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Abstract

Being complex and high-order, robust controllers designed by H., loop shaping are
difficult to implement in practice. To overcome this problem, we propose the algorithms,
Genetic Algorithm (GA) based fixed-structure H,, loop shaping control, to design a robust
controller. GA can be used to solve the H,, loop shaping design problem under a structure-
specified controller. The performance and robust stability conditions of the designed system
satisfying the H,, loop shaping are formulated as the objective function in the optimization
problem. The designed controller contains simple structure with lower order and still retains
the robustness and performance specification. Additionally, in this research, the performance
weighting function, which is normally difficult to obtain, is determined by using GA. The
requirements in terms of time domain specifications are utilized in order to get the optimal
weighting parameters; thus, highest optimal stability margin is achieved. To extend the
proposed controller for being a nonlinear controller, fuzzy system is applied. The proposed
control system is implemented on a pneumatically driven robot arm which consists of 3
prismatic joints and one revolute joint. Simulation results show that the robustness and
performance of the proposed controller are almost identical to those of the controller designed
by H, loop shaping method. Experimental results verify the effectiveness of the proposed
technique. Moreover, the proposed technique is adopted to control other control systems (both
SISO and MIMO systems) to verify the consistency of the proposed controller. Finally,
Particle Swarm Optimization (PSO) is adopted to find the optimal controller parameters and
the results are compared with those of GA.

Keywords : (ﬁ'mé'f N) Robust control, fuzzy control, pneumatic robot, pneumatic actuator,

H.,, loop shaping control
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3.1 Fixed Structure Robust Loop Shaping Control by GA (PSO)
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MImANdgaasIzuu619 9 analdinaiia optimization #1991 lasanald GA lukada 2.2

vianafia PSO luiada 2.3 Al draeanild GA uaasluzli 6
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Genetic Algorithm base fix-
stracture Ho, Loop—Shaping
Design

He Loop-Shaping Design

A

Loop-Shaping

Loop-Shaping

Tunaun 1
Evaluate €ax Evaluate €ax
€max > 0.25 €max > 0.25
Select € < €max Fixed structure K(p) 2 4o
Synthesize controller Ko, Koo = Wy IK(p)W,! RS

! Y

Final controller
K= WlKooWZ

Use GA to find optimal K

@ ()
sun7 LiﬁumﬁU‘Uﬂﬁé’qms’wﬁ"g@muqm:ﬁiw (n) TAALANULLAAF U IUTeLITRURTA uay

(1) TAALANULLARAUg N LBTBURTANA WualAsaai1alifae Tuneudsideiugnesy

3.2 Weight Optimization and Fixed Structure Robust Loop Shaping Control

wadantiuaualu 3.1 galldasruinuazltiiawulunisesnuuy Weight fanzan lag
Unfin1iien weight 3zdasNansandarinnuandasn13naluud Time domain Waz Frequency Domain
A o 99 o gn o R VY oo A o o FE A 1Y 9 .
Favinldeanuuudinn 4] mediapisldnawimaiialuingde 3.2 fweuddymainain lag

mﬂﬁﬂﬁgaaﬂme:aaﬂmeﬁmimaa%ﬂwaa Weight, TafMAnasusInwen1d Time Domain WA

v
v A

Frequency Domain, Imaa%’wmaaﬁamuqmﬁwifu mﬂﬁﬂﬁﬁwLauanﬁhﬂmmgﬂvl@mu
1. fvualaneaiaves Weight Tanunnlw w, =1 liwimliaeslu weight idasnsmda x uaz
ﬁmuﬂimaa%wadé”;muqu K(p) Wwnmfimesidasmamda p
2. MABAFNIIOWINIS Time domain LAz Frequency Domain LY Weight ﬁa:aammu
Tagunnausiauzaz laun overshoot, Settling time, Steady state error, Bandwidth, Gain
3. flywimisanuuuanIugy Ao
mamwnliaas 1w weight W, uaz K(p) a1us1au Avnldenswiaaiosnwluaans

Tsaiunige lasa1arinnuadn Fitness 11
-1

if the constraints are met

1 5
I1-W,G,K I G,
{Wl‘K(p)}( (») [ ]

0.0001 otherwise

Fitness (J) =

000

agnabsAanu mamdaauimanzaunga 2713l GA w3a PSO ld éwmsumadIouiisunis
28NWULNY H infinity Loop Shaping LLm.lLauﬂfmuﬂﬂﬂmwgﬂ%amaﬁ
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START

'

Specify controller's structure, Weight's structure, ranges, optimization
parameters, TIme domain and Frequency Domain constraints

I

Apply GA or PSO to evaluate the optimal controller parameter and optimal weight
parameter which result in the maximum stability margin.

Change the controller structure
or weight or constraints..

Is stability margin large
enough?
No

3.3 Robust Hybrid Sliding Mode Control and Fuzzy Gain Scheduler

A o o ° ) o =

szuufieanuuuluiids 3.1 uaz 3.2 aunnsin lUlEldlu operating range szaunita vn

g o Y a & . o A % o o

range 289MIAIUANNINTY i lkszuudanuiiu nonlinear FIud7 TrULNEANULLAILAIAILANEA
a o "M o Aa o, v A A =3 Ao A= v o A
e ezl ldrussousia wihazdaliiaiiosniwagia luawumammvlmmmmuqmmuﬁsnsn
Lﬂuamg}ﬁd &J’W‘i’m’]imﬂg}ﬁdﬁ’m’mqwmu Fixed Structure LWUU output feedback control fsanuuu’ly
F1RTUNITTUUTEARANAINUY DITTUUNINN AT U1 bdan Lﬁaamﬂé’amuqmvl,;il,ﬂul,%aLﬁuLLaz

nouidaduldaansaldld luawidssainaue Hybrid SMC-FGS, luanuissiiazinnua boundary

971 sliding surface € WAEMINIZULITNE boundary HUA9IRENGIAILAVLIL FGS Unt

FGS
Scheduling Vector

Supervisor ! ! .

L X tex tes
i ¢ S atentes
R 1 -

il

SMC
Control +l‘|

Positlon -

Commund

Pnenmatic System

Sliding Surface -
.
Xzt Cx=cE

| | § =2 o
SMC
sMc Lﬂm:uumuquﬁaaﬂLLuud'luu,a:mmmﬁ,’]"lﬂﬂi:qﬂm‘sl"ﬁ’lm:uu"lajLﬂm%mﬁuﬁﬂﬂ WANNT
panuULIzdaIfnue sliding surface lagf é’ﬂwmxﬁ'smuqmmﬂuﬁaﬁ ﬁ):ﬁnﬁmuqmlﬁi:umﬂhj
sliding surface lauldn3afiad n1aidng surface niua1autaanilugestas Ae Reaching Phase fiu
Sliding Phase ath9lsfiany lugauves Siiding  Phase  wuiinifie Chattering  wasszuusing
Performance laitfulyamudasnis sMC lumisld sMC Auszuufiuudnsiuazdldmuagounsnas
wadymfiauunfa szuvaziiia chattering G9e1avinlinddnld gnoaziduamseenuuyldaa
[9-10] $28819NTBRNUULNIS [10] LaasauAdEn1sdnaansil luszuufiauu@ndaunns nonlinear plant
luesit
2 .
M(y,t)d—g+ F(M,y,y)=u(t)+d(t) o M §8 wasanguuazlnan, F fe usaiion
dt ang

NULAZADNLNIRTUTBIDINA, U Aadunn uaz d fa disturbance AUV state wazFanwoliui
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x = [y, yl usxQ(y,0)=M(y,t)" arwdrauuazszuudl uncertainty a%ilubound

Sfl +f2 +fe’

¢, <0.0<q,, [FM,y, )| fi|y][+ £y d(n|<d

funalit Sliding surface LI Lila e, \Ju error 91N reference model NNAUAKA?

u(:):—iiw(t) for |S|#0
4 ‘S‘
= 0 for ‘S‘zO
Li{ia SZCl e+cze’ W(t):‘amlym +am1 ;)m +bmr+q1d+cl ; +q2(‘f] )./+f2 y +f)'

FGS
azdunseanuuuliauninindanIugy local controller %Ay eI TaungvasWesd
o

nj) If (current state or Scheduling vector) then (control gain)

1w (current state) L‘fluﬁ’.ll,l,ﬂiﬁsﬁ% Wae (control policy) L‘flumw?il,ﬁamrm mating pool 'Ph)
controller ﬁﬁﬂmm"lﬁﬁnm;@ Operating Point #ant 930 & %3L scheduling vector Tuadsoilidaniu
AUNUIVDIGNEY veliiulainszuudnnuasmusussausAauidnmsddouuya operating point

anatrualaginuali @

1 -1
|:"V]‘.I.1K”(p)i|([_WZUGUKn(p)) U Gl

'
A A

\a n A 9aviuneenLuy, j nune 01UTNIAITOLAINIU n

NN ARG

5000

¥ o

Tarfmua constraint % az¥ilWszULT robust performance wiazdswaarnnulllngya

a I3

I19LALNANN (Optional)

State x or Scheduling Yectar
Tagfidnesnang dwsuBunnmanassdunn wiaaingds inaesmesga ouldidu
Rs" :IF x, = ®x" and x, = ®x*THEN u, =K,
Taufi @ x (Judm1ensn (inguistic term), x I state W58 Scheduling Vector, u fia &
AuAN, K Aonuieenuuulissudusn nIvin defuzzification sansalfuuuledlalunudsedils

v
(=1

singleton uinfaufauuy Takagi-Sugano @3t

u=2wj(xd)-K*(y—yd)+ud e
j

Wj.(X):Me[O,l] ,]ZW§ (x)=1,
Sy

LX) = A, (ﬂmx; (x)) =min (,uq)xl, (x, ),,umxz, (X,)5ees iy (xn)).
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Aa Aaa & & PN ' & o A [y
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o 1 o dl l;‘ Qs T a Y J YV o a
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o o & o & o
Widafinainunuatuiazuaainsdszondls
AANUWLEY JINNINANRIFIARUAL9gIuln
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4.1 mMsnaassiwinanaad (ARNNTKI1TE13ITIMsszALIWIZIA IWAarwIn n.)
Yo a Y ' & A A A « . . L
manaaadldduiiunsainsvusudan vua 4 unulasfiunuiadeuiiiu prismatic joint
Swmsasgausziudadenyu 91w 1 Tausziin gripper ﬁmgu"l,ﬁﬁwmu 190 TUUTULARUGIY
@ ' . . g«
AUIUIA 450 kPa wazidudnuaziusuduaunalszinnnsanszuen (Cylindrical Robot Arm) Gaiilu
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'Y A A4 o A o @
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CDY1810H-190 uazludruzasununyulinizuenguuas KOGRNGI ju MSR 16x300 Lmuimaifld
[ & . . { o & o a a { o o
@3793uaz1Tu Linear potentiometers Nigi1aduluiasjulininfiasannvtszanading nmsaugu
& ¢ A @ a & A \ I3 A o X o Y &
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J+mpr® 0 06| |2mré 0 n
0 m+m O|hl|+ 0 |+ m+m)gh|=|f,

0 0 m|i#||-m& 0 5
T
T:[nl 5 f3] (1)
W m, ez m, 79 WINVBIRIA LULIIAILAZLUIUDUANEIAL,

A A ' A & A A €
0 e qusl.ul,l,mmgu, g o anusdlan, J de luwudanuidiesuadfag,
H fa sw:maagngu‘tuumuﬂuﬁa, r @a i:ﬂ:maagnqu‘tuumtmuuau,
A 6 A a a A A a
T Ao wneasvasusivsausida lasfiswuw da n, £, uaz £, Aa wssbaluwws
WL, U39l UL UIAILAZLUIUAUMNEIA FIlNLARTAY actuator AxtTluaad
s k
G(S) _ y( ) _ 1

u(s) s[s2+£s+k2j
M

Wa _VRTG[A A } P4 [AZPLU AZPz.OJ, y(s) @@ position output, u(s) Ad valve's input
1= sfy —

M

M

+— +—=
Vi, V. Vo V.

o 20 20

voltage, A fa bore area, C fla viscous friction coefficient, y fa the ratio of specific heat = 1.4, V|
#a air's volume 13 chamber i“?ll nominal position, M fa total load mass, P, faussaulu chamber i, T
ﬁaqmﬁgﬁmmﬂ (K), R fa gas constant = 29.2 m/K.

INMNNITINA[/DINN plant Iﬂﬂl‘ﬁm‘imuqmmu independent joint control ldannsofanavas
coupling #199l1 plant 1w disturbance lduazananIneanuuuszuuaugul#aInuda disturbance
31NN1311 system identification wa<wNu vertical I@]&llﬁunuﬁuagﬁﬁgm nominal plant Wu731 EEATRIEY

transfer function 1Ju
_ 0.47947(s +90.76)
0 (s+0.4231)(s2 +16.975+167.9)

Disturbance

Reference
Trajectory +

Output
—

P Amplifier

Sensor [«

3Uus@9 independent joint control

s:uuﬁmuquiﬂmﬁﬁmiﬁ'ﬁwmua (@muaziBualunianuin n.1) lumssenuuuitazinnsnien
weight uazaanIuQulanaaluld Favnldaatuasuniseanuuuanninafialu 3] lassiwua
constraint ﬁt\‘l time domain %dv[ﬁl,l,fi overshoot, setting time, steady state error ILa¢ frequency domain
F91@uri low frequency gain, bandwidth 15luen (@nwazidoalunmanuan n.1) @T’Jmuquﬁﬁommﬁ
Iz fidgmiaiaiiosninrinty 0.545 uaziiganiuguea
5.6444+ 38.639s

74.162s+1
pzfinafin N139aaMgIwNTaL H infinity wuuidaldduiiaiafiosniwyiiny 0546 uazfize

(PPID)K " (p)=(11.013+

ﬂauquﬁa
372.3s* +6714s° + 67960s” + 557905 +11950

HLS)K(s) =
K ) = S 05" +701.35° + 63105 + 26485 + 2,641
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Engineering Letters; Vol. 16, Issue 2, pp. 193-201.

)
RN} LL%UN’]I%IHFI WUIN N. 1

4.2 nanmInaaadlunszuanguaazwiaiva (usasinandas) (Tassefianln
2M5815ITINTILALMINIBR)

ELumsaammm:uuﬁﬁmmmimgLLazﬁmm"L&iLﬂm%aLﬁugw wdaslFimauguiiladus
L& a4 lsAan msaammuﬁamuquﬁhﬂﬂm%nLﬁuﬁ'ﬂﬁﬂvlﬁmmm:ﬁitumawfwﬁau weldinada
mah lUlE ssuusansneanuuudauguuunliidwdadulasardodinuguuuuiiadunas 9o
T lagmsrunuanalfinafiasng 9.5 Gain Scheduling, Fuzzy Scheduling twedw luanuide
s lewamnmaiialuide 3.3 %mﬁamuqmzuuﬁﬁmmhiLﬂuL%qLéugq seuufisanuuvlugini
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fa i’]QTaGVj‘uUuﬂaNaLLﬂu PINANVLIININ LU%UUVL@ﬂTIJSZ‘]J‘UYmﬂ’J’vaNLﬂuL‘H\‘lLﬁuﬁjd ﬂdLLﬁﬂﬂuEﬂ
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r

o PR oo 44, ¢
Eﬂ'ﬂ 12 LLﬁ@]\']‘Iﬁ%ﬂ%(ﬂ‘ﬂﬁi’]ﬂ‘ﬂuluiﬂiﬂﬂ'ﬁ'ﬁ]ﬂLLﬂ:iﬂGLﬂﬂa%ﬂﬁuﬂu@l

'Lul,mw,ﬂﬁauﬁumﬂumaoﬁuﬂuﬁam:ﬂs:nam’hyns:uanguauﬁﬁm’mm’amn%oﬁa’h
Lﬂuizuumuquﬁﬁmm"l&iLﬂm”?jaLﬁuga Foin S9andunafiafiiianaluiide 32 war 33 w0
28NUULMAILAY %218 3.2 azldioriinnsaanuuy local controller &auWata 3.3 azvihin1ITaw
controller nanaia 191w nonlinear controller Tuiuaauusnazyinnism plant maas:uuﬁqﬂﬁ'mmmq

Foldun Gp1-Gp3
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lasvinnsm System Identification LWUU Black Box Modeling s‘fidﬁmsmwmﬂ dynamic

System 2843UUNIEUONFUAY 16 plant a9#t

2.9747(s+40.76) , 2.3747(s+60.76) G 4.2987(s+34.76)

P (5+0.051)(s2+ 27.975+310.9) P27 (6+0.044)(s> +32.9754290.9) 7 (s+0.08)(s + 29.975+350.9)

9 v E4
1ININAZIINITeeNIUY Controller tAnzya Iasldmatinminaus luiide 3.2 Idwadimsredieaisil

Compare controller Weight (W) Controller
Plant | Type &
08721 (0.0061s)
10.7392 + +
G HLPE 110.5602 | 15 7101 0.6368 s (0.0015+1)
pl
313.2304 (5+0.04067) (2 + 28465 + 315.7
HLP 0.6071 s+0.001 (s+ ) ("2 + S + )
(s4235.1) (s40.04053) (s"2 + 38.61s + 561.3)
04131 (0.00269)
6.9815+ +
G HLPE | 05482 1 ¢ 7565403158 s (00015 +1)
2 e | oeoss 51 0.001 243.9216 (s+0.03253) (s*2 + 33.39s + 299.8)
: (s+181.5) (s40.03237) (s"2 + 41.03s + 543.4)
12064 (0.0037
HLPF | 0.5737 | 15.0984s+1.4460 10.8343+ 4 (000375)
G s (0.001s+1)
P s+0.001 331.3351 (540.09529) (s"2 + 30.47s + 355.7)
HLP 0.6126 ' — — '
: (54252.2) (s+0.09576) (s"2 + 41,355 + 609.8)

WNIWHA  f1 ¢ Va3%a HLP (Judrgsaanninnle ua controller 1Ha7ndn & fildandiias
—_— U 9

