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A Novel Design Technique for Fixed Structure Robust Control of a DC-DC
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This research proposes a novel fixed-structure robust controller design for DC/DC converter.
The proposed technique can design a simple structure, robust and high performance controller.
In the proposed technique, Robust PID controller for current mode DC/DC converter is designed
by Genetic Algorithms. Inverse of infinity norm from disturbances to states is formulated as
fitness function in GA. This concept is based on particular concept of H infinity loop shaping
that makes the controller high robust performance. As seen in the results, the practical use of the
proposed technique has been clearly shown. In addition, the application of the proposed
technique in other systems such as HIMAT system, power system, etc. were shown in the report

to illustrate the future work of this research.
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4.1 2UUAIVANTINIL 993 Buck Converter iUl ACMC Mode

9UTNOUTEAUUTIAY (Buck Converter) ﬁlfluuuuTﬂnﬂnssuﬂméﬂ (Average Current Mode) ﬂzﬂﬁuvgﬁﬁ
floudlalluszuude dugrunlugy (Control Reference) HAziiB1ANAABLTIAUIDIARA (Output Voltage)  1ad
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H o 1 o o 1 9)
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Input

Reference
Current /1/]

511 4.2 ustasnIwgaAILRUNSEUAIeTeL 1Y (Inner Current Loop)

4.1.1 miaammuNiaumuqunixuﬂmsﬂu (Inner Current-Loop)

ﬂ’liﬁl‘aﬂll'lJlJ’Niﬂ‘lJﬂ’nJFpJﬂi::u’cTﬂ‘lfﬂu (Inner Current-Loop) uunmuﬂunmmmﬁa (Average Current — Mode)

H & r W "
wiflursrevfifinisaruguuuy Pl-Control #adnsnesniuumsaATINIYeIsves5eLlY (Gain of Current-Loop) 18
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Table 1 Chosen converter’s parameter and considered variation ranges

Parameter Name Nominal Value
R, Load Resistant 150
v Output Voltage 10V
v, Input Voltage 24V
L Inductance 100 YLH
C Capacitor 680 LLF
£ Switching frequency 100 kHz

4 1 a (Y L Y ¥
i]'lﬂuu'd'lll'liﬂ'aﬂﬂl.l.'lJ1J‘Wlﬂ'l‘W'li'mmﬂ;‘“ﬂ\lﬂ?ﬂ’&‘ﬂﬂﬂ'ésﬁﬂ‘ﬂﬂi&;’[tﬂﬂ’lﬂiu‘lﬂﬂﬂﬁ Rf= IOkQ s R,= le s C/p= 2nF, Cj.z

= 50nF
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4.1.1 M399AUULINIBUAIUANNIEUAaHBN 5984 (Outer Voltage Loop)
A 1 = 1 o o ar 1 a a
WeunuAimslitnes 19 veeeesneussALus Y 12 ldedsun1e Touvesisesneusedunsafuuyy Tnun

nzuande 91NNTZUAB1BY (Current Reference) 115 4dUN A UBDIANA (Output Voltage) AaauNISH (4.4)

V) _ o 9.79x10™" 5° +5.69x10™"s* +2.74x10°5° +0.0075* + 43.97s + 6.63x 10*
V.(s) 4.16x107%*s7 +4.74x10™° 55+ 4.04x10™*5° +1.46x10° 5* +5.77x10° s> +0.025 +58.005 + 3.31x10°
(4.4)

FaaunsnangUdaemailn Hankel Norm Model Reduction 181y
V.(s) —G= 514.85* —4.72x107 s +1.79x10"
V.(s) S +7.71x10° 52 +9.29x10°5+9.12x 10"

tAon Weight W1 15y

4175434258

© 5+0.001

-4 ° 3 e a < »
f28 Weight Hazvi1 I szuuilan unudianiiinnin 1000 radssec lihilutlseunat 30,000 rad/sec nanalugild 4.3

(4.5)
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EY
fvuammniimes lumsiu GA LLﬁSﬂ’Jﬂ’JUﬂuﬂdﬁ population size = 500, operator probability: cross over=0.6,

mutation=0.05, maximum generation = 200 K, K, , K, , t, , x,, €[0, 10000] , K, € [0, 20000] namsiunuduneuly

v
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w o3
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--+-- Fixed-structure controller
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K(p)=5.066+ 3488, 03355
s 3.06s +1
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(4.175+3425.8)  3.99x10°(s +850.4)(s* +7.61x10% s +9.18x10%)
K()=WKW, = 5 2 7 10
(s+0.001) (s+3.73x10°)(s +821.1)(s* +8.46x10°5+1.11x10™)

g 1w { o 1 a 1 a . A . =
aziiu 1@ auguiniuavell Tassadshenaz 191355 9ndumatia H infinity loop shaping HuLIAX

o o o s A a a { o
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Step Response
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Table 2 Chosen converter’s parameter and considered variation ranges

Parameter Name Nominal
Value
R, Load Resistant 400
V. Output Voltage 30V
v, Input Voltage 12V
L Inductance 100 p[LH
C Capacitor 470 JAF
. Switching frequency | 100 kHz

& 1 a g v a o FY Jdao 1 (Y P
WeunuamslinedA1e vessrsneunyseALusIAY 9 avlansunis Teu Asaunsh (4.7)

G (-0.0042s+480) @.7)
° (0.7896s+72)
idon Weight W1 1ilu
W, =25 (s+30)
(s+10)

£ 1 )
o Weight ez Iszuuiian uuudiariifiunn 600 rad/sec Tuldlutlszana 15,000 radisec uaraslugali 4.11
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Bode Diagram
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GA based Fixed Structure H.. Loop Shaping Controller
for a Buck-Boost Converter

Piyapong Olranthichachat and Somyot Kaitwanidvilai

Abstract— In this paper, we propose a new technique used to
design a robust controller that is not as high-order and
complicated as the ones designed by conventional H,, loop
shaping method. To overcome the problem we proposed an
algorithm called Genetic Algorithm (GA) based fixed-structure
H., loop shaping control. In the approach, GA is adopted to solve
the H., loop shaping design problem under a structure specified
controller. The performance and robustness of the proposed
controller are investigated in a buck-boost converter in
comparison with the controller designed by conventional H,,
loop shaping. Resuits of simulations demonstrate the advantages
of the proposed controller in terms of simple structure and
robustness against plant perturbations and disturbances.
Experiments are performed to verify the effectiveness of the
proposed technique.

Index Terms— H.. loop shaping , genetic algorithm , buck
boost converter

1. INTRODUCTION

DC-DC converters have been widely used in computer
hardware and industrial applications. Controlling of these
converters is a challenging field because of their intrinsic
nature of nonlinear, time-variant systems [1]. In previous
research works, the linear models of these converters were
derived by using linearization method [2-3]. Some linear
control techniques were applied to these converters based on
the linear models [1, 4-5]. NAIM, R., et.al.[4], applied the H..
control to a boost converter. Three controllers; voltage mode,
feed-forward and current mode control were investigated and
compared the performance. G.C. loannidis and S.N. Manias
[5] applied the H., loop shaping control schemes for a buck
converter. In their paper, the f+analysis was used to examine
the robust features of the designed controllers. Simone Buso
[1] adopted the robust p-synthesis to design a robust voltage
controller for a buck-boost converter with current mode
control. The parameter variations in the converter’s transfer
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Piyapong and Somyot are with the Department of Electrical
Engineering, Faculty of Engineering, King Mongkut's Institute of
Technology Ladkrabang, Bangkok 10520, Thailand. Email
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function were described in term of perturbations of linear
fraction transformations (LFT) class.

In DC to DC converter, normally, the controller is
designed by using analog circuit. Although the higher control
techniques mentioned above are powerful techniques for
designing the high performance and robust controller;
however, the structure of these controllers is complicated with
a high order. It is not easy to implement these controllers in
the converters. Nevertheless, the design of analog circuit for
these controllers is not feasible. To overcome this problem,
fixed-structure controller is investigated. Fixed-structure
robust controllers have become an interesting area of research
because of their simple structure and acceptable controller
order. However, the design of this controller by using the
analytical method remains difficult. To simplify this problem,
the searching algorithms such as genetic algorithm, particle
swarm optimization technique, gradient method, etc., can be
employed.

Several approaches to design a robust control for structure
specified controller were proposed in [6-8]. In [6], a robust
H. optimal control problem with structure specified
controller was solved by using genetic algorithm (GA). As
concluded in [6], genetic algorithm is a simple and efficient
tool to design a structure specified H., optimal controller.
Bor-Sen.Chen. et. al.[7], proposed a PID design algorithm for
mixed Hy/H. control. In their paper, PID controlier
parameters were tuned in the stability domain to achieve
mixed H,/H., optimal control. A similar work was proposed in
[8] by using the intelligent genetic algorithm to solve the
mixed Hy/H.. optimal control problem. The techniques in [6-8]
are based on the concept of H.. optimal control which two
appropriate weights for both the uncertainty of the model and
the performance are essentially chosen. A difficulty with the
H.. optimal control approach is that the appropriate selection
of close-loop objectives and weights is not straightforward. In
robust control, H,, loop shaping which is a simple and
efficient technique for designing a robust controller can be
alternatively used to design the robust controller for the
system. Uncertainties in this approach are modeled as
normalized co-prime factors; this uncertainty model does not
represent actual physical uncertainty, which usually is
unknown in real problems. This technique requires only two
specified weights, pre-compensator and post-compensator,
for shaping the nominal plant so that the desired open loop
shape is achieved. Fortunately, the selection of such weights
is based on the concept of classical loop shaping which is a
well known technique in controller design. By the reasons
mentioned above, this technique is simpler and more intuitive
than other robust control techniques. However, the controller
designed by H.. loop shaping is still complicated and has high
order. To overcome this problem, in this paper, we propose a
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fixed-structure H.. loop shaping control to design a robust
controller for a buck boost converter. In the proposed
technique, the controller structure is firstly specified and the
genetic algorithm is then used to evaluate the control’s
parameters. Simulation and experimental results show the
advantages of simple structure, lower order and robustness of
the proposed controller.

The remainder of this paper is organized as follows.
Converter dynamics are described in section II. H.. loop
shaping and the proposed technique are discussed in section
I11. Section IV demonstrates the design example and results.
Finally, section V concludes the paper with some final
remarks.

1. CONVERTER MODELING

A typical circuit of buck-boost converter with current mode
control is shown in Fig. 1. The dynamic model of this
converter from the current reference (i) to output voltage (u)
is given by [2-3]

du v TRV g
Y _ g P
di, Vi +2V, (1+s-C-R, - —2—L1

2V, +V,

Where Ry, is the nominal load resistant, ¥, is the nominal
output voltage, V; is the nominal input voltage, L is the
inductance of an inductor used in the circuit, C is the
capacitance, f;, is the switching frequency.

1 Reference

Clock Voltage

‘ Controller ? .
Commang

Fig. 1. Buck boost converter with current mode control.

The accuracy of this model has been proved to be accepted,
at least in frequency of interest in this application [2-3].

III. H..Loor SHAPING CONTROL AND PROPOSED TECHNIQUE

This section illustrates the concepts of the standard H.. loop
shaping control and the proposed technique.

A. Standard H.. Loop Shaping

H.. loop shaping control [9] is an efficient method to design
a robust controller. This approach requires only a desired
open loop shape in frequency domain. Two weighting
functions, W, (pre-compensator) and #; (post-compensator),

are specified to shape the original plant G,. In this approach,
the shaped plant is formulated as normalized coprime factor,
which separates the plant G, into normalized nominator N,
and denominator M, factors. Fig. 2 shows the coprime
perturbed plant and robust stabilization used in this approach.

Ay

5

LAy

s

A 4

+

- .

s

v

K

Fig. 2. Co-prime factor robust stabilization problem.

If the shaped plant G, =W,G W, = N,M' , then a
perturbed plant is written as [9]
Gy, = (N +Ay M, +4,)" @)
Where Ay, and Ay are stable, unknown representing the
<E,

uncertainty satisfying"A Ne> D
£ is the uncertainty boundary, called stability margin.

According to the standard procedure of H.. loop shaping,
the following steps can be applied to design the H.. loop
shaping controller.

Step 1 Shape the singular values of the nominal plant G, by
using a pre-compensator W, and/or a post-compensator W to
get the desired loop shape. W, can be chosen as an identity
matrix, since we can neglect the sensor noise effect when the
use of good sensor is assumed [10]. Weight selection is very
important for the design. Typically, weight #; and W, are
selected such that the open loop of the shaped plant has the
following conflict properties:

e To achieve a good performance tracking, good disturbance
rejection, large open loop gain (normally at low frequency
range) is required.

o To achieve a good robust stability and sensor noise rejection,
small open loop gain (normally at high frequency range) is
required.

There are some guidelines for the weight selection in [10]. In
SISO system, the weighting functions w, and %, can be

chosen as

W, = K, = and W, =1 3
s+b
Where K, aand b are positive values

Step 2 Minimize co-norm of the transfer matrix 7, over all
stabilizing controllers X, to obtain an optimal cost Yy, as [10]

I 4 gl
}/opl = 80111 = sllzlbf;( IZK](I + GsK) Ms (4)

oo

Ep << 1 indicates that W, or W designed in step 1 are
incompatible with robust stability requirement. If £, is not
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satisfied (&, << 1), then return to step 1, adjust 7.
Step 3 Select £< &,,,and then synthesize a controller K., that
satisfies

I -13 -1
I .. =“[K :I(I+GSK_,) M;

Controller K., is obtained by solving the optimal control
problem. See [11] for more details.
Step 4 Final controller (X) follows

K=WK.W, (6)

<eg? )

oo

B. Genetic Algorithm based Fixed-Structure H.. Loop

Shaping Optimization

The controller, which is derived from H.. loop shaping
method, is complicated and high-order. It is difficult to apply
this controller in real works. Nowadays, the fixed-structure
robust controller becomes an interesting research area
because of their advantages in simple structure and acceptable
controller’s order. In this paper, the genetic searching
algorithm is adopted to solve this problem. Although the
proposed controller is structured, it still retains the entire
robustness and performance guarantee as long as a
satisfactory uncertainty boundary £is achieved. The proposed
algorithm is explained as following.

