'94 KACC (1994.10. 17~ 20)

A Unifying Design of Hyx Controller with PI
Speed Feedback for High Precision Position
Control of Flexible System

Yeonghan Chun & Yoichi Hori

Department of Electrical Engineering
The University of Tokyo
7-3-1 Hongo, Bunkyo, Tokyo 113, Japan

Abstract — We propose a design method that uses
H,, optimization method to suppress oscillation of a shaft
between motor and load for high precision(0.001 % of ref-
erence input) position control. Pl speed control loop was
introduced as a minor loop. Standard problem is used for
the modeling of the system and Glover-Doyle’s algorithm
is used for the optimization in the H,, space. Friction is
considered to be an important factor that makes it diffi-
cult for the system to reach steady state in short time. In
this paper, we propose a hybrid controller that includes PI
speed feedback loop, which is expected to have a role to
reject torque disturbance like friction.

1. Introduction

For the high precision position control, oscillation of
shaft becomes an important factor even though its stiff-
ness constant is big enough. And, friction works as torque
disturbance nonlinearly, which makes it difficult for the
system to reach stcady state in short time. In industry,
these problems are big obstacle to enhance productivity.
In a certain application, the requirements of controller are
very severe for the productivity, for example, step response
should reach steady state.in 0.4 seconds together with the
suppression of oscillation of a shaft between motor and
load. Generally Pl or P controller has been used to get
these requirements, but it showed some limitations that
oscillation has high frequency components while required
step response is obtained. Several pa‘perslg' 10) reported
improved performances against this kind of problems. The
authors! 11 also applied H,, optimization method to the
speed control of steel rolling mill, which can be modelled
by two mass system.

Since H,, theory was introduced by Zames, the H,, the-
ory has been developed by many researchers. Now, soft-
ware program is available for the standard problem. Thus,
the standard problem is used for the modeling of the system
, and Glover-Doyle algorithm was used for the H,, opti-
mization in this paper. As P1 speed feedback loop has a
role to reject disturbhance, it is expected to enhance the per-
formance of position controller. So'we introduced PI speed
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Figure 1: Two mass system for position control

feedback loop as a minor loop, and it could be shown that
the PI speed feedback loop with high gain helped reduce
settling time compared with the case with f{,, controller
only. All results will be confirmed by the computer simu-
lation.

2. System Description and Modeling

The flexible system for the position control can be ex-
plained by Figure 1. Motor is connected to a load through
a shaft with a certain stiffncss constant. This coulpled sys-
tem can be modelled by two mass system as in Figure 2,
which is the simplest model of the flexible system. Feed-
back signal of speed is measured at the motor side, and the
PI speed controtler C, works against the disturbance like
load change and friction. And high gain of this PI speed

" controller belps the system to reach steady state in short

time. As high gain of speed controller causes a high fre-
quency oscillation of shaft, we have to be carcful to choose
the gain appropriately.

Transfer function of P1 speed feedback controller is given
by equation 1.

. K,(T,s+1)
C, = T (])
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Figure 2: Block diagram of the two mass system with Pl
speed controlier C, and H, position controller Cy
where,

K, = 7x10°

T, = 0.002 sec

And, other transfer functions and parameters ate given by
equation 2 ~ 4.

1
motor : Ts (2)
spring : % + D (3)
load : ji—s (4)
where,
Ju = 5 Kgm?
J, = 5 Kgm?

K = 10° N/m
D = 1000 N/m/s

As we can notice from Figure 2, motor specd is fed back
to the speed controller, but we want to track the load po-
sition. This PI speed controller has an effect to guide po-
sition as the controller has integrator term. High gain of
the conventional PI controller makes the respouse to be os-
cillatory with high frequency components, but practically
it is expected to help the system to reach steady state in
short time against nonlinear friction.

Position of load side is measured by laser interferometer
for the measurerment of high precision position and it is
fed back to the position controller. The noise propagation
characteristics of laser interferometer can be explained by
the complementary sensitivity function. When the model-
ing uncertainty is positioned at the load output as a mul-
tiplicative perturbation, the robust stability condition can
be explained by this complementary sensitivity function
too.

Figure 3 shows the augmented system with weighting
functions which shape the input singals. The conventional
PI position controller has been substituted by H. con-
troller Cy.

3. Mathematical Modeling for Optimization

Standard problem for H_, optimization can be explained
by transfer functions in the frequency domain.
Let
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Two port diagram for the modeling of standard probiem
is given by Figure 4, which is equivalent to Figure 3.
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Figure 4: Two port block diagram equivalent to Figure 3

As we can see from Figure 4, the robust stability condi-
tion is not used as a criterion in the synthesis procedure.
This is why structured perturbation should be introduced
and thus DD-K iteration should be done for the optimiza-
tion. As current 1)-K iteration does not gnarantee the
existence of solntion and results in the increase of order
of controller, we avoid to use D-K iteration. T'herefore we
did not nse robust stahility criterion while we synthesize
the controller, but checked if the controller satisfy the ro-
bust stability condition after designing the controller. As
a result, the cost function of the optimization in the H,
space is given by equation 14.
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Figure 3: Block diagram of the augmented system
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4. Robust Stability Condition and Noise
Propagation

From the small gain theorem, robust stability condition
is given hy equation 13 and 15.