N € max WEd 1% , HLPF  @a Weight optimization and Fixed Structure Robust loop shaping
G Gp3 )

controller (mﬂﬁﬂﬁﬁ’naua 3.2), HLP fia Robust Loop Shaping T 8, G

pl> = p2>

System Identification

NWANTNARBINLIN tnafauuy HLP  uaz HLPF  lanavassanilatgfiosninuas
NAABLAWAINING Frequency Domain Was Time Domain InalAwsnu aenelsnay annmnadalu
wata 3.3 ldvin1seanuuy Hybrid SMC-FGS laslT local controller 1w HLPF iNaauguIzULUaE

o~ a 1% a ~ o A & o &
WIsuAsuAUSzUUR single HLPF LB4@MLAE7 HAMINARINIRUALIAIAIeD 115
Han1Inasasn lduaaaasgudnesnd

FIBLINUFAINANITADLRUBINITINNBINTITHIUN nominal plant
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Step Response

Ampiitude

Ziegler- nichols

4 | Tyreus- Luybe

HLPF

2 | HLP

15 2 25

Time (sec)

FUuERIMTBULABUNTRaNUU LT UUNDUG1 9

anduldin szuy Mhaueldwanauauasiniunafiauunlilugamwnssunild fia Ziegler-Nichols

method, Tyreus-Luyben tuning rule

' = & ' el ¥ o a o A
a’m‘ﬂaaoLﬂuma@muauamaﬁdﬂ“ﬁumuuﬂ@ Wﬁl@ﬂ’]d’]u@u

Stopped j— ] 2008/07 /26 17:08:20 Stepped 2008/07/26 17:13:38
CHI=TV T s/div (AL 1s/div
oG 11 L (1sfdiv) e 11 i (1sadiv)
: i NORMi1KS/s  NORMETKS/s
=Tracel= Avg =Tracel= Avg 2.280v
=Filter= =Record Length= =Trigger= =Filter= =Offset= =Trigger=
Smoothing : ON  CH1 : : 10K Mode : AUTO Smoothing : ON CH1 :  0.00v Mode : AUTO
W o FULL CHZ : 10K Type : EDGE CH1 & W o FULL CHz : 000V Type : EDGE CH1 &
Delay : 0.0ns Delay : 0.0ns

Hold OfF : MINIMUM

(n) Tyreus-Luyben rule

Hold Off : MINIMUM

(V) Ziegler-Nichols method
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Stopped j— 1] 2008/07/26 19:11:54
cHI=IY ¢ : : Ts7div Stopped
oc 1 : : (1sdiv) CHI=1V

NORM:1kS /s

=Tracel= Avg 2.200v

=Filter= =0ffsei= =Record Length= =Trigger= =Filter= =0ffset= =Record Length= =Trigger=
Smoothing : ON  CH1 : 0.00v Main 10K Mode © AUTO Smoothing : ON  CH1 : 0.00v Main : 10K Mode : AUTO
W I FULL CHZ : 0.00v Zoom @ 10K Type . EDGE CH1 & BW [ FULL CH2 : 0.00v Zoom @ 10K Type : EDGE CH1 #
Delay : 0.0ns Delay : 0.0ns
Hold Off :  MINIMUM Hold Off : MINIMUM
(M) Single HLPF (¥) Hybrid SMC-FGS

suraawanauauastiidutuinlavasszuufeanuundsinaiaciig g

nngazdnladn seuufisanuuulay Hybrid -Fuzzy Scheduling Fixed Structure 953
performance §9n313ULLUY Fixed-Structure HLS Liig460UANALALY Laziiaaiilu robustness
ot Touiflanasaununisidou parameter 9983 dnamdanan arnisddou pressure a1
450 kPa i 250 kPa Waz 700 kPa LLazl‘zﬂwﬁfﬂﬁﬁzjuﬂu@i’%’uam 3 kGs i 5 kGs WU response

o g e &
PadszuuNaantuuLinasih

Better Settling time
Stopped — || 2008/07 /28 06:34:42
CHI=TY - s 7div 1 __2008/07/28 0653:19

pc 11 : : 1 (1sfdiv)
: : : : NORM:TKS/S

1s/div
(1s5/div)
ha: 1]

\

=Tracel= Avg 2.151¥ : g =Tracel= Avg  2.186V
=Filter= =0ffset= =Record Length= =Trigger= =Filter= =0ffset= =Record Length= =Trigger=
Smoothing : OM  CH1 0.00v Main : 10K Mode : AUTO Smoothing : ON  CHI1 : 0.00v Main ;10K Mode © AUTO
W FULL CH2 : 0.00v Zoom : 10K Type : EDGE CH1 4 BW [ FULL CHz : 0.00v Zoom @ 10K Type : EDGE CH1 &
Delay : 0.0ns Delay : 0.0ns
Hold Off : MINIMUM Hold Off : MINTMUM
(n) Single HPLF () Hybrid SMC-FGS

NamauauaaﬁmmﬁuauLﬂﬁﬂumﬂ 4.5 bar L‘ﬂu 2.5 bar ﬁmﬁfmmuﬁuw&ﬂﬁwmn 3
KGs 101 5 KGs
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Better Settling time
631 Stopped | — 200607 /30 07:32:20
I8 fdiv

Stopped o — 2000/07/20 072
CH1=1V - L 4
Do 1 (18 fdiv) [ ] (1s/faiv)
i HORM kS /3 1 NOEMIOKS /6

frrmm—

s - -——f
S Fio
‘i i Ii
=Tracel= Avyg  7.938Y 1 mTracels fAvg 2.108Y
Format | FileName | Autofie | i ) 1
TIFF PEPTT oM TopMenu
=Filler= =0ffsel= =hecord Length= =Triguper= =Flter= =011sal= =Record Lengths =Triggers
Smoothing © ON  CHY © ooy Main ¢ 10K Mode | ATO Smoothing : ON  CHI = ooy Main 10K Mode | AUTO
BW @ FULL CcHz - ooy Zoom : 10K Type : DGE CHI £ BW | FULL CH2 - noov Zoom D 10K Type © EDGE CH1 4
Dty 2 LU Defay .ns
Hold Off © MINIMUAA

Hold OFf ©  MINIMUR
v

ANNARANLURLUINN 4.5 bar 1Il% ANUAUAN 7 bar ﬁmﬁmmuﬁuweﬂﬂﬁﬂumﬂ 3 KGs il 5 KGs

(A) Single HPLF (4) Hybrid SMC-FGS
EﬂLLamma@auauaaﬁaﬁ“ﬁ?uﬁ'uﬁ'u"lmmaﬁzuuﬁaammuﬁmmﬂﬁﬂﬁ Perturbed Plant (.Uaa%

IHAALAZLIIAUWINA 3.5 bar LTu 2 bar Uaz 7 bar)

a1
o A o Y . A A a & ° ¥
AINIWANNILEUD laidaspanuuy weight LLa:LsJamﬂmmﬂ@mmﬂs:uqﬂmzmlﬁmmm

o ' o a & ' Ay Ao d @ a
Yl’]d’]uvl,(ﬁiluil’mﬂ’ﬁﬂ’ld’m‘nSJ’m"IJu IMHINIINARBINDIN iz‘u‘u&l"ua(ﬂ(ﬂd‘ﬂﬁ?ﬂlu“ﬂa 3.1 azd robust

performance goﬂ’hmiaammu controller @468

4.3 N1INARIIH997 Buck-Boost Converter (ﬁﬁ&l‘vﬂ% Lecture note for engineering: Trends in
Communication and Electrical Engineering I%N1AN®WIN U LATUNAIWYDIITHANNN Lib

213813IBINTILAURIRIZIA TWA1ARKIN N. 2)
o v & &K P . o o o A
ausaalwiAuisanuausalunsdzgndldluszoudu viu szundivszduusaudian

ﬁwvlﬂlﬁﬁ'uvjuwﬁﬂ'umﬁ aumINaLAaINITLEATI Lo Naiﬁuamﬁagﬂﬁwmaﬁ

G
1
N
E L C== R
| Output
Q Clock l Voltage
R S
A
Controller -

Command
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Plant 2a35suutduasi

s-L V, V +V,
(1 o o 1)

du, _ Vi ] R, 'Vi ' \A
Tty V. +V,
di, VitV (14s.cR, -0 N

2V, +V,

o a a & &
'EZ'IUU'YIQaﬂLLﬂUNWWEWNL@a?@]aVLﬂu

Table Converter’s parameters and considered variation ranges.

Parameter Name Nominal Value
R; Load Resistant 40 Q
v, Output Voltage 30V
Vi Input Voltage 12V
L Inductance 100 xH
C Capacitor 470 uF
Sow Switching frequency 100 kHz

Weight N ltlunseanuuuit fe

=

_30.5+267) 100000
(s+0.001) 5+100000

A o9 . . a R
1Navinlsh bandwidth a4 nominal plant NLaNYIzN1w 600 rad/sec LN WLEW 20,000 rad/sec
Tu Shaped Plant
RNMIBBNUULMINATRA H infinity Loop Shaping, inafiafisiaualunida 2.1 uazinaiia

ISE %aLﬂumﬂﬁﬂﬁﬁﬂﬂﬂmsuumuQuﬁ"svlﬂ WU "L@‘fﬁ';muqué’d@iﬂﬂﬁ

A. H infinity Loop Shaping
(s+26.7)  (261841)(s+1.002x10%)(s +26.9) (100000)
(s+0.001) (s> +3.265x10° s +3.608x 10"°)(s +26.7) (s +100000)

FIULHBLFRLIAIN LYINAL 0.59 & Order = 5

K(s)=W,K,W, =30

B. tnAitafNt1L&@wa (Fixed Structure Robust Loop Shaping Control)

K= [21.8“ 597.6)( 100000 j
s s +100000

FIUHALFRLIAIN LYINAL 0.586 & Order = 2

C. .nAA ISE with Model Reference
2800

S
' o a A oA M vo & &
gFuiatanasniw idiitasanlunmsssnuuuliladr et

K =19+
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95U nadia A uaz B THaaauauaIlTaIa sauHaedysnIninglanInw agalsfanw
a Ai. o a ol 1 v 1 1 o ¥ v Aa
iadtaniaus 3 order d1nin lassasioni Mliltoulaass
WaldSausunumeila ISE wudn imedia B wazinadia ISE lvnanausuaslnaifasnun

nominal plant 6931919819

Stapped 2008/01/14 2226109 Stopped 2008/01/14 222348
T o Ims/div I T div

HORM:100KS /5 ; HORMET00KS /5

@ ()

EﬂLLa@N Step responses in nominal condition. (a) Proposed PI controller. (b) Pl tuned by ISE
method.

Wafmaulasumnniimesluszoy laswdoud R =10 Q, v, =108V, L= 130 4H uas

[

€ =2200 tF Fadumadfouldszuudinuaaas lawdnudas lananauauasaal

Stopped 2008/01/15_01:46:07 Stopped 2008/01/01_19:32:29
T e lmb/div T T 3 T e Ims/dv

JORM:100KS /5

100KS /5

205V 295V

(a) (h)
E‘ULLam Step response 184 (a) Proposed Pl controller. (b) PI tuned by ISE method.

a1

angdihaun lunsdl plant A fwesiaswly (Perturbation Plant) inafinfiviniaue a:d
ANMUMINUIFUITNUE (Robust Performance) #ni1 launanauawad laiifia overshoot Wag Oscillation
fnsuneazdoe usadlumanwin v F9ldSuneusulaRuWlunitsdoSou Lecture Note for

Engineering lagfsinAaw Springer LazUNIF@IBARNNIBNIINTITIMTIALINUNI TS
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4.4 N13NAAI 1K Buck Converter (MNaIaIANNNIHINTEITITINITILAUMIWITAG, Int J.
Computer and Electrical Engineering)

wafialuiada 3.2 waz PSO grshanlgluniseanuuudiniuguniuasas Buck Converter
LUY Current Mode Control (ACMC Mode) AN e84 Plant ﬁaammu fa

[ g

Ve -I'C §R ;

g € i Output

' i Voltage

: Input :

: Current :

g i [Proposed Robust

: <+—— . | PID Controller <_®<__
' Reference} 1

: Current |

: urren : Command

#1135 Inner Loop azaanuuulasinaiiasssuainilidanw [5] 82w Voltage Loop (gUwan) szaanuuy
mamnaiiafiiaue, H infinity Loop Shaping k& ISE szuuiwnliaesasdalu
Table 1 Chosen converter’s parameter and considered variation ranges

Parameter Name Nominal
Value
R; Load Resistant 20Q
v, Output Voltage 6V
Vi Input Voltage 12V
L Inductance 100 uH
C Capacitor 680 uF
fow Switching frequency 100 kHz

anmsanuuugUnazualai R = 10k, R = 1kQQ, C, = 2nF , C, = 50nF AMNFATIRNATIANTD
1 Plant ldanaunisdaluil [6]

V,(s)  K,(1+r.Cs)[Gey +11G,(s)
V.(s) 1+ T.(s)

e Kn = MWVn Gy, 1o RAE Tcﬁa transfer functions 3710 duty cycle 1uers output voltage,
current loop gain LAY equivalent series resister (ESR) aNsIau

G, uae T, A
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(1 + reCs)V,

R + (L + RCrp)s + (RLC + roLC)s*
RgK,V,[1+ (R + rc)CsI[1 + Gey |

R + (L + RCrp)s + (RLC + roLC)s?

G, (s) =

T.(s) =

ad A o v o . A A A o v o o ' & a A
’J‘Eﬂ’li“/m’ll,ﬁ%ﬂvl@]‘ﬂ’lﬂ’liﬁ’l Weight wmm:amqmﬂmiﬁ manmu@ma"l,ﬂul,ﬂmm fa

rise-time < 1000 [/s., steady state error < 0.01%, W& maximum overshoot < 1%
16 weight fnanzaufigafo

49.505+1586
s+0.001

W (x) =
Wariin1sesnuuu@InILguuIIaUgluen anmIsanuuudininafia H infinity  Loop
. PN { o o o A A PN {a
Shaping, inafiafiiaualuiada 2.2 uaz PSO uazinafia ISE Sadwnafiafifisuldluszuvaiugu
1 woh lddmuguesdaldi

A. H infinity Loop Shaping

(49.505 +1586)  1.505x10°(s+1765)(s +32.39)
(s+0.001) (s+1.532x10%)(s+1739)(s+32.04)

grwflawafiosniw windu 0.71 § Order = 4

K(s)=WK,W, =

B. mﬂﬁﬂﬁﬁnaua (Weight Optimization and Fixed Structure Robust Loop Shaping Control)
2283.4 + 0.00010s

N 0.00099s +1
fruiilaiafiosnw winiu 0.708 § Order = 2

K(p)=49.18+

C. .nAA ISE with Model Reference
1013 N 0.00032s
K 0.00001s +1
grwdaadosnw lufiflesnlumsssnuuulaldsiteds

K, =101.27 +

ISE

§#m3u nafla A uas B linanausuaadoim dufiaiosnnlndidosin agrslsfiany
mediafiiaue § order dni lassarasioni Lidesaanuuy weight vlwldouldas

WawSsuisuiuinaiia ISE wudh inafia B uazinaiie ISE Inansusuaslndifineiud
nominal plant gulunsdl plant AifwnHaasiufowly (Perturbation Plant) tnadiafisiiiane a:d
ANUAINUFNTINWE (Robust Performance) fniun laonanauanadtia overshoot Wae Oscillation

#asn3n ISE 41N
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Step Response

Proposed controller
12 e Hinfinity controller
-------- PID tuned by ISE method
8
2
2
3
<
0 . . . . . . . . .
0 02 04 06 08 1 12 14 16 18 2
Time (sec) x10°
(n)
Step Response
1.6
1al Proposed controller ]

Hinfinity controller
= PID tuned by ISE method

0.8

Amplitude

0.6

0.4

0.2

Time (sec)

(¥)

NAMTINRBIMEABNRUABTENTY NanauruasWenTwIBLWla () Nominal Plant (1) Perturb plant

(R, =14 Q),

L =130 UH and C = 250 LIF)

. ] ¥ A v @ o @ A
muwamﬁmﬂaamamlugﬂ‘nwmaﬁ TIROAARDINUNANNTINABIMEABNRINADS

Sims/dv “Ims/dv
RORMI200KS/S | [ooioeoiio oo e NORM:IMS /s
f 6V ? 6V
ov 1Y
=Filter= =Offset= =Record Length= =Trigger= =Filter= =Offset= =Record Length= =Trigger=
Smoothing : OFF CH1: 000V  Main: 10K  Mode : AUTO Smoothing : OFF CH1 : 000V Main: 10K  Mode : AUTO
BW : FULL CH2: 000v  Zoam: 2K Type : EDGE CH1 & BW © FULL CH2: 000  Zoom : 10K  Type : EDGE CH1 &
Delay : 0ns Delay : 0.0ns
Hold OFF :  MINIMUM Hold OFF :  MINIMUM
a 4o a
MNAUANUUTUD MaAUALUY ISE

(M) nominal plant
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T ozms/div Zms iV
. NORM:200KS /5. NORMEZKS /5
: : : : : \
- X
» ; ; a ; ; ; :
T ¢ : ! - : ¢ : 6V
=Filter= =Offset= =Record Length= =Trigger= =Filter= =Offset= =Record Length= =Trigger=
Smoothing : OFF CH1 : 000V  Main: 10K  Mode : AUTO Smoothing : OFF CH1: 000V  Main: 10K  Mode : AUTO
BW © FULL CHz : 000V  Zoom: 4K  Type : EDGE CH1 £ BW : FULL CH2: 000V  Zoom : 400  Type : EDGE CH1 £
Delay 0.0ns Delay : 0.0ns
Hold OFF :  MINIMUM Hold OFf ©  MINIMUM
a 4. a
FNAUANUILRUD Inawauuy ISE

(V) perturbation plant
EﬂLLamwaﬂﬁmaaaﬁaém%uNa@auauadﬁqﬁﬁwﬂ%ﬂﬂﬂ (N) Nominal Plant () Perturb plant (R,

=14 (), L =130 [H and C = 250 LIF)

a1

wadiafiiiaue sansninl1Eoenuuuris weight wazenmuguliillassaisiomanziy
mathluUlgauluasas ACMC Buck Converter tiaiSauiiaunuinafia ISE ufanuin nanauguwasd
nominal plant laaudaiinua lumm:ﬁwa@auauao‘ﬁ perturbed plant maas:uuﬁlﬁ%auaaﬂ’ﬁ’]

=2 a o a a_ .
RUIUDI ICUUNWILEWBYN robust performance @anNNLUY ISE

4.5 N1INAADI I3ZUL MIMO System (A1AIGIANRNN IHITEITIBINIIFILAUMIMITG UAAY
TuazidualunanwIn 2.1)
Tuszuy MIMO System 'lévhmseenuunid3suifisutuinedinng g asdaldil
1. na¥a H infinity Loop Shaping LU Centralize Control
2. naia Reduced Order H infinity Loop Shapin WUl Centralize Control
3. A ﬁﬁ%aua iUy Centralize Control
4. naia ﬁﬁ’naua LU Decentralize Control
5. nada Robust PID aanuuulae BMI Method Wi Centralize Control
iafiafisisusszndwnaialuiade 3.1 Tasld Pso Tumsuitlymmdaay
lunsiaszanSniw w3a Robust Performance maai:uuﬁaammm:’iﬂ

lag@du il aiysnIw S9lenagaunuszuy MIMO §a953UU Aa
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o ' A < A o o a
AIDYWN 1 I2UU wana%ﬂfmaﬂu (mwsuswauaﬂﬂmaa plant nfaanltuuITuUY Ltﬁﬂ\ﬂ%
NMANKIN 2.2)
A A 3 A Ao &
534 Plant e Welght NaanLuUIaIw
—22¢” 1.3
G - Y| b | Ts+1 Ts+1 U
[ - - _1.8s _0.35s
Y, t, —2.8¢7"% 437 || u,

9.5s+1 9.2s+1

S5s+2 0 10
W= s+0.001 W= s+10
: 0 55+2 | 7 0 10
s+0.001 s+10

waf ldlunseanuuudiniugu lw3aswas Stability margin

A15199 1 The results of stability margin of the designed systems in Example 1.

