—?I—Q—KDs) (r —v), (7

where Kp, Ky and Kp are positive feedback gains.
Hereafter, we employ the notation K(Kp,HKr Kp) as
admissible controllers K, gmigs, which imply the controllers
in eqn.(7). The controller K {Kp, K7, Kp) is causal left-
invertible, that is, fictitious reference » could be uniquely
determined from input-output data w and y. The fictitious
reference r 1s calculated by filtering operation as follows;
us

:KD82+KPS+K1+y (8)

For (r,y,u) € ILs. x L2z x Lo, the performance
specification 1s defined as

M zapo,r + 1wz * ull2 0.0 < rlZ o000 VY7

©)

[y * (g —
where
lons Dl = [ Boale=)- {uto)—r(r)
/[)T{wg(t _ 1) ulr)2dt
Pl = [ trae (10)

holds. In case the plant is ime invariant, eqn. (9) becomes

llewz # ullZ 0] =

‘ <1, (11)

[ wiics

where § :=1/(1+ PK). Suppose w1 (t) and wa(t) are the
impulse responses of the systems represented as minimum-
phase transfer functions Wi (s) and Wa(s). Define a time
domain function Tgpec as

Tapeo(r(2), (1), u(®)) i (12)
e * {y®) — P} + oz @) — (),

and also define a sampling time of the input-output data by
At. Egn. (9) becomes

kAt
f Topec(r(8),y(t),u() <0, YE=1,--.,n (13)
0
where n 1= 7/ At
B. Unfalsified PID controller design method

Suppose an initial controller set K is

K = {K{(Kp:i,K1,Kpi), i=1,-- (14

Based on the unfalsification theorem in 1l with fictitious
reference and performance specification in LA, a design
procedure to select the controller to meet the performance
specification is described as follows:

,m}.

[Unfalsified PID Design Procedure 1]

1 Define 7 :={1,2, - -,m}, Kprev :=0.

2 Select an initial controller Kg .= K; € K.

3 while 7 #0 and Kz ¢ Kprev

4 Carry out an experiment and obtain input-output
data up and yg with a controller Kg.

5 T:=0

6 foried

7 Solve 7; 1= m + yg.
8 J{):=0.

9 fork=1:n

10 J( + f(ﬁ,:;Atl)Az spec (Tz'a YE uE)d‘t
11 if J(z) > 0

12 T := T U {d}. Break for-loop.
13 endif

14 endfor

15 endfor

16  IT:=1\1.

17 tmin = argmlin J(2).

18 Korev 1= Kprev U{K =}

19 KE = K’imin'

20  endwhile

Due to the stopping criterion in Step3, the procedure is
terminated when the all of the candidate controllers are
falsified or the same controller is selected again. In case that
the all controllers are falsified, i.e.7 = @, it is necessary to
restart the procedure after enlarging the candidate controller
set K or changing the performance specification.

C. Renewal of the weighting fimction

When the actual performance, i.e. (ug,yg), of the se-
lected controller in Step 19 is poor, the cost function J(z)
should be renewed. The mismatch between the performance
specification J () and the actual necessary property directly
leads to the poor performance. The renewal of J(j) means
the renewal of the weighting function w; and ws in egn.
(9.

In order to renew the performance specification, iden-
tifying the plant Pg(s) from the measured nput-output
data ug(¢) and yg(t), calculate the sensitivity function
Sy = 1/(14 Pr Kg) including implemented controller Kz
and 1dentified plant Pg.

Based on this result, we can renew the frequency weight-
ing function W1(s) and Wa(s) as Wyi(s), Wa(s) respec-
tively as follows;

Wl(s) SE
el o
IWl(S)Wl(S) Moo <1 (16)
IWe()Wals) Moo < 1 a7
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In this renewal process, we should note the influence of
discretizing time A#, the number of data and the identifying
method to the frequency property of Pr. Also note to avoid
the excessive renewal. Suppose the impulse responses of the
renewed frequency weighting functions Wy (s) and Wa(s)
are wy and o respectively. After renewing wy,ws 1n egn.
(12) by 0,1, carry out the unfalsified PID controller
design procedure.

