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WEIGHT OPTIMIZATION AND STRUCTURE-
SPECIFIED ROBUST H ., LOOP-SHAPING
CONTROL OF APNEUMATIC SERVO SYSTEM
USING GENETIC ALGORITHM

S. Kaitwanidvilai,* ** P. Olranthichachat,” and 1. Ngamroo®

Abstract

H, loop-shaping {HLS) is a feasible method for designing & robust
controller; howewver, the controller designed by this method is
usually complicated with high order. To overcome this problem,
we propose a new design technique, weight selection and structure-
specified HLS control using genetic algorithms (GAs), to design a
robust controller. in the proposed technique, both the performance
weight and structures-specified robust loop-shaping controllerare
simultaneously determined by GA. The performance and robust
stability conditions of the designed system satisfying the HLS are
formulated as the objective function in the optimization problem.
The ‘designed controller contains simple structure with lower order
and still retains the robustness and performance specification. As
shown in the simulation results, the robustness and performance of
the proposed controlier are almost identical to those of the controller
designed by HLS method and the proposed technique leads to
performance comparable to that of the reduced-order controller.
Experiments on the pneumatic actuators of a pneumatically actuated
robot are performed to verify the effectiveness of the proposed

technigue.
Key Words

Heoo loop-shaping control, rebust control, pneumatic I‘Obot,fpneu-

matic actuator
1. Introduction

In the past decades, many developments in pneumatic con-
trollers have been done and the results of those are exten-
sively used in today’s industrial processes. Pneumatic ac-
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tuator is an attractive choice for being used in both indus-
trial and non-industrial applications because of the follow-
ing advantages — high reliability, mainly because of fewer
moving parts; self-cooling; high power-to-weight ratio; easy
installation and maintenance; and the availability of a wide
range of standard sizes. Recently, this actuator has been
used in the designing of the robot manipulators to enhance
capabilities of the robot. Because of the advantages of this
actuator, pneumatic robot is now an attractive choice for
the industrial robot. In a pneumatic system, normally, the
piston can stop only at two-end terminal points. To extend
the capabilities of the system, this research is conducted
to develop a control algorithm for a preumatic robot arm.
Position of the pneumatic piston in each link of the robot
is controlled in such a way that the controlled piston can
move to any target position.

Paeumatic syster is highly nonlinear because of its
compresgibility of air and highly nonlinear flow through
preumatic components. Furthermore, in a long connecting
tube, the effects of time delay are significant. These lead
to a difficulty in analysing and designing an effective con-
troller for the system. Many researchers investigated var-
ious control techniques to control the system. Several ap-
proaches based on nonlinear control techriques have been
successfully applied to design a controller for pneumatic

system, such as block-oriented approximate feedback lin-

earization by Xiang and Wikander in 2003 [1], fuzzy state
feedback control by Schulite and Hahn in 2004 (2], etc. Un-
fortunately, because of tlme consuming in system identifi-
cation process and many feedback states, these technigues
are now only implemented in very precise requirement
applications but not in general industrial applications.

In linear control point of view, linear model is derived
from linear mathematic equations. Mostly, linear dynamic
model is obtained by applying the linearization technigue
around a specified operation point, usually at the middle
of pneumatic cylinder. Various control techniques based
on linear control have heen proposed to control a pneu-
matic system such as simple proportional integral deriva-
tive (PID) control [3], proportional integral {PI} control
with analog loop [4], se]f—t@ning control [5], etc. As these



techniques do not include the presence of system uncer-
tainties, robustness in the sense of uncertainties of these
designed controllers cannot be guaranteed. To solve this
problem, some researchers applied the robust control of a
pneumatic system. Kimura et al. [6] proposed the Heo
control with mirror feedback for a pneumatic actuator sys-
tern. Inner pressure loop is used to reduce the complexity
of resulting controller in H., control. Kimura et al. [7]
also applied a sampled-data H_, control approach into the
plant. Experimental results in their work showed the ad-
vantages of discrete H,, control over the continuous H,
control in certain senses.