Controller Stability Margin

1. Proposed Controller:

1.1 Centralized PID Controller 0.343
1.2 Decentralized PID Controller 0.274
2. Robust Centralized PID Controller designed by BMI optimization [7]. 0.246
3. Reduced Order Hy, loop shaping controller 0.263

#208197 2 J:UU Himat System (81%5U318aziB8AVal plant N1592NUUUILLY UAAIIH

NMANKIN 2.2)

o

A A . A &
034 Plant e Welght NaanuuaIn

x=Ax+ Bu
y=Cx+Du
[-0.0226 -36.6 —18.9 -32.1 0 0
4 0 ~1.9 0983 0 5 0414 0
100123 -11.7 =263 0 |7 | -77.8 224
0 0 1 0 0 0
. [0 573 0 0 00
logi C = ,D=
00 0 573 0 0
s+1 0 Lo
sz —| $+0.001 ,Wz{ }
s+1 0 1
s+0.001

WA le L 38984 stability margin
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A13197 2 Comparisons of the stability margins obtained from the controllers in Example 2.

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 optimization [7] 0.309
3. Reduced Order Hy, loop shaping controller 0.387

wanandt luinuidsdeldeaniuy MIMO System §%5UT2ULU static output feedback lag

P @ Py
34] EIUﬂ‘]JNaYIvLmnﬂU‘YIﬂ’J’m [8]

A22819N 3 (Elgerd , 1970) Lﬁmzuumuq&l load frequency 183 two-area interconnected power
system &13130Q state-space a3 nominal plant lelu [8] sruuludransiaznduszuuuoy multi-
) . 4 i o Y o .

input WAz multi-output (MIMO) mm‘saammummuquﬁmLauaﬁ’«azmaaL‘sumﬂmsmm‘iaaﬂl,tuu

weighting function Tagaziimsmnualasiassves pre-compensator (W,) fa

a(s +b) a(s+b)j

s(s+c) ’ s(s+c)

W, :diagﬂ

Wa a, b, cde dasfilag Seldeanuuudiwiniimasina iy 4 d1een9 (case | - IV) @901599 3

(Patra, Sen & Ray , 2008) W@z leiaonuuy post-compensator (W,) 1y / uirimualassaiioves
} o v v =1 Q v dl o

7amuguiwn lasazinualassaiizeszanuguliinileunulasseinniiaualos (Patra, Sen

o

& Ray , 2008) 7494

p(s+p,)  p(s+ps)

+ s+
K(p)= Ps Pe
P(s+pg) po(s+py)
S+p9 S+p12

Tuenoenedi 3 13anen w, I case IV (a=2 , b=0.3 , c=4) uazMRHAFINITLABTVRI PSO @Ta‘f':
‘Llam‘m‘um@hWﬁﬁﬁL@la%ﬁﬁum P,,, € [-10,10] , population size = 500 , minimum L8 maximum
velocities fd 0 WAz 2 , acceleration coefficients = 2.1 , minimum W&z maximum inertia weights fa
0.6 4z 0.9 URTIWINTOURGUTAUMT (maximum iteration = 50)

v o

v aa o = & &
AIFIBNIINUILRUED I@U PSO 'ﬂzaE]ﬂLL‘U‘lJ“E@]ﬂ’J‘UﬂN‘Y]LﬁﬂJ’]ZﬁﬂJ‘Y]N@]VL@] A

—0.1995-0.840 —-0.4495-0.165

K(p)= s* +5.826s s* +3.733s
-0.787s-0.323  -0.6165—0.950
s> +8.211s 5% +9.370s

A A a a [ A A
LNE]QaﬂLLU‘U"Jg(ﬂﬂ’J‘]JQMLWaLﬂSU‘LJL‘YIU‘LJﬂu 3 WUy @ wuy full order GﬁdLﬂ%ﬂWiaﬂﬂLLU‘U"QW
aIufAuLLUY Conventional Hoo loop shaping (McFarlane & Glover , 1992) , TaaIUANLLY Static Hoo
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loop shaping (Patra, Sen & Ray , 2008) LLa:"q(ﬂmuquﬁmLaua TIFAAIVANUUY Conventional Hoo
loop shaping (full order) ﬁ):Lﬂu"q@muquﬁ"laJmmmﬁmuﬂimaai’wLLa: order maaﬁ@muguvlﬁ W
W]Ji’l“l;@ﬂ’mﬂmmu full order 9z& order g\‘iﬁd 11 order diu"gﬂﬂ’mqmmu Static Ho loop shaping

9:i1§917% order fa 4 order LYINAU41WIU order U84 pre-compensator (W,) 11839 InTAAILANTN

1

aa & a o 4 A o s . =
sanuuulasiinisfaziinainnisiednnef (K) 1ag u1gmnu weighting function uazTAAILANA
#Lguanazdl order $14I% 4 order Lﬁmmﬂ"g@muquﬁﬁwLauaﬁaﬂuwinﬁwwuﬂlﬂsaai”wau,a: order

20970 |6

AN 3 WATBIAIEIUHBLED HTATNIINABE19N 3

Stability margin (&)

Parameters involved in pre

Static Hoo Proposed
compensator Full order
loop shaping technique
Case | (a=3, b=0.2, c=5) 0.228 0.366 0.645
Case ll (a=2, b=0.12, c=4) 0.280 0.451 0.708
Case lll (a=1.5, b=0.35, c=4) 0.339 0.425 0.715
Case IV (a=2, b=0.3, c=4) 0.274 0.450 0.668

D

1n@13197 1 gaarugung 3 uunlunsdiildn weight 6199 19 4 cases WoTAAILANT

D

Wanaazd stability margin qx‘m’h"qmmuqmmu Static oo loop shaping %dmﬂim%ﬁmax order 7
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i"nmszﬁuLmﬁvgmlﬁﬁmmﬁwﬁn’hq@ﬂ'auquLLLm Static He loop shaping (Patra, Sen & Ray ,
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288191 4 (Yano & lkeda , 1994) Lilu3zUU VAR compensator @9ti/15e11 MIMO N3 2-input way

2-output lag# nominal plant 224 transfer function a9¥

G(s)

_ 1 0.2307s(s +33.56)  —3.2226(s” +0.0934s +7.944)
(s+0.2124)(s* +0.24925 +12.55) | —27.556(s +0.2308)  3.5807(s +1.723)(s —1.261)

o

wazldvinnnseanuuy pre-compensation (W,) 3%

. (a(s+0.2) b(s+0.2)
W, =diag ,
N N
a a a & o o e
LU a WAz b TUATNIINULABIAIATITNN 2 a:gnaammulm 3 case (I - lll) L&z post-compensator
Wy =1 lagazidan case | (a=0.1, b=0.2) mﬁﬂmsaammuq@muqu LLazﬁﬂmuquﬁﬁwmuaa:

funalasiaiasi

28 + P> DS + 0

Kp=| ° s
PsS+ P DSt Dy
S S

frwaaInINAlaesued PSO a9d p,s € [-5,5] , population size = 500 , minimum L& maximum
velocities Aa 0 WAL 2 , acceleration coefficients = 2.1 , minimum W& maximum inertia weights fa
0.6 uaz 0.9 uazsIWINTBUNGILAWANT (Mmaximum iteration = 50)

v o

v ad o a a &
AIUIDNIINUILRUED I@U PSO ﬁ]zElE]ﬂLLU‘U“Ii@]ﬂ’J‘Uﬂ&J‘Y]m&l’]:a&l‘ﬂﬁ(ﬂvl.(ﬂ A

0.0145- 90029 5140, 00169
Kis)= 0 05s78 0 (;253
02565+ 292718 1261 - 20225

S S

Optimal controller i laazengIwHalEdsINN (&) WU 0.5643

ﬁl'mmi’m‘ﬁ 4 luudas case WADNUVUTANIUANUDY Conventional Hoo loop shaping %G"g(ﬂ
muquﬁ"lﬁﬁa:ﬁ order §4714 7 order lumm:ﬁqﬂmuqmmu Static s loop shaping LLa:"g@mquﬁ'
Wiguwafiifis 2 order luans197 4 Aazuaas stability margin (&) maa*’gmmuquﬁd 3uwy &slums
aﬂﬂLL‘]J‘LJ?qj(ﬂﬂ’J‘]JQ&Jﬁ.:\T 3 case ﬁ]ZW‘U’h"Ié@]ﬂ’J‘UQNﬁﬁ’llﬁ%ﬂ’ﬂtﬁﬁ’l stability margin gonin’g@muqmmu
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) ) Stability margin (&)
Parameters involved in pre

Static Hoo
compensator Proposed technique Full order
loop shaping
Case | (a=0.1, b=0.2) 0.424 0.5643 0.679
Case Il (a=0.1, b=0.3) 0.447 0.5694 0.649
Case lll (a=0.3 , b=0.5) 0.426 0.4735 0.585
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3.6 n31S8uLfisusznine Simple PSO U Simple GA Optimization Twilywinsaanuuuda
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Design of Structured Controller Satisfying
H,, Loop Shaping using Evolutionary
Optimization: Application to a Pneumatic
Robot Arm

Somyot Kaitwanidvilai and Manukid Parnichkun

Abstract—This paper proposes a new design procedure of a
fixed-structure robust controller for the joint space control of a
pneumatic robot arm. The proposed technique is based on the
concept of H,, loop shaping which is a sensible method for robust
controller design. However, in conventional H,, loop shaping,
the order of the controller is much higher than that of the plant.
It is not easy to implement this controller in practical
applications. To overcome this problem, in this paper, H,, loop
shaping control under a structure-specified controller for a
pneumatic robot is proposed. The performance and robust
stability conditions of the designed system satisfying the H,, loop
shaping are formulated as the objective function in the
optimization problem. Genetic algorithm (GA) is adopted to
solve this problem and to achieve the control parameters of the
proposed controller. Additionally, in the proposed technique,
the performance weighting function, which is normally difficult
to obtain, is determined by using GA. The optimal stability
margin is used as an objective in GA for selecting the optimal
weighting parameters; the requirements in terms of
performance specifications are utilized as additional constraints
in order to get more practical parameters. The designed
controller contains simple structure with lower order and still
retains the robustness and performance specification.
Simulation results show that the robustness and performance of
the proposed controller are almost identical to those of the
controller designed by H,, loop shaping method. Experimental
results verify the effectiveness of the proposed technique.

Index Terms—H,, loop shaping control, robust control,
pneumatic robot, pneumatic actuator.

1. INTRODUCTION

In the past decades, many immense developments in
pneumatic controllers have been done and the results of those
are used extensively in today industrial processes. Pneumatic
actuator is an attractive choice for being used in both
industrial and non-industrial applications because of the
following advantages-high reliability, mainly because of
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Thailand Research Fund (TRF, Project No. MRG4980087), Thailand.

S. Kaitwanidvilai is with the Electrical Engineering Department, Faculty
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M. Parnichkun is with the School of Engineering and Technology, Asian
Institute of Technology, Pathumtani, 12120, Thailand.
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fewer moving parts; self-cooling; high power-to-weight ratio;
wide useful range; easy installation and maintenance; and, the
availability of a wide range of standard sizes. Recently, this
actuator has been used in the designing of the robot
manipulators to enhance capabilities of the robot. Because of
the advantages of this actuator, the pneumatic robot is now an
attractive choice for the industrial robot.

Pneumatic system is highly nonlinear because of its
compressibility of air and highly nonlinear flow through
pneumatic components. Furthermore, in a long connecting
tube, the effects of time delay are significant. These lead to a
difficulty in analyzing and designing an effective controller
for the system. Many researchers investigated various control
techniques to control the system. Several approaches based on
nonlinear control techniques have been successfully applied
to design a controller for pneumatic system, such as
block-oriented approximate feedback linearization by Fulin
Xiang and Jan Wikander in 2003 [1], fuzzy state feedback
control by H. Schulte and H. Hahn in 2004 [2], and etc.
Unfortunately, because of time consuming in system
identification process and many feedback states, these
techniques are now only implemented in very precise
requirement applications but not in general industrial
applications. In linear control point of view, linear model is
derived from linear mathematic equations. Mostly, linear
dynamic model is obtained by applying the linearization
technique around a specified operation point, usually at the
middle of pneumatic cylinder. Various control techniques
based on linear control have been proposed to control a
pneumatic system such as simple PID control [3], PI control
with analog loop [4], self-tuning control [5], and etc. Since
these techniques do not include the presence of system
uncertainties; that is, system nonlinear characteristics, load
changing, and so on into the consideration in the system
modeling; the robustness in the sense of uncertainties of these
designed controllers cannot be guaranteed. To solve such
problem, some researchers applied the robust control of a
pneumatic system. Kimura and et. al. [6] proposed a minor
feedback loop and H, control to pneumatic servo. Inner
pressure loop is used to reduce the complexity of resulting
controller in H,, control. Kimura and et. al. [7] also applied a
sampled-data H,, control approach into the plant.
Experimental results in his work showed the advantages of
discrete H,, control over the continuous H,, control in certain
senses. However, in some techniques such as robust H,,

(Advance online publication: 20 May 2008)
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optimal control, the structure of controllers is complicated
with a high order. It is difficult to implement these controllers
in practice. Mostly, the controllers used in industrial process
are PI or PID controllers. Unfortunately, tuning of control
parameters of these controllers for achieving both robustness
and performance specifications is difficult. To overcome this
problem, the approaches to design a robust control for
structure specified controller were proposed in [8-10]. In [8],
a robust H,, optimal control problem with structure specified
controller was solved by using genetic algorithm (GA).
Bor-Sen.Chen. et. al.[9], 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. A similar work was also
presented in [10]. In H,, optimal control, H,, loop shaping
control is a feasible design method for designing a robust
controller. Uncertainties in this approach are modeled as the
normalized left co-prime factor which is not representing the
uncertainty of the real plant. However, this approach is suited
for designing a robust controller since the well known
classical loop shaping concept is incorporated in the design
procedure. Additionally, in the system that the dynamic model
is identified by the standard system identification with
black-box modeling approach, the robust control technique
based on the structured uncertainty model such as
mu-synthesis, H,/H,, optimal control, and etc. can not be
applied. However, the structure of controllers designed by H,,
loop shaping is complicated with a high order. In this paper,
genetic algorithm based fixed-structure H, loop shaping
control of a pneumatic robot arm is proposed. The simple
structure and robust controller can be achieved. Additionally,
in this paper, we propose a GA to evaluate an appropriate
performance weight W, that satisfying the performance
specifications and robustness. This then reduces the difficulty
in selecting appropriate weight in H,, loop shaping control.
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.

The remainder of this paper is organized as follows.
Pneumatic robot dynamics, pneumatic actuator dynamics are
described in section II. Conventional H,, loop shaping and the
proposed technique are discussed in section III. Section IV
demonstrates the design example and results. And, finally, in
section V the paper is summarized with some final remarks.

II. DYNAMIC MODEL

In this paper, we constructed a cylindrical type robot arm
with pneumatic actuators. This robot is widely used in many
industrial processes. Consider the cylindrical type robot arm
shown in Fig.1, it is seen that it consists of two translation
joints and a revolute joint. Generally, the dynamic model of
this robot can be written as [11]

J+mr* 0 0|8]| |2mrio 0 n

0 m+m, 0 Wi+ 0 +| (m +m,)gh |=| f,

0 0 m|Fi||-mé& 0 f,
T

t=[n, f, fi] (1)

where m; and m, are the mass of the vertical and horizontal
links, respectively,

0 is angle of the rotation axis,

g is gravity,

J is inertia of the base link,

h is the distance of the vertical link,

r is the distance of the horizontal link,

T is the force vector.

n,, f> and f; are the torque in rotation axis, force in
vertical and horizontal axis, respectively.

ml
r
SN -

Fig.1 A cylindrical robot arm.

The dynamic model in (1) is derived from the Lagrange’s
equations of motion [11] and can be applied indirectly to
describe the dynamic model of our developed robot.