The overall controller design procedure including renewal
of the weighting function is described as follows;

[Unfalsified PID Design Procedure 2]

1 Stepl—~Step4 in [Design Procedure 1]

2 If [the experimental performance of (ug,yg) is poor|
3 Renew Wj(s) as Wi(s) with egs.(15)~(17).

4 Renew Tspec by replacing w; of w; (i = 1,2).

5 endif

6 Step5~Step20 in [Design Procedure 1]

D. Convergence of the design procedure

Stepl6 in [Design Procedure 1] implies the element
number of the index set 7 decreases uniquely. This property
enables us to shape up the candidate controller set K.

Concerning to [Design Procedure 2] including the
weighting function renewal, egqns.(16) and (17) in Step3
guarantees the performance specification becomes harder.
This fact implies the following inclusion relationship holds;

(18)

where 7., indicate the renewed index set of 7. Due to this
inclusion relationship, the unique decrease of the element
number of the index set 7 is also guaranteed in [Design
Procedure 2.

Moreover, by the condition Kr ¢ Kprev. the convergence
to a final controller in the finite iteration number without
procedure loop is guaranteed.

I[’I'IW G I’

IV, EXPERIMENTS

In this section, the effectiveness of our proposed method
1s evaluated by the experiments on a magnetic levitation
system.

A. Magnetic levitation system

The mass of the levitated steel ball in our magnetic
levitation system is 4.2 [kg], and the diameter is 100[mm].
The objective of experiments is to design a PID controller
levitating the steel ball stably. Concerning to the general
context of the research on unfalsified control method, there
exists no reports of the experiments on the actual unstable
system. The experimental results in this section can con-
tribute to the general theory of unfalsified control method.

The input to the magnetic levitation system is the op-
eration voltage u[V] of the amplifier driving the electro-
magnetic coil. The output of the system is the gap y[m]
between the electromagnetic coil and the steel ball. The
gap between the initial starting point of the steel ball and
the electromagnetic coil, i.e. maximal gap, is 1 x 10%[m].

The property of the magnetic levitation system nonlin-
early varies according to the objective gap of the levitated
steel ball. In order to evaluate the effectiveness to the
nonlinearity of the plant, we carried out many experiments
on the various objective gap and confirmed our proposed
method can achieve the stable levitation. In this section, we
shows the results on the most difficult case in the context
of the nonlinearity in our experiments, that is, the objective
gap is 2 x 107%[m].

B. Controller design

Due to the hardware limitation, the discretizing time is
set to 2 10~ 3[s] and the number of each data is set to 3000.
Conceming to the criterion {or the renewal of the weighting
functions in Step2 of [Design Procedure 2], we renewed the
weighting function when the system became unstable. That
is, in case the best controller according to the performance
specification cannot even stabilize the system, we judge that
the performance specification is not adequate and renew the
weighting function.

Based on the consideration for the physical meaning of
the PID controller, e.g. steady current on the objective gap,
the candidate PID controller K (K p, K7, Kp) set is defined
as follows;

Kp = {1.0,1.5,2.0,2.5,3.0,3.5,4.0}, (19)
K; = {0.1,1.0,8.0,15,22,29, 36,43}, (20)
Kp = {0.01,0.05,0.00,0.13,0.17,0.21,0.25}.(21)

The number of the element in the initial candidate controller
set is 392. We carried out the experiments on the various
nitial implemented controllers. In this section, we however
shows a result on the initial controller K (4.0,40,0.225) as
the difficult case for converging to the final controller.
Concerning to the performance specification, first de-
rived the complementally sensitivity function considering
the influence of the physical parameters variation. Then,
derive the sensitivity function considering the consistency
to the complementally sensitivity function. As the result,
the performance specification W1 (s) and Wa(s) are set to

0.6s 4 0.0002
Wia(s) = Wi(s) = ————

1.868 % 10%5% 4+ 9.106 » 1019:% 4 5564 % 10125 + 4,161 x 1012

2.228 ¥ 1083 4 6.887 x 109s2 4 5.027 x 10125 4+ 1,105 x 1018 %23)