Rzl < 1 (15)

So, gain of Ry should be less than one over the frequency
range. And, we can see that the transfer function Ry also
decides the noise propagation characteristics, too. There-
fore, the robust stability condition can be satisfied by shap-
ing the complementary sensitivity function, and thus noise
propagation characteristics can be determined by this com-
plementary sensitivity function.

Figure 5 shows the gain characteristics of complementary
sensitivity function with designed controller.

5. Weighting Functions

Weighting functions are decided to shape the signals.
This is one way of deciding weighting functions. For ex-
araple, weighting functions W, W, and W, are decided
to represent frequency characteristics of each input signal.
As W) is weighting function for command reference of step
function, it was given by equation 16, which is the approx-
imation of 1/s, since every weighting function should be
element of the H,, space.

Weighting function W, is decided to be eqnation 17. This
weighting function is to shape the signal to represent high
frequency components, that is caused by the modeling un-
certainty. Generally, modeling uncertainty like time delay

Gain of RT

frequency (rad/sec)

Figure 5: Bode diagram of Ry

appears significantly at high frequency. But, the gain of
cach weighting function has a role of putting weight be-
tween the weighting functions, thus we can sce the trade
off relationships between each weighting function.

Weighting function W; is given by equation 18, which
is based on the assumption that torque disturbance has
low frequency components. Actually this assumption can
be controversial since torque disturbance due to nonlin-
ear coulomb friction is not so simple to be explained by
frequency characteristics.

One of the important weighting functions is W,,, which
is used to shape control effort. Designed controller with-
out considering weighting function W, sometimes give high
frequency signals as control, which represents that the con-
troller itself generates noise terms. In this case, we can
avoid high frequency control effort by putting high fre-
quency weighting function at W, this is very important in
practice.

Weighting functions W, has a role to give a weight to the
tracking error of cost function among other output signals
¢, and u.

Weighting functions used for designing position con-
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troller are summarized by equation 16 ~ 20.

0.001s + 1

W, = — %%

! s+ 0.001 (16)
100(s + 100

W, = L0+ 100) (17)
s + 100000 -
0.001s + 1

W, = —-172 18

3 s + 0.001 (18)

w, - 106+10) (19)
s + 100000 ‘

W, = 10 (20)

6. Simulation Results

In order to avoid satuarting the amplifier, the desired
trajectory must be chosen carefully. The trajectory used
for the simulation is given by equation 22, which is smooth.

L 2n o
0.5 —_—— t < 0.05 21
*Sm(().l 2) (t < 0.05) (21)

1 (t>005)
This trajectory corresesponds to 1.0 rad displacement and

50 msec of transition time. The corresponding figure is
ginven by Figure 6.

reference
hpul

Figure 6: Reference input

The conventional position controller is given by equation
22 , which has been used practically.

K,

Cp = Tos+1 (22)

Gain of the conventional controller which has the trans-
fer function of equation 22 was decided to have the same
gain of H,, controller at low frequency, in which case each
parameters of C,, are given by K, = 56.3 and T, = 0.0046.

Bode plots of two controllers, the conventional controller
C, and H, controller, are given by Figure 7.

Simulation results with unifying method is compared
with those of conventional position controller. 20 % of
parameter variations were modelled to see the robustncss
of designed controller, and 10 Nm of torque disturbance
were added to the load at 0.4 second.

Each figure of the simulation results shows output re-
sponse, tracking error and control input respectively dow-
nards. Figure 8 and Figure 9 represent the simulation

result when nominal data were used. T'wo figures show
almost the same characteristics.

20 % of parameter variations at load inertia J; and stiff-
ness constant Ky, was considered to sce the robustness of
the designed controlier. The most severe case is when iner-
tia .J; was underestimated, and stiffness constant K, was
overcstimated, as Figure 11 shows. From Figure 9 and 11,
we can see that H, controller is robuster than conventional
position controller.
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Figure 10: Response, tracking error, and control input
when 20 % of parameter variations were modelled with
H, controller, Ky = K3 x08 and J; — J; x 1.2

Figure 8: Response, tracking error, and control input when
nominal data were used with H,, Controller

Figure 11: Response, tracking error, and control input
when 20 % of parameter variations were modelled with con-
ventional controller Cp, Ky — K2 x 08 and J;y — Jyx 1.2

Figure 9: Response, tracking error, and control input when
nominal data were used with convertional controller C,,
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