There are many control schemes to control a robot
manipulators such as computed torque control, independent
joint control, and etc. In computed torque control, the control
design problem is decomposed into an inner loop design and
an outer loop design. The nonlinear inner loop is used to
compute the inverse dynamic of the robot for canceling the
nonlinear term while the outer loop control is used for
trajectory tracking.

In the industrial robotic applications, independent joint
control is widely used since it allows a decoupled analysis of
the closed-loop system. At present, it is strongly accepted by
several researchers that this kind of control scheme is more
practically suitable for implementing in industrial robotic
applications since the nonlinear control schemes used in the
computed torque control scheme is too complicated to be
utilized in practice. In this control scheme, each axis of the
manipulators is controlled as a SISO system. Any coupling
effects due to the motion of the other links are treated as
disturbances. Fig. 2 shows the diagram of the independent
joint control scheme. A picture of developed robot in this
paper is shown in Fig. 3. Based on this control scheme, in this
paper, the position of piston in each actuator of the robot is
controlled separately.
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Fig. 2 Independent joint control scheme.

Fig.3 A pneumatically actuated robot.

In pneumatic robot, the actuator dynamics is very crucial.
The foundation research works on modeling of a servo
pneumatic system were derived by the study of relationship of
gas properties and motion's equation in pneumatic cylinder.
Linear dynamic model of a pneumatic actuator can be written
as [4]

G(s) ¥(s) k, )

u(s) s[s2 +£s+k2)
M

where —7RTG[A+AJ _7 [AZPLH
=Y k,

S

AP y(s)is
\%

lo 20

position output, u(s) is valve's input voltage, A is bore area, u
is friction coefficient, C is viscous friction coefficient, J is
the ratio of specific heat = 1.4, V,, is air's volume in the
chamber i at nominal position, M is total load mass, P; is
pressure in the chamber i, T is air temperature (K) , R is gas
constant = 29.2 m/K.

To identify this model, some authors directly evaluated
model’s parameters by measuring the physical parameters
[13, 14]. Alternatively, identification method by evaluating of
the optimal model parameters to minimize the least square of
prediction error can be used to identify the linear model [15].

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

III. Hx LOOP SHAPING CONTROL AND PROPOSED
TECHNIQUE

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

A. Conventional H,, Loop Shaping

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 [16]. Note that, G =W,GW,=NM "

\/

W:

Y

K.

Y

Wi

Y

Ge

K

Fig.4 H, loop shaping design [16].

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. In SISO system, the weighting
functions W; and W, can be chosen as

s+a

W, =K, and W, =1 3)

s+b

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 [17]. If the
shaped plant G, = N M~ , the perturbed plant is written as

G,=(N,+A (M +A,)" )
Where A, and A, are stable, unknown representing the

uncertainty satisfying ”A ver D us

R <& , ¢is the uncertainty

boundary called stability margin. There are some guidelines
for selecting the weights available in [17].
Step 2 Calculate ¢,,, where

LIJ(I+GJK)I M

To determine &,, , there is a unique method explained in
appendix A. &, << 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
function is selected so that g, >0.25 [17]. If &, is not
satisfied, then go to step 1, adjust the weighting function.

Step 3 Select € < &,,, and then synthesize a controller K,
that satisfies

=g =inf
yop ! ot stabK

(&)

0

<&’ ©)

I -l
(I+G.K,)'M;
K, ‘

oo

Controller K, is obtained by solving the sub-optimal
control problem in (6). The details of this solving are
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available in [16]. To determine M, there is a method
explained in appendix B.
Step 4 Final controller (K) is determined as follow

K =WK,W, ©)

Fig. 4 shows the controller in H,, loop shaping.

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

In the proposed technique, GA is adopted in both weight
selection and control synthesis. GA is well known as an
algorithm that can be applied to any optimization problem.
This algorithm applies the concept of chromosomes, and the
genetic operations of crossover, mutation and reproduction.
At each step, called generation, fitness value of each
chromosome in population is evaluated by using fitness
function. Chromosome, which has the maximum fitness
value, is kept as a solution in the current generation and
copied to the next generation. The new population of the next
generation is obtained by performing the genetic operators
such as crossover, mutation, and reproduction. In this paper, a
roulette wheel method is used for chromosome selection. In
this method, chromosome with high fitness value has high
chance to be selected. Operation type selection, mutation,
reproduction, or crossover depends on the pre-specified
operation’s probability. Normally, chromosome in genetic
population is coded as binary number. However, for the real
number problem, decoding binary number to floating number
is applied [18]. The proposed technique is described in
followings:

-Weight Selection

Weight selection is an important procedure for H,, loop
shaping. Some researchers incorporated the performance
specifications for selecting the appropriated weights [19, 20].
Based on (5), &, can be used for indicating the compatibility
of the selected weight with the robust stability requirement.
However, in some cases, time domain response of close loop
system at nominal plant is not satisfied although &, is
satisfied. In this paper, we specify the performance
specifications and then evaluate the optimal weight W; by
using GA. The fitness function for the weight selection is
given as

Fitness = &, if the performance specifications are satisfied,
=0.01 (or a small value) otherwise. ®)

A unique method to compute &, is given in appendix A.
The fitness is set to a small value (in this case is 0.01) if the
performance specifications are not satisfied.

Rather than minimizing some objective functions, it is
more naturally to define the performance specifications for
control system design in terms of algebraic or functional
inequalities. For example, in the step response, the system
may be required to have a rise-time less than 0.4 s., a settling
time less than 1 s. and an overshoot less than 5%. In this
paper, the performance specifications are defined as

Maximum overshoot < OV, Settling time < St,

Steady State Error < SE, Bandwidth > BW,

Gain(w < w,) > G, )

where OV, St, SE, BW, @, and G, are specified values. @ is the
frequency. The last term in (9) is defined for achieving good
performance in some frequency range, typically some low
frequency (w [0, o, ]) . Other specifications can be added to

achieve additional specifications.

-Controller Synthesis

In this paper, the genetic searching algorithm is also
adopted to solve the Fixed-Structure H, Loop Shaping
Optimization 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 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 , IT,ll, . From (7), the controller K(p) can be

written as
K(p)=WK.W, (10)

Assuming that W, and W, are invertible, it is obtained that

K, =W K(p)W," an
Selecting the weight W, = 1, we get
K, =W'K(p) (12)

Substituting (12) into (6), the co-norm of the transfer function
matrix from disturbances to states, lIT;,ll., which is subjected
to be minimized can be written as

13)

TZ W

1
Jes =V = :H{W < }(1+G<W|"K(p)>"MC'
1

(02)

The optimization problem can be written as
Minimize
W, K(p)
SubjeCt to Dimin < pi < pi,max s

I
{ }(1 +G W 'K(p) M

o

Where p; ., and p; ... are the lower and upper bounds of the
parameter p; in controller K(p), respectively. Some methods
for selecting the range of parameter are shown in [14-15]. The
fitness function in the controller synthesis can be written as

[[WII’I((PJ(”G“WIK(”))IMA] I]] (14)

if K(p) stabilizes the plant

Fitness =
0.01 otherwise

The fitness is set to a small value (in this case is 0.01) if
K(p) does not stabilize the plant. Our proposed algorithm is
summarized as follows.

-Weight Selection

Step 1 Select a weight structure W;, normally done by
using (5). Define the genetic parameters such as initial
population size, crossover and mutation probability,
maximum generation, and etc. Also, specify the performance
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specifications such as OV, St, SE, and etc.

Step 2 Initialize several sets of weight parameters as
population in the 1% generation. If (5) is used as the weight
structure, the weight parameters are Ky and a. The weight
parameters are chromosome in this problem.

Step 3 Evaluate the fitness value of each chromosome
using (8). Select the chromosome with maximum fitness value
as a solution in the current generation. Increment the
generation for a step.

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

Step 5 Check the optimal fitness value (&,). If &,, < 0.25,
then back to step 1 to change the weight structure and/or
adjust the performance specifications if possible.

-Controller synthesis

Step 6 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, and etc. The control parameters set, p is
chromosome in GA.

Step 7 Evaluate the fitness value of each chromosome
using (14). Select the chromosome with maximum fitness
value as a solution in the current generation. Increment the
generation for a step.

Step 8 While the current generation is less than the
maximum generation, create a new population using genetic
operators and go to step 7. If the current generation is the
maximum generation, then stop.

Step 9 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 6 to change the
structure of controller. Low ¢ indicates that the selected
control structure is not suitable for the problem.

IV. SIMULATION AND EXPERIMENTAL RESULTS

This section explains the design of controller for the
vertical axis of a pneumatic robot. Controllers in the other
axes are designed by the same design procedure. In this paper,
the standard system identification using experimental data is
applied to determine the dynamic model of a pneumatic robot.
Based on the concept of the independent joint control scheme,
the dynamic model of each axis of the robot must be identified
separately. The appropriate input valve voltage signal is
applied to the actuator in the axis attempted to be identified,
while the pistons of actuators in other axes are maintained at
the nominal positions. The estimated model is obtained when
the difference between model’s output, prediction, and the
measured output data is minimized [15]. In this paper, an
appropriate input signal was applied to the actuator in vertical
axis. The data from valve’s voltage input and position output
are collected and used for the system identification. Simple
black-box system identification was used in our work. In this
approach, the structure and parameters of the plant are
assumed to be unknown. Firstly, a model is selected from the
standard models such as ARMAX, ARX, OE, and etc. Then,

the orders of pole, zero, delay, and so on in the model are
selected and the system identification using prediction
method is applied [15]. The appropriate dynamic model can
be obtained by adjusting these orders or changing the model.
In this paper, to identify the plant’s parameters, “OF (output
Error) model” is selected. The details of the standard system
identification and OF model are available in [15]. Units of
output and input are meter and volt, respectively. Sampling
time in our control system is 0.0112 seconds. From the
procedure discussed previously, the identified plant model is
found to be

0.47947(s +90.76)

= (15)
(s+0.4231)(s> +16.975 +167.9)

0

Note that, this identified model includes the dynamics of
actuator, valve, A/D, mass of the other links, and etc. The
comparison of the simulated model output and the measured
output is shown in Fig. 5. The results show that the plant
model is accurately approximated by the identified model.

Measured and simulated model output

| ——measured output

5 0‘15[ |+ Simulated model output ||

E D.Mi |

£ 042 z 1

g

2 o4} {

g ™ Iy

g o_uai {
o_ue: A ' i i )

2 4 § 8 10 12 14
Time (sec)

Fig.5 Comparison between simulated and measured outputs.

=

Based on (5), the weight parameters ranges is selected as
K, €10.01, 50], a € [0.01, 50], b =0.001. The performance
specification in (9) is selected as OV = 0.05, SE = 0.001, St
= 1.2 sec, BW =4 rad/sec , a, = 0.4 rad/sec , G, = 20 dB,
population size = 100, crossover probability = 0.7, mutation
probability = 0.1, and maximum generation = 20. Fig.6 shows
a plot of convergence of fitness function (optimal stability
margin) versus generations by genetic algorithm. After the
12™ generation, the weighting function are evaluated as

' 5+0.001

07
? 065
3
ﬁ; 08
E 068

250 5 10 1 20

Generations

Fig.6 Convergence of the fitness value.

In the proposed technique, GA is used to evaluate the
weight W;. By using GA, the optimal stability margin (&,,,) is
founded to be 0.60149. This means that the evaluated
weighting function is compatible with robust stability
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requirement in the problem. Based on (5), W, = 1. With these
weighting functions, the crossover frequency of the desired
system is increased to 4 rad/sec. Specified time domain
specifications of the system are met. Bode plots of open loop
transfer function for the nominal plant and shaped plant are
shown in Fig. 7. As shown in this figure, at low frequency, the
open loop gain of shaped plant is much larger than that of the
nominal plant. This makes the designed system good in terms
of performance tracking and disturbance rejection. In this
case, the shaped plant is then determined as

15.5355+6.83
s+0.001

0.47947(s +90.76)
(s+0.4231)(s* +16.675+167.9)

a7

G, =WGW, =

To evaluate the performance and robustness of the
proposed system, responses of the system from conventional
H,, loop shaping (HLS), proposed robust PID (PPID), PID
tuned by Ziegler-Nichols method (ZN) and PID tuned by
Tyreus-Luyben rule (7LC) are investigated. We first design a
controller by the conventional H,, loop shaping procedure.
& is set to be 0.54681, which is less than the optimal value.
Then, the H,, loop shaping controller can be evaluated as
following.

372.3s* + 67145 +67960s + 557905 +11950
§° +40s* +701.35> + 63105 + 26485 +2.641

(HLS)K (s) = (18)

As shown in (18), the controller designed by H,, loop shaping
controller is fifth order controller and complicated. It is not
easy to implement practically.

Baode Diagram
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s H infinlty Leop Shaping
* Mominal Plant
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Fig.7 Bode diagram of the open loop transfer function for: the
shaped plant, nominal plant, plant with HLS, and proposed
controller.

Next, a fixed-structure robust controller using the
proposed algorithms is designed. The structure of controller is
selected as PID with first-order derivative filter. The
controller structure is expressed in (19). K,,, K;, K;and z; are
parameters to be evaluated.

K,s ) (19)
T,5+1

K,
K(p)=(K,+—+

In the optimization, the ranges of search parameters and GA
parameters are set as follows: K, € [0.01, 100] , K; €[0.01,
100] , K, € [0.01, 100] , z; € [0.01, 100], population size =
200, crossover probability = 0.7 , mutation probability = 0.1
, and maximum generation = 30. As a result, the optimal
controller is found to be

38.639s
74.1625+1

Open loop bode diagram is plotted to verify the proposed
algorithm. Fig. 7 shows comparison of the plant, the shaped
plant, the loop shape by the proposed controller and HLS. As
shown in this figure, both loop shapes by the proposed
controller and HLS are close to the desired loop shape. Fig.8
shows a plot of convergence of fitness function (stability
margin) versus generations by genetic algorithm. As shown in
the figure, the optimal robust PID controller provides a
satisfied stability margin at 0.548.

5.6444

(PPID)K " (p)=(11.013+ (20)

Fitness value

! ! L ]
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Generations

042! ! L
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Fig.8 Convergence of the fitness value.

For performance comparison, PID tuned by ZN and PID
tuned by TLC are also designed. Both tuning rules do not
require an analytic model of the plant. These methods are
widely used for PID tuning in many kinds of systems. In these
methods, gains K, , K; and K, are tuned using the ultimate
gain, K, and ultimate period, 7,. To evaluate K, and P, , the
integral and derivative gains in PID controllers are set to zero.
Ultimate gain, K, is the proportional gain value that results in
a sustained periodic oscillation in the output. Ultimate period,
P, is the period of oscillation. The details of tuning by ZN and
TLC are given in [21]. Responses of the unit step input from
PID controllers tuned by ZN and TLC rules are shown in Fig.
9. As seen in the figure, response from the PID tuned by ZN
has a maximum overshoot about 45 % while there is a
maximum overshoot about 10% from the PID tuned by TLC.
Response from TLC is seem better than the response from ZN;
however, both responses are not met the specified
specifications.

Step Response

I.f"\ | === Tyreus-Luyben ]
- — Ziegler-Nichols

Amplitude

']
£
[0 5] 13
3
3
£
f
f
3

of

0 0.5 1 1.5 2
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Fig. 9 Responses from the PID controller tuned by ZN and
TLC tuning rules.
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Fig.10 Step responses by the H_ loop shaping and
Proposed PID.

Responses from the unit step inputs by H,, loop shaping
(HLS) and the proposed robust PID (PPID) are shown in
Fig. 10. The settling time of all responses is about 1.1
second. Response from PPID has a small maximum
overshoot compared to the PID tuned by ZN and TLC as
seen in Fig. 9. The better overshoot response is from the
appropriate selection of the performance weight W,. As
shown in this figure, the settling time of PPID and HLS are
almost identical. Response from the proposed controller has
a small maximum overshoot about 1 % while there is no
overshoot from the HLS.

Fig. 11 shows the closed-loop frequency domain measures
relevant to this design. The common closed-loop transfer
function objectives and their interpretations are shown in
Table 1 [22]. The notation o(A) is the maximum singular

value of A.

Table 1 Common closed-loop transfer function objectives
[22] (Note that, in this paper, the control system is negative

feedback control)
Function Interpretation
E(( 1+GK)™ (;) - Gain form input disturbance to plant
output.

-Gain form controller input
disturbance to plant output.

- I/E(GK(I +GK) ) indicates the
maximum allowable output

multiplicative plant perturbation for
closed-loop stability.

o(GK(I+GK)™")

-Gain form output disturbance to
controller output.

- 1/o(K(+GK)") indicates  the

maximum allowable additive plant
perturbation for closed-loop stability.

o(K(I+GK)")

~——Proposed PID
-== H Infinity Loop Shaping

] ] 0* P 1 3
Frequency [radisec)
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11— Proposed PID
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Fig.11 (a) Maximum multiplicative plant perturbation,
1/o(GK(I +KG)™), (b) maximum allowable additive plant

perturbation for close loop stability , | /E( K+ GK)") ,(©)

Gain from input disturbance to plant output, (s + kG)™'G)

As shown in Fig. 11(a), the maximum allowable
multiplicative plant perturbation of the HLS is better than that
of the proposed controller especially in the high frequency
range. In the low frequency range, this maximum allowable
perturbation of HLS and the proposed controller are almost
the same. At low frequency, uncertainties of 100% of the plant
magnitude can be tolerated. In Fig. 11(b) the plot of
1 /}( K( I+GK)") shows that the maximum allowable

additive plant perturbation for close loop stability of the HLS
is better than that of the proposed controller especially in the
high frequency range. In the low frequency range, this
maximum allowable perturbation of HLS and the proposed
controller are almost the same. Fig. 11(c) shows the plots of
o((I + KG)'G) which is the gain from input disturbance to

plant output. As shown in this figure, the disturbance rejection
of the proposed technique is as good as that achieved from H,,
loop shaping control. The maximum gain from input
disturbance to plant output of the proposed technique is about
0.08. At low and high frequency, the gain is very small which
means good disturbance attenuation.
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Some experiments are done on a pneumatically actuated
robot arm. The developed robot consists of two pneumatic
cylinders (horizontal: SMC CDY1S10H-190 and Vertical:
SMC-MS-B30R) and a rotary pneumatic actuator
(KOGRNGI MSR 16x300). Three S5-port proportional
valves used in the experiment are Festo MPYE-5-1/8-010B.
Linear potentiometers and a potentiometer are used as the
position sensor of the robot. Nominal supply pressure is
maintained at a constant of 450 kPa by pressure regulator.
Fig. 12 shows the photo of the proportional valve used in the
experiment. The experimental result of step response of the
proposed robust PID controller is shown in Fig. 13. The
result is similar to the simulation result in terms of the
settling time; that is, about 1 s. In simulation result as shown
in Fig. 10, there is no steady state error and there is a small
overshoot in the response. However, in the experimental
result, the steady state error is about 0.7 mm. and the
response has no overshoot which are caused from the
non-model friction dynamic, dead-zone of wvalve, and
limitation of the sensor resolution.

