CHAPTER 4

CONTROLLER DESIGN METHODS

The design methods for multi-loop as well as multivariable controllers for the LTI model
of the Steckel hot rolling process are discussed in this chapter. First the design method of
multi-loop PID and PI control of the plant is given. The design methodology of a

multivariable controller is discussed in the second part of this chapter. As a multivariable

control method an H.. controller was used.

4.1 PID/PI Controllers

4.1.1 Introduction

The application of SISO-PID/PI control to close the loop around the transfer functions on
the diagonal of the transfer function matrix of the linear model in Eq. 3.1 was considered
as an option for a controller. This was done because the inputs to these transfer functions
have a more direct influence on the corresponding output than the other input variables of
the MIMO model have on the same outputs. This is apparent from the simulations for SID
purposes in chapter 3. The transfer functions on the diagonal of the linear model in section
3.4.1 are of two different forms. A PID synthesis using an affine parameterization was

chosen to design the SISO controller for the transfer function g;;(s) in the first LTI model.
For the transfer functions gj,(s)and gs;(s) PI synthesis by using pole assignment was
applied to design SISO controllers. In subsections of 4.1 these methods are briefly

discussed.
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Figure 4.1: Blockdiagram for diagonal PID/PI control.

4.1.2 Controller Design Method for g,,(s)

4.1.2.1 Controller for Step Input

The time delay of g,,(s) was replaced by a first order Pade approximation, given by,

e—Sfo ~ a ) (41)

With this approximation the transfer function g,,(s) which is of the form,

£1() =G, () ==5— 42)

o

became
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(—7,x,)5+ 2k, (4.3)

G, =G,,(s)= 5 .
(z,0.)s" +(r, +20;)5+2

This model is also stable but has a non-minimum phase zero. It’s inverse is approximated
by,
N (rouo)52 +(z, +20,)s+2

Gl, = o . (4.4)

The controller transfer function K(s)in terms of a transfer function, O(s) and G, (s)and

based on an affine parameterization [34] has the form,

0(s)

K(s)=—"""——. 4.5
® 12066, g
With O(s) biproper an F, with relative degree 2 is chosen as,
1
iy T, (4.6)
a,s" +a;s+1
The unity feedback controller then results as,
K,(s)= O(s) _ Iy (S)f;;p(s) _ (TOUO)SZ +(z,+2v,)s+2 @7
1- Q(S)Gop (S) 1- FQ (S)Gop (S)Gop (S) (2Koa2 )S + (ZKoal + TOKO )S
For the PID controller of the form,
K KyS
b (T M T 4.8
pp (8) =%, 5 Bt (4.8)
the PID controller parameters become:
K, = 2t 0y +4v,0 +r§ + 27,0, —4a, , (4.9)

2 2
dr,af +4x,047, + T K,
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(4.10)

_(x,o + ,5,) 2 (7,0,) — (2K ,0,) (2K 0y + Tk, )T, +20,) + 8xclal

” , (4.11)
‘ (ZKoal +T0Ko)3
P (4.12)
2oy + 1,

4.1.2.2 Compensator for Ramp Input

A compensator connected in series with the PID controller K(s), as can be seen from

Fig 4.2, was used to make the control system a type 2 system which is able to give a zero
steady state error on the output for a ramp input. The purpose of the fast zero in the
compensator is to draw the additional root locus branch, which is caused by the pole

ats = 0, into the stable left half s-plane (LHP).

" SO K(s) ple SR LB g 4N

Figure 4.2: SISO feedback configuration with compensator.

4.1.3  Controller Design Method for g,,(s) and g;;(s)

A SISO pole assignment technique, based on a polynomial approach [34], was used to find

the PI controller parameters for the controllers for g,,(s) and g5;(s).
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If the controller and model transfer functions are respectively,

) and 6,5y =22 (4.13)

0% e A0

then for the PI synthesis of this approach A4 (s) can be an arbitrary (chosen) polynomial
of degree n, =2n—1 and the polynomials P(s) and L(s), with degrees n, =nm =n ,

such that,

A, ($)Ls) + By (5)P(s) = Ay (5) . (4.14)

A, (s) is a polynomial, of which the roots represent the closed loop poles. More on the

choice of the closed loop poles is said in chapter 5 where the controller design is

discussed.