Assume that the predefined structure controller K(p) has a
satisfied parameters p. Based on the concept of H infinity loop
shaping, optimization goal is to find parameters p in controller

K(p) that minimize infinity norm "T |l - From (6), the
controller K(p) can be written as

K(p) = WKW, @)
Assume that ¥, and W, are invertible, then
K. =W K@) W;' ®)

the weight W, = I which implies that sensor noise is negligible
and not considered [10]. Thus,

K. =W'K@p ©)
By Substitution of (9) into (5), then the co-norm of the

transfer function matrix from disturbances to states, HT b

which is subjected to be minimized can be written as

[1 ](1 +G, W K(p) " M

Jcosl = }/= ||TZW|Le = W—lK(p)
1

o0

(10)

In this paper, GA is adopted to find the optimal control
parameters p* in the stabilizing controller K(p) such that the
”T w lL is minimized. The optimization problem can be

written as

Minimize ](1 +G W K(p) M " (1

LV{'K (p)

oo

Subject to
pi,min < pi < pi,max

Where p, ., and p, .. are the lower and upper bound

values of the parameter p, in controller K(p), respectively.
Genetic Algorithms

Our proposed technique uses GA to solve the optimization
problem in (11). GA is well known as a biologically inspired
class of algorithms that can be applied to any nonlinear
optimization problem. This algorithm applies the concept of
chromosomes, and the operations of crossover, mutation and
reproduction. At each step, called generation, fitness values of
all chromosomes in population are calculated. Chromosome,
which has the maximum fitness value (minimum cost value),
is kept as a solution in the current generation and passed to the
next generation. The new population of the next generation is
obtained by performing the genetic operators such as
crossover, mutation, and reproduction. Crossover randomly
selects a site along the length of two chromosomes, and then
splits the two chromosomes into two pieces by breaking them
at the crossover site. The new chromosomes are then formed
by matching the headpiece of one chromosome with the
tailpiece of the other. Mutation operation forms a new
chromosome by randomly changing value of a single bit in the
chromosome. Reproduction operation forms a new
chromosome by just copying the old chromosome.
Chromosome selection in genetic algorithm depends on the
fitness value. High fitness value means high chance to be
selected. Operation type selection; mutation, reproduction, or
crossover, depends on the pre-specified operation’s
probability.

Chromosome in genetic population is coded as binary
number. However, for the real number problem, decoding
binary number to floating number is applied [12]..

Our proposed algorithm is summarized as

Step 1 Shape the singular values of the nominal plant G, by
W, and W,. Then evaluate the €, using 4.1t g,, <025,

then go to step 1 to adjust the weight .

Step 2 Select a controller structure K(p) and initialize several
sets of parameters p as population in the 1* generation. Define
the genetic parameters such as initial population size,
crossover and mutation probability, maximum generation,
etc.

Step 3 Evaluate the cost function Jeog of each chromosome
using (10). Assign J.,,= 100, or large number if K(p) does not
meet the constraints in our optimization problem. The fitness

. Select the chromosome with

value is assigned as
cos?

minimum cost function as a solution in the current generation.

For the first generation, Gen = 1.

Step 4 Increment the generation for a step.

Step 5 While the current generation is less than the maximum
generation, create a new population using genetic operators
and go to step 3. If the current generation is the maximum
generation, then stop.

Step 6 Check performances in both frequency and time
domains. If the performance is not satisfied, such as too low &
(too low fitness function), then go to step 3 to change the
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control structure. Low & indicates that the selected control W =25 (s+30) 13
structure is not suitable for the problem. 1= (s+10) (13)
W, is chosen as 1 since we neglect the sensor noise effect
Start when the use of good sensor is assumed. Fig. 4 (a) shows the
¥ plot of open loop shape of nominal plant and shaped plant. As
Specify weighting fimctions #; and Wy, evaluate &, seen in this figure, the bandwidth of the nominal plant is about

600 rad/sec. With these weighting functions, bandwidth of the
desired control system is increased to 15,000 rad/sec.
Significant performances and robustness improvement are
carried out by these weighting functions.

The shaped plant is written as
(s+30)(-0.0042s + 605.6) (14)

G,=L=W,GW, =25

(s+10)(0.9963s + 72)
1= 1; By applying the H., loop shaping method, the optimal
K - stability margin (&,,) is founded at 0.708 (yapl =1.4123).
Evaluate fi function (J,.)", calculate th . . 4 e 1r ) .
- u;;s: 3:“2[:; :;211( cmim§:0°m“:° ‘ This value indicates that the selected weighting function is
l compatible with the robust stability requirement. The £ =
STl T Toormosome ol maximam finess value 0.66123 (=1.5123), which is less than the optimal stability
as the solution of current generation. margin, is chosen to synthesis the controller. Based on the

conventional technique is section II, the conventional H., loop .
shaping controller is synthesized as following

4.599x10° 52 +2.763x10% s +4.15x10°

K(s)=W.K_W, =
V' () =K, 53 +1.845x10° 5% +7.386x10% s+ 5.541x107

Gen = Gen +1;
Sampling new population by genetic operation (1 5)

As shown in (15), the controller is 3" order controller and
complicated structure,

Y
I Check the performance, If it is not satisfied such as too low fitness, then select
a new control structure K{p) and then go to step 4.

Fig. 3. Flow chart of the proposed design procedure. Next, PI controller is investigated as a fixed-structure
controller. The controller structure is expressed in (16). K,

IV. SIMULATION AND EXPERIMENTAL RESULTS and K; are parameters that will be evaluated.

In this paper, a buck-boost converter designed for a R K,
photovoltaic system is studied. Converter’s parameters and K(p) _KP % s (16)
considered variation ranges used in this paper are given in

Table 1. Select the controller parameters, their ranges, and genetic
algorithms ~ parameters as following: K, €[0,200],
Table 1 Converter’s parameters and considered K<[0,1000], population size = 100, crossover probability
variation ranges. =(.7, mutation probability =0.25, and maximum generation =
Parameter Name Nominal 30. An optimal solution is obtained after 18 generations. The
Value optimal solution is shown in (17), which has stability margin
R, Load Resistant 400 (&) 0f 0.65918( »=1.5171).
Ve Output Voltage 30V . 989.7
V; Input Voltage 12V K(p) =21.88 +_s_ 17
L Inductance 100 uH
C Capacitor 470 uF Fig. 5 shovc{s plots of c<.)nvlcrge.nl::r(:.l of cost f:unct_ion Jeost
fon Switching 100 kHz versus g.eneratlons by genetic algorithm. As seen in this f.'lgure,
£ the optimal fixed-structure controller provides the satisfied
cquency stability margin at 0.65918( y=1.5171).
By (1), the nominal transfer function is found to be
_ (-0.0042s+480) (12)
? (0.7896s+72)

Both H.. loop shaping control and our proposed technique are
applied to this converter. Firstly, we design a controller by the

conventional H., loop shaping procedure. In this case, ¥ is
selected as
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Fig. 5 Cost functions J,,, versus iteration in genetic
cy. (radisec)

algorithm.

The open loop bode diagrams of the nominal and shaped
* plants are shown in Fig. 4(a). As shown in this figure, at low
~+ frequency, the open loop gain of shaped plant is much larger
“ i than that of the nominal plant. This makes the designed
o . system has good performance tracking and good disturbance
%" rejection. Open loop bode diagrams are plotted in Fig. 4(b) to
.. 12 verify the proposed algorithm. It is clearly shown that the loop
" shapes of H,, control and PI are close to the desired loop shape.
<. Fig. 4(c) shows the step responses of the optimal solutions
“+ from the proposed robust PI and the conventional H.
“ controllers. As shown in this figure, the settling time of all
. responses is about 350 pisec.

... To verify the robust performance, we change the

[/ converter’s parameters as: R=109Q, V;=10.8V, L=120 uH

~ and C=611 pF. The designed controller in (15) and (17) is

- adopted to control this perturbed plant. Obviously, this

" condition (increase the L and C and decrease the load and

input voltage) is worse than the nominal condition. In this
i case, for simulation, the plant is changed to

(-0.004896s +129.6)
(029385 + 70.8)

i
R
:Frequericy (radisec)

(18)

* Fig. 6 shows the step responses of all controllers in the
perturbed plant. The responses are almost the same as the
‘responses in the nominal plant with some different in the
“setting time. The results show that the designed system from
the proposed controller and H,, loop shaping has a good
“.performance and robustness.

Step Re:pgnia

T e gt TR

Fig. 4. (2) Bode plots of the nominal plant and the shaped - A
plant (desired loop shape, L) (b) The desired loop shape an oo d
the loop shape by the conventional H.. loop shaping and the - £
proposed PI, (c) Step responses by the proposed PI and H., i
loop shaping controllers.

s iy Sl I ) R s oy :
0002 - "B.O04 0.008 0R03 001 0012 0014 0516 ~..0.018 0.02
. . 2 [ Time (sec)

Fig. 6 Step responses in the perturbed plant.(R;= 10 Q, V; =
10.8 V, =120 pH and C=611 uF).
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Some experiments are performed to verify the effectiveness
of the proposed controller. The nominal values in Table 1 are
used to design a buck boost converter with current mode
control. A proposed controller, robust PI controller in (17) is
used to control the converter. Fig. 7 shows the experimental
result of step response of the proposed controller. The settling
time of the response is about 350 usec. As seen in Fig. 4(c)
and Fig. 7, the response of experimental result is almost the
same as that of the simulation result.

" ! Stopped. i

" %9007/09/10 235302
TIo toierime/div

Fig. 7 Step response in the closed loop in nominal conditions
for proposed P1 controller.

To verify the robust performance of the system, an
experiment is performed. The component values and
operating points of converter are changed to: R;=10Q, V; =
10.8 V, =120 pH and C=611 pF. The controller from the
previous experiment is used to control this perturbed plant.
The performance is verified by using the step response. As
shown in Fig. 8, the step response is almost the same as the
response in nominal conditions. This response is over damp
response with a small different in the settling time.
Experimental results verify that the proposed controller can
be applied for the buck-boost converter to achieve a good
robust performance.

. 'stopped’ i - 2007/09710° 231246 -

e ime/div |

Fig. 8 Step response in the closed loop in perturbed
conditions for the proposed PI controller.

To verify the robust against the sudden change of load, an
experiment were performed. As shown in Fig.9, when the
load is abruptly changed, the proposed controller can
maintain the desired voltage.

i apass

Fig.9 response of propose controller when the load change 40
Qo020 Q.

V. CONCLUSION

Both of H.. loop shaping and the proposed technique can
be applied to design a robust controller for a buck boost
converter. However, the proposed approach significantly
improves in practical control viewpoint by simplifying the
controller structure, reducing the controller order and
retaining the robust performance. Although the proposed
controller is structured, it still retains the entire robustness and
performance guarantee as long as a satisfactory uncertainty
boundary £ is achieved. Structure of controller in the
proposed technique is selectable. This is desirable, especially
in the DC-DC converter which analog circuit is normally used
to design the controller. In conclusion, by combining of the
approaches, genetic algorithms and H.. loop shaping;
fixed-structure  controller design can be designed.
Implementation in buck-boost converter assures that the
proposed technique is valid and flexible.
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Preface

A large international conference on Advances in Communication Technologies and
Engineering Science was held in Hong Kong, March 19-21, 2008, under the Interna-
tional MultiConference of Engineers and Computer Scientists (IMECS 2008). The
IMECS 2008 is organized by the International Association of Engineers (IAENG).
TAENG is a non-profit international association for the engineers and the computer
scientists, which was found originally in 1968 and has been undergoing rapid expan-
sions in recent few years, The IMECS conferences serve as good platforms for the
engineering community to meet with each other and to exchange ideas. The confer-
ences have also stroke a balance between theoretical and application development.
The conference committees have been formed with over two hundred committee
members who are mainly research center heads, faculty deans, department heads,
professors, and research scientists from over 30 countries. The conferences are truly
international meetings with a high level of participation from many countries. The
response that we have received for the congress is excellent. There have been more
than five hundred manuscript submissions for the IMECS 2008. All submitted pa-
pers have gone through the peer review process and the overall acceptance rate is
56.03%.

This volume contains revised and extended research articles written by prominent
researchers participating in the conference. Topics covered include communica-
tions theory, communications protocols, network management, wireless networks,
telecommunication, electronics, power engineering, control engineering, signal pro-
cessing, and industrial applications. The book will offer the states of arts of tremen-
dous advances in communication systems and engineering science and also serve as
an excellent reference work for researchers and graduate students working with/on
communication technologies and engineering science.