Fig.lZ Photo of the proportional valve
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Fig.13 Response by the proposed controller in vertical axis.
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Fig.14 Response by the proposed controller in the vertical
axis when the ladder input command is applied, the load at
end effectors weights 3 kilograms, supply pressure is changed
to 400 kPa, and the pistons in the actuators of other axes are

moved.

Other experiment is performed to verify the robust
properties of the proposed controller. The robot is used to

grasp a 3-kilogram object. It is clearly shown in (1) that the
changing in the load mass at the end effectors will affect the
dynamic model of all axes. In this experiment, the step input
commands are simultaneously applied to control the position
of horizontal and rotation axes. It means that the couplings
from the movement of the other links are also occurred. We
also changed the supply pressure of the pneumatic system,
equivalent to the parameter variation in the nominal plant.
The supply pressure is changed from 450 kPa to 400 kPa. To
verify the robustness of the designed system, ladder input
command is applied to the position control of the vertical link.
The experimental results show that the proposed controller
has good robust performance from the changing of load mass
and operating point. The response is almost identical to the
first experiment with small difference in the setting time.

Fig. 15 shows the step responses by the proposed
controller in horizontal and rotation axes. As seen in this
figure, the proposed technique can be applied to design the
robust controllers in any axes of a pneumatic robot.
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Fig.15 Step responses by the proposed controller in the (a)
rotation axis (b) horizontal axis.

V. CONCLUSION

In this paper, the system identification and control of a
pneumatically actuated robot was presented. When applied
the standard system identification to the pneumatic system,
dynamic model of each axis of a pneumatic robot can be
identified. An appropriated performance weight W; that
satisfying the time domain specifications and robustness is
evaluated by GA. Based on the adequate weight selection, the
responses from the proposed controller and HLS are better
than the responses from the PID tuned by ZN and TLC rules.
Although there are many approaches for PID tuning;
however, our proposed technique is an alternative method
which directly considers the performance specifications and
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robustness in the design. Additionally, in the proposed
technique, 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.

As shown in the simulation results, the conventional H,,
loop shaping controller performs closer to the desired loop
shape as well as the proposed controller. 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. Implementation in a pneumatically
actuated robot assures that the proposed technique is valid
and flexible. In experimental results, movements in other
axes, changing of supply pressure, and the changing of load
mass of the robot have a small effect to the controlled output
response.

APPENDIX A
Given a shaped plant Gs and A, B, C, D represent the
shaped plant in the state-space form. To determine Eopr » there

is a unique method as follows [17].

-1 12
Yo = Eom = 1+ 4, (XZ))

max

where X and Z are the solutions of two Riccati in (A.1) and
(A.2) respectively, A

max

is the maximum eigenvalue.

(A-BS'D'C)Z+Z(A-BS'D"C)"

-ZC"R'CZ+BS'B" =0 (A1)
(A-BS'D"C)" X +X(A-BS™'D"C)
-XBS'B"X +C"R'C=0 (A.2)
Where
S=1+D"D
R=1+DD"

APPENDIX B
Given a shaped plant G, and A, B, C, D represent the
shaped plant in the state-space form. If G, has a minimal
state-space realization
{A B
G, =
" |CI|D
Then a minimal state-space realization of a normalized left
coprime factorization is given by [17]

A+HC‘B+HD H
[NsM]: R2C ‘ R2D R?

Where H =—(BD" +ZC")R™'

(B.1)

(B.2)
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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. Results 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

[. 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 y#-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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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 H,/H.. control. In their paper, PID controller
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 H,/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
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. The dynamic model of this
converter from the current reference (,) to output voltage (i)
is given by [2-3]

s-L V, V +V,

(1 )
dun _ R I/z RL Vi Vo (1)
i Tty V +V.
di, V. +2V, (I1+s-C-R, -—° i)
2V, +V,

Where R; is the nominal load resistant, V, 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.

11
N

mln

l Reference

Clock Voltage

Controller  [«——

Commanc

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..LOoOP 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 W, (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.

AN

s

AM

A

A 4

JF
—=( Je— M >

K

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

If the shaped plant G, =W,G W, = NSM;1 , then a
perturbed plant is written as [9]
GA = (Ns +AN5)(MS "'AMSY1 (2)

Where Ay, and A, are stable, unknown representing the

uncertainty satisfying HA ve s A <eg,

€ 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 W; 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 p, and w, can be

chosen as

$*4a and W,=1 3)
s+ b

=K

w

Where K, aand b are positive values

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

I
Yope = € = Inf {K}(l +G.K)"' M @)

stabK

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 ;.

Step 3 Select € < &,,,and then synthesize a controller K. that
satisfies

<e™ )

T
zw

I 14 -1
= (I+GK_)"M:;
e

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

K= WleWz (6)

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 £1is 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 |7, || . From (6), the
controller K(p) can be written as )

Kp) = WKW, (7
Assume that W, and W, are invertible, then

K. =W 'K@p W, ®)

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

K. =W Kp) ©)
By Substitution of (9) into (5), then the eo-norm of the

T

w

‘oo’

transfer function matrix from disturbances to states, ‘

which is subjected to be minimized can be written as

{1 }(1 +G W K(p) M

Jcost = }/ = HTsz W_lK(p)
1

oo

oo

(10)
In this paper, GA is adopted to find the optimal control
parameters p* in the stabilizing controller K(p) such that the

I

zw
written as

is minimized. The optimization problem can be

‘oo

Minimize }(1 +G W K(p) M A

{WHK (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 Sap using (4). If Eopt <0.25,

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.

t

Step 3 Evaluate the cost function J,, 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

value is assigned as . Select the chromosome with
cost
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
structure is not suitable for the problem.

y

Specify weighting functions 7; and 17, evaluate &,

Evaluate fitness function (J(m,)" , calculate the
fitness value of each chromosome.

|

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

Yes
Is Gen = maxGen?

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. 3. Flow chart of the proposed design procedure.

IV. 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 1.

Table 1 Converter’s parameters and considered
variation ranges.

Parameter Name Nominal
Value
Ry Load Resistant 40 Q
v, Output Voltage 30V
Vi Input Voltage 12V
L Inductance 100 uH
C Capacitor 470 uF
Jow Switching 100 kHz
frequency

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, W] is
selected as

W = 25M (13)

! (s+10)

W, is chosen as 1 since we neglect the sensor noise effect
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
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)
(s+10)(0.9963s + 72)
By applying the H.. loop shaping method, the optimal

stability margin (&,,) is founded at 0.708 (70[” =1.4123).

(14)

G, =L=WGW, =25

This value indicates that the selected weighting function is
compatible with the robust stability requirement. The € =
0.66123 (¥=1.5123), which is less than the optimal stability
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

6 2 8 9
K(s)=W,K_W, = 4.599x10° s +2.763x10° s +4.15x10

s> +1.845x10° s> +7.386x10° s +5.541x10’
(15)

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

Next, PI controller is investigated as a fixed-structure
controller. The controller structure is expressed in (16). K,
and K; are parameters that will be evaluated.

K i
K(p)=K,+— (16)
s

Select the controller parameters, their ranges, and genetic
algorithms  parameters as following: K, €[0,200],
K[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 (17), which has stability margin
(&) 0f 0.65918( y=1.5171).

989.7

K(p) =21.88+ (17

Fig. 5 shows plots of convergence of cost function J,,
versus generations by genetic algorithm. As seen in this figure,
the optimal fixed-structure controller provides the satisfied
stability margin at 0.65918( y=1.5171).
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Fig. 4. (a) Bode plots of the nominal plant and the shaped
plant (desired loop shape, L) (b) The desired loop shape an
the loop shape by the conventional H.. loop shaping and the
proposed PI, (¢) Step responses by the proposed PI and H..
loop shaping controllers.
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Fig. 5 Cost functions J,, versus iteration in genetic
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
than that of the nominal plant. This makes the designed
system has good performance tracking and good disturbance
rejection. Open loop bode diagrams are plotted in Fig. 4(b) to
verify the proposed algorithm. It is clearly shown that the loop
shapes of H,, control and P1I 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 usec.

To verify the robust performance, we change the
converter’s parameters as: R;= 10 Q, V;=10.8 V, L=120 uH
and C=611 UF. 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
case, for simulation, the plant is changed to

_ (-0.0048965 +129.6) as8)
(0.2938s +70.8)

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 Response

1 ——Fl
[ e Hinfinity |

Amplitude
o o o o
b n R

a

0.4

08, 0002 0004 0006 000 001 0Di2 0014 0016 008 002
Time {zec)

Fig. 6 Step responses in the perturbed plant.(R;= 10 Q, V; =

10.8 V, L=120 uH and C=611 yF).
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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 2007 /09/10 23:53:02

< 1ms /fdiv

HORM:Z00KS /5

: E
/ 00V :
i 5 5

2.5 : : : :

Fig. 7 Step response in the closed loop in nominal conditions
for proposed PI 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;= 10 Q, V; =
10.8 V, L=120 pH and C=611 uF. 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.

2007 /09710 2312146
L e Ims/div

Stopped

ﬂORM:ZﬂDkS/S

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.

Stopped j— | 2007 /12731 2243713
: - S0ms /div
© [50ms/div)
| NORM:20kS /s

TP EPU PP

Ldad cﬁange

Load ;
200 t0 400

400

Fig.9 response of propose controller when the load change 40
Q1020 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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ABSTRACT

H., loop shaping control is a sensible 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 controller for MIMO system 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. In order to test the robust
performance of the system, step response and stability margin of four control algorithms --proposed PSO based
PID control, H,, loop shaping control, reduced order H,, loop shaping control, and robust PID control designed
by state-apace approach— are investigated. As the results indicate, the robustness and performance of the
proposed controller (centralized controller) are almost identical to those of the controller designed by H.,, loop
shaping control. However, because of the complicated controller in the conventional design, the proposed
approach offers a significant improvement in practical control viewpoints by simplifying the controller
structure, reducing the controller order and still retaining the robust performance. Simulation results also
demonstrate that the proposed approach is numerically efficient and leads to performance comparable to that of
the other methods.
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1. 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-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. et.
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 H,/H., optimal control. A similar work was proposed in [3] by
using the intelligent genetic algorithm to solve the mixed H,/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 MIMO system.
Based on the concept of PSO technique, the choosing of initial controller required in the method in [5] is not
necessary and the problem of 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.

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 the

design examples and results. And, finally, in section 4 the paper is summarized with some final remarks.

2. H,, Loop Shaping Control and Proposed Technique

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



2.1. 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].
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Fig. 1. H,, 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, = W,.G,W,=NM_". (1)
Based on the concept of H,, loop shaping, the perturbed plant is written as

G,=(N,+A, )M, +A,, )" )

where Ay, and Ay, are stable, unknown representing the uncertainty satisfying ||A v Dy

<&, € is the

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

Step 2 Calculate ¢,,,, where
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To determine &,,, there is a unique method explained in appendix A. &,,, << 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 &,,, = 0.25 [9]. If &, is not satisfied, then go to step 1, adjust the
weighting functions.

Step 3 Select ¢ < ¢&,,, and then synthesize a controller K., that satisfies [4]
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where HTZW _ 1s 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 KW, (5)

Fig. 1 shows the controller in H,, loop shaping control.

2.2. 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
PI/PID 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 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) = Qv, (iter) + e[y, (X ,, — X, (iter)]+ &, [ 7,,(G — X (iter)] (6)
where Q is the momentum coefficient, v, is the velocity of i" particle, iter is the iteration count,, 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 [V, , Viua]. 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].

Fig. 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, .- In the proposed technique, the final controller K is

defined as
K =K(p)W, (N
Assuming that W, are invertible, from (5) then it is obtained that
Ko= W, K(p) @®)
In many cases, the weight W, is selected as identity matrix I. However, if W, 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

T

w

the transfer function matrix from disturbances to states,‘ . which is subjected to be minimized can be

written as

1 -1
T PR (RN

0

The optimization problem can be written as

-1

Maximize }( I-W,G,K(p)) I G,]

{ 1
Wl_'K(P) o
Subject to Pimin <Pi <Pimax>

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
j if K stabilizes the plant )

1 -1
Fitness (J) = [H|:‘/VI_IK(P):|(I -W,G,K(p)) I G,]

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 1* 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 particles (V,,,, and V,;,, respectively), maximum and

and Q

min *

minimum inertia weights (Q

respectively).

1. Initialize n particles with random positions within upper and lower bound values of the problem space.
Set iteration count as iter =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 J,..;. At first iteration, position of each particle and its fitness value of i particle are set to
X, and J ., 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 Jgp.s. To find G the following algorithm described
by pseudo code is adopted.

(At first iteration set Jgpeq, =0)
Fori=1tondo
If Jppesii > Jgpess then
G = X,i, JGpes= Jppesi
end;

5. Update the inertia weight by following equation



Qmax — Q i

wx — Xmin o
iter.

max

Q = Qmax -

where Q is inertia weight, ifer and iter,  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)]1+ a, [ 7,,(G — X, (iter)]
X, (iter +1) = X (iter) + v, (iter +1)
7. Increment iteration for a step. (iter = iter+1)

8. Stop if the convergence or stopping criteria are met, otherwise go to step 2.

3. Simulation Results

Two illustration examples are presented in this paper.

Example 1 In this example, the control system of 24-tray tower separating methanol and water taken from
process control literature [11] is studied. The dynamic model of this plant is the transfer function model for

controlling the temperature on the 4™ and 17" trays, that is.

22¢™ 1.3

G, = Yi _ f; _| 7s+1 Ts+1 u, (10)
A —2.8¢7"% 43707 || u,

9.5s5+1 9.2s5+1

where t;7 and t, are the temperature on the 4™ and 17* trays, respectively, u; and u, are the input of the 4™ and
17" trays, respectively. y; and y, are the outputs of the 4™ and 17" trays, respectively. As shown in (10), this is a
stable plant with moderate time delays and interaction between its channels. In the design, the delay terms in the

model are approximated by the 2" order Pade approximation method.

To design a robust H,, loop shaping control, the diagonal weights W, and W, are selected as follows [5]:

5s5+2 10

11

w, =| 3+0.001 |50 (11)
S5s+2 0 10

s+0.001 s+10



With these weighting functions, the crossover frequency of the desired system is 2 rad/s. Singular value plots of
open loop transfer function for the nominal plant and shaped plant are shown in Fig. 3 (a). As shown in this
figure, the shaped plant has large gains at low frequencies. This makes the designed system good in terms of
performance tracking and disturbance rejection. By using (3), the optimal stability margin (&,,,) is founded to be
0.361. This value indicates that the selected weights are compatible with robust stability requirement in the
problem. By the conventional H,, loop shaping procedure, ¢ is selected as 0.328, which is less than the optimal
value. Based on the procedure described in section 2.1, H,, loop shaping controller (HLS) can be synthesized as

following.

K11, KI12, (12)
K(HLS)=W,K,W, =W, W,
K21, K22,

The controller K (full order controller) in (12) is 15°" order and complicated, making it difficult to implement
practically. In order to design a more practical controller, full order controller is reduced in order after it is
deigned. In this example, a 5" order K controller (reduced order controller) is further designed by using the

balanced truncation method [8, 9]. By substituting this controller into (4), the stability margin obtained from the
reduced order controller is found to be 0.263. Clearly, the stability margin obtained from the reduced order
controller is less than that of the full order controller. This indicates that the robustness of the designed system
is decreased when the reduced order controller is applied.

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 (13) and (14) for centralized and decentralized controllers, respectively. K,

K, K, and 7, are parameters to be evaluated.

Centralized controller:

K KI] + Kdls K + Ki2 + K(IZS
rl P2 .
s T8+l s T,5+1
K(p) — d d (13)
K +K13 " K, K +Ki4 + Kys

p3 p4

7,5 +1 s r,s+l

s
K :|:KI7] KI)’Z} K ={Ki1 K12:| K :|:Kd1 K(IZ:|
v Kp3 Kp4 ' Ki3 Ki4 ‘ Kd} K

d4



Decentralized controller:

K, +—1+—4— 0

K(p): s r,5+1 . . (14)
) K
0 Kot i
d

K, 0 K, 0 K, 0
K = K, = K, =
! 0 K, 0 K, 0 K,

In the optimization problem, the upper and lower bounds of control parameters and PSO parameters are set as
follows: K, € [-10, 10], K; € [-10, 10], K, € [-5, 5], e [0.01, 1], population size = 300, 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 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

_[2.6003 —0.75154} _{0.87399 —0.28553}

r —-1.1158 —2.4684 0.096274 -0.96078 (15)
0.76181 —0.30821

= ,7, =0.14945
—1.4953 -0.028287

Case II: Decentralized controller
1.9277 0 0.71976 0
K, = K, = ,

! 0 —2.4511 0 -0.74521 (16)
0.80265 0

= .7, =0.07566

0 —1.1439

Note that all of the designed controllers in this paper are the controllers in positive feedback control
system. By using (4), the stability margins obtained from the proposed centralized and decentralized controllers
are 0.343 and 0.274, respectively. The singular values are plotted to verify the proposed algorithm. 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. It is verified that the proposed technique and conventional H., loop

shaping control are efficient methods to design a robust controller. Fig. 4 shows plots of convergence of



objective function (stability margin) versus iterations by PSO. As shown in the figure, the optimal robust PID

controllers provide satisfactory stability margins at 0.343 and 0.274 for centralized and decentralized

controllers, respectively.