Several techniques to design an effective controller were
proposed in [8-11]. An adaptive switching learning control
method for trajectory tracking of robot manipulators was
proposed in [8]. In this paper, the off-line learning off-sets
the difficulty of contrel with one complicated controller
such as sliding mode controlier. In some techniques such
as robust H, optimal control, the structure of controllers
is complicated with a high order. It is difficult to imple-
ment these controllers in practise. Currently, structure-
specified controller becomes an interesting area of research
because of their simple structure and acceptable controller
order. In this technique, the structure of coniroller is first
specified and then the controller parameters are evaluated.
The integrated design of mechanical structure and control
algerithm for a programmable four-bar linkage was pro-
posed in [9]. In this paper, the optimization technique is
used to determine the controller parameters (gains of the
proportional derivative (PD)})} as well as the parameters of
the plant structure [9]. The approaches to design a robust
control for structure-specified controlier were proposed in
(10, 11]. In [L0], a robust Hy optimal control problem with
structure-specified controller was solved by using genetic
algorithim (GA). Chen et el [11], proposed a PID design
algerithm for mixed Ha/H control. In their paper, PID
controller parameters were tuned in the stability domain
to achieve mixed Ha/H aptimal control.

A difficulty with the H,, optimal control approach is
that the appropriate selection of closed-loop objectives and
weights is not straightforward. Alternatively, robust con-
troller can be designed by using . loop-shaping (HLS)
control [12] which is a simple and efficient technique for
designing a robust controller. Uncertainties in this ap-
proach are modelled as normalized co-prime factors. This
technigue requires only two specified weights, pre- and
post-compensator weights, for shaping the nominal plant
so that the desired open-loop shape is achieved. Fortu-
nately, the selection of such weights is based on the concept
of classical loop-shaping which is a well-known technique
in the controller design. By the reasons mentioned earlier,
tkis technique is simpler and more intuitive than other ro-
bust control techniques, However, the controller designed
by HLS is still complicated. The selection of weights in
the design for achieving hoth time domain and frequency
domain specifications is not easy. To overcome these prob-
lems, in this paper, GA-based Weight Optimization and
Structure-Specified HLS control is proposed to design a
preumatic controller. In this paper, we propose a GA to
evaluate an appropriate performance weight W9 satisfy-
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ing the performance specifications and robustness. This.

then reduces the difficulty in selecting appropriate weight
in HLS control. The controller designed by the proposed
approach has a good performance and robustness as wel]
as simple structure. This allows our designed controller o0
be implemented practically and reduces the gap between
the theoretical and practical approach.

The remainder of this paper is organized as follows.
Preumatic actuator and pneumatic robot dynamics are de-
scribed in section 2. Conventional HLS and the proposed
technigue are discussed in section 3. Section 4 dernon-
strates the design example and results. And, finally, in
section 5 the paper is summarized with some final remarks.

2. Dynamic Madel

In this research work, we constructed a cylindrical type
robot arm with pneumatic actuators. This robot is widely
used in many industrial processes. Consider the cylindrical
type robot arm shown in Fig. 1, it is seen that it consists
of two translation joints and a revolute joint. Generally,
the dynamic model of this robot, can be written as [13]:

Translation axis {Long stroke eylinder) (180 cm)

Figure 1. A cylindrical robot arm.

J + mar? 0 0 g 2mqrid
0 my+my 0 hl + 0
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0 ny-
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0 fa

T= [ﬁl Sa fs}T (L

where my and mo are the mass of the vertical and horizontal
links, respectively; # is the angle of the rotation axis; g is
the gravity; J is the inertia of the base link; A is the distance
of the vertical link; r is the distance of the horizontal link;
x is the distance of the translation axis; 7 is the force
vector; and ny, f2, and f3 are the torque in rotation axis,
foree in vertical and horizontal axis, respectively.