Cambridge, Massachusetts Sio-Iong Ao
Canberra, ACT Xu Huang
Hong Kong, P.R. China Ping-Kong Alexander Wai
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Chapter 14

Fixed Structure Robust Loop Shaping
Controller for a Buck-Boost Converter
Using Evolutionary Algorithm

S. Kaitwanidvilai, A. Jangwanitlert, I. Ngarmroo, W. Khanngern
and S. Karnprachar

Abstract In this paper, we propose a new technique used to design a robust
controller that is not as high-order and complicated as the ones designed by conven-
tional o, loop shaping method. The proposed algorithm is called Genetic Algo-
rithm (GA) based fixed-structure Hy, loop shaping control. In the approach, GA is
adopted to solve the } ,, loop shaping design problem under a structure specified
controller. The performance and robustness of the proposed controller are investi-
gated in a buck-boost converter in comparison with the controllers designed by con-
ventional o, loop shaping and conventional ISE method. Results of simulations
demonstrate the advantages of the proposed controller in terms of simple structure
and robustness against plant perturbations and disturbances. Experiments are per-
formed to verify the effectiveness of the proposed technique.

Keywords 7 ., loop shaping - Robust controller - Genetic algorithm - Buck-boost
converter ‘

14.1 Introduction

DC-DC converters have been widely used in computer hardware and industrial
applications. Controlling of these converters is a challenging field because of their
intrinsic nature of nonlinear, time-variant systems [1]. In previous research works,
the linear models of these converters were derived by using linearization method
[2, 3]. Some linear control techniques were applied to these converters based on the
linear models [1, 4, 5]. Naim et al. [4] applied the  control to a boost converter.
Three controllers; voltage mode, feed-forward and current mode control were inves-
tigated and compared the performance. G.C. loannidis and S.N. Manias [5] applied
the o loop shaping control schemes for a buck converter. In their paper, the

S. Kaitwanidvilai (=)
Electrical Engineering Department, Faculty of Engineering, King Mongkut’s Institute
of Technology, Ladkrabang 10520, Thailand

S.-L Ao et al. (eds.), Trends in Communication Technologies and Engineering Science, 177
Lecture Notes in Electrical Engineering 33, DOI 10.1007/978-1-4020-9532-0_14,
© Springer Science+Business Media B.V. 2009
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j-analysis was used to examine the robust features of the designed controllers.
Simone Buso [1] adopted the robust p-synthesis to design a robust voltage controller
for a buck-boost converter with current mode control. The parameter variations in
the converter’s transfer function were described in term of perturbations of linear
fraction transformations (LFT) class.

The controllers in DC to DC converters are usually designed using analog circuit.
Although the controllers designed by the techniques mentioned earlier are robust,
and high performance, they are complicated and high order, thus they are difficult to
be implemented in the converters. Nevertheless, the design of analog circuit for these
controllers is not feasible. To solve this problem, fixed-structure controller is investi-
gated. Fixed-structure robust controllers have become an interesting area of research
because of their simple structure and acceptable controller order. However, it is dif-
ficult to design this controller using analytical method. Algorithms such as genetic
algorithm, particle swarm optimization, and gradient method can be employed to
simplify the design of this controller.

Several approaches to design a robust control for structure specified controller
were proposed in Bor-Sen Chen and Yu-Min Cheng [6], Bor-Sen Chen [7], and
Shinn-Jang Ho et al. [8]. In Bor-Sen Chen and Yu-Min Cheng [6], a robust
optimal control problem with structure specified controller was solved by using
genetic algorithm (GA). As concluded in this paper, genetic algorithm is a simple
and efficient tool to design a structure specified  optimal controller. Bor-Sen
Chen et al. [7], proposed a PID design algorithm for mixed 2/ o control. In
their paper, PID controller parameters were tuned in the stability domain to achieve
mixed 5/ o optimal control. A similar work was proposed in Shinn-Jang Hc
et al. [8] by using the intelligent genetic algorithm to solve the mixed 2/ o
optimal control problem.

The techniques mentioned above are based on the concept of o optimal
control which two appropriate weights for both the uncertainty of the model and
the performance are essentially chosen. A difficulty with the o, optimal control
approach is that the appropriate selection of close-loop objectives and weights is not
straightforward. In robust control,  loop shaping which is a simple and efficient
technique for designing a robust controller can be alternatively used to design
the robust controller for the system. Uncertainties in this approach are modeled
as normalized co-prime factors; this uncertainty model does not represent actual
physical uncertainty, which usually is unknown in real problems. This technique
requires only two specified weights, pre-compensator and post-compensator,
for shaping the nominal plant so that the desired open loop shape is achieved.
Fortunately, the selection of such weights is based on the concept of classical loop
shaping which is a well known technique in controller design. By the reasons
mentioned above, this technique is simpler and more intuitive than other robust
control techniques. However, the controller designed by o loop shaping is still
complicated and has high order. To overcome this problem, in this paper, we
propose a fixed-structure o, loop shaping control to design a robust controller for
a buck-boost converter. In the proposed technique, the controller structure is first
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specified and the genetic algorithm is then used to evaluate the control’s parameters.
Simulation and experimental results show the advantages of simple structure, lower
order and robustness of the proposed controller.

The remainder of this paper is organized as follows. Converter dynamics are
described in Section 14.2. , loop shaping and the proposed technique are dis-
cussed in Section 14.3. Section 14.4 demonstrates the design example and results.
Finally, Section 14.5 concludes the paper with some final remarks.

14.2 Converter Modeling

A typical circuit of buck-boost converter with current mode control is shown in
Fig. 14.1. The dynamic model of this converter from the current reference (i,) to
output voltage (up) is given by Ridley [2] and Kassakian [3].

(1 3D = \(_\i>
r TIRY \
do_y, i RBNS O ¢ (14.1)
O LR o ARG\
Y e VW

where F; is the nominal load resistant, 1, is the nominal output voltage, 1; is the
nominal input voltage, I is the inductance of an inductor used in the circuit, ( is
the capacitance, f;, is the switching frequency. The accuracy of this model has beer
proved to be accepted, at least in frequency of interest in this application.

0o o m
e L C= R
. Output
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Fig, 14.1 Buck-boost
converter with current mode
control
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14.3 7 ,, Loop Shaping Control and Proposed Technique

This section illustrates the concepts of the standard o, loop shaping control
and the proposed technique. Consider the system described by the block diagram
(Fig. 14.2), where the plant ( and the controller } are real rational and proper.
y is the output, u is the control input, v is the vector signal including noises, dis-
turbances, and reference signals, and z is the vector signal including all controlled
signals and tracking errors. The , optimal control problem is to find admission
controller F (z) such that [|1, || is minimized, where ||1, || is the maximum
norm of the transfer function from v tc z, and the admission controller is the con-
troller that internally stabilizes the system [9].

Fig. 14.2 General block — .
diagram in robust control w ¢ z
problem

u y

14.3.1 Standard 1 ., Loop Shaping

~ loop shaping control [9] is an efficient method to design a robust controller.
This approach requires only a desired open loop shape in frequency domain, Two
weighting functions, ¥ ; (pre-compensator) and } » (post-compensator), are speci-
fied to shape the original plant ¢ . In this approach, the shaped plant is formulated as
normalized coprime factor, which separates the plant € 5 into normalized nominator
! ¢ and denominator A  factors. If the shaped plant ( ; =1V ;G 2 =1 A ! thena
perturbed plant can be written as

Co=@s+2p)Ds+22 )" (14.2)

Where Ay, and Ay are stable, unknown representing the uncertainty satisfying
|| Ans, Apslloo < € , € is the uncertainty boundary, called stability margin.

According to the standard procedure of o loop shaping, the following steps
can be applied to design the  loop shaping controller.

Step 1 Shape the singular values of the nominal plant ( . by using a pre-
compensator } ; and/or a post-compensator 1 5 to get the desired loop shape. 1 »
can be chosen as an identity matrix, since we can neglect the sensor noise effect
when the use of good sensor is assumed [10]. Weight selection is very important for
the design. There are some guidelines for the weight selection in Siguard Skogestad
and Ian Postlethwaite [11]. In SISO system, the weighting functions } ; and } 7 can

be chosen as
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NG o C
and 1,=
$ 41 " 2 s+¢

Vi=1h, (14.3)

where } , , a, t and ¢ are positive values.
Step 2 Minimize oo — norm of the transfer matrix 7, over all stabilizing con-
trollers } to obtain an optimal cost y o , as

(14.4)

1 . 1y —
L}U+QI)AQ

Yopt = 6y = inf. _
To determine &, , there is a unique method explained in Siguard Skogestad and
Tan Postlethwaite [11]. &,y << 1 indicates that ¥ | or } ; designed in step 1 are
incompatible with robust stability requirement. If &, is not satisfied (gopr << 1),
then return to step 1, adjust } ;.
Step 3 Select € < &, and then synthesize a controller ? o that satisfies

<¢g! (14.5)

(o]

1 e
"]zu”oo=N|:1 ](1'*‘(5100) 111_;1
o0

Controller # , is obtained by solving the optimal control problem. More detail is
available in Siguard Skogestad and Ian Postlethwaite [11].
Step 4 Final controller (} ) follows

F =1 1112 (14.6)

14.3.2 Genetic Algorithm Based Fixed-Structure 1 o, Loop
Shaping Optimization

Practical implementation of the controller derived from o, loop shaping method
is difficult because the order of the controller is quite high. In this paper, the genetic
searching algorithm is adopted to solve this problem. Although the proposed con-
troller is structured, it still retains the entire robustness and performance guarantee
as long as a satisfactory uncertainty boundary ¢ is achieved. The proposed algorithm
is explained as following.

Assume that the predefined structure controller K(p) has a satisfied parameters .
Based on the concept of o, loop shaping, optimization goal is to find parameters ¢
in controller K(p) that minimize infinity norm |{7,, [|,. In the proposed technique,
the final controller / is defined as

F =), (14.7
Assuming that 1 ; is invertible, from (14.6) then it is obtained that

Foo=1'1(@) (14.8)
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In many cases, the weight V ; is selected as identity matrix 1. However, if } ; is
a transfer function matrix, then the final controller is the controller  (z) in series
with the weight 1 ,. By Substitution of (14.8) into (14.5), then the co-norm of the
transfer function matrix from disturbances to states, |{2, ||o0, Which is subjected to
be minimized can be written as

(14.9)

1 - 1 —
Jeost =¥ = 134 "oo = -1 I+ 1 y. ¢3)) J s !
Vi)

oo

In this paper, GA is adopted to find the optimal control parameters ¢* in the
stabilizing controller K(p) such that the [|1,, || is minimized.

14.3.2.1 Genetic Algorithms

GA is well known as a biologically inspired class of algorithms that can be applied
to any nonlinear optimization problem. This algorithm applies the concept of chro-
mosomes, and the operations of crossover, mutation and reproduction. At each step,
called generation, fitness values of all chromosomes in population are calculated.
Chromosome, which has the maximum fitness value (minimum cost value), is kept
as a solution in the current generation and passed to the next generation. The new
population of the next generation is obtained by performing the genetic operators
such as crossover, mutation, and reproduction. Crossover randomly selects a site
along the length of two chromosomes, and then splits the two chromosomes into
two pieces by breaking them at the crossover site. The new chromosomes are then
formed by matching the headpiece of one chromosome with the tailpiece of the
other. Mutation operation forms a new chromosome by randomly changing value of
a single bit in the chromosome. Reproduction operation forms a new chromosome
by just copying the old chromosome. Chromosome selection in genetic algorithm
depends on the fitness value; high fitness value means high chance to be selected.
Operation type selection; mutation, reproduction, or crossover, depends on the pre-
specified operation’s probability. Chromosome in genetic population is coded as
binary number. However, for the real number problem, decoding binary number to
floating number is applied {12]. Our proposed algorithm is summarized as

Step 1 Shape the singular values of the nominal plant ¢ by } ; and } 2. Then
evaluate the £,, using (14.4). If g, < 0.25, then go to step 1 to adjust the
weight ¥ 1.

Step 2 Select a controller structure K(p) and initialize several sets of parameters
£ as population in the 1% generation. Define the genetic parameters such as initial
population size, crossover and mutation probability, maximum generation, etc.

Step 3 Evaluate the cost function J s of each chromosome using (14.9). Assign
Jeost = 100, or large number if K(p) does not meet the constraints in our optimization
problem. The fitness value is assigned as 1/J;oq. Select the chromosome with min-
imum cost function as a solution in the current generation. For the first generation,
Gen = 1.

Step 4 Increment the generation for a step.
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Step 5 While the current generation is less than the maximum generation, create
a new population using genetic operators and go to step 3. If the current generation
is the maximum generation, then stop.

Step 6 Check performances in both frequency and time domains. If the perfor-
mance is not satisfied, such as too low & (too low fitness function), then go to step 3
to change the control structure. Low ¢ indicates that the selected control structure is
not suitable for the problem.

14.4 Simulation and Experimental Results

In this paper, a buck-boost converter designed for a photovoltaic system is studied.
Converter’s parameters and considered variation ranges used in this paper are given
in Table 14.1.

