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Abstract:
both continuous-time and discrete-time systems, through an He mixed sensitivity approach. We

In this paper, we present a novel technique to design fixed structure controllers, for

first define the feasible controller parameter set, which is the set of the controller parameters that
guarantee robust stability of the closed-loop system and the achievement of the nominal performance
requirements. Then, thanks to Putinar positivstellensatz, we compute a convex relaxation of the
original feasible controller parameter set and we formulate the original He, controller design problem
as the non-emptiness test of a set defined by sum-of-squares polynomials. Two numerical simulations
and one experimental example show the effectiveness of the proposed approach.

Keywords: mixed sensitivity control; discrete time He, control; fixed structure He, control

1. Introduction

The development of a worst-case control design for a linear plant subjected to un-
known parameter uncertainties and disturbances has attracted the interest of the control
community for many years. In [1], within the context of sensitivity reduction, Zames
introduces the Ho, norm minimization to formulate the control design problem. The mixed-
sensitivity approach, introduced in [2,3], is a general control design formulation where the
He norm is used to define constraints on both the sensitivity and complementary sensitiv-
ity function. These constraints are defined by suitable weighting functions to ensure good
performances and the robustness of the system to be controlled. The books [4,5] and the
paper [6] provide a deep discussion about the underlying theory and, starting from robust-
ness and time-domain requirements, the way to suitably formulate the mixed-sensitivity
control design problem.

Nominal He, mixed-sensitivity control design problem can be solved through algo-
rithms based on linear matrix inequalities (LMI) (see, e.g., [7,8]) or on the algebraic Riccati
equation (see, e.g., [9,10]). Most of the Hy, mixed-sensitivity control design approaches are
developed for continuous-time systems, while a few approaches deal with the discrete-
time systems. In [11,12], discrete-time controllers are designed through the solution of two
Riccati equations, while a convex optimization approach is proposed in [13]. The interested
reader is referred to [14], and references therein, for a deeper discussion on discrete-time
He mixed-sensitivity control design.

In general, algorithms for He control synthesis cannot take into account the order
of the controller, which instead depends on the order of the transfer functions defining
the underlying optimization problem. However, in several practical applications, like PI
and PID controllers or embedded control systems, the controller structure is a-priori fixed
and cannot be modified. In [15], the authors show that controller structure constraints
make the Hy, control design problem non-convex and NP-hard to be solved. The main
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difficulty is that structural constraints produce bilinear matrix inequalities (BMI) [16],
that are non-convex. Convexification methods to transform the BMIs constraints in LMIs
through variable change (see, e.g., [17]) or inner convex approximations (see, e.g., [18])
are proposed in the literature. However, the success of these methods depends on the
specific structure of the constraints and cannot be generalized. A common approach to
BMIs problems is represented by iterative algorithms (see, e.g., [19-22] and references
therein) that finds local optimum solutions in polynomial time.

To avoid numerical difficulties related to BMIs, some techniques based on the con-
troller or the plant order reduction have been proposed in [23-25]. However, the plant
order reduction leads to higher conservatism in the uncertainty model, while the controller
order reduction leads to performances degradation. Moreover, these techniques still cannot
ensure a specific controller structure (e.g., PID).

Burke et al., in [26], propose a gradient sampling algorithm for the design of a fixed-
order H, controller, which is implemented in the HIFOO Matlab toolbox (see [27]). Another
Matlab toolbox for the design of fixed-structure controllers is Hinfstruct, which implements
the algorithm proposed in [28] and is based on the Clarke sub-differential approach pre-
sented in [29]. Both these Matlab packages are based on local optimization techniques,
which have no guarantees about the convergence to the global optimal solution.

A few approaches based on global optimization have also been proposed in the
literature to design fixed structure controllers. These approaches require a parametric
representation of uncertain plants and exploit interval arithmetic tools to synthesize the
He control problem. In [30], the authors present a remarkable result by providing a branch-
and-bound based algorithm to compute inner and outer approximations of the controller
parameter set. Other global optimization-based approaches rely on quantifier elimination
techniques (see, e.g., [31]).

Among the several structures, the Ho, mixed-sensitivity design of PID controllers is the
most investigated in the literature. Convex optimization techniques have been proposed
in [32,33] to tune continuous-time PID controllers, while bilinear transformation is used to
compute discrete-time regulators in [34]. The main difficulty related to the fixed-structure
controller design is related to the non-convexity of the stabilizing parameter set. For linear
parametrized controllers, inner convex approximations are proposed in [35-37].