For the PI synthesis the polynomials P(s) and L(s) were chosen as,

P(s)=pis+py , (4.15)
L(s)=ls+1y , (4.16)
L(s) = sL(s) . (4.17)

By comparison of coefficients in Eq. 4.14 the coefficients of P(s) and L(s)can be

determined and thus also the parameters of the PID controller of the form in Eq. 4.8 such

that,

Pilo — Pol!
Kp :1_0[Tﬂ , (4.18)
0
B (4.19)
ly
- pilgly + polt
s T (4.20)
Iy
)
===, 421
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For the PID controller of the form

KPID(S):KC[T[S+1J[ o3t }, (4.22)

7,8 atps+l
the parameters in terms of the polynomial coefficients of P(s) and L (s) become

x, =Le 7;=1, 7p =0 and =

thus a PI controller of the form

K (s) = xc[”s - 1] (4.23)
;S

results.

4.2 H. Controller

4.2.1 The H., Control Problem

Since a MIMO control method is discussed in this section, small letters and large letters
used in the figures here denote vectors and matrices respectively. The H.. controller design
method, used to compute a multivariable controller, is confined to the H., space. The norm

of the space, H, is defined as,

|G, = & a(G(jw)), (4.24)

i.e. the least upper bound of G [28].

When computing an admissible controller, K(s), the H.. space norm of the closed loop

transfer function Hyz (see Fig. 4.3) has to be minimized such that, given » >0,
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where & denotes the maximum singular value, w_the crossover frequency and S and C,

the sensitivity and complementary sensitivity functions of the standard feedback

configuration without weights (Fig. 4.5) respectively .
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Figure 4.4: Standard feedback configuration with weights.
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Figure 4.5: Standard feedback configuration

In Fig. 4.4 i1, =u is the exogenous input vector and J,; = y is the output vector. Let plant

P(s) be given in its state space realization as

(4.28)
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“HW1 Hm <y (4.25)

with

minHH
K(s)

iy || o = quima! with yaptima{ <y

The fixed parameter type controller obtained will thus be sub-optimal.

P(s)

K(s)

Figure 4.3: Synthesis block diagram

4,2.2 Weights for Plant Augmentation

As shown in Fig. 4.4 plant G(s)was in this problem augmented by weighting functions
W,(s)=c,(s)- 1., (i=123) to form plant P(s). Two bounds were taken into account

when selecting weights: The performance bound given by

FlS(Gw)| < o)l , w<o, (4.26)
and the robustness bound given by

FlcGw) e (jo)l , »>o (4.27)
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To be able to apply the H. synthesis successfully, P(s) must have the following

properties:

1) the state space description of P(s), Eq.4.28, is detectable and stabilizable,
11) D,, and D,, must be zero and

1i1) W, (s) and/or W;(s)and G(s) have to be proper.

4.2.3 H.x Synthesis

The H.. synthesis used in this work is a standard one and is applied to the augmented

plant, P(s), with the following state space realization scaled by the iteration parameter, y :

1
4 =B B
Jr |
~ 1 1
P(S): _—'Cl _Dll D12 (429)
Jr y
rCy Dy, iy

The synthesis involves an iteration consisting of the solution of two modified Riccati

equations. The iteration is started with a guess in y . The next step is to determine X, and
Y., denoting the unique, real, symmetric solutions of the following two algebraic Riccati

equations (ARE).
For X_ the ARE is:
(4-B,DLCY X, +X,(4-B,D5C,)~ X..(B,BY -BBI)X,+CIC,=0 (430)

with

61 :([_DlleTz)Cl .
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For Y_ the ARE is:

(A—BID;C?.)Ym +Yw(A_BlD§iC1)T _Ym(c‘.’c; _CICIT )Yac +EITEI :O= (43])

with

El =B, =Dy, ).

The parameter y is increased stepwise for every iteration until the ARE solutions are

positive semi-definite, i.e.

X,20,Y,20 and 2(Y_ X _)<]

where 7 denotes the maximum eigenvalue.

The controller finally obtained in its state space description is

A-KpC,-B,K. +YncClT(C1 -Dj,K.) |KF}

K(S):[ Kc | 0

where
KF iy (YmCZT +BlD1T2),
KC = (B;.Xo: +D12C1)(]_chXo:)_l .
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