By (14.1), the nominal transfer function is found to be

_=0.0042s + 480

14.1
0.7896s + 72 S\

Both , loop shaping control and our proposed technique are applied to this
converter. Firstly, we design a controller by the conventional o, loop shaping pro-
cedure. Based on the concept of o, loop shaping, } ; and ¥ » can be selected as

- (s+267) 100000 2T

L= s +0001) > 54 100000

Figure 14.4(a) shows the plot of open loop shape of nominal plant and
shaped plant. As seen in this figure, the bandwidth of the nominal plant is about
600 rad/sec. With these weighting functions, bandwidth of the desired control sys-
tem is increased to 20,000 rad/sec. Significant improvement in terms of perfor-
mances and robustness is carried out by these weighting functions. The shaped plant
is written as

(s +26.7) (—=0.0042s +480) (100000)

(;,=1V1GV,=30
¢ 1GV (s +0.001) (0.7896s +72) (s 4+ 100000)

(14.12)

Table 14.1 Converter’s parameters and considered variation ranges

Parameter Name Nominal value
I Load resistant 40 Q

1. Output voltage 30V

\7] Input voltage 12V

1 Inductance 100 pt

( Capacitor 470 pt

I Switching frequency 100 kHz
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By applying the  loop shaping method, the optimal stability margin (g,pr)
is founded at 0.612 (yop = 1.6338). This value indicates that the selected weight-
ing function is compatible with the robust stability requirement. The & = 0.590
(y=1.6949), which is less than the optimal stability margin, is chosen to synthesize
the controller. Based on the conventional technique in Section 14.3, the conventional

o loop shaping controller is synthesized as following

(s +26.7) (261841)(s + 1.002 x 10°)(s + 26.9)

(s -+ 0.001) (52 + 3.265 x 10%s + 3.608 x 101%)(s + 26.7)
(100000)

X —
(s + 100000)

F(s)="1 1F ool 2=30

(14.13)

As shown in (14.13), the controller is 5% order controller resulting in a com-
plicated structure. Next, PI controller is investigated as a fixed-structure controller.
The controller structure is expressed in (14.14). I ; and F; are parameters that will
be evaluated.

} .
rgp)=1, +T' (14.14)

The controller parameters, their ranges, and genetic algorithms parameters are
selected as follows: }, € [0,200], ! ; € [0,1000], population size = 100, crossover
probability = 0.7, mutation probability = 0.25, and maximum generation = 30. An
optimal solution is obtained after 18 generations. The optimal solution is shown in
(14.15), which has stability margin (g) of 0.586 (y = 1.7064).

597.6

F(p)r=2184+ — (14.15)
s
The final controller (} ) is shown in (14.16).
597.6 100000
} = . 14.16
(21 ‘O s ) (s + 100000) ( )

Figure 14.3 shows plots of convergence of cost function J.,s versus generations
by genetic algorithm. As seen in this figure, the optimal fixed-structure controller
provides the satisfied stability margin at 0.586 (y = 1.7064). The open loop bode
diagrams of the nominal and shaped plants are shown in Fig. 14.4(a). 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 system good in term of performance track-
ing and disturbance rejection. Open loop bode diagrams are plotted in Fig. 14.4(b)
to verify the proposed algorithm. It is clearly shown that the loop shapes of  , con-
trol and proposed PI controller are close to the desired loop shape. Figure 14.4(c)
shows the step responses of the optimal solutions from the proposed robust PI and
the conventional ., controllers. As shown in this figure, the settling time of all
responses is about 500 p sec.
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Fig. 14.3 Fitness functions versus iterations in genetic algorithm
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In addition, in this paper, we apply the conventional PI controller based on the
ISE method. In this method, the controller parameter is tuned in such a way that the
integral of square error between output and desired response is minimized. However,
to prevent the oscillations in the response, ISE with the model reference can be
applied [13]. In this paper, we adopted the ISE with model reference to design a PI
controller to make the settling time close to 500 p sec. The resulting controller is,

2800
g =19+~ (14.17)

The step responses of proposed and o, controllers in the nominal plant and per-
turbed plant are shown in Fig. 14.5(a) and (b), respectively. As shown in the figures,
the responses in perturbed plant are almost the same as the responses in the nominal
plant with some different in the setting time. The results show that the designed sys-
tem from the proposed controller and , loop shaping has a good performance and
robustness. To verify the robust performance, we change the converter’s parameters
as: F; =109, V; =108V, 1 =130 pH and ( = 2200 y F. The designed con-
trollers in (14.16) and (14.17) are adopted to control the perturbed plant. Obviously,
this condition (increase 1 and ¢ and decrease the load resistance and input voltage)
is worse than the nominal condition, because in this case the gain and phase of the
plant are decreased in the crossover region.

Some experiments are performed to verify the effectiveness of the proposed con-
troller. The nominal values in Table 14.1 are used to design a buck-boost converter
with current mode control. A proposed robust PI controller in (14.16) and PI con-
troller tuned by ISE method in (14.17) are used to control the converter. As seen in
Figs. 14.5(a) and 14.6, the response of experimental result is almost the same as that
of the simulation result.

To verify the robust performance of the system, an experiment is performed.
The component values and operating point of the converter are changed to:

Step Response Step Response
1.2p x . ey oy d 12 ¢ T - s
0.8 == Proposed conlroller Proposed controller | J
. ===*=} = controller . wweev} o controller
. ki P - e
3 06l L - 2 Pl controlier
2 : 2
g £
= 0.4 =
0.2
0
02 R NP : o2 N . PP
0 05 1 15 2 25 3 35 4 45 g 0o 05 1 153 2 25 3 35 4 45 5
" N =3
Time (sec) x10 Time (sec) x10
(@) (b)

Fig. 14.5 (a) Step responses in the nominal plant. (t ) Step responses in the perturbed plant
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Fig. 14.6 Step responses in nominal condition. (a) Proposed PI controller. (t) PI tuned by ISE
method

}; =109, 1; =108 V,1 =130 pH and ¢ = 2200 pE. The performance is
verified by using the step response. As shown in Fig. 14.7, the step response of the
proposed controller is almost the same as the response in nominal conditions while
the step response of the PI controller tuned by ISE method has an overshoot when
the system parameters-change. This can be verified that the robust performance of
the proposed technique is better than that of PI controller by ISE method.

To verify the robust against the sudden change of load, an experiment were per-
formed. As shown in Fig. 14.8, when the load is abruptly changed, the proposed
controller can maintain the desired voltage.

TOR/UI/TS CLEN  Ste,
YT sl |

1295V

@) )
Fig. 14.7 Step response in the closed loop in perturbed conditions. (a) Proposed PI controller.
() PI tuned by ISE method
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Fig. 14.8 Transient response Fopeed RN ; T ZMW
of propose controller when T I -g’gsm‘/di?)ﬁ
the load change 40-20 © g N e ey msn

jat)
%

Lioad|char ) Load change

14.5 Conclusion

Both , loop shaping and GA based fixed-structure o, loop shaping control,
are applicable in designing a robust controller for a current mode buck-boost con-
verter. However, the proposed approach significantly improves the controller design
in practical control viewpoint by simplifying the controller structure, reducing the
controller order and retaining the robust performance. Structure of controller in the
proposed technique is selectable. This is desirable, especially in the DC-DC con-
verter which analog circuit is normally used to design the controller. In conclu-
sion, by combining of these two approaches, genetic algorithms and  , loop shap-
ing; fixed-structure controller design can be achieved. Implementation in buck-boost
converter assures that the proposed technique is valid and flexible.
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Abstract -H,, loop shaping is a feasible method for designing
robust controller; however, the controller designed by this
thod is complicated and has high order. It is not easy to
plement this controller in practice. To overcome this problem,
 propose an algorithm, GA based fixed-structure H, loop
iping control, to design a robust controller. In the proposed
hnique, genetic algorithm is used to solve the H, loop shaping
sign problem under a structure specified controller. To
mpare performance, conventional H,, loop shaping, proposed
bust controller and conventional ISE method are investigated.
sults of simulation demonstrate the advantages of a simple
ucture and robustness against plant perturbations and
turbances of the proposed controller. In this paper, the
pposed technique is adopted to design a robust controller of a
"MC buck-boost converter. Experiments are performed to
rify the effectiveness of the proposed technique.

Index Terms - H, loop shaping, Buck-Boost converter,
netic algorithm

I. INTRODUCTION

DC-DC converters have been widely used in computer
rdware and industrial applications. Controlling of these
nverters is a challenging filed because of their intrinsic
ture of nonlinear, time-variant systems [1]. In previous
earch works, the linear models of these converters were
rived by using linearization method [2-3]. Some linear
ntrol techniques were applied to these converters based on
> linear models [1, 4-5]. NAIM, R,, et.al.[4], applied the H,,
ntrol to a boost converter. Three types of controller; voltage
yde, feed-forward and current mode control were
vestigated and compared the performance. G.C. loannidis
d S.N. Manias [5] applied the H,, loop shaping control for a
ck converter. In their paper, the u-analysis was used to
amine the robust features of the designed controllers.
mone Buso [1] adopted the robust g-synthesis to design a
bust  voltage controller for a buck-boost converter with
rent mode control. The parameter variations in the
nverter’s transfer function were described in term of
rturbations of linear fraction transformations (LFT) class.

In DC-DC converters, uncertainties from the operating
int variations and components’ tolerances strongly affect to
> dynamic of converters. These uncertainties can be
nsidered in the controller design by applying the robust
ntrol scheme. In robust control, H, optimal control is a

8-1-4244-2679-9/08/$25.00 ©2008 IEEE

powerful technique to design a robust controller for system
with uncertainties and disturbances. However, the controller
designed by conventional H,, optimal control is complicated
controller and has high order. It is difficult to implement the
controller in practice. To overcome this problem, the
approaches for designing a robust control for structure
specified controller were proposed in [6-8]. In [6], a robust H,,
optimal control problem with structure specified controller was
solved by genetic algorithm (GA). Bor-Sen.Chen. er. al.[7],
proposed a PID design algorithm for mixed H/H,, control. In
their paper, PID controller parameters were tuned in the
stability domain to achieve mixed H,/H. optimal control.
Somyot and Manukid [8] proposed a genetic algorithm to
solve the H, loop shaping control design problem under the
structure specified controller and applied their controller to
control a servo pneumatic system. A simple structure and
robust controller was achieved by their proposed technique.

One of the advantages of H., loop control shaping control
is that the classical loop shaping design can be applied. This
approach involves the robust stabilization to additive
perturbations of normalized co-prime factors of a shaped plant.
Uncertainties in this approach are modelled as co-prime factor
uncertainty of the shaped plant. However, the controller
designed by this approach is still complicated. In this paper,
we proposed a fixed-structure H, loop shaping control to
design a robust controller for a Buck-Boost converter. Our
approach is based on the concept of H,, loop shaping control.
In the design, we specify the controller structure and then
evaluate the control’s parameters by GA. In the future work,
we will adopt the proposed controller to control the dc servo
system of the visual inspection in HDD (Hard-Disk-Drive)
industry.

The remainder of this paper is organized as follows.
Converter dynamics model is described in section II. H,, loop
shaping and the proposed technique are discussed in section
III. Section IV demonstrates the design example and results.
Finally, section V concludes the paper with some final
remarks.

II. CONVERTER MODELING

A typical circuit of Buck-Boost converter with current
mode control is shown in Fig. 1.
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Fig. 1. Buck-Boost converter with current mode control.

The dynamic model of this converter from the current
rence to output voltage is given as follow [2-3]:

a s-L &_VD+V‘)
du, v, R, V, V, (1)
AT v, +V,
b iT (145-C-R - —>—1)
2V_+V,

The accuracy of this model has been proved to be
pted, at least in frequency of interest in this application [2-

[, H., .OOP SHAPING CONTROL AND PROPOSE TECHNIQUE

This section illustrates the concept of the standard H, loop
bing control and the proposed technique.

tandard H . Loop Shaping Control

H,, loop shaping control [12] is an efficient method for
gning a robust controller. This approach requires only a
red open loop shape in frequency domain. Two weighting
tions, W, (pre-compensator) and W, (post-compensator),
specified to shape the original plant G, such that the
ifications in frequency domain are achieved. In this
roach, the shaped plant is formulated as normalized co-
ne factor, which separates the plant G, into normalized
iinator N, and denominator M, factors. Fig. 2 shows the co-
ne perturbed plant and robust stabilization used in this
roach.

Gs

Y

Ans Awus

N s MS

Y

-K |-

Fig. 2. Co-prime factor robust stabilization problem.

If the shaped plant G, = W,GoW; = N,M;’, then a
urbed plant can be written as [12]

Gy =(N,+Ay )M, +48, )" )

Where Ay, and Ay, are stable, unknown representing the
uncertainty satisfying ||Ans , Ausl| < &,
€ is the uncertainty boundary, called stability margin,

According to the standard procedure of H., loop shaping,
the following steps can be applied to design the H., loop
shaping controller.

Step 1 Shape the singular values of the nominal plant G, by a
pre-compensator W, and/or a post-compensator W, to get the
desired loop shape. W, can be chosen as an identity matrix,
since we can neglect the sensor noise effect when the using of
good sensor is assumed [13].

Step 2 Minimize co-norm of the transfer matrix T, over all
stabilizing controllers K , to obtain an optimal cost y,, , as
[13]

3

-1 .
=g~ = inf
70[” apt stabk

3 U+GEK)'M!
K s s

@0

To determine &, , there is a unique method explained in
[14]. &, << 1 indicates that W, or W, designed in step 1 are
incompatible with robust stability requirement. If &, is not
satisfied (&,,; << 1), then return to step 1 and adjust W, .

Step 3 Select £ < g, and then synthesize a controller K, by
solving the following inequality.

.. = [; ](HG:KQ)-‘M;‘ <& @

@

The method used for synthesizing X, can be seen in [14].

Step 4 Find the final controller (K) as follow:
K=WK_W, (6))]

B. Genetic Algorithm based Fixed-Structure H,, Loop Shaping
Optimization

The controller which is derived from H, loop shaping
method is normally complicated controller and has a high-
order. It is difficult to apply this controller in real works.
Nowadays, the fixed-structure robust controller becomes an
interesting research area because of their advantages of simple
structure and acceptable controller’s order. In this paper, the
genetic searching algorithm is adopted to solve this problem.
Although the proposed controller is structured, it still retains
the entire robustness and performance guarantee as long as a
satisfactory uncertainty boundary & is achieved. The proposed
algorithm is explained as following.