In this paper, we propose a unified framework to design continuous and discrete-time
fixed structure controllers in the framework of the mixed-sensitivity approach. Starting
from the work [38], we extend the previous results to the most general case by considering
both continuous and discrete-time systems. In the proposed algorithm, we first define the
set of controller parameters that achieve robust stability and nominal performances of the
feedback control system. Then, we rewrite the controller design problem as the positivity
test over a bounded domain. By exploiting Putinar positivstellensatz theorem [39], we
formulate the Ho, mixed sensitivity controller design as the non-emptiness test of a convex
set defined through a number of sum of squares (SOS) polynomial constraints. The
problem to be solved is a convex semi-definite problem (SDP), whose solution can be found
in polynomial time.

The paper is organized as follows: Section 2 reviews Ho, mixed-sensitivity notations
and backgrounds fundamentals, while the problem formulation is given in Section 3. In
Section 4, we present the proposed Ho, control design approach based on the Putinar
positivstellensatz. Numeric examples are provided in Section 5, to show the effectiveness
of the proposed methods to design both continuous and discrete-time controllers, together
with the results obtained with the Matlab function Hinfstruct. Section 6 shows experimental
results of the controller design problem for a magnetic suspension system, and Section 7
concludes the paper.

2. Notations and Background

In this section, we introduce the notations that are used in the paper and review some
basics on He, mixed sensitivity controller design. We define the transfer functions through
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a generic variable ¢ € C which is { = s when dealing with continuous time (CT) systems
and ¢ = z for discrete time (DT) systems. Given a transfer function C(&), we denote with
C(jw) the frequency response computed by assigning & = jw for CT systems and & = e/*Ts
for DT systems, where T is the sampling time.

Let us consider the feedback control system depicted in Figure 1, where G, (&) and
K(¢) are the nominal plant and the controller transfer functions, respectively, w € R is the
reference signal, u € R is the control input, y € R is the measured output and z; € R" and
zy € R™ are the controlled outputs associated to the assigned performance requirements.

Z1
—» Wi (8) —»

[A(C)
wo o+ u j—i— y
—> O K(Z) P Gn(E)

Z3
> W2 (8) —»

Figure 1. Block diagram of feedback system.

Let G(&) be the uncertain model of the plant described by

G(&) = Gu(8)(1+A(S)) 1)

where A(¢) € C is unstructured multiplicative uncertainty, which is bounded by a given
transfer function W, (&), i.e.,

[AG)] < [Wu(8)],Vw € O @

such that ) = [0, +o0) for CT systems and Q) = [O, TEJ for DT systems.

Wi (&) and W, (¢) are suitable weighting functions that describe the performance con-
straints on the nominal sensitivity S, (¢) and nominal complementary sensitivity transfer
function T, ({), respectively. For a given nominal plant G, (&) and a controller K(¢), the
nominal loop transfer function is defined as

Ln(¢) = K(&)Gu (), ®)
the nominal sensitivity function and complementary sensitivity function are defined as
Su(§) = (1+La(@))™! )
and
Ta() = La(§)(1+ La(2)) ! 5)

respectively. Nominal closed loop system performances constraints are met if

[Sn(E)W1(&)llo <1
[ Ta(E)Wa (&) leo <1

where || - ||« is the He norm of a dynamical system, which, for a generic single-input
single-output (SISO) system H(¢), is

(6)

IH(E)lleo = sup [H(jew)|. @)

we)
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In the remainder of this section, we review some definitions and results about feedback
systems properties.

Definition 1. A feedback system is said to be well-posed if all closed-loop transfer functions, defined
from any exogenous input to all internal signals, are well-defined and proper.

Result 1. A necessary and sufficient condition for well-posedness is that S, () exists and is propet,
ie., 14+ K(&)Gy (&) is not strictly proper. A stronger condition for well-posedness is that either
K(&) or G, (&) be strictly proper transfer functions (see, e.g., [4]).

Definition 2. A well-posed feedback system is internally stable if, and only if, all the transfer
functions from any input to any output are BIBO stable (see, e.g., [40]).

Result 2. Necessary and sufficient conditions for the internal stability of feedback systems are that
(i) the nominal sensitivity function S, () is BIBO stable and (ii) there are no unstable zero/pole
cancellations while forming the nominal loop function Ly, (&). [40] provides a detailed proof.

Definition 3. A feedback system is robustly stable if the controller K(&) makes the system inter-
nally stable for all possible uncertain plants.

