
Chapter 6 
Structured Robust Control for MIMO Systems 
Using Artificial Intelligent Techniques 

Somyot Kaitwanidvilai, Piyapong Olranthichachat, 
and Natthaphob Nimpitiw3n 

Abstract In this chapter, a lIew technique called fixed-structure robust control 
using artifici al intelligent (A() technique is proposed to enhance both performance 
and stability of controlled system. In Ihis approach, Ihe structure of controlle r is 
specified and the robust sH'lbilizalion problem is solved by AI techniques. The 
ad vanlflges o f simple strll cture. robustness and hi gh performance can be achieved. 
In this paper, two multiple inputs multiple outputs (MIMO) controller des ign 
problems, i.e., robust contfol des ign for electro-hydraulic servo system and fixed­
strll ctLlre robust mixed-sensitivity approach for three phase inverter are illustrated, 
Simlliati on results show that the proposed controlle r hus simpler structure lhan that 
o f conventional robust co ntro ller, and the stnbilit y margin obtained indicates the 
robus tness o f the p roposed controlle r. 

Keywords Artificial intel\i gel! l techniques· Hoo optimal control· Three phase 
inverter· Electro-hydrauli c servo system 

1 Introduction 

Recentl y, many artificial inte lligent (AJ) techniques have been adopted 10 des ign 
robust controllers. In [11, the robust Hoo optimal control prOblem with a structure 
spec ifi ed controller was so lved by genetic al gorithm (GA). Mixed-sensiljyily 
approac h was adopted far inc.J ic.:a ling the performance of the designed ca nlro JJ er. As 
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results indicated , GA is a feasible melhod to design a slruClure spec ified 1-100 oplimJI 
contro ller. Chen el al. [2] proposed a PID design <ilgo rithm using mixed Hd Hoo 
cOnl rol. In their chilpter, H2 is mixed wilh Hoo to indicate bolh the performance 
and robustness of entire sys tem. In addi tion, the cuntroller parameters were tUlled 

in the siability domain evaluated by Routh-Hurwitz stab ility criterion and sampling 
techni que. Similar method was proposed by applying the intelligent GA to ~oJ ve 

the robuSI Hd Hoo control problem (3). Clearly, the resu lt s in their papers [1-3] 
clarified the robustness o f the designed systems. 

The above mentioned methods [1-3] were adopted to design the Siruciure 

spec ified robust controllers. T he ir techniques are based on the concept of H in fi nity 
optim:ll contro l. Alternatively, McFarla ne and Glover [4J proposed an alte rnative 
teCh nique called Hoc, loop shaping control to design a robust controller. This 
technique is based on the concept of loop shaping which only two compensator 
weights need to be selecled. In this control sche me, several researchers [5- 7] 
proposed several fixed-structure lllethcxis to design rubus t contro llers. 

In thi s chapter. the fixe~ - stru cture robust conlro l techniques are adopted to 
des ign the robust cont rol lers fo r multiple inputs multiple outputs (M IMO) systems, 
i.e., a MJMO e lect ro- hydraulic se rvo syste m and a three phClse inve rter system. 
The remainde r of th is chapter is organized as fo llows. Seclion 2 illustrates the 
modeling and control des ign of elec tro-hydraulic servo sys tem . Part icle swarm 
optimizat ion (PSO) and robust loop shaping tech niques are adopted 10 des ign the 
robust controller. Section 3 descr ibes the robust control design for a three phase 
inverter system. GA and robust mixed-sensitivity method are adopted 10 design the 
robust cont.roller. Finall y, Sect. 4 summarizes Ihe paper. 