Assume that the predefined structure controller K(p) has a
satisfied parameters p. Based on the concept of H, loop
shaping, optimization goal is to find parameters p in controller
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Parent 1: 0010101110101
Parent 2: 010010;51@ 00T
{Random bit

New population

1: 0010111010010
2: 01001001110101

Parent 1: 00%01101110100

New population

1: 00p01101110100

Parent 1: 00101101101010

Same as
parent

Random bit
1-0

New poptlation

1: 00101101101010

(a) Crossover

(b) Mutation

(c) Reproduction

Fig. 3. Genetic Operations (a) Crossover (b) Mutation and (c) Reproduction.

(p) that minimize infinity norm |[T,|l»- In the proposed
chnique, the final controller K is the controller K(p) in
ries with the weight W,, defined as

K =K(p)W, ©

ssume that W, is invertible, form (5) then it can be
rtained that

K,=WK(p) )

By Substitution of (7) into (4), the co-norm of the
ansfer function matrix from disturbances to states , || Tyl ,
hich is subjected to be minimized can be written as

Jooe =7 =|To||. = ! U+G W K(p)~M
cost Wl Wl_lK(p) s s

...(8)
In this paper, GA is adopted to find the optimal control
irameters p* in the stabilizing controller K(p) such that the
"wll= is minimized. The optimization problem can be
ritten as

oo

Minimize :| (I +G W K(p)' M7

LV]"K (»

oo

ibject to
Pimin <DPi < Pimax >
'here p; min and p; mar are the lower bound and upper bounds

' the parameter p;, respectively. Some useful methods for
lecting these bounds can be seen in [6-7].

enetic Algorithms

Our proposed technique adopts GA to solve the
stimization problem in (8). GA is well known as a
ologically inspired class of algorithms that can be applied
 any nonlinear optimization problem. This algorithm
plies the concept of chromosomes, and the operations of
ossover, mutation and reproduction. At each step, called
neration, fitness values of all chromosomes in population
¢ calculated. Chromosome, which has the maximum
tness value (minimum cost value), is kept as a solution in
e current generation and passed to the next generation. The
w population of the next generation is obtained by

performing the genetic operators such as crossover,
mutation, and reproduction. Crossover randomly selects a
site along the length of two chromosomes, and then splits the
two chromosomes into two pieces by breaking them at the
crossover site. The new chromosomes are then formed by
matching the headpiece of one chromosome with the
tailpiece of the other. Mutation operation forms a new
chromosome by randomly changing value of a single bit in
the chromosome. Reproduction operation forms a new
chromosome by just copying the old chromosome.
Chromosome selection in genetic algorithm depends on the
fitness value. High fitness value means high chance to be
selected. Operation type selection; mutation, reproduction,
or crossover, depends on the pre-specified operation’s
probability.

Chromosome in genetic population is generally coded as
binary number; however, for the real number problem,
decoding binary number to floating number can be applied
[15]. Basic operations; crossover, mutation, and
reproduction, are described in Fig. 3.

( Start

Specify weighting function Wy
and W, , evaluate gx

Initialize population of parameter (p) , |
probability of genstic operation , maxGen , etc.
Gen=1

Evaluate fitness function (Jn.s) " , calculate
the fitness value of each chromosome

Select the chromosome with maximum fitness
value as the solution of current generation

Gen=Gen +1 |
Sampling new population by genetic operation

Check the performance. If it is not satisfied
such as too low fitness , then select a new
control structure K(p) and then go to step 4.

Fig. 4. Flow chart of the proposed design procedure.
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Jur proposed algorithm is summarized as:

tep 1 Specify the weight W, and W,. Shape the singular
alues of the nominal plant G,,.

tep 2 Evaluate the &, using (3). If &, << 1, then go to
tep 1 to adjust the weight W;.

tep 3 Select a controller structure K(p) and initialize
everal sets of parameters p as population in the I
eneration, Define the genetic parameters such as initial
opulation size, crossover and mutation probability,
1aximum generation, etc.

tep 4 Evaluate the cost function J,,, of each chromosome
sing (8). Assign J = 100, or other large number if K(p)
oes not stabilize the system. The fitness value is assigned
s 1], . Select the chromosome with minimum cost
unction as a solution in the current generation. For the first
eneration, Gen = 1.

tep 5 Increment the generation for a step.

tep 6 While the current generation is less than the
laximum generation, create a new population using genetic
perators and go to step 4. If the current generation is the
naximum generation, then stop.

tep 7 Check performances in both frequency and time
omains. If the performance is not satisfied, such as too low
- (too low fitness function), then go to step 3 to change the
ontrol structure. Low & indicates that the selected control
tructure is not suitable for the problem. Fig. 4 shows the
lowchart of the proposed technique mentioned above.

IV. SIMULATION AND EXPERIMENTAL RESULTS

In this paper, a buck-boost converter is designed for
mplementing as the plant. Converter’s parameters and
onsidered variation ranges used in this paper are given in
"able I.

TABLE I
CONVERTER'S PARAMETERS AND CONSIDERED VARIATION RANGES.
Parameter Name Nominal Value

R Load Resistant 400

V, Output Voltage 30V

Vi Input Voltage 12V

L Inductance 100 pH

c Capacitor 470 pF
fow Switching frequency 100 kHz

3y (1), the nominal transfer function is found to be
- (-0.0042s + 480) )
° (0.7896s +72)

n this case, W; and W, can be selected as

(s+26.7) (10)

W, =30
(s+0.001)

_ 100000 a1
, = 100000
5+100000

The selected weights make the system good in terms of high
bandwidth and large gain the low frequency range. Both H,,
loop shaping control and our proposed technique are applied
to this converter. Firstly, we design a controller by the
conventional H,, loop shaping procedure. W, is chosen as 1
since we neglect the sensor noise effect when the use of
good sensor is assumed. The shaped plant can be written as:

(s+26.7) (-0.0042s +480) (100000)
(s+0.001) (0.7896s +72) (s +100000)

...(12)

G,=W,GW, =L=30

By applying the H,, loop shaping method, the optimal
stability margin (&, is found at 0.612 (j,,, = 1.6338). The ¢
= 0.590 (y= 1.6949) is selected to synthesis the controller.
By this approach, we obtain the conventional H. loop
shaping controller as following

K(s)=WK_W,

I (s+26.7)  (261841)(s+1.002x10°)(s +26.9)

(100000)

(s+0.001) (s +3.265x10° 5 +3.608 x 10'*)(s +26.7) (s +100000)

...(13)

As shown in (13), the controller is 5" order and has a
complicated structure. Next, PI controller structure is
selected in the proposed technique. The controller structure
is expressed in (14). K, and K; are parameters that will be
evaluated.

K(p)=K, + -t (14)

Select the controller parameters, their ranges, and
genetic algorithms parameters as following: K, € [0,200], X;
€ [0,1000], population size = 100, crossover probability =
0.7, mutation probability = 0.25, and maximum generation =
35. An optimal solution is obtained after running the GA for
21 generations. The optimal solution is shown in (15), which
has stability margin (¢) of 0.5918 (= 1.689).

597.6 (15)

b

K(p)' =21.84+

Infinity Norm

[] s 0 15 2 2% 30 £
Genarations

Fig. 5. Cost functions J.os versus iteration in genetic algorithm.
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The final controller (X) is shown in (16).

k= (21.844597:6 ( 100000 (16)
s )\ s+100000

Fig. 5 shows the plots of convergence of cost function
o5t VEISUS generations by genetic algorithm. Optimal fixed-
ructure controller provides the satisfied stability margin at
.586 (y = 1.7064). Next, a PI controller tuned by ISE
ntegral of Square Error) method [16] with settling time
lose to that of the proposed controller (approximately 400
sec) is designed.
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Fig. 6. (a) The desired loop shape and the loop shape by the conventional
H,, loop shaping and the proposed controller. (b) Step responses of the
proposed controller, He controller and PI controller.

)pen loop bode diagrams of all controllers are plotted in
ig. 6 (a) to verify the proposed algorithm, It is clearly
hown that the loop shapes of H,, controller and proposed
ontroller are close to the desired loop shape. Fig. 6 (b)
hows the step responses of the optimal solutions from the
roposed controller, the conventional H., and PI controllers.
s shown in this figure, the settling time of all step
esponses is about 300-400 usec. To verify the robust
erformance, we change the converter’s parameters as: Ry =
0Q,V;=10.8V, L=130 4H and C = 2200 £F. This case
1ay be occurred when the load is change, parameters are
hanged and there are some capacitors at load connected in

parallel with the converter. The designed controllers in (13),
(16) and (17) are adopted to control this perturbed plant.

The step responses of all controllers are evaluated in
this perturbed plant. As shown in Fig. 7, all of step
responses are similar to the results at the nominal plant.
However, there is a few overshoot in the response from
conventional PI controller.

.2 Step Response
1 P
0.8] === Proposed controlier
----- Hax controtier
S 08 wwmwn Pl controller
2
£
£ o4
02 1
0
. " . . s P
0 05 1 15 2 25 3 35 4 45 5
Time (sec) x 10°

Fig. 7. Step responses in the perturbed plant. (R,=10Q, V;=10.8 V
, L =130 ¢H and C = 2200 £F).

Some experiments are performed to verify the
effectiveness of our proposed controller. The nominal values
in Table T are used to design a buck-boost converter. The
step responses from the proposed controller in (16) and the
PI controller tuned by ISE method in (17) are investigated.
Fig. 8(a) shows the experimental results of step responses of
the proposed controllers. The settling time of step responses
is about 300-400 gsec which is almost the same as
simulation results in Fig. 6(b).

To verify the robust performance of the system, some
other experiments are performed. The component values and
operating point of converter are changed to the perturbed
plant. The performance is verified by using the step
responses. As shown in Fig. 9(a), the step responses are
almost the same as the responses in nominal condition.
Experimental results verify that the proposed controller have
good robust performance and can be applied for the buck-
boost converter. Fig.9(b) show the step response of PI
controller, overshoot occurs in the step response. As results
indicated, the robust performance of the proposed controller
is better than that of the conventional PI controller.

V. CONCLUSION

Both of H, loop shaping and our proposed
technique can be applied to design a robust controller for a
buck-boost converter. However, the proposed approach
significantly improves in practical control viewpoint by
simplifying the controller structure, reducing the controller
order and still retaining the robust performance.
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Fig.9. Step responses in the closed loop in perturbed conditions for (a) Proposed controller (b) PI controller.

In conclusion, by combining of the approaches, genetic
orithms, H.,, loop shaping and robust loop shaping; fixed-
cture controller design can be achieved. Implementation in
k-boost converter assures that the proposed technique is
d and flexible. In the future work, the proposed controller
| be used to control the position of camera in the visual
section system which is an important inspection in HDD
facturing.
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\BSTRACT

[, loop shaping is a sensible method for designing a
bbust controller; however, the controller designed by
onventional H, loop shaping is complicated with a high
rder. It is not easy to implement this controller in
ractice. To overcome this problem, in this paper, a new
esign technique of a fixed-structure robust controller for
AIMO system is proposed. The performance and robust
tability conditions of the designed system satisfying the
. loop shaping are formulated as the objective function
1 the optimization problem. Particle Swarm Optimization
PSO) method is adopted to solve this problem and to
chieve the control parameters of the proposed controller.
he performance and robustness of the designed
ontrollers, centralized and decentralized PID controllers,
re investigated in a MIMO system (a chemical process)
1 comparison with the conventional H,, loop shaping
ontrol. Simulation results show that the robustness and
erformance of the proposed centralized controller are
Imost identical to those of the controller designed by H,
yop shaping method. However, because of the
omplicated controller in the conventional design, the
roposed approach offers a significant improvement in
ractical control viewpoints by simplifying the controller
tructure, reducing the controller order and still retaining
e robust performance. Simulation results also
emonstrate that the proposed approach is numerically
fficient and leads to performance comparable to that of
reviously published methods.

(EY WORDS
I, loop shaping control, robust control, particle swarm
ptimization, MIMO system, fixed-structure controller.