The dynamic medel in (1) is derived from the La-
arange’s equations of motion [13, 14] and can be applied
indirectly to deseribe the dynamic mode! of our developed
rehot. The model of transiation axis can be treated as the
actuator model as shown in {2). There are many control
schemes to control & roboé manipulators such as computed
torque control, independent joint control, ete. In computed
torque control, the control design problem is decomposed
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Figure 2. Independent joint control scheme.

into an inner loop design and an outer loop design. The
nonlinear inner loop is used to compute the inverse dy-
namic of the robot for cancelling the nonlinear term while
the outer loop control is used for trajectory tracking. In the
industrial robotic applications, independent joint control
is widely used because it allows a decoupled analysis of the
closed-loop system. Al present, it is strongly accepted by
several researchers that this kind of control scheme is more
practically suitable for implementing in industrial robotic
applications because the nonlinear control schemes-used in
the computed torgue control scheme is too complicated to
be utilized in practise. In this control scheme, each axis
~ of the manipulators is controlled as a SISO system. Any
: couplmg,effects due to the motion of the other links are
o freated _as'—,a'fs‘tﬁ 5. Figure 2 shows the diagram of
- -the- 1ndeper1-der;t joint control scheme. A picture of devel-
oped robot in this paper is shown in Fig. 3. Based on
this control scheme, in this paper, the position of piston
in each actuator of the robot is controlled separately. In
pneumatic robot, the actuator dynamics is very crucial.
The foundation research works on modelling of a servo
pneumatic system were derived by the study of relation-
ship of gas properties and motion’s equation in pneumatic
eylinder. Linear dynamic model of a pneumatic actuator
can be written as [15, 16]:

Figure 3. A pneumatically actuated robot.

y(s) k1
G S5l = - T = T 2
(s} u(s)  s{s2+ S5+ ko) ®
RTC APy | AlPa,
Where ky = 155 (Vm + g ) k2= 31 ( v+ )’

y{s) is the position output, u(s} is the valve’s input voltage,
A is the bore area, (G is the coefficient of the linearized
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air mass flow rate, (& is the viscous friction coefficient,
~ is the ratio of specific heat =1.4, Vi, is the air’s volume
in the chamber i at nominal position, M is the total load
mass, P; o is the pressure in the chamber 4, o is a subscript
denoting the operation point, T is the air temperature (K
and R is the gas constant =29.2m/K.

As seen in (2), the dynamic model of servo pneumatic
is modelled as a third-order transfer function. This model
is frequently used in the design of linear controller for a
pneumatic servo system. To identify this model, some au-
thors directly evaluated model’s parameters by measuring
the physical parameters {15, 16]. Alternatively, identifica-
tion method by evaluating the optimal model parameters
to minimize the least square of prediction error can be used
to identify the linear model {17].

In this paper, the standard system identification for
identifying the robot dynamics is applied. Based on the
concept of independent joint control scheme, the dynamic
model of each axis of the robot is identified separately. The
details of system identification of the developed robot are
illustrated in Section 4.

3. HLS Control and Proposed Technique

This section illustrates the concepts of the conventicnal
HLS control and the proposed technique.

3 1 Conventional HLS

HLS control proposed by McFarlane and Clover [12] is
an efficient method to design o robust controller. This
approach requires two weighting functions, W, (pre-
compensator) and W (post-compensator), for shaping the
original plant Gy so that the desired open-loop shape is
achieved. In this approach, the shaped plant is formulated
as normalized co-prime factor, which separates the shaped
plant G into normalized nominator Ng and denominator
M, factors [18]. Note that, Gy = WaGoWr = N M, L

The following steps can be applied to design the HILS
controller:

Step 1. Shape the singular values of the nominal
plant Gg by using a pre-compensator Wi and/or a post-
compensator Wy to get the desired loop shape. In SISO
system, the weighting functions W, and W5 can be chosen
as:

s+

Wy = K, 2
E

5 andezl

(3)

where Ky, o, and & are positive values. § is typically
chosen as a small number (< <1} for an integral action.



Wo can be chosen as a constant because the effect of
the sensor noise is negligible when the use of good sensor
is assumed [19]. If the shaped plant G, =N,M,;", the
perturbed plant is written as:

GA - (Ns +ANS)(MS +AMS)_1 (4)
where Ay, and Az, are stable, unknown representing the
uncertainty sasisfying, |Ans, Aaslly, is the uncer-
tainty boundary called stability margin. There are some
guidelines for selecting the weight available in {19].

