Chapter 6
Structured Robust Control for MIMO Systems
Using Artificial Intelligent Techniques
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Abstract [n this chapter, a new technique called fixed-structure robust control
using artificial intelligent (Al) technique is proposed to enhance both performance
and stability of controlled system. In this approach, the structure of controller is
specified and the robust stabilization problem is solved by Al techniques. The
advantages of simple structure, robustness and high performance can be achieved.
In this paper, two multiple inputs multiple outputs (MIMO) controller design
problems, i.e., robust control design for electro-hydraulic servo system and fixed-
structure robust mixed-sensitivity approach for three phase inverter are illustrated.
Simulation results show that the proposed controller has simpler structure than that
of conventional robust controller, and the stability margin obtained indicates the
robustness of the proposed controller.

Keywords Artificial intelligent techniques * Heo optimal control * Three phase
inverter ¢ Electro-hydraulic servo system

1 Introduction

Recently, many artificial intelligent (Al) techniques have been adopied to design
robust controllers. In [1], the robust Hs optimal control problem with a structure
specified controller was solved by genetic algorithm (GA). Mixed-sensitivity
approach was adopted for indicating the performance of the designed controller. As
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results indicated, GA 1s a feasible method to design a structure specified H optimal
controller. Chen et al. [2] proposed a PID design algorithm using mixed H,/Hy
control. In their chapter, H» is mixed with H to indicate both the performance
and robustness of entire system. [n addition, the controller parameters were tuned
in the stability domain evaluated by Routh—~Hurwitz stability criterion and sampling
technique. Similar method was proposed by applying the intelligent GA to solve
the robust Hy/H s control problem {3}. Clearly, the results in their papers [1-3]
clarified the robustness of the designed systems.

The above mentioned methods [1-3] were adopted to design the structure
specified robust controllers. Their techniques are based on the concept of H infinity
optimal control. Alternatively, McFarlane and Glover [4] proposed an alternative
technique called Hy 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 selected. In this control scheme, several researchers [5-7]
proposed several fixed-structure methods to design robust controllers,

In this chapter, the fixed-structure robust control techniques are adopted to
design the robust controllers for multipie inputs multiple outputs (MIMO) systems,
i.e., a MIMO electro-hydraulic servo system and a three phase inverter system.
The remainder of this chapter is organized as follows. Section 2 illustrates the
modeling and control design of electro-hydraulic servo system. Particle swarm
optimization (PSO) and robust loop shaping techniques are adopted to design the
robust controller. Section 3 describes the robust control design for a three phase
inverter system. GA and robust mixed-sensitivity method are adopted 10 design the
robust controller. Finally, Sect. 4 summarizes the paper.

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

Electro-hydraulic servo system is an attractive choice for being used in both
industrial and non-industrial applications. The advantages of this actuator are fast
dynamic response, high power 10 inertia ratio, etc. Many approaches have been
proposed to control this system to achieve good performance and robustness. One
among them is robust control which the conirolled system can perform well even
under the conditions of disturbance and uncertainties. Normally, in the robust
control design problem, several linear mathematic equations need to be solved to
find the optimal robust controller. Unfortunately, resulting controllers determined
by the conventional techniques are normally complicated with high order.

Typical electro-hydraulic servo system is shown in Fig. 6.1 which consists of a
position contrel system and a force control system [8]. The position control system
is adopted to control the actuator movement and the force control system is applied
o supply a required force to the system load. The main objective of the servo
system is to satisfy the specified requirements; for example, zero steady state errors
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Fig. 6.1 Electro-hydraulic servo system

in motion of the actuator and force output. The state-spacc model of the electro-
hydraulic servo system can be shown in the following equation [8]:

Ax 4+ Bu
Cx (6.1)

X
)F

!

As seen in the above mentioned dynamic, the system is MIMO system which has
two oulputs, fF>—force of the system and y;—position of the actuator, and two
inputs (u). u,—inpul servo valve of the position control system, and u;—input
servo valve of the force control system.

2.1 PSO Based Robust Loop Shaping Control

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

—1
](I + G_*W;'K(p))_' M.,"” (6.2)
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Fitness value is specified as a very small value if the controlied system is unstable.
The flow chart diagram of the proposed technique is shown in Fig. 6.2.