. Introduction

n the past decades, many immense developments in
obust control techniques have been proposed and the
esults of those are applied to many control systems. As
hown in previous research works, H., optimal control is a
owerful technique to design a robust controller for the
ystem with uncertainties and disturbances. However, H,
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robust controller is rarely applied in the industrial process
because of its complicated structure. In industrial process
control, structures such as lead-lag compensator and PID
are widely used because their structure is simple, tuning
parameters are fewer, and they are lower-order.
Unfortunately, especially in MIMO system, tuning of
controller parameters of such controllers for achieving a
good performance and robustness is not easily carried out.
To overcome this problem, several approaches to design a
fixed-structure robust controller were proposed in [1-3, 5-
7]. In [1], a robust H, optimal control problem with
structure specified controller was solved by using genetic
algorithm (GA). As concluded in [1], genetic algorithm is
a simple and efficient tool to design a structure specified
H., optimal controller. Bor-Sen.Chen. et. al.[2], proposed
a PID design algorithm for mixed Hy/H., control. In their
paper, PID controller parameters were tuned in the
stability domain to achieve mixed Hy/H., optimal control.
A similar work was also presented in [3]. The proposed
techniques in [1-3] are based on the concept of mixed
H,/H,, optimal control which the structured uncertainty
and performance weights must be specified in the design.
However, especially in MIMO system, it is not easy to
obtain the structured uncertainty weight in practice.
Moreover, a difficulty with the H., optimal control
approach is that the appropriate selection of close-loop
objectives and weights is not straightforward [4].
Alternatively, H,, loop shaping control was proposed [4]
to design a robust controller based on unstructured
uncertainty model. In the past decades, this approach has
been successfully implemented in real applications.
Uncertainties in this approach are modeled as the
normalized left co-prime factor which is a useful model
for designing a robust controller. Moreover, one of the
advantages of H,, loop control shaping control is that the
classical loop shaping design is incorporated in the design
procedure. Thus, the well known concept in the classical
loop shaping can be applied in this approach. However,
the structure of controller designed by H.,, loop shaping is
also complicated with a high order. To overcome this
problem, several approaches based on H., loop shaping
have been proposed to design a fixed-structure controller,
such as a state-space approach by A. Umut. Genc in 2000



5], non-smooth structured control design by Pierre
\pkarian in 2005 [6], genetic algorithms based fixed-
tructure H,, loop shaping by Somyot and Manukid in
004 [7], and etc. The methods used in [5-6] are based on
he concept of local optimization techniques.
Infortunately, as shown in their results, the efficiency of
inal solution (optimal solution) is depended on the guess
f initial solution at first step. Nevertheless, such
echniques are based on the local optimization technique
vhich has the problem of local minima. In [7], global
ptimization searching method was adopted to design the
ixed-structure robust H. loop shaping controller;
iowever, the designed controllers in [7] were only
mplemented on a pneumatic servo system which is a
ISO system. In this paper, the design of fixed-structure
1., loop shaping control for MIMO system is proposed. In
he design, PSO is used to solve the optimization
roblem. Based on the concept of PSO, initial solution is
10t necessary for the proposed technique. To reduce the
earching space in the proposed technique, the upper and
ower bound values of solution are selected by observing
he pre-compensator weight. In this paper, two fixed-
tructure controllers, centralized and decentralized PID
ontrollers, are designed and implemented on a chemical
rocess. As shown in the simulation results, the good
yerformance and robustness are achieved by the designed
ontrollers.

Che remainder of this paper is organized as follows.
“onventional H, loop shaping and the proposed
echnique are discussed in section 2. PSO algorithm is
Iso briefly described in this section. Section 3
lemonstrates the design example and results. And, finally,
n section 4 the paper is summarized with some final
emarks.

). H., Loop Shaping Control and Proposed
Technique

[his section illustrates the concepts of the conventional
1, loop shaping control and the proposed technique.

.1 Conventional H,, Loop Shaping

1, loop shaping control is an efficient method to design a
obust controller. This approach requires two weighting
inctions, W; (pre-compensator) and W, (post-
:ompensator), for shaping the original plant G, so that the
Jesired open loop shape is achieved. In this approach, the
shaped plant is formulated as normalized co-prime factor,
vhich separates the shaped plant G, into normalized
vominator N, and denominator M; factors [8]. Note that,

Gy = WaGW=N.M".

Go

\ 4
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Figure 1. H,, loop shaping design [8].

The following steps can be applied to design the H,, loop
shaping controller.

Step 1 Shape the singular values of the nominal plant G,
by using a pre-compensator ¥, and/or a post-compensator
W, to get the desired loop shape. Normally, the weighting
functions W and W, can be chosen as

+
M:Kwﬁand w,=1

M

where Ky, a and b are positive values. b is typically
chosen as a small number (<<1) for an integral action. W,
can be chosen as a constant since the effect of the sensor
noise is negligible when the use of good sensor is

assumed [9]. If the shaped plantG, = N M 1, the
perturbed plant is written as

G, =N, +AN:)(M5 +AM;)_] 2

Ays and Ay are stable, unknown representing the
L SE&, & is the

where
uncertainty satisfying "ANssAMs

uncertainty boundary called stability margin. There are
some guidelines for selecting the weight available in [9].

Step 2 Calculate &,,, where [8]

[éj(z +GK, ) M

To determine &y, there is a unique method explained in
appendix A. &, << indicates that /¥, or /¥, 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 g, = 0.25 [9]. If &,
is not satisfied, then go to step 1, adjust the weighting
function. ‘

Step 3 Select &£ < &,and then synthesize a controller K,
that satisfies [8] :

[Igm ] (I+GK,) M

Controller K., is obtained by solving the sub-optimal
control problem in (4). The details of this solving are
available in [8]. To determine M, there is a method
explained in appendix B.

SC)

0

g, =( inf
op! (K stabilizing

4)

<eg™!

o0

Step 4 Final controller (K) is determined as follow
K=WKW, ®
Fig. 1 shows the controller in H,, loop shaping.




.2 PSO based Fixed-Structure H, Loop Shaping
Optimization

n the proposed technique, PSO is adopted to the
ontroller synthesis. PSO was first proposed by Eberhart
nd Kennedy [10] and it has been successfully applied in
1any optimization problems. This algorithm is simple,
st and can be programmed in a few steps. The details of
SO are available in [10]. In the proposed technique,
Ithough the proposed controller is structured, it still
tains the entire robustness and performance guarantee as
ng as a satisfactory uncertainty boundary ¢ is achieved.
he proposed algorithm is explained as follows.

ssume that the predefined structure controller X(p) has
atisfied parameters p. Based on the concept of H., loop
haping, optimization goal is to find parameters p in
ontroller K(p) that minimize infinity norm from

isturbances w to states z, Tzw”m. Let define the final

ontroller X as
K=K(@pWw, 6

ssuming that ¥, are invertible, From (5) then it is
btained that

K= W, K(p) o
1 many cases, the weight 7, is selected as 1. However, if
/, is a transfer function matrix, then the final controller
1 (5) is the transfer function from the series connection of
xed-structure controller and filter W,. Substituting (7)
1to (4), the co-norm of the transfer function matrix from

isturbances to states, |T 2w || » Which is subjected to be
rinimized can be written as

1
L =y=|T|. = 1+Gw k() M @)
SRR N O

he optimization problem can be written as
-1

faximize }(qu;lx(p»-w

[W."K ()
pi,min < pi < pi,max’

vhere p, ..and p, . are the lower and upper bounds

o

ubject to

f the parameter p; in controller K{(p), respectively. The
itness function in the controller synthesis can be written
5

itness (J) = [”[Wl‘ 1]< ( ,,)] (1+Gw K (p)) M7
0.0001

-1
] if K stabilizes the plant

otherwise
€)]
The fitness is set to a small value (in this case is
.0001) if X does not stabilize the plant. The proposed
lgorithm is summarized as follows.

Weight Selection
tep 1 Select the weights #; and W, to achieve the

erformance and desired loop shape.
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p*

Step 2 Evaluate &, using (3). If &, < 0.25, then back to
step 1 to change the weights.

-Controller synthesis

Step 3 Select a controller structure K(p) and initialize
several sets of parameters p as swarm in the 1% iteration.
Define the PSO parameters and control parameter ranges.
In this case, each p is a particle.

Step 4 Use the PSO to find the optimal control parameter,

Step 5 Check performances in both frequency and time
domains. If the performance is not satisfied such as too
low £ (too low fitness function), then go to step 3 to
change the structure of controller. Low ¢ indicates that the
selected control structure is not suitable for the problem.

PSO algorithm used in this paper is briefly described as
following steps:

Specify the parameters in PSO such as population size
(n), upper and lower bounds of problem space, fitness
function (J), maximum and minimum velocity of particles
(Vax Vmin), and etc.

1. Initialize » particles with random positions
within upper and lower bounds of the problem space. Set
iteration count as ifer =1.

2. Evaluate the fitness function (J) of each particle
using (9).

3. For each particle, find the best position found by
particle i call it X,; and let the fitness value associated
with it be Jpsesi. At first iteration, position of each particle
and its fitness value of i particle is set to X,; and Jypesus
respectively.

4. Find a best position found by swarm call it G
which is the position that maximum fitness value is
obtained. Let the fitness value associated with it be Jgpes
To find G the following pseudo code is adopted:

(At first iteration set Jgpes, =0)
Fori=1tondo
Iprbesti > ngesb then
G= /Ypi’ Je Gbhesi— presli
end;
5. Update the inertia weight by following equation

Q — Qma.x il Qmin

——Q""”‘ iter
where Q is inertia weight, O,

iter, .

o and O . are the
specified values of maximum and minimum inertia
weights, respectively, ifer and ifer,, are the iteration

count and maximum iteration, respectively.

6. Update the velocity and position of each particle.
For the particle i, the updated velocity and position can be
determined by following equations.

v,(iter +1) = Qv (iter) + o[y, (X, — X (iter)] + a, [, (G - X, (iter)]

X, (iter +1) = X, (iter) + v, (iter +1)

where v is the velocity of particle, &, and «,are the
specified acceleration coefficients, JXj is the best position



particle, G is the best position found by
warm (global best), 7, and };, are the random numbers

n the range [0,1]. Note that the velocity must be within
he specified range ([Vmin , Vimax)). If not, set it to the
imiting values.

7. Increment iteration for a step. (iter = iter+1)

8. Stop if convergence criteria are met, otherwise go
o step 2.

ound by i

. Simulation Results

n this paper, the control system of 24-tray tower

eparating methanol and water is studied. The dynamic-

nodel in this study is taken from process control literature
11] which is the transfer functlon model for controlling
he temperature on the 4" and 17" trays; that is,

—22¢”*  13e7°*
30=‘:y1:|=|:t17:|= Ts+1 Ts+1 |:u1i| (10
¥, t 2.8 43¢70% || u,
9.5s+1 9.2s+1

vhere ¢;; and t, are the temperature on the 4" and 17"
rays respectively, u; and u, are the input of the 4" and
7" trays respectively. y, and y;, are the outputs of the 4"
nd 17" trays, respectively. As shown in (10), this is a
table plant with moderate time delays and interaction
etween its channels. In the design, the delay terms in the
nodel are approximated by the 2" order pade
pproximation method.

o design a robust H,, loop shaping control, the diagonal

veights W] and W, are selected as follows [5]:

55+2 o 10
, =| 5+0.001 | wy=| 10 an
55+2 o 10
5+0.001 s+10

Vith these weighting functions, the crossover frequency
f the desired system is 2 rad/s. Singular value plots of
ypen loop transfer function for the nominal plant and
haped plant are shown in Fig. 2 (a). As shown in this
igure, at low frequency, the gain of shaped plant is much
arger than that of the nominal plant. This makes the
lesigned system good in terms of performance tracking
ind disturbance rejection. Based on (3), the optimal
tability margin (&) is founded to be 0.361. This means
hat the selected weights are compatible with robust
tability requirement in the problem. By the conventional
1., loop shaping procedure, ¢ is set to be 0.328, which is
ess than the optimal value. Based on the procedure
lescribed in section 2.1, H, loop shaping controller can
e designed as following.

K11,

K21,

K(HLS)=WK W, =W,
(HLS)= [ K22,

1<12,,°]W2 12)
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The controller in each element of controller matrix K_ is

20™ order controller and complicated. It is not easy to
implement practically.

Next, fixed-structure robust controllers are designed. The
structure of controller is selected as PID with first-order
derivative filter. These structures are expressed in (13)
and (14) for centralized and decentralized controllers,
respectively. K,, K, K; and 17; are parameters to be
evaluated.

K, +K”+ Kas Kp2+&+—K'”s
K(p) s s+l s T+l (13)
K +K' Kas K +ﬁ+ Kass
Py o+l M s s+l
[K ] [ [ ]
sddg —
K KM Kd3 Kzﬂ
K,,,+—Ki+—K"f1 0
s T8
k(p)= ‘ c ksl @
0 K, +—y—d
s s+l

K=[Km O}K{Kn O]Kﬁ[&" 0]
2 &%y E)
N S A 0 K, 0 K,

In the optimization problem, the upper and lower bounds
of controller parameters and PSO parameters are sct as
follows: K, € [-10, 10], K; € [-10, 10], Ky € {-5, 5], m €
[0.01, 1], population size = 500, minimum and maximum
velocities are 0 and 2 respectively, acceleration
coefficients = 2.1, minimum and maximum inertia
weights are 0.6 and 0.9, respectively, maximum iteration
= 80. As shown in the above controller parameters range,
the selection of upper and lower bounds is easily carried

out by observing the performance weight VVI After
running the PSO, the optimal controllers are found to be

Centralized controller case:

_[2:6003 -0.75154] . [0.87399 -0.28553

PTI1.1158 24684 | ]0.096274 —0.96078 |’
0.76181  -0.30821

"_[-1 4953 -0028287] o7y = 014945 3

Decentralized controller case:

19277 0 071976 0
K, = K, = ,
’ 0 -24511 0 -0.74521

0.80265 0
4 =[ (16)

7, = 0.07566
0 -11439

Note that the controllers in (12), (15), and (16) are the
controllers in positive feedback control system. The
stability margins obtained from the proposed centralized
and decentralized controllers are 0.343 and 0.27371,
respectively. The singular values are plotted to verify the
proposed algorithm. Fig. 2 (b) shows comparison of the
loop shapes by the proposed controllers and HLS. As seen



n this figure, loop shapes by the proposed controllers and
LS are close to the desired loop shape. It is verified that
he proposed technique and conventional HLS are
fficiently adopted to design a robust controller. Fig.3
hows plots of convergence of objective function
stability margin) versus iterations by PSO. As shown in
he figure, the optimal robust PID controllers provide
atisfied stability margins at 0.34269 and 0.27371 for
entralized and decentralized controllers, respectively.