Step 2. Calculate g4, where:

<e, €

-1

(I+G.K) 1M1

o

inf
K stebilizing K

Eopt =

To determine €,p, there is a unigque method explained
in {19]. eupr << 1 indicates that Wi or W; designed in
Step 1 are incompatible with robust stability requirement.
To ensure the robust stability of the nominal plant, the
weighting function is selected so that g4y is large enough
[19]. If £, is not satisfied, then go to Step 1, adjust the
weighting function.

Step 3. Select £ < g4 and then synthesize a contreller
K, that satisfies:

(I +G Koo "M <et (6)

Koo

o0

Controller K, is obtained by solving the sub-optimal
control problem in {6). The details of this solving are
available in [18]. To determine M, there is a method
explained in [19].

Step 4. Final controller (K) is determined as follows:

K =W KW,

Figure 4 shows the controller in HLS.

Figure 4. HLS design.

3.2 GA-based Weight Optimization and Structure-
Specified HLS Optimization

In the proposed technique, GA is adopted in both weight
selection and control synthesis. GA is well known as an
algorithm that can be applied to any optimization prob-
lem. This algorithm applies the concept of chromosomes,
and the genetic operations of crossover, mutation and re-
production. At each step, called generation, fitness value
of each chromosome in population is evaluated by using
fitness function. Chromosome, which has the maximum
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fitness value, is kepl as a solution in the current generation .
and copied to the next generation. The new population of
the next generation is obtained by performing the genetic
operators such as crossover, mutation and reproduction.
In this paper, a roulette wheel method is used for chrome.-
some selection. In this method, chromosome with high fs.
ness value has high chance to be selected. Operation type
selection, mutation, reproduction or crossover depends on

the pre-specified operation’s probability. Normally, chrg

mosome in genetic population is coded as binary number,
However, for the real number prablem, decoding binary
number to floating number is applied [20]. The proposed
technique is described as follows.

Weight selection is an important procedure for HLS,
Some researchers incorporated the performance specifica-
tions for selecting the appropriated weights (21, 22]. Based
on (6}, & can be used for indicating the robust performance
of the designed controller. In the proposed technique, we
adopt this margin as the objective function. Although the
proposed controller is structured; however, it still retains
the entire robustness and performance guarantee as long
as a satisfactory uncertainty boundary ¢ is achieved.

In our technigue, the predefined structure controller
is denoted as K{(p), the performance weighting function is
dencted as Wi(x), p and x are the control parameters in
K {p} and weight parameters iz W, {z), respactively. Based
on the concept of HLS, optimization goal is to find the
parameters p in the controller K(p} and the parameters
T in the weighting function Wi{z) that minimize infinity
norm from disturbances w to states z, |15y ][oo-

In the proposed technique, the final controller K is
defined as:

K = K(p)W, (8)
Assuming that W, is invertible, from (7) then it is
obtammed that:
Ko = W, 'K(p) (9)
In many cases, the weight Wy is selected as identity
matrix [. However, if W5 is a transfer function matrix,
then the final consroller is the controller K{p) in series
with the weight W, By substituting (8) into (6), the
oo-norm of the transfer function matrix from disturbances

to states, ||Tyw||eo, which is subjected to be minimized can
be written as:

I

Jeogt =7 = ”Tzwuoo = 1
Wi (2)K(p)

U+ GW )" M, (10)

To incorporate the performance into the optimization
problem, tire domain and frequency domain specifications
are considered. Rather than minimizing some objective
functicns, it is more naturally to define the performance
specifications for control system design in terms of alge-
braic or functional inequalities. For example, in the step




response, the system may be required to have a rise-time
less than 0.4 s, a settling time less than 1 s and an overshoot
less than 5%. Consequently, the performance specifications
are adopted as constraints in the design problem. The
optimization problem can be written as:

I
W (@)K () |

Maximize

oL

I+ W mEE) M ()

Subject to Pi,min < py < Pi,max,

Timin < Ti < Ti,maxs

Maximum Overshoot < OV

Settling Time < ST (Constrains in time domain)

Steady-State Error < SE

Bandwidth > BW

Gain{w < Wiow freq) {Constrains in frequency domain)

> LG

where OV is acceptable maximum overshoot; 5T is ac-
ceptable settling time; SE is acceptable steady-state error;
and BW is bandwidth of the desired loop shape.