Result 3. By applying the small gain theorem (see, e.g., [40]), the system depicted in Figure 1 is
robustly stable if the nominal sensitivity function S, (¢) is stable and

1T (&) Wu(@) ]l <1 (8)
Further details can be found in [4].

3. Problem Formulation

In this section, we formulate the He controller design problem for both CT and
DT systems. In this work, we propose a methodology to design a He, controller K(&, p)
which guarantees robust stability to unstructured multiplicative uncertainty bounded by
the function W, (¢), and fulfils the nominal performance defined through the weighting
functions W1 (&) and W5 (&). The controller is assumed to have a fixed structure, i.e.,
to belong to a certain class K, which guarantees the well-posedness condition, and is
characterized by an n;-th order transfer function

Yo Bilp) & NG, p)
K, p) = - =
(& p) &+ Z@Bl ai(p) & Di(S, p) ©

]

where the denominator and numerator coefficients, a;(p) € R and B;(p) € R, are polyno-
mial functions in a suitable parameter vector p € R"” to be designed.

We assume to know the transfer functions Wy (¢), W () and W, (¢), which take into
account the design constraints, as well as the nominal plant transfer function defined as

Ng (%)
Dy (2)

where N ({) and Dg({) are polynomial functions and N () has no roots ats = 0 or z = 1.

Gn:

(10)

Remark 1. It is worth noting that, since K(¢, p) depends on p, functions (3)—(5) involving K
depend on the parameter vector p as well. However, for the sake of simplicity, we omit p as a
parameter in all functions except for K(¢, p).
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Definition 4. We define the stabilizing controller parameter set
S = {p € R"|K((, p) internally stabilizes G,({) } (11)

as the set of all the controller parameters which guarantees the internal stability of the feedback
control system depicted in Figure 1.

Definition 5. By applying Result 3, we define the robust stabilizing controller parameter set

Ds = {p € S| Ta(E)Wu()llo <1} (12)

as the set of all the controller parameters which guarantees the internal robust stability of the
uncertain plant G(&).

We can derive some properties of the selected controller class K through the analysis
of the sets S and Ds.

Result 4. If the set S is empty then the chosen controller structure K is not suitable to provide
stability of the nominal plant Gy, (§).

Result 5. If the set D; is empty then the chosen controller structure K is not suitable to provide
robust stability of the uncertain plant G(¢).

Definition 6. We define the feasible controller parameter set D

D= {pcDs|ISu()W1({)]lo <1,
[T (&)W (&) ]eo < 1}

as the set of parameter p which guarantee robust stability for the plant G(&) and the achievement of
the nominal performances described by the given weighting functions Wy (&) and Wy (&).

(13)

It is worth noting that, by considering Equations (6) and (13), the set D can be written
equivalently as
D={peS[ISn(@Wi(D)]lo =1,

" 14
T2 (@) Wa(@) e < 1) o

where W, (&) is such that
[Wa(jw)| = max {[Wa(jw)|, W (jw)|}, ¥ w € Q. (15)

The emptiness of the set D highlights that the chosen controller class structure
is not suitable to achieve the closed-loop stability and desired closed-loop performance
specifications. Instead, a large or unbounded set D may suggest that the controller structure
may fulfil more demanding specifications.

Remark 2. Through the procedure described in the next Section, it is possible to test several
controller structures, e.g., a commercial solution, and to select the cheapest solution that guarantees
the non-emptiness of the feasible controller parameters set.

4. An SOS Approach to Mixed Sensitivity Design with Fixed Structure Controller

In this section, we consider the problem of looking for a parameter vector p belonging
to the feasible controller parameters set D. We rewrite this problem as the positivity
check of a number of multivariate polynomials over a bounded semi-algebraic set. This
problem, which is known to be NP-hard, can be efficiently solved by applying the Putinar
positivstellensatz (see, e.g., [39] for details), through which the polynomial positivity check
is reformulated in terms of SDP.
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We rewrite D as the intersection of two sets D = S N P, where the performance
controller parameters set P is defined as

P={p e R"[[|Su(®)W1(d)]l <1,
[T (E)W2(8) o < 1}

The properties of the set D can be obtained through the analysis of the sets S and P.

(16)

4.1. Mathematical Description of the Set S

At first, we look for an explicit mathematical formulation of the set S. For internal
stability, both conditions of Result 2 must be satisfied. The first condition requires that the
nominal sensitivity function S, (¢) is stable, which is achieved if the roots of 1 + L, (¢) have
negative real part when dealing with CT systems, or have the module less than one when
DT systems are considered.