2 	 Fixed-structure Robust Loop Shaping Control 
for Electro-hydraulic Servo System 

E lec tra-hydra ulic servo system is an attractive choice for being used in both 
industri a l and non-induslrial app licalions. T he adva ntages of this ac tuator are fas r 
dynamic response, hi gh power to inert ia rmio, e tc. Many Clpprom;hes ha ve been 
proposed to conlrol th is system to achieve good performance and robuslness. O ne 
among the m is robu.~t conlro l whic h the controlled system can perform we ll even 
under the cond itions of di sLUrbance and uncertain ties. Normally, in the robust 
cont ro l design problem . severnl linear mnthemarj c equations need to be so lved to 
find the optimal robust controll er. Unfortunately, resu lting controllers determined 
by the conventional tec hniques are normally complicated with high ordey, 

Typic<l l e lectro-hydraul ic servo syste m is shown in Fig. 6. 1 which cons ists of a 
pos ilio n con tro l system nod a fo rce cO Rl ral system (8). The position con tro l syste m 
is adopted to con trol the ac tuator movement and the force control syste m is app lied 
to supply a required force (0 the system load. The ma in object ive of the se rvo 
sys tem is to satisfy the specified require ments; for example, zero steady stote errors 
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Fig.6.J Electro-hydrau lic servo system 

in mOl ion of the actuator and force output. The stale-space mode l of the e lectro­
hydraulic servo system can be shown in the followi ng cqumion [8]: 

; = A.x + 811 

y = ex (61 ) 

As seen in the above men tioned dynamic, the system is MIMO system which has 
two outputs, F2 - force of lhe syslem and YI-posi tion of the actualQr, and two 
inputs (/I). ul-input servo va lve of the posit ion cont rol system, and U2-inpU I 

servo vfllve of th e force control syste m. 

2.1 PSO Based Robust Loop Shaping Control 

Based on the concepl of PSO technique, in this problem, a set of controller 
paramete rs p is formulated as a particle and the fitness can be written as: 

-, 
t = liT,,, II;; ~ II [~,-, K(P) ] (i + G, W,-' K(p)f ' M,-t" (6.2) 

Fitness value is specified as a very smaJi value if the con trolled system is unstable. 
The flow chart diagram of the proposed teChnique is shuwn in Fig. 6.2. 

For the design . the controller K(p) will b~ designed to minimize the infinity 
norm from disturbance to slate or maximize the stahilit y margin (E) by using the 
PS~. The PSO is based on the concept of swurm 's movem~nt. When applyi ng the 
PSO, PSO parameters. i.e. the population of swam (n), lower and upper boundaries 
(Pmm. Pm;,;..) of problem space. minimum and maximum ve locit ies of parti cle... 
(Vlllin , vm:'~) . maximum ite rationUmu). mini mum and maximum inerlia we ights. 
need to be specified. In an iteration of the PSO, the vahle of fitness or objective 
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Fig. 6.2 TIle (k~jg n of uncenainlY weight of DC mOlor speed cOntrol plant 

function (j~") of each particle is e:villuated. The particle whic h gives Ihe highes t fitness 
value is kept as the answer of current iler:ltioll . The inertia weight (Q), value of 
veloci ty (v) and position (p) of each particle in fhe I.'urrenl iteration (I) are updated 
by using equations (6.3)-(6.5). 

Q - (Q ,,,,, - Q,,,;,).Q-
- ma.\ . I (6.3) 

Imax 

(6.4) 

Pi+1 = P i + Vi+ 1 (6.5) 

where O'!, 0'2 lire acce leration coefficients. 
The state-space model of nominal plant of elec tro-hydraulic servo system can 

bc seen in the reference [8]. The stnle vector of this plant consists of four variables 
which arc the Sl lppl )' pressu re in force control system, the supply pressure in posit ion 
contro l system, the position nnd the velocity of the nC tualor. Based 01) the reference 

[4}, Ihe pre- Jnd post -compensator we ights can be chosen as 
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Table fl. 1 PSO p:lr:lmelers 
P;lfil melers Values

and coni rolle r paramele r 
Minimum vclocily 0r::mges 
Max imum velocilY 0.2 

Accelermion coefficienl 2. 1 

Mi nimum inen ia weighl 0.6 
M:lximum inenia weighl 0.9 

Maximum iler:lI ion 100 
Populalion size 500 

P I- S 1-60.60J 

0.535 + 62 ] 

W, _ 5 + 0.00 1 ° 
 W ~ [10] (6.6)- 0 0535 + 62 . 2 a 1[ 

s + O.OO J 

In this chapter, the structure of controller is selecled as a MIMO PI control. By using 
Ihe convent ional robust loop shaping technique, the optimal stabi lity margin of the 
shaped plant is fo und to be 0.5522. To design the conventional !-ioo loop shaping 
con trolle r, stability margin 0.5217 is selec ted. The final controller (full order Hoo 
loop shaping con troller) is e ighth order. 