Where Pimin: Timin 400 Dimax: Fimax 8I€ the lower and
upper bound values of the parameter p; and z; in the
parameter vector p and Z, respectively. Some methods
for selecting the range of parameter are shown in (10, 11}L.
OV, ST, SE, BW, LG, and wiowfreq 8I€ specified values.
w is frequency. The term “Gain(w < wWipwfreq)” is defined
for good performance in sorhe frequency range, typically
some low frequency (w € [0, freq]). Other specifications
can be added to achieve additional specifications. All
constraints mentioned earlier are selected based on the
actuator bandwidth and desizn specifications. The fitness
function in the controller synthesis can be written as:

Fitness {J}
I
W Hx) K (p)

(I + G W ) K (p)) T ML 1

if the constraints are met

0.01 otherwise

(12)

The fitness is set to a small value (in this case is 0.01)
if the constraints are not met. Our proposed algorithm is
summarized as follows:

Step 1. Specify controller structure K(p), weighting func-
tion stracture Wi(z) and the control and weighting func-
tion parameter ranges. Define the genetic parameters such

233

as population size, crossover and mutation probability,
maximum generation, ete. Also, specify the performance
specifications such as OV, §T, SE, etc.

Step 2. Initialize several sets of parameters p and z in the
Lst generation. In this case, each [p, # is a chromosome.
Step 3. FEvaluate the fitness value of each chromosome
using (12). Select the chromosome with maximum fitness
value as a solution in the current generation. Increment
the generation for a step.

Step 4. While the current generation is less than the max-
imum generation, create a new population using genetic
operators and go to Step §. 1f the current generation is the
maximum generation, then go to Step J.

Step 5. Check performances in both frequency and time
domains. If the performance is not satisfied such as teo low
£ (too low fitness function), then go to Step 1 to change
the structure of controller or the weight. Low & indicates
that the selecsed structure is not suitable for the problem.

4. Simulation and Experimental Results

The proposed technique is applied to design a controlter of
a 4-axis pneumatic robot. This section explains the design
of controlier for the translation axis and controllers in the
other axes are designed by the same design procedure.
In this paper, the standard system identification using
experimental data is applied to determine the dynamic
mode! of a pneumatic robot. Based on the concept of
the independent joint control scheme, the dynamic model
of each axis of the robot must be identified separately.
The appropriate input valve voltage signal, pseudo binary
random signat (PBRS), is applied to the actuatorin the axis
attempted to be identified, while the pistons of actuators
in ather axes are maintained at the nominal pesitions. The
estimated model is obtained when the difference between
model’s output, prediction and the measured output data
is minimized [17]. In this paper, an appropriate input
signal was applied to the actuator in translation axis. The
data froin valve’s voltage input and position output are
collected and used for the system identification. Simple
black-box system identification was used in our work. In
this approach, the structure and parameters of the plant
are assumed to be unknown. Firstly, a model is selected
from the standard models such as ARMAX, ARX, OF,
ete. Then, the orders of pole, zero, delay and so on
in' the model are selected and the system identification
using prediction method is applied [17]. The appropriate
dynamic model can be obtained by adjusting these orders
or changing the model. These processes are done by trail
and error, In this paper, to identify the plant’s parameters,
OF (output error) model is selected. The details of the
standard system identification and OF model are available
in [17}. Units of output and input are meire and volt,
respectively. In our experiments, long preumatic hoses
which can be modelled as the input time delay are used.
Sampling time in our control system is 0.0112 s and the
delay time of about 0.11 s is measured. The time delay
is realized in the plant transfer function by its second-
order Pade approximation. From the procedure discussed
previously, the identified plant model is found to be:




_ 0.032s% +3.125s +2.811
T g3 4 12.825% 4+ 10.555 + 0.4715
. 0.0325* + 1.349s% — 135.45% + 20465 + 2788
™ 65 4 67.37s% + 170253 + 1329052 + 10490s + 467.6

—0.11s

Gla {13)

Note that, this identified model includes the dynamics
»f actuator, pneumatic pipe, valve, A/D, mass of the other

The commnarienn of the simulated model thput
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ind the measured output is shown in Fig. 5. The resuits
how that the plant model is accurately approximated by
he identified model.
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Tigure 5. Comparison between simulated and measured
yutputs.