4.1.1. Routh’s Stability Criterion

For CT systems, we can evaluate the sign of the real part of the roots of a polynomial
function

A(S) — ansn +an_1sn_l +...+a1s+ag (17)

by applying the Routh’s stability criterion, which is based on the Routh’s Table reported in
Table 1 (further details on Routh’s stability criterion can be found in book [41]).

Table 1. Routh’s coefficients table.

ay ap—2 Ap—4
Apn—1 an-3 an-5
by by b3
1 (%] c3
di da d3

Coefficients b; in the Routh’s Table are given by

_ Apy_1ap—2 — nlp—3
by =
An—1
_ An-19n—4 — Anln-5
b, =
Ay —
n—1 (18)
An—19n—6 — Anln-7
by =
an—1
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and we stop if we achieve a zero coefficient. The remaining coefficients are computed in a
similar way, by multiplying the terms of the two previous rows

_ bay_3—a,_1by

C1 bl
_blan75 — a,-1b3
==
1 (19)
_biay_7—a,_1by
Cc3 —#
dy :C1bzc—15102
c1bs — byc
g =5 3C1 13
(20)
c1by — byc
gy =5 4,;1 1€C4

Result 6. All the roots of a polynomial function have negative real part if, and only if, all the
coefficients in the first column of the Routh’s table show the same sign, i.e.,

g1(p) =an >0

$(p) =a,-1>0

g3(p)=b1>0 1)
g1(p) =c1 >0

4.1.2. Jury’s Stability Criterion

The Jury’s stability criterion [42] is used to check that the roots of a DT polynomial
function
Az) = ap2" +ay_12" '+ ...+ aiz4ag (22)

are located inside the unitary circle, and it is based on the Jury’s Table (see Table 2), which
is characterized by 2n — 3 rows. The even numbered rows are the elements of the preceding
row in reverse order, while the odd numbered rows coefficients are computed as

a a,_
bk — 0 n—k
Ay aj
Cp = bO bn—k—l
k bnfl bk
(23)
C Cy_j—
dk — 0 n—k—2
Cn—2 Ck
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Table 2. Jury’s coefficients table.
Row Number 20 z1 z2 . Znk z1 z"

1 ag a ap . Ay_k . ay-1 an
2 ay ay_1 ay_o . ax . aq )
3 bo by by by by
4 by by—2 bu—s3 br1 bo
5 Co 1 2 Cn—k
6 Cn—2 Cn—3 Cn—4 Ck—2

2n —2 P4 p3 p2 P1

2n—3 q0 M 72

Result 7. All the roots of the polynomial function (22) are inside the unitary circle if, and only if,
all the following conditions occur

= |bo| = [bn—1]| >0 (24)

The stability constraints for the nominal sensitivity transfer function S, () are obtained
by applying the Result 6 or 7, if the system is DT or CT, respectively, to the numerator of
1+ L, (&), which is

A(€) = Ni(&, p)Ng(€) + Dy (&, p) Dy (2) 25)

The second condition in Result 2 requires to avoid unstable zero/pole cancellations
while multiplying K(&, p) and G, (&). If G, () does not show unstable zeros or poles, this
requirement is automatically achieved. If G,(¢) has unstable poles or unstable zeros, we
impose effective constraints to force controller numerator and denominator functions to
have only stable roots. This is obtained by applying the Routh’s, or the Jury’s, criterion to

Ni(G,p) or to D(¢, p)-

Remark 3. It may seems that, by imposing Dy (C, p) to have only stable roots, the controller cannot
have poles at s = 0 or z = 1. However, these poles are needed to guarantee zero steady-state tracking
error either to polynomial reference signals or to polynomial disturbance signals. We rewrite the
controller denominator as

Di(&,p) = Z4(E)Dy(E, p) (26)

where Z() = st for CT systems or Z(&) = (z — 1)¥ for DT systems and y is the multiplicity
of the roots at s = 0 or z = 1 of Dy(&, p). Instead of imposing the controller denominator Dy, to
have only stable roots, we impose stability constraints only to the polynomial function D;{. In fact,
by assumption, the plant has no roots at s = 0 or z = 1 and no unstable cancellations can occur
between Zy and Nj.

Remark 4. The set S is defined by the set of conditions coming from the application of the
Routh/Jury stability criterion on (25). From the definition of Ny (&, p) and D(&, p), it follows that
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the coefficients of A(&) in (25), as well as the coefficients in Tables 1 and 2, are polynomial functions
of the parameter vector p. Then, for both CT and DT systems, S is a semi-algebraic set defined by a
number of polynomial inequalities ¢;(p) > 0.