In Ihi s chapter, the structure of controller is selected as: 

P I S + P2 PJ·' + P, ] 
s + 0.001K(p) ~ s + 0.001 (6.7) 

[ pss + 1'6 1'7.'i + ps 

5 +0.001 s + 0.00 1 

Next, the proposed technique is adopted to design the robust PI contro ller. In Ihe 
optim iz~J.l i on problem , Ihe upper and lower bounds of control parameters and the 
PSO parameters are given in Tab!e 6. 1. After running the PSO for 56 itera tions, the 
optimal solu[ion is obtained as : 

- 0.52845 - 36.683 -0.07175 - 8.0878] 
s + 0.001K(p) ~ s + 0.001 (68) 

- 0.0322" - 3.2293 -0.8966.< - 38.44 1 [ 
s + 0.001 .I' + 0.001 

Figure 6.3 shows the fitness or stabi lit y margin (£) of the best controller obtained in 
each iteration. As seen in this figure, the best controller evolved by the PSO has a 
stability margin of 0.3905. 

Figure 6.4 shows the responses of the outputs of the system in twO channels 
(positi on and force outPllt ~) when [he unit step command input is red into lhe 
position command. As seen in thi s figure, the response from the proposed coni roller 
is similar to lhal o f {he conventional full order robust controller. 
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Fig.6.3 Swbilit y margin (E) versus iterati ons 

3 	 Fixed-Structure Robust Control for Three-phase 
Power Inverter 

tn Ihi s example. a des ign of g ri d connected Ihree-phase current cOnlroi inve rters 
i~ illustrated. Fixed ~tructured Hoo optimal control des ig n i~ applied to des ig n 
the controll er for the inverter. Co ntro llers with robust stability (RS) and nominal 
performance (N P) are the main concern s o f Ine des ig n. GA is employed to solve fo r 
Ihe optimal para meters o f contro ll ers. Structure of the conlroller i ~ a proport ional 
integr<1l (PT) control1er with MIMO. A fixed-~trllcture current contro ll er is des igned 
for a grid connected 300 kW three- phase invert er as d ep ic ted in Fig. 6.5. Note that 
the parOlllleters in Fig. 6.5 is represented;n abc rdeTence frame. The spec ificati o ns 
of the inverter are shown in Table 6 .2 . 

3.1 Model o/Grid Connected Three-phase Power Inverter 

By apply ing the Odq-abc trans rormittio n matri x. de fined by 

i J [7, 	 SiHWCo",,,l l] 
'::: = If ~ COS (lu t - 2.:) Sil1(w t- 2; ) 

[ 
I( fi COS (W i + 2.; ) s ill (WI + 2; ) 
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Fig. 6.4 Output responses of lhe system when the unit step is enlered 10 posilion comma"d 

A t!tree-phase inverler as shown in Fig. 6.5 can be represe nted by a linel'lri zed 
s tare spaee model around "0 normal operaling point" in rotational refere nce 
rrame as [9-12J 

(6 .9) 

where 

!:lxLf 
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Tobie 6.2 Parameters of the grid connected three-phasl: power converter 

Control por;\llll!ters Values 

Swilching frequency, f 10kHz 
DC vollage SOu l"I;e (VJ ) 1.100 V (wi th 20 percen t uncertainty) 
RJled output volloge (VT) 380Vrms. / = 50Hz 
Nominol output power (I'd 300kW 

Grid conn&ti on Hune = 50mQ. Lu"" = 4j..l H. C,. = 850l.l.F 
DC- AC invener N = 200 mQ. L=300 I1H. R$ = 3 mn, Ls = 3 11H, 