Singular Values
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Singular Values
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(b)
Fig. 3. 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).



Based on the concept of H., loop shaping, stability margin is used to indicate performance and robustness of the
designed system. By the results, the stability margin of the system from decentralized controller (& =0.274) is
less than that of the proposed centralized controller. However, if such stability margin is satisfied for the control
system (more than the specified stability margin), decentralized controller can be applied to control the plant
and the advantages of using decentralized control scheme such as simple controller, less complexity, etc. can be
achieved.

To evaluate the tracking performance of the proposed system, step responses of the close loop system from
conventional H, loop shaping (HLS), proposed centralized and decentralized controllers are investigated. As
seen in Fig. 5, the responses from the proposed controllers are almost the same as response from the HLS

controller.

0.35 T T

0.3
0.25-
0.2

015} !

Objective Value (Stability Margin)

0.05- — Centralized Controller
----- Decentralized Controller

0 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80

Iterations

Fig. 4 Convergence of the fitness value.



Step Response
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Fig. 5 Responses from the proposed PID controllers and HLS controller when the unit step commands are

applied to control the outputs (a) y; and (b) y,.

In simulation studies, the robustness and performance of the proposed controller and HLS controller are

compared with those of the controller obtained from [5], that is.

7)

4

{ 2.4719

~1.2098 [ 04657
-1.1667 i

-0.31 _[0.0534
-2.4766 -0.2329 T

—-0.0072 1
= \Ty
-0.487

-0.015 -0.0434 - 16.61

By using (4), the stability margin obtained by the above controller is 0.246. Fig. 6 shows the time domain
responses from the proposed centralized controller, HLS controller, and the controller in [5]. As seen in this
figure, responses from the proposed centralized and HLS controllers have a small maximum overshoot and less

coupling compared to the robust PID controller in [5].



Step Response Step Response
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Fig. 6. Responses from the proposed centralized controller, HLS controller and the controller in [5], when the

step command is applied to control (a) y; and (b) y,.

Table 1 shows the results of stability margins obtained by the designed controllers. Clearly, the stability margin
of the proposed centralized PID controller is much better than that of both the centralized PID controller in [5]

and the reduced order HLS controller.

Table 1 The results of stability margin of the designed systems in Example 1.

Controller Stability Margin

1. Proposed Controller:

1.1 Centralized PID Controller 0.343
1.2 Decentralized PID Controller 0.274
2. Robust Centralized PID Controller designed by BMI optimization [5]. 0.246

3. Reduced Order H., loop shaping controller 0.263




To verify the robust performance of the system, the responses from HLS, proposed centralized PID and robust
PID [5] are investigated in the following perturbed plant.
—22¢” 1.3

G - Vi _ fy _ 125 +1 12s+1 || W (18)
0 ¥, t 28018 4307035 u,

14.55+1 14.2s5+1

As shown in (18), time constants of the plant are different from the nominal plant. Fig. 7 shows the responses
from the above mentioned controllers in the perturbed plant. As seen in this figure, all responses are almost the
same as the responses at the nominal plant. This signifies that all designed controllers are robust against the
parameter changes. Clearly, the settling time of the responses and couplings from the proposed PID controller

and HLS controller are less than those of the PID controller designed by the method in [5].
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Fig. 7 Responses from the proposed centralized controller, HLS controller, and the controller in [5] when the

step input command is applied to control (a) y; and (b) y, and plant is perturbed.



Example 2: In this example, 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 p-synthesis and analysis
toolbox user’s guide [12]. 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 1 0
W/l: s+0.00 , sz (19)
s+1 0 1
s+0.001

Singular values of HIMAT and desired loop shape are plotted in Fig. 8 (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.
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Fig. 8. Open loop shape of (a) the nominal plant (Red line) 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).

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 margin 0.3964 is selected. As a result, the final controller (full order HLS controller) is 7" order and
complicated. In this example, a 4™ order controller (reduced order HLS controller) is further designed by using
the balanced truncation method [8, 9]. By solving (4), the stability margin from the reduced order controller is
found to be 0.387 which is less than that of the full order controller.

Next, both centralized controller in (13) and decentralized controller in (14) are also designed for this plant. By
observing the weight W, the upper and lower bound values of control parameters are the same as those used in
example 1. The PSO parameters used in example 1 are also used in this example. After running the PSO for 80

iterations, the optimal control parameters are found to be

Case I: Centralized controller.

P

[0.52601 0.14172 [1.96082 -0.28352 ‘- 0.007434  0.006844
1047833 —0.70387 " | 22261  —1.224 |7 ¢ | -0.006272 0.0016058

} ,7, =0.0068479

(20)



Case II: Decentralized controller.

05367 0 1488 0 0.01569 0
K, = K, = K, =

.7, =0.0085855 1)
0  -0.5659 0 —0.4909 0 —0.00499

Fig. 8 (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. 9 shows plots of convergence of objective function
(stability margin) versus iterations by PSO. As seen in this figure, the stability margins obtained 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.

In this simulation studies, the robustness and performance of the proposed controllers are compared with those

of the controller obtained from [5], that is.

(22)

P

{1.3074 —0.0601} _{1.2729 —0.0795}
’ i ’ d

0.0077  0.0043 1
,T
1.3414 -1.3123 1.3609 —1.2921 d

—0.0069 -0.0039 - 99.5724

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 both the controller in [5] and the reduced order controller.

0.45

0.4r ) .

0.35+

— Centralized PID controller
0.25- PO = Decentralized PID controller | -

Stability Margin

L L L L L L L L L
1] 10 20 30 40 50 60 70 80 90 100
Iterations

Fig. 9 Convergence of the fitness value.

Table 2 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 2 Comparisons of the stability margins obtained from the controllers in Example 2.

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 optimization [5] 0.309
3. Reduced Order H,, loop shaping controller 0.387

4. Conclusions

In this paper, a PSO based fixed-structure H,, loop shaping controller for MIMO 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. As shown in simulation results, the stability margin from the
proposed PID controller is much better than that of the reduced order controller. 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.
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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].
Vo = Eop = (1 2y (X2
where X and Z are the solutions of two Riccati in (A.1) and (A.2) respectively, 4, is the maximum eigenvalue.
(A-BS'D'C)Z+Z(A-BS'D'C)" —-ZC"R'CZ+BS'B" =0 (A.1)

(A-BS"'D'C)Y' X+ X(A-BS"'D'C)-XBS'B" X +C"R'C=0 (A.2)

where S=7+D'D,R=I+DD"

Appendix B

The state vector of HIMAT model consists of vehicle’s rigid body variables.
x' =[6v,a,q,0]
where Ov is the forward velocity, « is angle between velocity vector and aircraft's longitudinal axis, ¢ is rate-

of-change of aircraft attitude angle, and &1is the aircraft attitude angle. The state space of HIMAT can be written

as

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 [12], that is



[-0.0226 -36.6 -18.9 -32.1 0 0

. 0 -19 0983 0 5 —0.414 0
100123 -11.7 263 0 |7 | =778 224
0 0 1 0 0 0

[0 573 0 0 00
C= ,D=
0 0 0 57.3} {0 0}
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FIXED-STRUCTURE #,, LOOP SHAPING CONTROL OF VOLTAGE
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Abstract— Being complex and high-order, robust controllers designed by %1, loop
shaping are difficult to implement in practice. To overcome this problem, we
propose an algorithm, Particle Swarm Optimization (PSO) based fixed-structure H
loop shaping control, to design a robust controller. PSO algorithm is used to solve the
Ho loop shaping design problem under a structure-specified controller. Additionally,
in the proposed technique, the performance weighting function, which is normally
difficult to obtain, is determined by using PSO. The performance and robustness of
the proposed controller are investigated in a buck converter in comparison with
those of the controller designed by conventional %, loop shaping method. Results of
simulation demonstrate the advantages of simple structure and robustness against
plant perturbations and disturbances of the proposed controller. Experiments are
performed to verify the effectiveness of the proposed technique.

Index Terms— H loop shaping , Particle Swarm Optimization , buck 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
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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 #., control to a boost converter. Three controllers of
different mode which are voltage mode, feed-forward, and current mode control were
investigated and compared in performance. G.C. loannidis and S.N. Manias [5] applied
the H.. loop shaping control schemes for a buck converter. In their paper, the p-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 terms of perturbations of linear fraction transformations (LFT)
class.

Although the higher control techniques mentioned above are powerful design
tools, they are difficult to implement in converters due to the controller’s high-order
structure. 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-search, etc., can be employed. Several approaches to design a fixed-structure robust
controller were proposed in [6-8, 10-12]. In [6], a robust #., 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 fixed-structure %,
optimal controller. Bor-Sen.Chen. et. al.[7], proposed a PID design algorithm for mixed

H>l Ha control. In their paper, PID control parameters were tuned in the stability domain

to achieve mixed #>/ ., optimal control. A similar work was proposed in [8] by using the
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intelligent genetic algorithm to solve the mixed #>/ #., optimal control problem. The
techniques in [6-8] are based on the concept of #, optimal control which two appropriate
weights for both the uncertainty of the model and the performance are essentially chosen.
A difficulty with the #., optimal control approach is that the appropriate selection of
close-loop objectives and weights is not straightforward [9]. Alternatively, the robust
controller can be designed by %4, loop shaping control [9] which is a simple and efficient
technique. 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 #. loop shaping is still
complicated. To overcome this problem, PSO based fixed-structure %, loop shaping is
proposed to synthesize a fixed-structure #., loop shaping controller for Average Current-
Mode Control (ACMC) buck converter system. In this paper, PSO is employed to find the
parameters of the weighting functions and those of the controllers. 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 the practical
approach.

The remainder of this paper is organized as follows. Section 2 covers the converter

modeling. In section 3, conventional %, loop shaping and the proposed technique are
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discussed as well as PSO algorithm. The design examples and results are demonstrated in

section 4. And in section 5 the paper is summarized.

2 CONVERTER MODELING

Current mode control (CMC) is widely used in the DC-DC converter. The control
system of this control scheme is typically two-loop system (voltage loop and current
loop). The current loop is used to maintain the inductor current equal to reference current.
This reference current is obtained from the output of the voltage control loop. The voltage
loop is used to compare the reference voltage (command) and the output voltage of a buck
converter. In continuous conduction mode of CMC, the popular control schemes are
PCMC (Peak Current Mode Control) or ACMC (Average Current Mode Control).
ACMC has several advantages over PCMC such as robustness against the noise, high
degree of accuracy to track the average inductor current. In ACMC, the current loop
control is typically designed as PI controller. In this paper, the design of this current loop
gain is adopted from [13-14]. Consider the equation in [13], the controller gain of current
loop can be expressed as

N

K.(1+—)
G - O (1
CA s
s(1+—)
®,
Cc.+C
Where K, =;,mz = 1 ,®, —_F Tk
Rl (C/P + Cﬁ) R/ i sz R/ i Cﬁ Cfp

G ¢4 can be approximate as Ry/R; at the switching frequency [13], and can be expressed as

R,
e < mll’l{szf;L , mesL
R, V.R, VR

GCA

1N

} 2

Where V,, is the peak-to-peak voltage of ramp signal
R, is the small current sensing resistance

V¢ is the input voltage
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Ry, R;, L is shown in Fig. 1.
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Fig.1. Buck converter with average current mode

Equation (1) and (2) set the criteria for choosing Ry and R;. In this paper, o, is
placed at one-half of o, which o, =1/VLC and w,is placed at one-half of switching

frequency (f5).

The dynamic model of this converter from the current reference (V;) to the output

voltage (V) is given by [13].

Vo(s) _ K, (L + 1.C5)[Gey + Gy (5) 3)
V.(s) 1+ T,(s)

Where Ky =1/Vi,G,, .7 and T, are the transfer functions from the duty cycle to

the output voltage, current loop gain and equivalent series resister (ESR) respectively. In

this paper, neglecting the ESR of the output capacitor. G, and 7. can be written as

IET Review Copy Only



IET Power Electronics

(1 + rcCo)V,

de (S) = 2
R+ (L + RCrp)s + (RLC + roLCO)s

“)

ReK, Vo[l + (R + 1c)Cs][1 + Gyl

T.(s) = -
R+ (L + RCrp)s + (RLC + roLC)s

)

Nominal plant in (3) is used as the plant to be controlled in this paper.

3 H, LOOP SHAPING CONTROL AND PROPOSED TECHNIQUE

This section illustrates the concepts of the standard #.. loop shaping control and

the proposed technique.

3.1 Standard ., 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 W, (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.

Fig. 2. Co-prime factor robust stabilization problem.
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If the shaped plantG, =W,G W, = N.M_" , then a perturbed plant is written as [15]
GA = (Nv + ANAV )(Mv + AMs )71 (6)
Where Aysand Ay are stable, unknown representing the uncertainty

satisfyingHA veo A g

<g,
o0

¢ 1s the uncertainty boundary, called stability margin.
According to the standard procedure of #. loop shaping, the following steps can

be applied to design the ., 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 [16]. There are some guidelines for the weight selection in [16]. In SISO

system, the weighting functions w, and w, can be chosen as

+ a

s
W, =K
: Y s+ b

and W, =1 @)

Where K , aand b are positive values

Step 2 Minimize co-norm of the transfer matrix 7-,, over all stabilizing controllers K, to

obtain an optimal cost y,,, , as [16]

®)

&}(1 +G.K)' M

—_
4 opt gopt - .rltlc;lbfl;

©

To determine &,,, there is a unique method explained in appendix A. &, <<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, adjust W¥.

Step 3 Select ¢ < ¢,,;and then synthesize a controller K., that satisfies
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<&’ ©

w

1 -1 71
= (I+GK,) "M
0 KOO

Controller K., is obtained by solving the optimal control problem. See [15] for
more details.
Step 4 Final controller (K) follows

K= WIKOOWZ (10)

3.2 PSO based Fixed-Structure H, Loop Shaping Optimization

In the proposed technique, PSO is adopted to design a weighting function and a
fixed-structure robust controller. PSO was first proposed by Eberhart and Kennedy [17].
This technique is a population-based optimization problem-solving algorithm. Fig. 3
shows the swarm’s 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) = Qv,(iter) + a [ 7, (X ,, — X, (iter)]+ a, [ 7,,(G — X, (iter)] (11)
where Q is the momentum coefficient, v,is the velocity of i" particle, iter is the iteration
count, ¢, 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), 7,; andy,, are the

random numbers in the range [0,1]. Note that the velocity must be within the specified
range [Viin , Vimax]. If not, set it to the limiting values. As shown in (11), 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
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are achieved and the particle can reach the best solution. The details of PSO are available

in [17].

Fig. 3. 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 and the performance
weighting function W;(x) has satisfied the parameter x. Based on the concept of #., loop
shaping, optimization goal is to find the parameters p in the controller K(p) and the
parameters x in the weighting function W;(x) that minimize infinity norm from
disturbances w to states z, |7, [ . In the proposed technique, the final controller K is
defined as

K= K(p)W> (12)
Assuming that ) are invertible, from (10) then it is obtained that
Keo= W, () K(p) (13)
In many cases, the weight W, is selected as identity matrix /. However, if W, is a

transfer function matrix, then the final controller is the controller K(p) in series with the
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weight IW,. By substituting (13) into (9), the co-norm of the transfer function matrix from

disturbances to states,

TZ w

_» which is subjected to be minimized can be written as

(14)

‘]cost = 7/ = o

zw

1 1
I1-W.,G K I G
{WII(X)K(p)}( 2Y0 (p)) [ o]

0

The optimization problem can be written as

-1

Maximize I-W,G,K( p))fl [l G]

0

oo
W (0K (p)

SubjeCt to pi,min < pi < pi,max 4

<X, <X,

xi,min i,max ?
Maximum Overshoot < OV

Settling Time < ST (Constrains in time domain)

Steady State Error < SE

Bandwidth > BW

Gain( @, 4,,) > LG (Constrains in frequency domain)

Gain( @,y 4.,) < HG

where
OV is the acceptable maximum overshoot.
ST is the acceptable settling time.
SE is the acceptable steady state error.
BW is the bandwidth of the desired loop shape.

LG is the gain in low frequency range of the desired loop shape.
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HG is the gain in high frequency range of the desired loop shape.

Pimins Yimn and p, . x . are the lower and upper bound values of the

parameter p; and x; in the parameter vector p and x, respectively.

As shown in the constraints of the above optimization problem, the performance
specifications are specified in terms of algebraic or functional inequalities. For example,
in the step response, the system may be required to have a rise-time less than 1000 ys., a
steady state error less than 0.01%, and an overshoot less than 1%. In this paper, the
performance specifications are evaluated by plotting the desired open-loop shape and time
domain response of the candidate of controller and weighting function. Thus, the fitness

function in the controller synthesis can be written as

1
] if the constraints are met (15)

1 -1
Fitness (J) = UH:W]l(x)K(p):|(1_WzGoK(P)) [l G,]
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.

Step 1 Specify controller structure K(p), weighting function structure W;(x) and
PSO parameters.

Step 2 Specify the control and weighting function parameter ranges.

Step 3 Initialize several sets of parameters p and x as swarm in the 1*' iteration. In
this case, each [p, x] is a particle.

Step 4 Use the PSO to find the optimal control parameter, p and optimal
weighting function parameter, x.

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 2

to find the optimal control parameter and optimal weighting function.
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Specify the controller structure K(p) , weight
structure W,(x) , PSO parameters , W etc.

¢<

Use PSO to find the optimal p and x such
that € is maximized.

Y

Check time domain and frequency
domain responses.

Solution is

Change the controller structure K(p)
or weight structure W;(x).

satisfied?

Final controller
K=K@p)w,

Fig. 4. Flow chart of the proposed design procedure.
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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 (7), upper and lower bound

values of problem space, fitness function (J), maximum and minimum velocity of

particles (Vo and V,in, respectively), maximum and minimum inertia weights (

Q.. , respectively).

and

1. Initialize n particles with random positions within upper and lower bound values

of the problem space. Set iteration count as iter =1.