Next, a structure-specified robust controller using the
sroposed algorithms is designed. The structure of con-
roller is selected as PID with first-order derivative filter.
The coniroller structure is expressed in (14). K,, Kj, Kg,
ind 74 are parameters to be evaluated. In this paper,
weighting function {W;) are selected as (18). z, and zp
wre parameters that will be evaluated:

K; Kgs

K =K — 14

() P 3 +tds+1 (14)
18+ 22

W = = 15

1(=) = T 001 (15)

Based on (15}, the weight parameters ranges is se-
ected as z; € [0.01, 59|, z2 € [0.01, 50]. The performance
specification in {9) is selected as GV =0.05, SE=0.005,
ST =1.2s, BW=3.5rad/s, w;=0.11ad/s, G, =20dB. In
:he optimization, the ranges of search parameters and
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GA parameters are set as follows: Kp, Ki, Kgco.0]-
100}, 74<([0.01, 10], population size= 200, crossovér,':
probability =0.7, mutation probability=0.2 and maxj. -

mum generation=25. As a result, the optimal controliey

and weighting function are found to be:

. 0.2986 0.0982s
{PPID}K™(p) = 8.966 + 007325 11 (16)
| 13.514s +0.3321

LT T e 1 0.001 (17)

Based on (3), We=1. In our simulation work, we use
Pentium IV-1GHz computer, with 512MB SDRAM. In
our design, MATLAB program, Genetic Algorithm Tool-
box ard Robust Control toolbox [23] are used to develap
the computer code. It took only.38 min to converge the
solution. Figure 6 shows a plot of convergence of fitness
function (optimal stability margin) versus generations by
GA. After the 14th generation, the optimal solution is
obtained. As shown in the figure, the optimal robust
PID-type-structured-controller provides 4 satisfied stabil-
ity margin at 0.4903. In the proposed technique, stability
margin is used to indicate the robust performance of the
designed systemn. In addition, the convergence of controlier
and weight parameters is shown in Fig. 7.

With the designed weighting functions, the crossover
frequency of the desired system is increased to 4rad/s.
Specified time domain specifications of the system are met.
Bode plots of open-loop transfer function for the nominal
plant and shaped plant are shown in Fig. 8. As shown in
this figure, at low frequency, the open-loop gain of shaped
plant is much larger than that of the nominal plant. This
makes the designed system good in terms of performance
tracking and disturbance rejection. In this case, the shaped
plant is then determined as:

13.514s + 0.3321
10.9188 7 U.daal {18)
s -+ 0.001
0.0325% + 1.349s% — 135.45% + 29465 + 2788
§5 1 67.37s% + 170253 + 1320052 + 104905 + 457.6

Gs = W GoWs =

0.5 T — T

0.49 ¢

0.48 - 1

047 + 1

0.46

0451

Stability margin (e)

0.44 ¢+

043+ 1

0.42 . . : .
0 5 10 15 20 25
Generations

Figure 6. Convergence of the fitness value.
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Figure 7. Convergence of the controller and weight parameters.

Bode diagram

80 -
— = - Shaped plant
60 Fix Proposed PID
------- H.. ioop-shaping
40 -—-— Reduced order ||
— MNominal plant
T 20
[13]
R S
=
@ —20}
=
740 L
_60 -
780 . i arel x il P el AT R 1Y N ”
103 1972 1077 10° 10 102

Frequency (rad/s)

Figure 8. Bode diagram of the open-loop transfer function

for: the shaped plant, nominal plant, plant with HLS,

reduced-order controller, and proposed controller.

To evaluate the performance and robustness of the pro-
posed system, responses of the system from conventional
HLS, proposed robust PID-type-structured-controller
(PPID), PID tuned by Ziegler-Nichols method {(ZN), PID
tuned by Tyreus-Luyben rule {TLC) and reduced-order
controller are investigated. We first design a controlier by
the conventional HLS procedurs by using the weighting
function in (17). By this weight, £,y is found to be 0.554
and £ is set to be 0.503, which is less than the optimal
value. Then, the HLS controller (the full-order controller)
can be evaluated as follows:

13.514s + 0.3321
s+ 0.001
21.155% + 1429s% + 36210s% + 2855005 + 230200s -+ 5554
(sﬁ + 85.665% + 301354 +50110s% + 46500052 + 3931005 + 9382)

K(s) = W1 KeWa = (19}
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Figure 9. Hankel singular values distribution of the full-
order contraller.