For the design, the controller K(p) will be designed to minimize the infinity
norm from disturbance to state or maximize the stability margin (£) by using the
PSO. The PSO is based on the concept of swarm’s movement. When applying the
PSO, PSO parameters, i.e. the population of swam(n), lower and upper boundaries
(Puuns Pman) Of problem space. minimum and maximum velocities of particles
{(Vinins Vrnax ), Maximum iteration(imax), minimum and maximum inerba weights,
need to be specified. In an iteration of the PSO, the value of fitness or objective
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Fig. 6.2 The design of uncertmnty weight of DC motor speed control plant

function {fs) of each particle is evaluated. The particle which gives the highest fitness
value is kept as the answer of current iteration. The inertia weight (Q), value of
velocity (v) and position (p) of each particle in the current iteration (/) are updated
by using equations (6.3)-(6.5).

Q o Qmax _ (Qm:n:‘_l' Qmin) i (63)
Vigr = Ov, +ay[yii( P — p)) + sy (Us — p,)] (6.4)
Pi+l = Pi T Vigi (6.5)

where oy, «> are acceleration coefficients.

The state-space model of nominal plant of electro-hydraulic servo system can
be seen in the reference [8]. The state vector of this plant consists of four variables
which are the supply pressure in force control system, the supply pressure in position
control system, the position and the velocity of the actuator. Based on the reference
[4], the pre- and post-compensator weights can be chosen as
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Table 6.1 PSO parameters

Parameters Values
and controller parameter e -
ranges Minimum velocity 0
Maximum velocity 0.2

Acceleration coefficient 2:
Minimum inertia weight 0.6
Maximum inertia weight 0.9

Maximum iteration 100
Population size 300
P18 [—60, 60]
0.53s + 62
W, — | §+0.001 ! Wi =| L0 6.6
&= o 0ss+e2(t W2={g (6.6)
s+ 0.001

In this chapter, the structure of controller is selected as a MIMO PI control. By using
the conventional robust loop shaping technique, the optimal stability margin of the
shaped plant is found to be 0.5522. To design the conventional Hyo loop shaping
controller, stability macgin 0.5217 is selected. The final controller (full order H,,
loop shaping controller) is eighth order.

In this chapter, the structure of controller is selected as:

Pis+p2 pas+ ps

0.001 5+ 0.001
kpy=|°" P 6.7)
PsS+ pe  pis+ pg

s +0.001 s+ 0.001

Next, the proposed technique 1s adopted to design the robust PI controller. In the
optimization problem, the upper and lower bounds of control parameters and the
PSO parameters are given in Table 6.1. After running the PSO for 56 iterations, the
optimal solution is obtained as:

—0.5284s —36.683 —0.0717s — 8.0873

-+ 0.001 s + 0.001
K(p) = : (6.8)
—0.03225 — 3.2203 —_0,8966.v —38.441
s +0.001 s 1 0.001

Figure 6.3 shows the fitness or stability margin (g) 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
(position and force outputs) when the unit step command input is fed into the
position command. As seen in this figure, the response from the proposed controller
is similar to that of the conventional full order robust controller.
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3 Fixed-Structure Robust Control for Three-phase
Power Inverter

In this example, a design of grid connected three-phase current control inverters
is iHustrated. Fixed structured Heo optimal control design is applied to design
the controiler for the inverter. Controllers with robust stability (RS) and nominal
performance (NP) are the main concerns of the design. GA is employed to solve for
the optimal parameters of controllers. Structure of the controlier is a proportional
integral (PI) controller with MIMO. A fixed-structure current controller is designed
for a grid connected 300 kW three-phase inverter as depicted in Fig. 6.5. Note that
the parameters in Fig. 6.5 is represented in abce reference frame. The specifications
of the inverter are shown in Table 6.2.

3.1 Model of Grid Connected Three-phase Power Inverter

By applying the Odg-abc transformation matrix defined by

: .
N ; . .
i 5[ 7 COSw - stnwlt io
| = 2] 2 coor— ) snor - ) ||
g =5 cos (w1 + ) sin (wr + 3) | Ly
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A three-phase inverter as shown in Fig. 6.5 can be represented by a linearized
state space model around “a nrormal operating point” in rotational reference
frame as [9-12]

&XL.P = AprAxg, + BLI"&“LJ' (6.9)
where

T
Axpr = [ ALy Aly D1 AVy Bvepy Avepg Mip Alpg ]
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Fig. 6.5 Model of three-phase inverter gnid connected inverter in abce reference frame: (a) System
dingram. {b) Circuit diagram of the three-phase inverter [9]