Wals) =
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Table.I shows the number of iterations, controllers, sta-
bility ,the number of unfalsified controller and weight-
ing function. The time responses with each implemented
controllers are in Fig.1~Fig.6. Fig.] indicates the initial
controller K'(4,40,0.225) is unstable. Carrying out the
first iteration of the [Unfalsified PID Design Procedure 2]
using the measured input-output data by K (4,40,0.225),
the number of the unfalsified controllers becomes 97, Le.
295 controllers are falsified. The controller K(1,1,0.001)
takes the best value of the cost function and is selected to
the next implemented controller.

Fig.2 shows the controller K(1,1,0.001) is also unstable.
In this case, due to the Step2 in the [Unfalsified PID
Design Procedure 2], the weighting function is renewed.
Identifying ARX model based on the input-output data with
the contreller K(1,1,0.001), derive the transfer function
model of the plant as Prp(s). The sensitivity function 57
with £(1,1,0.001) and Prp is obtained by

8 = L
VT 14 PpK(1,1,0.000)

24

S5 4 107dst 4161 % 10853 451701072 — 5827 % 108,

T 55 1 107dst £ 1.61 % 10858 + 5179 % 10752 — 5817 1085 41,03 105@‘5)

Based on eqs.(15) and (17), renew the weighting function
Wl]_ (S) by

0.6s + 0.0015

£

W]_Q (8) = (26)

Fig.7 shows the frequency responses of Wiy (s), S1(s) and
Wiz(s). Replacing w; by the impulse response wip of
Wiz(s), the unfalsification procedure with the measured
nput-output data by K (4,40.0.225) is carried out. As the
result, the number of unfalsified controllers becomes 96. A
controller K'{1.5,1,0.050) takes the best value of the cost
function. Fig.3 shows the time response of the controller
K(1.5,1,0.050) and implies that the controller stabilizes
the magnetic levitation system.

In the same manner, the controllers K(2,1,0.17),
K(1,1,0.13) and K(1.5,1,0.17) are obtained. Fig.Fig.3
~Fig.6 shows the time responses of each controllers.
Fig.5 implies the closed loop system with the controller
K(1,1,0.13) is unstable. Then, the weighting function W1,
1s renewed as Wiz = (0.6s + 0.0017)/s. Fig.8 shows the
frequency responses of weighting functions.

The final controller K(1.5,1,0.17) is unfalsified by the
nput-output data with itself and takes the best value of the
cost function. Then, the design procedure is terminated due
to the stopping criterion Kg & Kprev.

V. CONCLUSION

Based on the unfalsification theorem, an iterative direct
design procedure for PID controller with the input-output

TABLE I
EXPERIMENTAL RESULTS

‘ ‘ (KP,K],KD) ‘ Stabﬂity ‘ Quantlty ‘ W%(s) |
1| (4,40,0.225) | Unstable | (392) — 97 | Wy, Wo
2 (1,1,0.001) | Unstable - -
3| (4,40,0.225) | Unstable 96 Wia, Wa
4| (1.5,1,0.050) Stable 82 Wis, Wo
5 (2,1,0.17) Stable 7 Wi, Wo
6 (1,1,0.13) Unstable - -

71 (2, L,0.17) Stable 6 Wia, Wa
g8 | (151,017 Stable 6 Wis, Wo
o] (151,017 Stable = -

data was proposed. The proposed procedure includes the
renewal step of the performance specification, which is
effective in case that the controllers to be falsified are
obvious. On the unstable magnetic levitation system, the
effectiveness of the proposed method was confirmed. On the
various imtial controllers, the proposed method can achieve
stabilization of the system.

The proposed method enables us to design the PID
controllers directly from the measured input-output data
including unstable time response. The method can avoid the
influence of the plant model quality to the controller design
due to the plant model free property. The flexibility in the
controller structure is also practically profitable. Further
research in this area is needed.
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