" As shown in (19), the controller designed by HLS con-
troller is seventh-order controller and complicated. It is
not easy to implement practically. Generally, the reduced-
order controller can be designed by the Hanke! norm model
reduction. This technique determines an appropriate re-
duced order by plotiing the Hankel singular values of the
full-order controller to determine which modes (states) can
be discarded without sacrificing the key characteristics [23].
Figure 9 shows the plot of Hankel singular values of the
resulting controller. As seen in this figure, there are two
dowminant modes in the controller. Thus, the second-order
reduced-order controller can be designed as follows:

. .014
294.8s5 + 8.01 ) (20)

Krls) = <52 + 93445 + 0.002144
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Figure 11. Step responses by the HLS, reduced-order con-
troller and proposed PID.

The stability margin obtained from this controller is
only 0.3007. Clearly, the stability margin of our proposed
controller is much better than that of the reduced-order
controller. Open-loop bode diagram is plotted to verify
the proposed algorithm. Figure 8 shows comparison of the
plant, the shaped plant, the loop shape by the proposed
controller, reduced-order controller and HLS. As shown
in this figure, all loop shapes by the proposed controller,
reduced-order controller and HLS are close to the desired
lcop shape.

Additionally, for performance comparison, PID tuned
by ZN and PID tuned by TLC are also designed. Both
tuning rules do not require an analytic model of the plant.
These methods are widely used for PID tuning in many
kinds of systems. In these methods, gains K, K;, and K,
are tuned using the ultimate gain, K, and ultimate period,
Ty. To evaluate K, and P,, the integral and derivative
gains in PID controllers are set to zero. Ultimate gain, K,
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perturbation, 1/5(GK (I + KG)™1); (b) maximum allow-
able additive plant perturbation for closed-loop stability,
1/6(K{I + GK)™1): and (c) gain from input disturbance
to plant output, 3{{7 + GK)7'G).

is the proportional gain value that results in a sustained
periodic oscillation in the output. Ultimate period, Py,
is the period of oscillation. The details of tuning by ZN
and TLC are given in [24]. Responses of the unit step




Table 1

Common Closed-Loop Transfer Function Objectives [12]

Function Interpretation

a((I+GK)~1G)

Gain from input disturbance to plant output.

G(GK{I+KG)™)

Gain from controller input disturbance to plant outpus.
1/6(CK{I + KG)™1) indicates the maximum allowable cutpus
multiplicative plant perturbation for closed-loop stability.

G(K{I+GK)™ 1)

Gain from output disturbance to controller output.
1/6(K{I +GK)™ 1) indicates the maximum allowable
additive plant perturbation for closed-loop stability.

(Note that, in this paper, the control system is negative feedback control).

Figure 13. Photo of the proportional valve.

input from PID controllers tuned by ZN and TLC rules are
shown in Fig. 10. As seen in the figure, response from the
PID tuned by ZN has a maximum overshoot about 50%
while there is a little overshoot from the PID tuned by
TLC.

Response from TLC seems better than the response
from ZN; however, both responses have not met the spec-
ified specifications. Responses from the unit step inputs
by HLS, reduced-order controller and the proposed ro-
bust PID-type-structured-controller (PPID) are shown in
Fig. 11. The settling time of responses from the PPID
and HLS is about 1.2s and there is ‘no overshoot in both
responses. As shown in this figure, the settling time of
reduced-order controlier is about 2s and there is a max-
imum overshoot about 20%. Clearly, the response from
PPID is better than that of the reduced-order controlier.