Table 6.2 Parameters of the grid connected three-phase power converter

Control paraineters

Values

Switching frequency, /

DC vohage source (1)
Rated output voltage (V7)
Nominal output power (F)

Grid connection
DC-AC inverter

10kHz

1.100 V (with 20 percent uncertainty)

380Vrms, [ = S0 Hz

300kW

Rl,im: =350mS2. Ly = 4 i.lH. C;' = 850 ],LF

R=200mQ. L =300pH, R, =3m2, Ly =3uH,
€, = 5000 puF (with 5.0 percent unceriainty}

and

Aup, = [Am,; Amq]T

flI.| =

2w 0 Lmy—L 0 0 0
w —%— 0 %—Ema 0 _IE 0 0
0 0o -k _-L 0 0 0 0
V6 6 i '

TC‘i._m‘f ey 0 0 0 OI 0
. 0 0 6 0 —w —t 0
0 £ 0 0 w 0 0 =f
0 0 0 0 = 0 —fee
0 0 0 0 0 = o —f
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0 0 Avegy
0 0 Alrp
o 0 LAl

From the definition of rotational reference frame, real power and reactive power

outputs ( 2™ and Q™) of inverter based DGs with balanced three-phase loads can

be calculated as

VTd’ P el VT(; er
Vra? + Vi,?

Vg P vy 0

2 2
V= + Vq_

ILp = and I.p =

in this application, time domain performance (e.g., speed, overshoot) of the
controller is evaluated by applying integral squared error (ISE) or the “cheap” linear
quadratic regulator (LQR) cost function as {13]

J = Jﬂe(z)u?dz
]

Where e(r} is a vector of error signals.
The objective function of the robust control optimization problem is

mini@mize J(®)

subject to

” [/IXHT T

W Hw = max \/|w,,.’r|? +WSP < |

Where y is a pre-specified upper bound which defines the rigorousness of control
specifications, W, is a multiplicative weight function of a plant, W; is weighted
sensitivity function, IFor the illustrative plant, the multiplicative weight function
(W,,) requires a steep bound in the form [14]

fpo W) ki
] ' AHJ A
Wi = |~ ;;f”" faxa: (6.10)
-J:/E P e

/e
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parameters in (6.10) are chosen as follow: € = 0.01, ky, = 3, My, = 4.5, oy =
2.5 kHz. The weighted sensitivity function (Ws) is chosen as

ks

Wg = Iyx2; (6.11)

( ] [S + k'b' M.S'whc])
K Ms | s+ Kewp,
parameters in (6.11) are chosen as follow: ¢ = 0.01. kg = I, Ms = 10, wp =
10 Hz. To avoid difficulty in implementation (i.e., controller with higher order), a PI
controller is pre-specified as the configuration of K(s) [1].

K
K;Jo-i-—,TQ 0

K(S) — 3 K

To determine the optimal controller, the proposed technique employs GA to scarch
for the optimal confrol parameters. The best objective function and the optimal
solution from GA optimization are 0.073 with Kpp = 2.22 x 1074, Kpp =
1.91 x 107, Kip = 0.191 and Kijp = 0.199. The objective functions from each
generation are shown in Fig. 6.6.

The effectiveness of the proposed coniroller is verified by the time domain
responses under step changes of the ideal DC source voltage. The fluctuation of
DC voltage imitates operating conditions of renewable resources (e.g., fuel cells,
solar cells, wind turbines), which may results from variations of environmental
conditions.

In this example, results of a simulation with a reference value of average real
power output (£ at 300 kW 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 shown
in Fig. 6.5, the ideal DC voltage source {Vpe) is perturbed: trom 1,100V (normal
value) 1o 800V at + = 0.10ms and back to 1,100V at ¢+ = 0.15ms. Note from
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Fig. 6.7 that the average outpul power has a capability to recover from DC voltage
drop up to 27 percent within 2--3 cycles. Figure 6.8 shows the error of output current
in direct and quadrature axis measure at the terminal of the inverter.

4 Conclusions

This paper proposes several new techniques for designing the fixed structure robust
controllers. As shown in the results. the proposed technique can be applied to
control the MIMO plants, 1.e., the electro-hydraulic servo system and the three
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phase inverter system. The stability margin (¢) obtained by the proposed technique
indicates the robustness and performance of the proposed controller. Simulation
results verify that the proposed technique is a feasible approach and reduces the
gap between theoretical and practical schemes.
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