10'
Frequeney (Red'sec)

(b)

Figure 2. Singular value plots of open loop transfer
function of (a) the nominal plant (dash line) and shaped
plant (solid line) (b) the loop shape by the proposed
controllers (Red line: Centralized PID, dash line:
Decentralized PID) and HLS (Blue line).

3y the results, it is clearly shown that the stability margin
of the system from decentralized controller (£ =0.27371)
s less than that of HLS and centralized controllers.
Jowever, if such stability margin is satisfied for the
ontrol system (more than the specified stability margin),
Jecentralized controller can be applied to control the plant
ind the advantages of using decentralized control scheme
such as simple controller, less complexity, and etc. will be
ichieved. To evaluate the performance of the proposed
ystem, step responses of the close loop system from
onventional H., loop shaping (HLS), proposed
entralized and decentralized controllers are investigated.
As seen in Fig. 4, the responses from the proposed
sontrollers are almost the same as those of HLS. Table 1
shows the results from the proposed technique in
somparison with the results from previous research works
5,6]. As shown in this table, the optimal solution in [5, 6]
are depended on the selection of initial solution which is
10t desirable for the controller design. Although trial and

error for choosing this initial solution can be employed;
however, there is no systematic method to select such
value. As shown in Table 1, the stability margin using
method in [6] is reduced when the other reasonable initial
solution was used. In the proposed technique, the design
is more flexible than the previous works by selecting the
appropriate upper and lower bounds of solution instead of
selection of the initial solution. Moreover, because PSO
technique is based on the concept of global optimization
searching, the problem of local minima is reduced. As
shown in Table 1, the stability margin of the optimal
controller designed by the proposed technique is much
better than that of the conventional technique in [S]. In the
decentralized controller design, the stability margin of the
proposed controller is still better than that of the
centralized controller from [5].

g
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Figure 3. Convergence of the fitness value.

Table 1
Comparisons of the results to the previous works. (Note
that: Technique in [6] (I) means the results when the best
initial solution is selected, Technique in [6] (II) means the
results when the other reasonable initial solution is
selected, N/A means not available.)

Optimal Stability Margin

Proposed Technique | Technique Technique

technique in [5] in [6] (D in [6] (II)
Centralized | 0.343 0.249 0.343 0.328
PID
Controller
Decentraliz | 0.274 N/A N/A N/A
ed PID
Controller
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4. Conclusion

In this paper, a PSO based fixed-structure H, loop
shaping controller designed for MIMO system is
proposed. Based on the concept of the convention H,
loop shaping, only a single index, stability margin, &, is
used to indicate performance and robustness of the
designed controller. In conventional H,, loop shaping, the
designed controller is complicated and difficult to apply
this controller in practical works. For the proposed PID
control, the optimal solutions of £ after running PSO for
80 generations are 0.343 and 0.27371 for centralized and



decentralized controllers, respectively. These values
indicate that the designed controllers are compatible with
the specified open loop shape and also guarantee
robustness. In the simulation results, the step responses of
the proposed controllers are almost identical to those of
the controller designed by H, loop shaping method.
However, because of the complicated controller in the
conventional design, the proposed approach offers a
significant improvement in practical control viewpoint by
simplifying the controller structure, reducing the
controller order and still retaining the robust performance.
Decentralized controller can be used if its stability margin
s accepted. By comparison with the previous works in
5,6], the optimal stability margin obtained by the
proposed technique is much better than that of the method
n [5] and there is no the problem of initial solution
selection which is the problem of the methods in [5, 6].

Step Response

Step R 1.5
1.5 ep Nespoiise ) y1
i vl 1
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0.5 4
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0f |wem o ¢ " §
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4 |>——Centralized Controller
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Figure 4. Responses from the proposed PID controllers
and HLS when the step command is applied to control the

output (a) y; and (b) y».
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Appendix A

Given a shaped plant G; and 4, B, C, D represent the
shaped plant in the state-space form. To determine &,
there is a unique method as follows [8].

Yo = go_;t =1+ A (XZ))UZ
where X and Z are the solutions of two Riccati in (A.1)
and (A.2) respectively, Anq is the maximum eigenvalue.

(A-BS™D'C)Z+Z(4A-BS™D'CY —-ZC"R'CZ+BS™B" =0

(A1)

(A-BS™'D'CY' X + X(A-BS™'D'C)- XBS™'B' X +C'R'C=0

(A2)
where S=1I+D'D,R=I+DD".

Appendix B

Given a shaped plant G; and 4, B, C, D represent the
shaped plant in the state-space form. If G; has a minimal
state-space realization

A| B
G, =
C|D
Then a minimal state-space realization of a normalized
left coprime factorization is given by [8].

[4+HC| B+HD H ]

|_ RV2C | R2p R—1/2J
where H = -(BD"+ZC)R?, R = I+DD".

®.1)

[N,M]= (8.2)
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Structured Robust Loop shaping control for
HIMAT System Using PSO
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Abstract. Robust loop shaping control is a feasible method for designing a robust controller;
however, the controller designed by this method is complicated and difficult to implement
practically. To overcome this problem, in this paper, a new design technique of a fixed-structure
robust loop shaping controller for a highly maneuverable airplane, HIMAT, is proposed. The
performance and robust stability conditions of the designed system satisfying H., loop shaping
control are formulated as the objective function in the optimization problem. Particle Swarm
Optimization (PSO) technique is adopted to solve this problem and to achieve the control
parameters of the proposed controller. Simulation results demonstrate that the proposed
approach is numerically efficient and leads to performance comparable to that of the other
method.

Keywords: H,, loop shaping control, robust control, particle swarm optimization, HIMAT
systern, fixed-structure controller.

PACs: 07.05.Dz

INTRODUCTION

In the past decades, many immense developments in robust control techniques have
been proposed and the results of those are utilized in many control systems. As shown
in previous works, H, optimal control is a powerful technique to design a robust
controller for system under conditions of uncertainty, parameter change, and
disturbance. However, the order of controller designed by this technique is much
higher than that of the plant. It is not easy to implement this controller in practical
applications. In industrial applications, structures such as PID, lead-lag compensators
are widely used because their structures are simple, tuning parameters are fewer, and
they are lower order. Unfortunately, tuning of control parameters of such controllers
for achieving a good performance and robustness is difficult. To solve this problem,
the design of fixed-structure robust controller has been proposed. Fixed-structure
robust controller has become an interesting area of research because of its simple
structure and acceptable controller order. However, the design of this controller by
using analytical methods remains difficult. To simplify the problem, searching
algorithms such as genetic algorithm, particle swarm optimization technique, tabu-

CP1089, JAENG Transactions on Engineering Technologies Volume I, Special Edition of the International MultiConference of
Engineers and Comp Scientists 2008, edited by S.-1. Ao, A. H.-S. Chan, H. Katagiri, O. Castillo, and L. Xu

© 2009 American Institute of Physics 978-0-7354-0622-3/09/$25.00

23




search, etc., can be employed. Several approaches to design a fixed-structure robust
controller were proposed in {1-3, 5-7]. In [1], a robust H., optimal control problem
with structure specified controller was solved by using genetic algorithm (GA). As
concluded in [1], genetic algorithm is a simple and efficient tool to design a fixed-
structure H. optimal controller. Bor-Sen.Chen. er. al[2], proposed a PID design
algorithm for mixed H,/H,control. In their paper, PID control parameters were tuned
in the stability domain to achieve mixed Hy/H., optimal control. A similar work was
proposed in [3] by using the intelligent genetic algorithm to solve the mixed Ho/H .
optimal control problem. The techniques in [1-3] are based on the concept of H.,
optimal control which two appropriate weights for both the uncertainty of the model
and the performance are essentially chosen. A difficulty with the H., optimal control
approach is that the appropriate selection of close-loop objectives and weights is not
straightforward [4]. Moreover, especially in MIMO system, it is not easy to specify
the uncertainty weight in practice. Alternatively, MIMO controller can be designed by
using H, loop shaping control [4] which is a simple and efficient technique for
designing a robust controller. Uncertainties in this approach are modeled as
normalized co-prime factors; this uncertainty model does not represent actual physical
uncertainty, which usually is unknown in real problems. This technique requires only
two specified weights, pre- and post-compensator weights, for shaping the nominal
plant so that the desired open loop shape is achieved. Fortunately, 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 above, this technique is
simpler and more intuitive than other robust control techniques. However, the
controller designed by H. loop shaping is still complicated. To overcome this
problem, several approaches have been proposed to design a fixed-structure H., loop
shaping controller, such as a state-space approach by A. Umut. Genc in 2000 [5],
genetic algorithms based fixed-structure H ., loop shaping by Somyot and Manukid in
2004 [6], etc. The method in [5] is based on the concept of state space approach and
BMI optimization. Unfortunately, the chance of reaching a satisfactory solution of this
approach depends on the initial controller chosen and the problem of the local minima
is often occurred. In 6], a global optimization method was adopted to design the
fixed-structure robust H loop shaping controller; however, the designed controllers in
[6] were only implemented on a pneumatic servo system which is a SISO system. In
[7], the same technique as [6] was adopted to design a robust controller of a boost
converter; however, this application is also a SISO system. In this paper, PSO is
proposed to synthesize a fixed-structure H., loop shaping controller for HIMAT
system. Based on the concept of PSO technique, the choosing of initial controller
required in the method in [5] is not necessary and the problemof local minima is
reduced. Structure of controller in the proposed technique is selectable; in this paper,
two fixed-structure controllers, centralized and decentralized PID controllers, are
designed. Simulation results show that -the controller designed by the proposed
approach has a good performance and robustness as well as simple structure. This
allows our designed controller to be implemented practically and reduces the gap
between the theoretical and practical approach.
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The remainder of this paper is organized as follows. Conventional H., loop shaping
and the proposed technique are discussed in section 2. PSO algorithm is also described
in this section. Section 3 demonstrates a design example and results. And, finally, in
section 4 the paper is summarized with some final remarks.

- H,LOOP SHAPING CONTROL AND PROPOSED TECHNIQUE

This section illustrates the concepts of conventional H loop shaping control and the
proposed technique.

Conventional H,, Loop Shaping Control

H., loop shaping control is an efficient method to design a robust controller. This
approach requires two weighting functions, W) (pre-compensator) and W, (post-
compensator), for shaping the original plant G, 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 N, and
denominator M; factors {8].

FIGURE 1. ., loop shaping design.

The following steps can be applied to design H., loop shaping controller [4].

Step 1 Shape the singular values of the nominal plant G, by using a pre-compensator
W, and/or a post-compensator W- to get the desired loop shape. W, can be chosen as a
constant since the effect of the sensor noise is negligible when the use of good sensor
is assumed [9].

G, =WGW =NM (1

Based on the concept of H., 1oop shaping, the perturbed plant is written as
G, =(N,+A, YM, +4,, )" (2)

where Ay; and Ay, are stable, unknown representing the uncertainty satisfying
§Ay: By, ] <€, £ is the uncertainty boundary called stability margin. There are some

guidelines for selecting the weight available in [9].
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Step 2 Calculate &,,, where

)" €)

0

g _=( inf
opt (Kslabilir.ing

1 .
[KJ(I -G,K,) I G}

To determine &, there is a unique method explained in appendix A. Eom << 1
indicates that W) or W, designed in step 1 are incompatible with robust stability
requirement. To ensure the robust stability of the nominal plant, the weighting
functions are selected so that &pr 2 0.25 [9]. If &, is not satisfied, then go to step 1,
adjust the weighting functions. '

Step 3 Select & < &,,, and then synthesize a controller X, that satisfies (4]

T, = <g™ (4)

I -1
[Km}(l—G’Km) [/ G]

0

where |T_,|_is the infinity norm from the disturbances w to state z. Controller K. is

obtained by solving the sub-optimal control problem in (4). The details of this solving
are available in [8].

Step 4 Final controller (K) is determined as follow

K =W,K_W, (%

Fig. 1 shows the controller in H., loop shaping control.
PSO based Fixed-Structure H,, Loop Shaping Optimization

In the proposed technique, PSO is adopted to design a fixed-structure robust
controller. A similar work was presented in [5]. However, the problem in (5] was
formulated by using a BMI-based optimization approach unlike the PSO approach
taken in this paper. In [5], initial solution required in the design procedure strongly
influences the performance of final solution. Moreover, there is no systematic method
to select such initial value. In the proposed technique, the design is more flexible than
the previous work [5] by selecting the appropriate upper and lower bounds of solution.
In the design, boundary of solution of PSO is selected by considering the pre-
compensator weight. Normally, this weight is specified by first or second order
transfer functions at the diagonals entries of W,. Fortunately, it is not difficult to
transform these transfer functions to PUPID structure. Since the fixed-structure
controller in the paper is PID, thus, the choosing of boundary of solution by
considering weight, W;, can be done easily. In addition, because PSO technique is
based on the concept of global optimization searching, the problem of local minima is
reduced.

PSO was first proposed by Eberhart and Kennedy [10]. This technique is a
population-based optimization problem-solving algorithm. Fig.2 shows the swarm’s
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movement which is the basic idea of PSO. As seen in this figure, a bird represents the
particle and the position of each particle represents the candidate solution. Population
is formed by a number of particles. In the PSO, particles fly around the problem space
until the stopping criteria are met. This algorithm is simple, fast and can be
programmed easily. During the flight, the velocity and position of each particle are
updated according to its own and its companion’s fitness value. To illustrate the
strategies of PSO, the following equation is shown.

v,(iter +1) = Q,(iter) + o[y, (X, — X, (iter)] + [y, (G — X (iter)] ©)

where Q is the momentum coefficient, v;is the velocity of i particle, ifer is the
iteration count, o, and @, are the specified acceleration coefficients, X,; is the best
position found by i particle, G is the best position found by swarm (global best), y,
andy,; are the random numbers in the range [0,1]. Note that the velocity must be

within the specified range [Viuin, Vimasl. If not, set it to the limiting values. As shown in
(6), there are three terms in the equation. By these terms, the advantages of local
minimum searching, global minimum searching, local optima avoidance and the
information sharing among particles are achieved and the particle can reach the best
solution. The details of PSO are available in [10].