2. Evaluate the fitness function (J) of each particle using (15).
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. For each particle, find the best position found by particle i call it X,; and let the

fitness value associated with it be J,.s:. At first iteration, position of each particle

and its fitness value of i particle are set to X,; and Jppei, respectively.

. 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 algorithm described by pseudo code is adopted.
(At first iteration set Jgpes, =0)
Fori=1tondo
If Jobesti > Jgpes, then
G = Xpi, JGres= Jpbesii

end;

. Update the inertia weight by following equation

Qmax Qmin

iter, .

iter

Q = Qmax -

where Q is inertia weight, ifer and ifer,, 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) + a, [ 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.

4 SIMULATION AND EXPERIMENTAL RESULTS

A buck converter’s parameters and considered variation ranges used in this paper

are given in Table 1.
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Table 1 Chosen converter’s parameter and considered variation ranges

Parameter Name Nominal
Value
R, Load Resistant 20Q
Ve Output Voltage 6V
Vi Input Voltage 12V
L Inductance 100 uH
C Capacitor 680 uF
Jsw Switching frequency 100 kHz

The selected and designed current loop elements in this paper are according to the
method illustrated in section 2. (Ry= 10kQ , R; = 1kQ) , Cy, = 2nF , Cr = 50nF) By (3), the

nominal transfer function is found to be

VoS _ 1.2x107°5° +7.3x107"%s* +3.6x10 757 +0.0765% +531.95 +923000
Vo(s) 6.8x10757 +7.9x1077 5% +6.8x107"25° +2.4x107"s* +5.9x 107" s> +3.6745% + 69435+ 461000
(16)

To simplify the controller synthesis, insignificant small terms are neglected. Therefore,

the reduced-order plant is found to be

v (s) 531.95+923100
Lo —G= . (17)
V.(s) 3.674s + 69435 + 461500

Both #, loop shaping control and our proposed technique are applied to this
converter. Firstly, we design the controller by the proposed technique. In this case,
weighting function () are expressed in (18). x; and x, are parameters that will be
evaluated.

X8+ X,

Wi(x)=
(%) s+0.001

(18)
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W, is chosen as 1 since we neglect the sensor noise effect when the use of good
sensor is assumed.
w, =1 (19)
Next, PID controller is investigated as a fixed-structure controller. The controller
structure is expressed in (20). K, , K; , Ky and ¢ are parameters that will be evaluated.

K,s
t,s+1

K(p)zKp+£+ (20)
N

Select the controller parameters, weighting function parameters, their ranges, and
Particle Swarm Optimization parameters as follows: K, €[0,100], K;[0,4000],
K4€[0,0.01], t,€[0,0.01], x;€[0,200], x,€[0,2000], population size = 24, 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 = 2000.
An optimal solution is obtained after 1100 generations. Fig. 5 shows plots of convergence
of cost function J,, versus generations by PSO algorithm. The optimal solution is shown
in (21), which has stability margin (&) of 0.70873 (»=1.4109).

2283.4  0.00010s

K(p)=49.18+ + (21)
s 0.00099s+1
49.505 +1586
Wi(x)=—2—2"""-°" 22
== 5001 22)
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Fitness (g)

0 200 400 600 800 1000 1200 1400 1600 1800 2000
epoch

Fig. 5. Convergence of the fitness value.
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Fig. 6. Bode plots of the nominal plant and the shaped plant

Fig. 6 shows the plot of open loop shape of nominal plant and shaped plant. As
seen 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 terms of disturbance
attenuation and performance tracking. The bandwidth of the nominal plant is about 100
rad/sec. With these weighting functions, bandwidth of the desired control system is
increased to 9,000 rad/sec. Significant performances and robustness improvement are

carried out by these weighting functions.
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Next, we design a controller by the conventional #., loop shaping procedure where
W, evaluated by PSO is used to synthesize the controller designed by conventional #,

loop shaping. The shaped plant is written as

G =W,GW, :( 531.95+923100 j49.18s+1586 (23)

3.6745” + 69435 + 461500 s+0.001

By applying the ., loop shaping method, the optimal stability margin (&) is
founded at 0.71165 (y = 1.4051). This value indicates that the selected weighting function
is compatible with the robust stability requirement. The £=0.7100 (y = 1.4084), which is
less than the optimal stability margin, is chosen to synthesis the controller. Based on the
conventional technique is section 3, the conventional #. loop shaping controller is

synthesized as follows.

(49.505+1586)  1.505x10° (s +1765)(s +32.39) (24)

K(s)=WK.W, = 5
(s+0.001) (s+1.532x10%)(s +1739)(s +32.04)

As shown in (24), the controller is 4™ order and complicated in structure.
In addition, to compare performance, a PID controller designed by ISE method
with model reference [18] are investigated. This resulting PID is shown in following

equation.

1013 N 0.00032s (25)

K. =101.27+
5 s 0.00001s+1
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Bode Diagram
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Fig. 7. Bode diagram of (a) desired loop shape and loop shape by proposed controller and

(b) step responses of controllers.
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Open loop bode diagrams are plotted in Fig. 7(a) to verify the proposed algorithm.
It is clearly shown that the proposed technique performs as a robust controller. Fig. 7(b)

shows the step responses of the proposed robust PID, the conventional %, controller, and

PID tuned by ISE method. The settling time of all responses is about 700 usec. To verify

IET Power Electronics

the robust performance, we change the converter’s parameters as:

Casel : R, =16Q,L =110 pH and C =330 pF

Casell : R, =14 Q, L =130 pH and C =250 puF

Obviously, these conditions (increase L and decrease load and C) are worse than

the nominal condition. The designed controllers in (21), (24) and (25) are adopted to

control this perturbed plant. The step responses are shown in Fig. 8.
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1.4

120,
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o
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o
~

Proposed controller
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| |
02 04 06 08 1 12 14 16 1.8 2
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(a) Step responses in the perturbed plant. (Case I)
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The responses in the perturbed plant of the proposed controller and #., loop

shaping controller are almost the same as those in the nominal plant with some different

in the setting time and oscillation. The results show that the designed system from the

proposed controller and #., loop shaping has a good performance and robustness.

As for the controllers designed by ISE method, the settling time and rise time of

the nominal plant are slightly smaller than those of the proposed controllers and H infinity

controllers. There is neither overshoot nor oscillation in the responses of the nominal

plant; however, the response of the perturbed plant has large overshoot and oscillation.

The maximum overshoot is about 30% in case I, and 60% in case II. The response of the

perturbed plant is much different from that of the nominal plant, displaying poor robust

performance. When applying the #£, control and the proposed controller, the nominal
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plant and the perturbed plant have similar responses. As the results indicated, #., control

and the proposed design technique yields better robust performance than ISE method.

Fig. 10. Average Current Mode Control (ACMC) circuit

Some experiments are performed to verify the effectiveness of the proposed
controller. The nominal values in Table 1 are used to design a buck converter with current
mode control. Fig. 9 and 10 show the circuits used in the experiment. A proposed
controller, robust PID controller in (21) and PID tuned by ISE method in (25) are used to
control the converter. Fig. 11 shows the experimental results of the step response in
nominal condition of the proposed controller and PID tuned by ISE method. As seen in
Fig. 11 and Fig. 7, the responses of experimental results are almost the same as those of

the simulation results. Fig.11 confirms that the time domain response at the nominal plant
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of the proposed controller achieves the performance specification as well as the controller

designed by ISE method.

> 1ms /div : : : o eIms/div

i NORM200kS /s e e e B NORMEIMS /8

&
&

BOLYANS oV
=Filter= =0ffset= =Record Length= =Trigger= =Filter= =0ffsel= =Record Length= =Trigger=
Smoothing : OFF CH1 : 0.00v Main 1 10K Mode © AUTO Smoothing : OFF CH1 : 0.00v Main 10K Mode : AUTO
BW : FULL CH2 : 0.00v Zoom 2K Type : EDGE CH1 & BW @ FULL CH2 : 0.00v Zoom @ 10K Type : EDGE CH1 &
Delay : 0.0ns Delay : 0.0ns
Hold OFF : MINIMUM Hold OFF : MINIMUR
(@ (b)

Fig. 11. Step response in the nominal conditions of (a) proposed controller and

(b) PID tuned by ISE method.

To verify the robust performance of the system, an experiment is performed. The
component values and operating points of converter are changed to case I and case II. The
controllers from the previous experiment are used to control the converter in this
perturbed plants. The performance is verified by using the step response. Fig.12(a) and
12(b) show the response of the perturbed plant. The step response is almost the same as
the response in nominal conditions. This response is underdamped with a small difference
in the settling time. Little overshoots occur in both case I and case II. Experimental
results verify that the proposed controller can be applied for the ACMC buck converter to

achieve a good robust performance.
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Fig. 12. Step response in the perturbed conditions of (a) proposed controller, Case I, (b)
proposed controller, Case II, (¢) PID tuned by ISE method, Case I and (d) PID tuned by

ISE method, Case II.

As shown in Fig. 12, in both cases, in the perturbed conditions, the proposed
controller has almost the same step response as that in the nominal condition with little
overshoot; while the perturbed plant of the controller tuned by ISE method has large

overshoot and oscillation. This is similar to the simulation result. As shown in the
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experimental result, the system designed by the proposed method has a better robust

performance than the one designed by ISE method.

5 CONCLUSION

Both of #, loop shaping and the proposed technique can be applied to design a
robust controller for a buck 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 DC-DC converter which
analog circuit is normally used to design the controller. As shown in the simulation and
experimental results, the robust performance obtained from the proposed technique and

Hz loop shaping is better than that of the conventional PID designed by ISE method. In
conclusion, by combining of the approaches, genetic algorithms and %, loop shaping;

robust fixed-structure controller can be designed. Implementation in buck-boost converter

assures that the proposed technique is valid and flexible.

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 [15].
=g =1+ (X2))"?
7 opt gopt max (Al)

where X and Z are the solutions of two Riccati in (A.2) and (A.3) respectively, A4y is the

maximum eigenvalue.
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(A-BS'D"C)Z+Z(A-BS'D'C)" —ZC"R'CZ+BS'B" =0 (A.2)
(A-BS'D'CY' X+ X(A-BS'D'C)-XBS'B"X+C'R'C=0 (A.3)

where S=1+D"D,R=1+DD"

ACKNOWLEDGE

This work was fully supported by the Thailand Research Fund under Grant No.
MRG. 4980087. The authors are sincerely thankful to Associate. Prof. Dr. Manukid
Parnichkun from AIT for his useful suggestions and comments.

REFERENCES

[1] Simone Buso, “Design of a Robust Voltage Controller for a Buck-Boost Converter
Using —Synthesis,” IEEE Transaction on Control Systems Technology, Vol. 7, No. 2,
pp. 222-229, March 1999.

[2] R. B. Ridley, “A new continuous-time model for current-mode control,” in Power
Conversion Inteligent. Motion (PCIM) Conf. Proc., 1989, pp.455-464.

[3] J. G. Kassakian, M. F. Schlecht, and G. C. Verghese, Principles of Power Electronics.
Reading, MA: Addison-Wesley, 1991.

[4] NAIM, R., WEISS, G., and BEN-YAAKOV, S., “#. control of boost converters:
comparison to voltage mode, feed-forward and current mode controls,” PESC’95,
Atlanta, USA, pp. 1327-1332, June 1995.

[5] G.C. loannidis, S.N.Manias, “#, loop-shaping control schemes for the buck converter
and their evaluation using p-analysis,” IEE Proc.-Electrical Power Application, Vol.
146. No. 2, March 1999.

[6] B. S. Chen and Y. M. Cheng., “A structure-specified optimal control design for
practical applications: a genetic approach,” [EEE Trans. on Control System

Technology, Vol. 6, No. 6, 1998, 707-718.

IET Review Copy Only



IET Power Electronics Page 26 of 27

[7] B. S. Chen,, Y.-M. Cheng, and C. H. Lee., “A genetic approach to mixed # / H
optimal PID control,” /IEEE Trans. on Control Systems, 1995, 51-60.

[8] S. J. Ho, S. Y. Ho, M. H. Hung, L. S. Shu, and H. L. Huang, “Designing structure-
specified mixed #> / H. optimal controllers using an intelligent genetic algorithm
IGA,” IEEE Trans. on Control Systems, Vol. 13, No. 6, 2005, 1119-24.

[9] D.C. McFarlane and K. Glover., “A loop shaping design procedure using Ho,
synthesis,” IEEE Trans. On Automatic Control, Vol. 37, No. 6, 1992, 759-769.

[10] A. U. Genec, “A state-space algorithm for designing 7, loop shaping PID
controllers,” technical report., Cambridge University, Cambridge, UK, Oct. 2000.

[11] S. Kaitwanidvilai and M. Parnichkun, “Genetic algorithm based fixed-structure
robust #., loop shaping control of a pneumatic servo system,” International Journal of
Robotics and Mechatronics, Vol. 16, No. 4, 2004.

[12] S. Kaitwanidvilai and P. Olranthichachat, “Genetic based Robust #., Loop
Shaping PID Control for a Current-Mode Boost Converter,” ICEMS2006, November
2006, Japan.

[13] Jian Sun, Richard M. Bass, “Modeling and Practical Design Issues for Average
Current Control,” Applied Power Electronics Conference and Exposition, 1999. Vol.
2, Mar 1999.

[14] W. Tang, F.C. Lee, and R.B. Ridley, “Small-signal modeling of average current-
mode control,” IEEE Transactions on Power Electronics, Vol. 8, No. 2, pp. 112-119,
1993.

[15] K. Zhou, J. C. Doyle., Essential of Robust Control (New Jersey: Prentice-Hall,
1998).

[16] S. Skogestad, 1. Postlethwaite, Multivariable Feedback Control Analysis and

Design. 2™ ed. New York: John Wiley & Son, 1996.

IET Review Copy Only



Page 27 of 27 IET Power Electronics

[17] J. Kennedy and R. Eberhart, “Particle swarm optimization,” /[EEE International
Conference on Neural Networks, Vol. 4, 1995, 1942-1948.
[18] Jietae Lee and Thomas F. Edgar , “ISE tuning rule revisited,” Automatica, Vol.

40, Issue 8, August 2004, Pages 1455-1458

IET Review Copy Only



AMANKRIN A
l:l v Q v S A w A = Q/
UNaNN lanausulras ANNN IR daISawIzAY

WIWIBI6

S. Kaitwanidvilai, A. Jangwanitlert, I. ngarmroo, W. Khanngern, S. Karnprachar, “Fixed
Structure Robust Loop Shaping Controller for a Buck-Boost Converter using Evolutionary
Algorithm”, Trend in Communication and Electrical Engineering, an edited book published
by Springer, 2008 (invited)

44



Consent to Publish @ Springer

Series: Lecture Notes in Electrical Engineering (LNEE)

Title of the Book/Volume/Conference: Trends in Communication Technologies and
Engineering Science
Editor(s) name(s): Prof. Xu Huang, Prof. Ping-kong Alexander Wai, Dr. Sio-long Ao

Title of Contributi On_Fixed Structure Robust Loop Shaping Controller for a Buck-Boost Converter using Evolutionary Algorithm

Author(s) full name(s): S. Kaitwanidvilai, A. Jangwanitlert, I. ngarmroo, W. Khanngern, S. Karnprachar

Corresponding Author's name, address, affiliation and e-mail; Somyot Kaitwanidvilai,

Faculty of Engineering, King Mongkut’s Institute of Technology Lardkrabang, Bangkok, Thailand. Email: kksomyot @kmitl.ac.th
§ 1 Rights Granted
The copyright to the Contribution identified above is transferred to Springer Science + Business Media B.V.,
Dordrecht (hereinafter called Springer). The copyright transfer covers the sole right to print, publish, distribute and
sell throughout the world the said Contribution and parts thereof, including all revisions or versions and future
editions thereof and in any medium, such as in its electronic form (offline, online), as well as to translate, print,
publish, distribute and sell the Contribution in any foreign languages and throughout the world.
Springer will take, either in its own name or in that of the Author, any necessary steps to protect these rights
against infringement by third parties. It will have the copyright notice inserted into all editions of the Work according
to the provisions of the Universal Copyright Convention (UCC) and dutifully take care of all formalities in this
connection, either in its own name or in that of the Author.
If the Author is an employee of the U.S. Government and performed this work as part of his employment, the
Contribution is not subject to U.S. copyright protection. The Author transfers the publishing rights to Springer to the
extent transferable.
The Author retains the right to republish the Contribution in any collection consisting solely of the Author’s own
works without charge and subject cnly te notifying Springer in writing prior to such publication of the intent to do so
and to ensuring that the publication by Springer is properly credited and that the relevant copyright notice is
repeated verbatim.
The Author warrants that the Contribution is original except for such excerpts from copyrighted works (including
illustrations, tables, and text quotations) as may be included with the permission of the copyright holder thereof, in
which case(s) the Author is required to obtain written permission and to indicate the precise source. Springer has
the right to permit others to use individual illustrations within the usual limits. The Author warrants that the
Contribution has not heretofore been published in whole or in part, that it contains no libelous statements and does
not infringe on any copyright, trademark, patent, statutory rights or proprietary rights of others; and that he will
indemnify Springer against any cost, expenses or damages for which Springer may become liable as a result of
any breach of this warranty.

§ 2 Delivery of the Contribution and Publication

The Author agrees to deliver to the responsible Editor(s) on a date to be agreed upon the manuscript created
according to the Instructions for Authors.

Springer agrees to publish the said Contribution at its own cost and expense.

§ 3 Author’s Discount
The Author is entitled to purchase for personal use (directly from Springer) books published by Springer at a
discount of 33 1/3% off the list price. Resale of such books is not permitted.

§ 4 Entire Agreement
This agreement shall be deemed to be made under and shall be interpreted in accordance with the laws of the
Netherlands.

The Correspending Author signs for and accepts responsibility for releasing this material on behalf of any and all
Co-Authors.

