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Abstract

This paper proposes an iterative design method of robust
controllers which achieve the robust stability as well as
the low sensitivity based on the closed loop identifica-
tion. In this method we re-design the controller based on
the knowledge of the closed loop modeling error which is
obtained from the experiment. The effectiveness of the
proposed method is shown by the experiment of position-
ing control of the flexible joint motor.

1 Introduction

Recently, much attention is paid to the joint design of
control and identification. When we design a control
system, for example, using Hx control theory, we must
repeat re-design of controller many times by changing
the criterion function to obtain the desirable closed loop
property. Since this process involves the trial and error,
it is important to establish the systematic method of this
iteration.

The importance of the joint design of identification and
control is pointed out [1], and to solve this issue, many
systematic methods are proposed [2]~[7]. Zang and Gev-

. ers discussed a joint design of LQG control and least
square identification (2] [3], and Schrama connected Heo
control with closed loop identification, based on coprime
factorization [7). These methods are proposed mainly
from the view point of identification, and try to minimize
the criterion from both side of the identification and the
controller design. To put it concretely, they identify the
model in the closed loop and design the new controller
based on the model and repeat this procedure. How-
ever there are some problems in these methods as follows.

" First, since the characteristics of closed loop system de-

pends on both the model and the controller, if both of
them are changed in every step, we can not expect the
convergence of these methods [8]. Second, because the

H, norm criterion is commonly adopted, it is difficult to
take advantage of H, control theory which is widely ac-
cepted in the robust control field. Third, there are few
reports in the experimental verification.

Therefore, in this paper, we propose a new method
of the combined identification and control which satis-
fies the followings : (i) The convergence of the iterative
method is guaranteed, and (ii) we can take advantage of
the Ho control methodology. In addition, we evaluate
its effectiveness via experiments.

We consider SISO systems in this paper.

2 Problem Formulation

Consider the system shown in Fig.1, where P is a real
plant, K is a controller and r is a reference input. First,
we make some following assumptions.

[A.1] The plant P and its model Ppyo are given, and
the unstable zeros and the relative degree of P are
known.

[A.2] The desired model G, of closed loop system is
given, whose unstable zeros include those of P.

[A.3) The controller Ky is given which stabilizes
both P and Png, and achieves the exact model

matching(9] i.e.,
Gmo(Pmo, o) = Gm (1)

where G, means the closed loop system sliown in
Fig.1 with P = Po, & = Ry, and K has the fol-

lowing form.
A’ 2
[} [ y ] (2)

Uu =
Ko=:[ Kpo+ KwGm —Kuo ] (3)
Ky = P;(}Gm (4)
Ky : stabilizing both P and Pmo (5)

[A.4] The closed loop system Gpo(P, Ko) constructed
by P and K satisfies

1im{Gpo(s) ~ Gm(s)} = 0 (6)
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in the presence of the plant uncertainty.

A.4 implies that Ao has an integrator. In this pa-
per, we aim at improving the characteristics of Gp. For
this purpose, we iterate the controller design and the
system identification of Gp, and design the controller
K = K; (: = 1,2,3...). Under the above assumptions,
we choose the criterion function as

J°° = "GP(P3 I{) - Gm"oo (7)
In the following, we use the suffix 7, which means the
number of iteration. For example, the closed loop sys-
tem constructed by P and the i-th controller A; (i =
1,2,3, ...) is described as Gp;(P, A’;) and the criterion
function which is achieved by G, is expressed as Jeoi- By
using these expressions, our purpose is to give a system-
atic controller design method of finding K; (1 = 1,2, 3, ...)
which satisfies

Jooi < Joo(iog)s (i =1,2,3, ...) (8)

From the view point of Two-degree-of-freedom control, it
is equivalent to finding A'y; and K; as
K; = [I{f" + Kp;iGm

—Ifb,'] (9)

3 Controller design method

3.1 Definition of the model uncertainty

The plant uncertainty is usually represented by multipli-
cation form, that is, -

P=(14+A)Py, (10)

or additional form,

P=P,+A (11)
However in this paper, we define the uncertainty A be-
tween the closed loop system G, and G, as

Gpi = AiGm (12)
By using (12), A; becomes a biproper and minimum
phase system under A.1 and A.2, which makes it easy
to identify A;. The criterion function given by (7) 1s
equivalent to

Jooi = [|(8i = 1)Gmlloo (13)

3.2 Controller design procedure

Next we give the design procedure.