C, = 5.000 ~F (with 5.0 percent uncert ainty) 

and 

T 
6 ut, - [ 6 m,I !'.m" 1 

R ,fi, 	 I - r - w 0 	 - T 0 0 0~m" 
R J6w - T. 0 4'LmQ 	 0 -r I 0 0 
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From the definition of rotational reference frame, real power and reactive power 
outputs (prer and Qrt"f) of inveltcr based DGs with balanced three-phase loads can 
be cakulat ed as 

VTd p rd - VTIJ Q rrf V'I p re( + VJ Qref 
and"-D- 2VTJ 

2 + Vr/ v,, 2 + vq 

In Ihis application . lime domain perform ance (e .g ., speed , overshoot) o f the 
controller is evalualed by appl y ing integra l squared e rror (ISE) or the "cheap" linear 
qUlld ralic regulator (LQR) cost function as r13) 

= ,
J lIe(r)lI - dr 
o 

J ­

Where e(f) is a veC lOr of error signal s . 
The objective function of th e robusl control optimization prob lem is 

minimize J (8 ) 
B 

s ubj ect to 

Where y is a pre-specified upper bound which defines the rigorousness or control 
specifications, Wm is a multiplicative weight function of ~\ plant, KIs is weighted 
sensitivity fun ction. foor Ihe illustrative plant . the multipli ca ti ve weigh! flln ction 
(Wn,) requi res a slee p hound in Ihe form (141 

(6. 10) 
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parameters in (6.10) are chosen as rol low: £ :--c 0.01 , km :;:; :l, My 4.5, "'Ix ­
2 .5 kH z. The weighted sensitivity function (Ws ) is chosen as 

(6.1 1) 

parameters in (6.11) are chosen as follow: £ = 0.01. ks = L Ms = 10, % :;:; 
10 Hz. To avoid difficulty in implementation (i.e., contro ller with higher order), a PI 
controller is pre-spec ified as the configuration of K(s) [ 11. 

K"D + KID 
K (s) = 

[ 
0 s o 

KIQ 
] 

K rQ + -.,­

To determine the optimal controller, the proposed technique employs GA to search 
for the optimal control parameters. The best objective function and the optimal 
solution frolll GA optimiz<IIion are 0.073 with K pD = 2.22 X 10-4, KI'Q. = 
1.91 x 10-4 

• KID == 0. 191 anel KID = 0.199. The objective functions from each 
generation are shown in Fig. 6.6. 

The effecti veness of the proposed controller is verifi ed by the lime domain 
responses under step changes of the ideal DC source voltage. The fluctuation o f 
DC voltage imitates oper<l ting (.:ondilions o f renewable resources (e.g. , fuel ce lls. 
so lar cells, wind turbines), which may result s frOIll vnr iat ions of environmen1l.l1 
conditions. 

In Ihis example, resu lt s of a simulation with a refere!,,!ce value of average real 
poweroutplll (lJfCr) at 300kW are shown in Fig. 6.7. To demonstrate the stability of 
the plant, by applying the model of a grid connected three ~phase inverter as show n 
in Fig. 6.5, the ideal DC VO ltage SOurce (Voe) is perturbed: from 1, IOOV (norm;)1 
va lue) to 800 V al l = a.10ms and back to 1,I 00 V at I = a.ISms. NOle from 

http:environmen1l.l1
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Fig. 6 .7 Ihal the ave rage output power has a capability to recover from DC voltage 
drop lip to 27 percent within 2-3 cycles . Figure 6 .8 shows the error of ou tpu t curren t 
in dIrect and quadratu re axis measure at the terminal of the inverter. 

4 Conclusions 

This paper proposes severa l new techniques for designing the fi xed structure robu ~ 1 

controlle rs. As shown in the resull s. the proposed technique can be app lied to 
conlrol the MtMO pl ants, i.e. , the electra-hydraulic servo system and the three 
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phase inverter system. The stability margin (£) obtJined by the proposed technique 
indicates the robustness and performance of the proposed controll er. SimuJaiion 
results verify thut the proposed technique is a feasible approach and reduces the 
gap between theo ret ical and practi cal schemes. 
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