Figure 12 shows the closed-loop frequency domain
measures relevant to this design. The common closed-loop
transfer function objectives and their interpretations are
shown in Table 1 [12]. The notation, {A), is the maximum
singular value of A. As shown in Fig. 12(a), the maximum
allowable multiplicative plant perturbation of the HLS is
better than that of the proposed controller especially in
the high frequency range. In the low frequency range, this
maximum allowable perturbation of HLS and the proposed
controller are almost the same. Af low [requency, uncer-
tainties of 100% of the plant magnitude can be tolerated.
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In Fig. 12{b) the plot of 1/6{K (L +GK)~!) shows that
the maximum allowable additive plant perturbation for
closed-loop stability of the HLS is better than that of the
proposed controller especially in the high frequency range.
In the low frequency range, this maximum allowable per-
turbation of HLS and the proposed controller are almost
the same. Figure 12{c) shows the plots of #{(I + GK) (),
which is the gain from input disturbance to plant output.
As shown in this figure, the disturbance rejection of the
proposed technique is as good as that achieved from HLS
control. The maximum gain from input disturbance to
plant output of the proposed technique is about 0.10. At
low and high frequency, the gain is very small which means
good disturbance attenuation.

Some experiments are done on a pneumatically actu-
ated robot arm. The developed robot consists of three
pneumatic cylinders (translation axis: CKD SRL2-6, hor-
izontal: TAIYQ 10Z-2RG-AIR CYLINDER. and vertical:
SMC-MS-B30R) and a rotary pneumatic actuator (SMC
Four 5-port proportional valves used in
the experiment are Festo MPYE-5-1/8-010B. Linear po-
tentiometers and a potentiometer are used as the position
sensor of the robet. Nominal supply pressure is maintained
at a constant of 400kPa by pressure regulator. Figure 13
shows the photo of the proportional valve used in the ex-
periment. The experimental results of step responses of
the proposed robust PID-type-structured controller and
reduced-order controller are shown in Fig. 14{a) and (b),
respectively. The results are similar to the simulation re-
sult in terms of the settling time and overshoot. Clearly,
the time domain response of the proposed controller is
better than that of the reduced-order controller. However,
in the experimental result, the steady-state error is about
+0.3mm which is caused from the non-mode! iriction dy-
namie, dead-zone of valve, and limitation of the sensor
resolution.

Other experiments are performed to verify the robust
properties of the proposed coniroller. In these experi-
ments, we changed the supply pressure of the pneumatic
system, equivalent to the parameter variation in the nom-
inal plant. The supply pressure is changed from 400 to
600 kPa. To verify the robustness of the designed system,
ladder input command is applied to the position control
of the translation axis. As shown in the Fig. 15{a), the
response is almost identical to the first experiment with




Figure 14. Response by (a) the proposed controller and (b}
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ced-order controller in the translation axis when the ladder

input command is applied and supply pressure is changed to 600 kPa.

small difference in the maximum overshoot. The experi-
mental results show that the proposed controller has good
rohust performance from the changing of operating pres-
sure and operating point. The reduced-order controller is
also applied to control this perturbed piant and the result
is shown in Fig. 15(b). As shown in this figure, oscillations
and overshoot in the response are much increased.

5. Conclusions

Tn this paper, the appropriated performance weight Wy
and controller satislying the time domain and frequency
domain specifications and robustness are evaluated by GA.
As shown in the simulation results, the responses frorm the
proposed controller and HLS are better than the responses
from the reduced-order controller and PID tuned by ZN
and TLC rules. Although there are many approaches for
PID tuning, however, our proposed technigue is an alter-
native method which directly considers the performance
specifications and robustness in the design. Additionalty,
in the proposed technique, the structure of controller is
not restricted to PID. The controller K (p) can be replaced
by any structure-specified controller and the proposed al-
gorithm can still be applied functionally. Based on the
concept of the convention BIL.S, only a single index, sta-
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bility margin, &, is used to indicate performance and ro-
bustness of the designed controller. In this paper, the
stability margin obtained from the proposed controller is
almost the same as that of HLS controller and is much
better than that of the reduced-order controller. How-
ever, because of the complicated controller in the conven-
tional design, the proposed approach offers a significant
improvement in practical contro! viewpoint by simplifying
:he controller structure, reducing the controller order and
still retaining the robust performance. Implementation on
the pneumatic servo system verifies the effectiveness of the
proposed controller.
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