FIGURE 2. The movement of a swarm.

In the proposed technique, although the controller is structured, it still retains the
entire robustness and performance guarantee as long as a satisfactory uncertainty
boundary ¢is achieved. The proposed algorithm is explained as follows. Assume that
the predefined structure controller K(p) has satisfied parameters p. Based on the
concept of H. loop shaping, optimization goal is to find parameters p in controller

K(p) that minimize infinity norm from disturbances w to states z, ”T " In the
proposed technique, the final controller X is defined as

K =K(pW, (7
Assuming that W, are invertible; from (5) then it is obtained that

K. =W K(p) ®)
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In many cases, the weight W, is selected as identity matrix /. However, if Wy is a
transfer function matrix, then the final controller is the controller K(p) in series with
the weight W,. By substituting (8) into (4), the co-norm of the transfer function matrix
from disturbances to states,"Tzw “w , which is subjected to be minimized can be written

as

I -

£

The optimization problem can be written as
-1
Maximize

d I-W.GK(P)'U G
m_,K(p)( -W,G,K(p)) U G,]

SUbjeCt to pi‘min < pi < pi.max’
where p; ., and p,., are the lower and upper bound values of the parameter p; in the

parameter vector p, respectively. Thus, the fitness function in the controller synthesis
can be written as

1 ] . -
o Nu-weke) c,]ﬂ }
Fitness (J) = ("[Wn K(p) B o)
if K stabilizes the plant )
0.0001 / otherwise

The fitness is set to a small value (in this case is 0.0001) if K does not stabilize the
plant. Our proposed algorithm is summarized as follows.

-Weight Selection
Step 1 Select the weights W; and W, to achieve the performance and desired loop

shape.
Step 2 Evaluate &, using (3). If & < 0.25, then back to step 1 to change the weights.

-Controller synthesis

Step 3 Select a controller structure K(p) and define the PSO parameters and control
parameter ranges. Initialize several sets of parameters p as swarm in the I* iteration.
In this case, each p is a particle.

Step 4 Use the PSO to find the optimal control parameter, p*.

Step 5 Check performances in both frequency and time domains. If the performance is
not satisfied such as too low & (too low fitness function), then go to step 3 to change
the structure of controller. Low ¢ indicates that the selected control structure is not
suitable for the problem.

Standard PSO algorithm used in step 4 of the proposed technique is briefly
described as follows.

Specify the parameters in PSO such as population size (n), upper and lower bound
values of problem space, fitness function (J), maximum and minimum velocity of
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particles (Vo and V,, respectively), maximum and minimum inertia weights
(Qnax and @, , respectively).

1.

2.
3.

&l

Initialize n particles with random positions within upper and lower bound
values of the problem space. Set iteration count as iter =1.
Evaluate the fitness function (/) of each particle using (9).
For each particle, find the best position found by particle i call it X,; and let the
fitness value associated with it be Jys.si. At first iteration, position of each
particle and its fitness value of i* particle are set to X,; and Jppi, T€spectively.
Find a best. position found by swarm call it G which is the position that
maximum fitness value is obtained. Let the fitness value associated with it be
JGres- TO find G the following algorithm described by pseudo code is adopted.

(At first iteration set Jgper, =0)

Fori=1tondo

IfJ, pbesti > nge:b then
G= Xpi, JGpesr= phesti

end;
Update the inertia weight by following equation
0=0,, ~Znx = uin o,
iter, .

where Q) is inertia weight, ifer and iter, are the iteration count and maximum

iteration, respectively.
Update the velocity and position of each particle. For the particle i, the updated
velocity and position can be determined by following equations. '
v;(iter +1) = Qv,(iter) + e[ 7, (X, — X, (iter)]+ a,[ 7,,(G — X (iter)]
X (iter + 1) = X (iter) + v,(iter +1)
Increment iteration for a step. (iter = iter+1)
Stop if the convergence or stopping criteria are met, otherwise go to step 2.

SIMULATION RESULTS

In this paper, the design of pitch axis controller for an experimental highly
maneuverable airplane, HIMAT, is studied. The dynamic model of this plant is taken
from the y-synthesis and analysis toolbox user’s guide [11]. The state vector of this
plant consists of the four variables which are forward velocity, angle-of-attack, pitch
rate, and pitch angle. The control inputs are the elevon and the canard. The measured
variables are angle-of-attack and pitch angle. The details of this plant are given in
appendix B. The design objective is to reject disturbances up to about 1 rad/s in the
presence of substantial plant uncertainty above 100 rad/s [5]. In this problem, the pre-
and post-compensator weights are chosen as [5].

s+1

1 0
W, = s+0.001 W, = (10)
s+1 01

s+0.001
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Singular values of HIMAT and desired loop shape are plotted in Fig. 3 (a). As seen in
this figure, the bandwidth and performance are significantly improved by the
compensator weights. The shaped plant has large gains at low frequencies for
performance and small gains at high frequencies for noise attenuation. With these
weighting functions, the robust requirement is satisfied.

By using (3), the optimal stability margin of the shaped plant is found to be 0.436.
This value indicates that the selected weights are compatible with robust stability
requirement in the problem. To design the HLS controller, stability margm 0.3964 is
selected. As a result, the final controller (full order HLS controller) is 7™ order and
complicated.

Singuler Velues
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FIGURE 3. Open loop shape of (a) the nominal plant (Red Iihe) and shaped plant (Black line) (b) the
loop shape by the proposed controllers (Red line: Centralized PID, dash line: Decentralized PID) and
HLS (Blue line).

Next, two fixed-structure robust controllers are designed. The structure of controllers
is selected as PID with first-order derivative filter. Accordingly, these controllers are
simple and easy to implement in real applications. These controllers are expressed in



(11) and (12) for centralized and decentralized controllers, respectively. K, K;, K, and

74 are parameters to be evaluated.

Centralized controller:

K, +—Ly Kus K +&+—K"2s
K(p) s rsel TP s s+l
p =
Kp3+ﬁ+—K‘”s K, +ﬁ+-—K'“s (an
s r,s+1 s 5+l
K - Kpl Kpl K.=[K" Ki!] K =[Kdl Kd2]
Pk K| Ks Kl | K Ky
Decentralized controller:
K +K“+ Kos 0
X(») P s s+l .
p —4
0 Kp,+£'1+—K‘“s (12)
s rs+1

K =,:KP1 0 } K»:I:K“ O:I K =[Kdl 0 :,
N\~ Pegis | 2 /NI P00 X,

In the optimization problem, the upper and lower bounds of coritrol parameters and
PSO parameters are set as follows: K, € [-10,10], K; € [-10,10), K; € [-5, 5], 7y
(0.01, 1], population size = 300, minimum and maximum velocities are O and 2
respectively, acceleration coefficients = 2.1, minimum and maximum inertia weights
are 0.6 and 0.9, respectively, maximum iteration = 80. As shown in the above
mentioned control parameter ranges, the selection of upper and lower bounds is easily
carried out by observing the performance weight W,. After running the PSO for 80

iterations, the optimal control parameters are found to be

Case I: Centralized controller.

K _[0.52601  0.14172 _[1.96082  -0.28352
? 047833 -070387) | 22261 -1.224 | (13)
0.007434  0.006844
K, = [ 4 ,7, =0.0068479
| —0.006272  0.0016058
Case H: Decentralized controller.
[0.5367 0 1.488 0
K = . ,K’-: ’
1 0 05659 0 -0.4909 (14)
[0.01569 0
K,= ,7, =0.0085855
| 0 -0.00499
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(11) and (12) for centralized and decentralized controllers, respectively. K, K;, Ky, and
74 are parameters to be evaluated.

Centralized controller:

Lo Kis | Kupus (11)

K. K,s ' (12)

g K 0] K O c & O
iy P K ) YA R ¢ N,

In the optimization problem, the upper and lower bounds of control parameters and
PSO parameters are set as follows: K, e [-10, 10}, K; € [-10, 10}, K; € [-5, 5], iy e
[0.01, 1], population size = 300, minimum and maximum velocities are O and 2
respectively, acceleration coefficients = 2.1, minimum and maximum inertia weights
are 0.6 and 0.9, respectively, maximum iteration = 80. As shown in the above
mentioned control parameter ranges, the selection of upper and lower bounds is easily

carried out by observing the performance weight W, . After running the PSO for 80
iterations, the optimal control parameters are found to be

Case I: Centralized controller.

_10.52601  0.14172 | 1.96082 -0.28352
71047833 -0.70387{ " {22261 -1.224 |

-(13)
0.007434  0.006844
2 00684 | ¢, ~0.0068479
-0.006272 0.0016058
Case I: Decentralized controller.
0.5367 0 1.488 0
=l 0 _oseso!™7| 0 _oas0e!
- b V 5 (14)

_[o.01569 0
S ) -0.00499

],rd =0.0085855
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Note that all of the designed controllers in this paper are the controllers in positive

feedback control system. Fig.3 (b) shows comparison of the loop shapes by the
proposed controllers and HLS. As seen in this figure, all loop shapes are close to the

desired loop shape. Fig. 4 shows plots of convergence of objective function (stability
margin) versus iterations by PSO. As seen in this figure, the stability margins obtainec
from the proposed centralized and decentralized controllers are 0.432 and 0.389
respectively. These values indicate that the robust stability and performance of the
designed systems are satisfied.

0.45

- [—Cantratzed PID controter | |
-~ Dacentrallzed PID controller|

Stabllity Margin |

. " 1 " " . z 5 .
0 10 0 30 40 50 60 70 a0 90 100
Rerallons

FIGURE 4. Convergence of the fitness value.

In this simulation studies, the robustness and performance of the proposec
controllers are compared with those of the controller obtained from [5], that is

13074 -0.0601 12729 -0.0795
""{1.3414 —1.3123]’ '2[1.3609 —1.2921]’
[00077 00043)

v —[—0.0069 —0.0039j|’ 7 99.5724

(15,

The stability margin obtained by the above controller is 0.309. Clearly, the stability
margin of the proposed centralized controller is also much better than that of the
controller in [5].

Table 1 summarizes the results of stability margin obtained from the proposed
controller and others. As the results, the stability margin from the proposed centralized

~ PID controller is better than that of other controllers. Accordingly, the proposed
technique is an efficient method to design a fixed-structure robust loop shaping
controller. Note that the design of decentralized PID controller was not presented in
the previous work [5].

TABLE L.C . ¢ the stabili ins obtained from 1 1

_Controller Stability Margin
1. Proposed Controller: .
1.1 Centralized PID Controller 0.432
1.2 Decentralized PID Controller 0.389
2. Robust Centralized PID Controller designed by BMI 0.309

optimization [5]
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CONCLUSIONS

In this paper, a PSO based fixed-structure H., loop shaping controlier for HIMAT
system is proposed. Based on the concept of conventional H., loop shaping; only a
single index, stability margin, & is used to indicate performance and robustness of the
designed controller. This index is utilized as the objective function of the proposed
technique. The resulting stability margins indicate that the proposed controllers are
compatible with the specified open loop shape and also guarantee robustness.
Moreover, the structure of controller is not restricted to PID. The controller K{(p) can
be replaced by any fixed-structure controller and the proposed algorithm can still be
applied functionally. By comparison with the previous work [5], the optimal stability
margin obtained by the proposed technique is also much better than that of the method
in [5] and the problem of local minima is reduced by the proposed algorithm. In
conclusion, by combining the two approaches of PSO and H., loop shaping; fixed-
structure H, loop shaping controller can be designed. Although the design of fixed-
structure robust controller is difficult because of its inherently non-convex nonlinear
problem, the PSO simplifies the problem by searching the optimal solution.
Simulation results demonstrate that the proposed technique is valid and flexible. _

APPENDIX A

Given a shaped plant G and A, B, C, D represent the shaped plant in the state-space
form. To determine &,,, there is a unique method as follows [8].

Yom = o = A+ A, (XZ))'"?

where X and Z are the solutions of two Riccati in (A.1) and (A.2) respectively, /?,,,.a, is
the maximum eigenvalue.

(A=BS'D'C)Z+Z(A-BS'D'CY ~ZCTR'CZ+BS™'B" =0 (A1)
(A-BS'D'CY' X+ X(A-BS'D'C)-XBS?'B"X+C"R7'C=0 (A.2)
where $=1+D"D,R=1+DD"

APPENDIX B
The state vector of HIMAT model consists of vehicle’s rigid body variables.
X' =[év,,q,0)

where 6v is the forward velocity, «is angle between velocity vector and aircraft's
longitudinal axis, q is rate-of-change of aircraft attitude angle, and 8 is the aircraft
attitude angle. The state space of HIMAT can be written as
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x=Ax+Bu
y=Cx+Du -

The control inputs are the elevon and the canard. The measured variables are angle-
of-attack and pitch angle. In this paper, the linearlized model is taken from [11], that is

[-0.0226 -36.6 -189 -32.1] 0 0
al O -1.9 0983 0 p| 0414 0
{00123 -117 263 0 |77 | -77.8 224|°
| o 0 i 0 | 0 o
(o 573 0 0 0 0]
C: N =
0 0 0 573 0 0]
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