4.2. Polynomial Description of the Set P

A polynomial description of the performance controller parameter set P is obtained
by the following result.

Result 8. Through a suitable choice of a variable ¢ and a set ®, the inequalities in (16) can be
equivalently written as
hi(p,p) >0,i=1,2,¢pc® (27)

where h; (¢, p) are polynomial functions of both p and ¢

Proof. Let us consider the two rational transfer functions

HiE ) = Dt =12 @

where H; (¢, p) = Sn(E)W1(¢) and Hy(E, p) = T.(&)Wa(E). Then, by applying the He,
norm definition (7), we can rewrite conditions (16) as

hi(w, p) = Di(jw, p)|* = [Ni(jw, p)[* > 0,i = 1,2, Vw € Q. (29)

For CT systems, H(jw, p) and Hy(jw, p) are complex rational functions and their
magnitudes are polynomial functions in p and w. Therefore, by setting ¢ = w and & = Q)
we have (27).

Instead, the magnitude of a DT transfer function depends on e/“Ts = cos(wT;) +
jsin(wTs). Since cos(wTs) : QO — [—1, 1] is a bijective function for w € (), we can rewrite
& =eTs Yw € O as

=l =a+jbac|[-1,1]CR,a®>+b*=1,b>0 (30)

where a and b are scalar variables. Therefore, for DT systems, through (29) and (30), we ob-
tain (27) by choosing ¢ = [a b|Tand ® = {4) eER?: —1<a<1,a®4+b*+1=0,b> 0}. O

4.3. SOS Relaxation of the Set D

From Result 8, the closed loop system achieves the performance specifications defined
by Wi (&) and W5 () if the polynomial functions 1y (¢, p) and hy(¢, p) are positive over
the semi-algebraic set . It is well known from the literature that testing the global
non-negativity of a polynomial function is an NP-hard problem. In this subsection, by
exploiting the Putinar’s Positivstellensatz, we compute a SOS decomposition of polynomial
functions hy(¢, p), and hy(¢, p), and we also show that if a non-negative polynomial
has a SOS representation, then one can compute polynomial positivity by using SDP
optimization methods.

A polynomial f(x) is SOS if it can be written as

flx) =} f7(x), x R[] (31)

where, R[x] denotes the ring of polynomials in x = (x1, X2, ..., X,). Suppose that vs(x) is
the vector of all the monomials of degree less than or equal to J, given by

T
vs(x) = (1,x1,...,xn,x%,xlxz,...,xn_lxn,xﬁ...,x‘f,...,xﬁ) cR% (32)

where /5 = (”}“‘5). The polynomial f(x) can be expressed as a quadratic form in the

monomial vector vs(x) thanks to the following result.
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Result 9. A polynomial f € R[x]ys has a SOS decomposition if, and only if, there exists a real
symmetric and positive semi-definite matrix Q € R%>%, such that f(x) = vs(x)TQus(x), for all
x € R" (see [43] for a detailed proof).

Thus, the problem of checking whether a polynomial f(x) is SOS is equivalent to the
problem of finding a symmetric positive definite matrix Q € R%*%.
The Putinar’s Positivstellensatz, which is reviewed below, can be applied to (27) to derive
sufficient conditions to verify that the inequalities are satisfied.

Result 10. (Putinar’s Positivstellensatz [39])
Consider a compact semi-algebraic set

P ={pcR" :q:(p) 20,q92(¢) 2 0,..., qm(¢) = 0} (33)

where g1(¢),q2(P), - .., qm (@) are m polynomial functions. If a polynomial f is positive in O
then there are polynomials o, such that

f(p) = oo(9) +U;10'v(¢)qv(¢)r 58)

for some o, (¢) € Z°[p]

where L°[¢)] is the set of SOS polynomials in ¢ up to the degree 26. The integer & is called
relaxation order.

Based on result 10, we state the following result.

Result 11. For some 0,,(¢p) € L[], where L[] is the set of SOS polynomials in ¢ up to the
degree 20, if

f(e) - il 01 ()du () is SOS, 35)

then f(¢p) is positive on semi-algebraic set P.

Proof. The proof is rather trivial and based on the fact that op(¢) is a SOS polynomial. [

The feasible controller parameters set D can be relaxed to a convex set D; for a
suitable value of the relaxation order J. In fact, the Result 11 can be applied to polynomial
inequalities which define the set S and P, to replace the polynomial constraints defined
by (21), (24) and (27) with a set of SDP constraints in the form (35).