[Step 1] Using the step response of Gpg and G, iden-
tify the uncertainty Ag in (12). Suppose that Aigen: is
obtained from the experimental data and it is represented
as follows,

Dident = Ag + A0 (14)

Ao means the nominal uncertainty between Gpo and G,

and Ay means the uncertainty of Ag. When we identify
Ay from the experimental data, the noise is often con-

‘tained in high frequency. Therefore we regard the low

frequency part of Ajgent as Ag and the high frequency
part as Ag (see, e.g., Fig.7).
[Step 2] Add a new controller A7 on the outside of
the closed loop system Gpo as shown in Fig.2, in order to
decrease the criterion function (13).
(a).Decrease of the criterion function

The transfer function from r to yp in Fig.2 becomes

o = HEEER Gor = (B L AoGr (15)
and the criterion function in (13) becomes
So, in order for the inequality
Joo1 < J;o (17)
to be satisfied,
l(ivocl?)mG};{ ey —;)G,,,H,x, <A (8
(0< B <1)
must hold. It means that the following inequality
Joor < 1+ Jec0, (0< 51 <1) (19)

should be satisfied.
(b).Robust stabilization

Since the identified Ag in Step 1 has an uncertainty
caused by noise, we cannot obtain the exact value of Ay
in the high frequency. For this reason, the next inequality
must be guaranteed and the stability of the closed loop
system must be kept,

Wal <1

o< ’

I' AonI&.i (20)

14 Ao GmIX-;

where W, must be a proper and high pass frequency func-
tion.
(c).Low sensitivity
The sensitivity function of the actual plant P in Fig.2
is given hy
1 ) 1
14 PRy 14 A¢Gn k]

To prevent the sensitivity from getting worse in the low
frequency,
1

I 1+ 8oGmk]

(Ws : Low pass function satisfying lin}) Wi(s) = 1)
a—

(21)

cap - Wall <1 (g 21) (22)

(=]
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must be satisfied.

From these observation, A7 is designed from the gener-
alized control system in Fig.3, and makes the Ho norm
of the transfer function from w; to = less than 1 with,
IS S |
(80 = 1)Gmllec 61
Wi=a, - Ws (0; 2 1)

Wh= (0< B <1)  (23)

(24)

The disturbance w, is added to satisfy the standard as-
sumption of Hy, generalized plant{10], therefore Wy may
be Wy < 1. The transfer function from w,; to z;, z2 and
z3 in Fig.3 correspond to (18), (20) and (22), respectively.
[Step 3] Add a feedforward controller as shown in Fig.4.
By using Aj?, we can improve Jec.

[Step 4] We obtain the actual controller A by the fol-
lowing equation (see Fig.5),

Ey=[ Kp+KnGm ~Eu ] (25)
I\'fl = I{foAal -+ (AO-1 - l)Ix.bon (26)
Ko = Kpok) + (14 Gmk}) Ky (27)

[Step 5] In this method, the dimension of A is very
large. So, we must reduce the order of controller. In case
of the reduction, notice that A.4 must be satisfied, i.e.
the feedback part of A’} must have a pole at origin.
[Step 6] Replace Ky by K, and repeat the steps 1 ~
4.

3.3 Discussions

3.3.1 Improvement of the criterion function

By the feedback controller, the criterion function in (13)
in the n-th iteration becomes as follows with f; in (18)

Joon = "Gpn - Gm"oo

S Hﬁx X ”Gpo - Gm”oo

=1

(28)

It is obvious that J.n, decreases as n grows, because of
0 < fBi < 1. It is the consequence of treating the closed
loop system as an object for control. In addition, by using
feedforward controller Aj?, since the criterion function
becomes

(AElArcal - 1)Gm
1+ ArealeI{; o
Areat : Real uncertainty

(29)

]

if Ap & Areal, We can expect the more decrease of Jeo-

3.3.2 Existence of the H,.. controller

In the Step 2 of the proposed design procedure, the solu-
tion A7 always exists by appropriate choice of a; in (24)
and B; in (23). In fact, if we choose a; = f;i = 1, we

have the trivial solution K} = 0 and G,; becomes stable
because Gp.(;—1) is stable. Therefore all we have to do is
to look for larger a;(> 1) and smaller 3;(< 1) such that
the solution exists.