Signature of Corresponding Author: Date:

O Im an employee of the US Government and transfer the rights to the extent transferable

| Office use only: Name: Cindy Zitter  Fax: +3178 8576377 E:mail:  cindy zitter@springer.com




Chapter #

FIXED STRUCTURE ROBUST LOOP SHAPING
CONTROLLER FOR A BUCK-BOOST
CONVERTER USING EVOLUTIONARY
ALGORITHM

S. Kaitwanidvilai’!, A. Jangwanitlert*l, I ngarmroo*l, W. Khanngern*l,

S. Karnprachar

“Electrical Engineering Department, Faculty of engineering, King Mongkut's Institute of
Technology Ladkrabang. Thailand, 10520. “Electrical and Computer Engineering
Department, Faculty of engineering, Naresuan University. Thailand, 65000.

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 #, loop
shaping method. The proposed algorithm is 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 controllers
designed by conventional H, 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 performed to verify the effectiveness of the
proposed technique.

Keywords: H,, loop shaping , robust controller , 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 (Simone
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Buso, 1999). In previous research works, the linear models of these
converters were derived by using linearization method (R. B. Ridley, 1989;
J. G. Kassakian et. al, 1989). Some linear control techniques were applied to
these converters based on the linear models (Simone Buso, 1999; NAIM, R.
et. al., 1995; G.C. loannidis and S.N.Manias, 1999). NAIM, R., et.al.(1995)
applied the ¥4, 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 (1999) applied the #., loop
shaping control schemes for a buck converter. In their paper, the -analysis
was used to examine the robust features of the designed controllers. Simone
Buso (1999) adopted the robust g-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 investigated. Fixed-
structure robust controllers have become an interesting area of research
because of their simple structure and acceptable controller order. However, it
is difficult 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, 1998; Bor-
Sen Chen, et. al, 1995; Shinn-Jang Ho et. al, 1995). In (Bor-Sen Chen and
Yu-Min Cheng, 1998), 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.(1995), proposed a PID design algorithm for mixed #£5/ H., control. In their
paper, PID controller parameters were tuned in the stability domain to
achieve mixed #H/#, optimal control. A similar work was proposed in
(Shinn-Jang Ho et. al, 1995 ) by using the intelligent genetic algorithm to
solve the mixed Ha/H;, optimal control problem.

The techniques mentioned above are based on the concept of #., optimal
control which two appropriate weights for both the uncertainty of the model
and the performance are essentially chosen. A difficulty with the #, 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
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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 fixed-structure #., loop shaping control to design a
robust controller for a buck-boost converter. In the proposed technique, the
controller structure is first 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. 4, 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.

2. 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 (uy) is given by (R. B. Ridley, 1989; J. G.
Kassakian et. al, 1989).

1- L Yo Yo i
a, v ROV M
. - L
di, V., +2V, (1+s-C-R, - V, +V,
2V, +V,

Where R, is the nominal load resistant, V, 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. The accuracy of
this model has been proved to be accepted, at least in frequency of interest in
this application.
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Figure #-1. Buck-boost converter with current mode control.

3. H, LOOP SHAPING CONTROL AND PROPOSED
TECHNIQUE

This section illustrates the concepts of the standard %4, loop shaping
control and the proposed technique. Consider the system described by the
block diagram (Fig. 2), where the plant G and the controller K are real
rational and proper. y is the output, u is the control input, w is the vector
signal including noises, disturbances, 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 K(p) such that |7,/
is minimized, where ||T;,||l» is the maximum norm of the transfer function
from w to z, and the admission controller is the controller that internally
stabilizes the system (McFarlane, D.C. and K. Glover, 1992).

——

w G V4

u - y
K |-

Figure #-2. General block diagram in robust control problem.
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3.1 Standard H. Loop Shaping

H, loop shaping control (McFarlane, D.C. and K. Glover, 1992) 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 W, (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. If the shaped plant G, = W,GW, =
NM," | then a perturbed plant can be written as

G, = (N, +Ay M, +A, )" 2)

Where Ay, and A4, are stable, unknown representing the uncertainty
satisfying ||Ans , Apsll» < €, € is the uncertainty boundary, called stability
margin.

According to the standard procedure of #, loop shaping, the following
steps can be applied to design the #;, 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 (Kemin Zhou and Jhon C.
Doyle, 1998). Weight selection is very important for the design. There are
some guidelines for the weight selection in (Siguard Skogestad, Ian
Postlethwaite, 1996). In SISO system, the weighting functions W, and W,
can be chosen as

st a and W2:L
s+b s+c 3)

W, =K

w

Where K, a, b and c are positive values.
Step 2 Minimize < - norm of the transfer matrix 7, over all stabilizing
controllers K to obtain an optimal cost y,, , as

-1 _

}/Opf = 8017[ Slffllbfl‘(

4

I (I+GK)'M
K s s

©

To determine ¢, , there is a unique method explained in (Siguard
Skogestad and Ian Postlethwaite, 1996). &,, << 1 indicates that W; or W,
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designed in step 1 are incompatible with robust stability requirement. If &,
is not satisfied (s,,, << 1), then return to step 1, adjust W;.
Step 3 Select ¢ < ¢,,,and then synthesize a controller K., that satisfies

<g” (&)

TZ w

1 gl
= (I+G.K,)'M:
o0 KOO

©

Controller K, is obtained by solving the optimal control problem. More
detail is available in (Siguard Skogestad and Ian Postlethwaite, 1996).
Step 4 Final controller (K) follows

K =WK_W, (6)

3.2 Genetic Algorithm based Fixed-Structure 7, Loop
Shaping Optimization

Practical implementation of the controller derived from #,, 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 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 #,, loop shaping, optimization goal is

to find parameters p in controller K{(p) that minimize infinity norm [T, || . In
the proposed technique, the final controller K is defined as
K =K(p\W, o
Assuming that W, is invertible, from (6) then it is obtained that
K, =W 'K(p) (®)

In many cases, the weight W, is selected as identity matrix /. However, if
W, is a transfer function matrix, then the final controller is the controller
K(p) in series with the weight W,. By Substitution of (8) into (5), then the oo-
norm of the transfer function matrix from disturbances to states, ||, »
which is subjected to be minimized can be written as
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J :7:‘ )

cost

L

1
= I+GW'K M
o |:VV|]K([7J( +G,W, K(p) s

@

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

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 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 (Chris Houck, et. al., 1995). 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). If &, < 0.25, then go to step 1 to adjust
the weight W,.

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 J. of each chromosome using (9).
Assign J,.,,, = 100, or large number if K(p) does not meet the constraints in
our optimization problem. The fitness value is assigned as 1/J.,; . Select the

t
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chromosome with 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 S 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 control structure. Low ¢ indicates that the
selected control structure is not suitable for the problem.

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 1.

Table #-1. Converter’s parameters and considered variation ranges.

Parameter Name Nominal Value
R; Load Resistant 40 QQ
V, Output Voltage 30V
Vi Input Voltage 12V
L Inductance 100 4H
C Capacitor 470 uF
Jow Switching frequency 100 kHz

By (1), the nominal transfer function is found to be

_ -0.0042s + 480 (10)
0.7896s + 72

Both #, loop shaping control and our proposed technique are applied to
this converter. Firstly, we design a controller by the conventional £, loop
shaping procedure. Based on the concept of #, loop shaping, W, and W, can
be selected as

~ 30 (s+26.7) W, = 100000 (11)
(s+0.001) © s+100000

W, =

Fig. 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
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rad/sec. With these weighting functions, bandwidth of the desired control
system is increased to 20,000 rad/sec. Significant improvement in terms of
performances and robustness is carried out by these weighting functions. The
shaped plant is written as

(s+26.7) (-0.0042s +480) (100000) (12)

G, =W,GW, =30
' (s+0.001) (0.7896s +72) (s-+100000)

By applying the #,, loop shaping method, the optimal stability margin
(&) is founded at 0.612 (y,,, = 1.6338). This value indicates that the
selected weighting function is compatible with the robust stability
requirement. The ¢ = 0.590 (=1.6949), which is less than the optimal
stability margin, is chosen to synthesize the controller. Based on the
conventional technique in section III, the conventional #, loop shaping
controller is synthesized as following

5
K(s)=W,K, W, =30 (s+26.7) (261841)(s+1.002x10")(s +26.9) (100000)

(5+0.001) (s* +3.265x107 s +3.608x 10')(s +26.7) (s +100000)
(13)

As shown in (13), the controller is 5 order controller resulting in a
complicated structure. Next, PI controller is investigated as a fixed-structure
controller. The controller structure is expressed in (14). K, and K; are
parameters that will be evaluated.

K(p)=K, K (14)
)

The controller parameters, their ranges, and genetic algorithms
parameters are selected as follows: K, <[0,200], K;<[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 (15), which has stability
margin (&) of 0.586 (y=1.7064).

K(py =21.84+ 270 (15)

N

The final controller (K) is shown in (16).

K=[21.84+597’6j 100000 (16)
K s +100000
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Figure #-3. Fitness functions versus iterations in genetic algorithm.

Fig. 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. 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 tracking and disturbance
rejection. Open loop bode diagrams are plotted in Fig. 4(b) to verify the
proposed algorithm. It is clearly shown that the loop shapes of £, control
and proposed PI controller 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 £, controllers. As shown in this figure, the settling
time of all responses is about 500 ysec.

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 (Jietae Lee and Thomas F. Edgar , 2004).
In this paper, we adopted the ISE with model reference to design a PI
controller to make the settling time close to 500 wsec. The resulting
controller is,

K = 1942800 (17)
S
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Figure #-4. (a) Bode plots of the nominal plant and the shaped plant (desired loop shape) (b)
The desired loop shape and the loop shape by the conventional H,, loop shaping and the
proposed PI, (c) Step responses by the proposed PI and H,, loop shaping controllers.

The step responses of proposed and #,, controllers in the nominal plant
and perturbed plant are shown in Fig. 5(a) and Fig. 5(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 system from the proposed controller and
H, loop shaping has a good performance and robustness. To verify the
robust performance, we change the converter’s parameters as: R, = 10 Q, V;
=10.8 V, L =130 4H and C = 2200 wF. The designed controllers in (16) and
(17) are adopted to control the perturbed plant. Obviously, this condition
(increase L and C 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.
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Figure #-5. (a) Step responses in the nominal plant. (b) Step responses in the perturbed plant.

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 robust PI
controller in (16) and PI controller tuned by ISE method in (17) are used to
control the converter. As seen in Fig. 5(a) and Fig. 6, the response of
experimental result is almost the same as that of the simulation result.

2008/01/14 2226209

2008/01/14 222348

Stopped
«ims/div

Stopped

1 .H‘fﬂ.ﬁfﬁ\l
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205V 205V
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Figure #-6. Step responses in nominal condition. (a) Proposed PI controller. (b) PI tuned by
ISE method.

To verify the robust performance of the system, an experiment is
performed. The component values and operating point of the converter are
changed to: R, =10 Q, V; =108 V, L = 130 x4H and C = 2200 wF. The
performance is verified by using the step response. As shown in Fig. 7, the
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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.

Stopped 2008/01/15 0EAG07 Stopped 2008/01/01 19:3229
3 T : “Ims/div 7 T £ T eims/dv

NORM:100KS /5 i ; i NORM:100KS /s

@ (h)

Figure #-7. Step response in the closed loop in perturbed conditions. (a) Proposed PI
controller. (b) PI tuned by ISE method.

To verify the robust against the sudden change of load, an experiment
were performed. As shown in Fig.§, when the load is abruptly changed, the
proposed controller can maintain the desired voltage.
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Figure #-8. Transient response of propose controller when the load change 40 Q to 20 Q2.

S. CONCLUSION

Both #, loop shaping and GA based fixed-structure H., loop shaping
control, are applicable in designing a robust controller for a current mode
buck-boost converter. 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 converter which analog circuit is
normally used to design the controller. In conclusion, by combining of these
two approaches, genetic algorithms and #., loop shaping; 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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Genetic based Robust H,, Loop Shaping PID
Control For a Current-Mode Boost Converter
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Abseraci--H,, control is one of popular techniques for
controlling system. Robust controller, which designed by
conventional H infinity control results in high order and
complicated structure. It is not easy to implement this
controller in practical works. To solve this problem, we
propose a genetic algorithm based H infinity loop shaping
PID control to design a robust controller, The infinity norm
of the transfer function from disturbance to output is
subjected to be minimized by genetic algorithm, The simple
structure and robust controller can be achieved by the
proposed techniques. In this paper, the designed controller
is implemented on an average current mode control of boost
converter. Robusin gai par ters changing and
disturbance is clearly shown in experimental results.
Simulation results are also shown for comparison and prove
the effectiveness of our technique.

I INTRODUCTION

Boost converter plays an important role in the power
electronic circuit. This converter is applied in many
applications such as battery charger, maximum power-
point tracking in PV system, switching mode power
supply, etc. Many techniques were applied in this
converter by many researchers [1-7]. Simone Buso [1]
adopted the robust mu-synthesis to design a robust
voltage controller for a buck-boost converter(PCMC:
Peak Current Mode Control). An inner current control
loop is applied to limit current and switching protection.
M. Ahmed et. al[2] presented a standard procedure for
modeling the basic converters. In their work, analytic
methods and simple PID control was applied to a general
converter control topology. Buck converter was also
implemented. In [3], the standard procedure and sliding
mode control were applied to control a converter. The
comparison between PID and sliding mode control
method was shown in [4].

Robust control is widely used to control many systems.
In DC/DC converter, many researchers designed and
implemented the robust control to this circuit. Sliding
mode control in [5] was implemented in a boost converter
to achieve the robustness. In {6], a linear robust approach
to DC/DC converter was proposed. Passivity based robust
control was implemented in [7] to a boost converter
circuit.

This work was supported by Thailand R h Fund and Nati

Research Council of Thailand

There are two modes for voltage controlling in boost
converter, voltage and current mode control. Current
mode control gains many advantages such as current
limiting, swilching profection and better dynamic
response. There are an inner current-loop and outer
voltage-loop in this controller [2].

From previous researches in control system, H infinity
control is one of popular techniques to control in many
systems. Various H infinity controls are able to design the
controller to guarantee the robustness and performance of
the closed loop system. However, controller designed by
conventional H infinity control technique [8] results in
the complex structure and high order controller. To solve
this problem, Somyot and Manukid[8] proposed the
genetic based fixed structure robust H infinity loop
shaping control. This technique designs the simple
structure but achieve a good robust performance, In this
paper, this technique is adopted to design a current mode
controller for a boost converter.

This paper is organized as follows. In section 2, we
describe the dynamic model and system identification
procedure of a boost converter circuit. Section 3 presents
a review of H.. loop shaping. Our proposed algorithm,
robust PID controller that evolved by genetic algorithms
is described in this section. Section 4 details the design,
simulation and experimental results. Finally, Sections 5
summarizes and concludes the paper,

II. CONVERTER MODELING AND SYSTEM IDENTIFICATION

Current mode control (CMC) in DC-DC converter is
typically two-loop system (voltage loop and current loop).
The current loop is used to maintain the inductor current
equal to reference current. This reference current is
obtained from the output of voltage control loop. The
voltage loop is used to compare the reference voltage
(command) and output voltage (output) and control the
output voltage of boost converter. In continuous
conduction mode of CMC, the popular control schemes
arc PCMC (Peak Current Mode Control) or an ACMC
(Average Current Mode Control). ACMC has several
advantages over PCMC[9] such as robust against the
noise, high degree of accuracy to track the average
inductor current. In ACMC, the current loop control is
typically designed as PI controller. In this paper, the
design of this current loop gain is adopted from [9-10].
Consider the equation in [9], the controller gain of current
loop can be expressed as
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[1-3, 5-7]. In [1], a robust He optimal control problem with

Abstraci— Robust loop shaping control Is a feasible method for
deslgning a robust controller; however, the controller deslgned
by this method Is complicated and difflcult to Ilmplement
practically. To overcome this problem, In this paper, a new
deslgn technlque of a fixed-structure robust loop shaping
controller for a highly maneuverable airplane, HIMAT, Is
proposed. The performance and robust stabllity conditlons of
the deslgned system satisfylng H. loop shaping control are
formulated as the objectlve function In the optimization
problem. Particle Swarm Optimization (PSO) technlque Is
adopted to solve this problem and to achleve the control
parameters of the proposed controller. Simulatlon results
demonstrate that the proposed approach Is numerically efficlent
and leads to performance comparable to that of the other
method.

Index Terms— H, loop shaping control, robust control, particle
swarm optimization, HIMAT system, flxed-structure controller.

I. 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
arder 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-search, etc., can be employed. Several approaches to
design a fixed-structure robust controller were proposed in
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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 He
optimal controller. Bor-Sen.Chen. er. al[2], proposed a PID
design algorithm for mixed Hy'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 HyH. 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 Hx 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 specitied 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 problem of local minima is reduced.
Structure of controller in the proposed technique is selectable;
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Fixed Structure Robust Loop Shaping Controller for
a Buck-Boost Converter using Genetic Algorithm
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Abstract— Robust controller designed by Hg loop shaping is
complicated and its order is much higher than that of the plant.
It is not easy to implement this controller in practical
engineering applications. To overcome this problem, we propose
an algorithm, GA based fixed-structure H 5 loop shaping control,
to design a robust controller. Genetic algorithm is used to solve
the Hy, loop shaping design problem under a structure specified
controller. The performance and robustness of the proposed
controller are investigated in a buck-hoost converter in
comparison with the controller designed by conventional Hg
loop shaping method. Results of simulation demonstrate the
advantages of simple structure and robustness against plant
perturbations and disturbances of the proposed controller.
Experiments are performed to verity the effectiveness of the
proposed technique.

Index Terms— Hg loop shaping , genetic algorithm , buck
boost converter

I. 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.. er.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 z~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.

In DC to DC converter, normally, the controller is
designed by using analog circuit. Although the higher control
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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 simplity 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. er. al.[7], proposed a PID design algorithm for
mixed HyH.. control. In their paper. PID controller
parameters were tuned in the stability domain to achieve
mixed Hy/H.. optimal control. A similar work was proposed in
[8] by using the intelligent genetic algorithm to solve the
mixed Ho/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 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
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