3.3.3 Advantage of the product expression (12)

According to the definition of A in (12), A is biproper
and minimum phase under the assumnptions A.1 and A..2.
This implies that we can identify both poles and zeros of
A just by obtaining the gain characteristics. Therefore.
utilizing the improved model AG,, we can decrease the
criterion via Figs.2 and 3. This is quite different from
the usual situation when we use the representation (10)
or (11).

3.3.4 Renewal of model P,

The identification of A corresponds to identify the model
P,,. In other words, the (i + 1)-th model Pp,(;41) is re-
newed by using Ppi, 4;, and Ky; as

Pogiany = [PRAT +(A7 - DEW] ™ (30)
However, since Ppi41) exists in the closed loop, we can-
not obtain the correct value of Pi41) from (30) because
of noise and so on. For example, in this method, since Ly;
has a integrator then it is difficult to know the property
of Priz1) in low frequency. For this reason, the proposed
method regards A;G,, as the object of identification to
avoid these problem. From this observation, we can say
that this method renews the plant model and guarantees
the convergence of design procedure simultaneously.

4 Experimental evaluation

In this section, we apply the proposed method to the
positioning control of the flexible joint motor and verify
its effectiveness by experiment.

4.1 Modeling

The experimental system is shown in Fig.6. This system
has the motor and the disk which has large inertia and
they are combined with the flexible joint. The transfer
function of this system is given by

B 3.30 x 10° .
Y= S +13.3)(5 — wr)(s — @r)
wp = —9.13 + 58.2j

(31)

where the output y is the rotation angle of the disk and
the input 7 is the torque of the motor. This system hasa .
resonance mode at 58.2(rad/sec). We got this model from
the physical model of this system, regarding it as a me-
chanical system of mass, spring and damper.. This motor
has the generating capacity of 100(W) and its maximum
output is 6.70(Nm).
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4.2 Controller design
We set Gy as
454
(s +45)4
and regard the expression of (31) as the model Prq, and

design Ky from P,,0 and G,,, whose dimension is as fol-
lows.

Gm= (32)

dim(Kyo) = 4, dim(Ap) =5
[Step 1] We identify Ao from impulse response by the

spectral analysis using FFT as shown in Fig.7.
' A= 0.709(s + a; )(s + a1 )(s + a2)(s + d2)

0 — = =

(S + bl)(s + bl)(s + bz)(s + bz)
a; = —-6.58 + 63.7j, ap; =-16.2+ 30.05
by = ~1.51433.95, b =-1274527;

It contains a vibratile mode at 33.9 (rad/sec) which is
different from the system resonance mode 58.2(rad/sec)

(34)

in (31).
[Step 2) We set ﬁ] = 0.1 and "Vz, I’V;; as
15000(s +10)2 | 30 3
Wz = (s + 10000)% ° Wa=F1o (35)

and design A7].
[Step 3, 4, 5] We calculdte the actual controller A
and reduced it as follows.

dim(Kp) =17, dim(kKy)=11 (36)

[Step 6] We repeat the steps 1~4, and get A,. Then
we set 3 = 0.45 and dimension of L5 is as follows.

-

dim(Ky7) = 10, dim(K;) = 12 (37)

The step responses of Gpp and Gp; are shown in Fig.8.
The size of the step signal is 60 (degree). The obtained
response yp; is closer to y, than yu.

4.3 Discussions

The value of the criterion function in each iteration is as
follows.

Jooo = [|Gpo = Gmlloc = 4.22 (38)
Jo1 = ||Gp1 = Gmlleo = 0.579 (39)
Jooz = ||Gp2 = Gmlloc = 0.457 (40)

Since the Ho, norm is very difficult to calculate precisely
in the actual system, we calculate it by

Jooi = "(Ai - 1)Gm"oo (41)
(where A; is the identified value in i-th iteration)

And there exists a resonance mode in the mechanical de-
vice which did not appeared in (31). This mode appears
because of the existence of motor friction. We can cope
with this mode by regarding G, as a controlled object.
And the responses of Gy, (i = 1,2, 3) are shown in Fig.9,
when 20(Nm) valued disturbance is added to motor. It
is easy to see that the low sensitivity is achieved.

(33).

5 Conclusion

In this paper, we have proposed a new iterative controller
design method based on closed loop identification, where
we can highly expect the convergence of the method and
can take advantage of the robust control methodology. In
addition, we have shown its effectiveness by the experi-
ment using the flexible joint motor.
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