Remark 5. If the set (14) is not empty, then the relaxed problem obtained by applying Result 11
admits a feasible solution for any relaxation order § > 0y, where 6y, is an integer value large
enough (see [44] and reference therein for further details). Therefore, the problem of extracting a
controller parameter vector p from the the feasible controller parameters set D in (14) is replaced by
a convex SDP problem.

5. Numeric Examples

In this section, we show the efficiency of the proposed controller design approach
through three simulation examples.
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HSn(S)Wl

(8)loo

1T () Wa(5)leo

5.1. Design of CT Controller

Consider a CT SISO system characterized by the following nominal transfer function

700

Gn(s) = s(s 4 100)

(36)

which is subjected to the multiplicative uncertainty with the following weighting filter

0.3(s + 49)

Wuls) = =" o1

(37)

The goal is to design a controller, such that || S, (s)W; (5)]|ec < 1and || Ty, (s)Wa(s)]|eo < 1,
where

s? +13.68s + 64
W- = 38
15) = 57,9955 + 15.96) 38)

and )
s+ 37.74s 4+ 625
Structure of the desired controller is known a priori and is given by:
2

C18° + 28+ c3
K(s,p) = ——7"—— 40
(s,p) 2 ors (40)
where, p = [c1,0,¢3, C4]T € R* is the vector of unknown controller parameters. By

following the design procedure described in Section 4, we derive a description of the
set S that guarantees the stability of the nominal sensitivity transfer function, whose
denominator is described by

A(s) = 700(c15% + co5 + ¢3) + (52 + c45) (s> + 100s). (41)

Through the Routh’s stability criterion, the conditions, such that the roots of A(s)
have negative real part, are

g1(p) =100+c4 >0

g2(p) = 100(100 + c4)(cs +7c1) —c2 >0

g3(p) = 100(100 + c4)(cq + 7c1)ca — 3 — c3(100 4 ¢4)* > 0 )
g1(p) =c3>0.

Since Gy (s) has neither zeros nor poles in the right half plane (RHP), no further
conditions are needed to guarantee the stability of the nominal closed loop system. Nominal
performance and robust stability conditions are taken into account by the performance
controller set defined in Equation (16), which requires the selection of a suitable weighting
function Wy (jw). According to (15), from the comparison between |W;(jw)| and |[W, (jw)]
shown in Figure 2, we select

Wa(s) = Wa(s). (43)

The set P is defined by the following constraints

s[s2 4 (100 + c4)s + 100c4] (s> + 13.68s + 64)
[ 44 (100 + ¢4)83 + (100c4 4 700c; )s2 4 700cos + 700c3] (1.995s 4 15.96) ||

700 (c18% + cos +c3) (s + 37.74s + 625)

1247 [s* 4 (100 + c4)s3 4 (100c4 + 700¢7 )s? + 700cos + 700c3] ||,
pe] <1
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that are written in the polynomial form (29). The polynomial constraints defining the
feasible controller parameters set are relaxed thanks to the Result 11, with § = 1 and
Q = [0, 10%]. The resulting SDP problem has been formulated with Yalmip (see [45]) and
solved with Mosek (see [46]).

50 T .

40 | ]

T

30 A

20 1

Magnitude (dB)

10° 10" 10 10
Frequency (rad/s)
Figure 2. Comparison between |W,, (jw)| (dotted) and |W,(jw)| (solid).

The controller parameter extracted from the feasible controller parameters set leads to

_0.398s% + 10.281s + 21.347

K(s) s2 +10s (45)
which guarantees the stability of the nominal closed loop system, in fact
A(s) = (s +97.64)(s +3.915) (s 4 8.441s + 39.09) (46)

has all negative real-part roots.

Since the sensitivity function and the complementary sensitivity function are below
their weighting functions (see Figures 3 and 4), the controller achieves robust stability
and nominal performance requirements. Numerically, ||S, (jw)W; (jw)||e = 0.7396 and
| T (jew) Wa (jew) || oo = 0.6839.
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1
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Figure 4. Comparison between |W, ! (jw)| (solid) and | Ty (jw)| (dashed).

5.2. DT Controller Design

Consider a DT SISO system

Gu(z) =

3z +2.25

—_— 47
472 — 2.8z +1 47

which is subjected to multiplicative uncertainty with a weighting filter

_0.3944z2 — 0.143z — 0.05305

Wy(z) =

4
z2 +0.5162z — 0.3177 (48
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The objective is to design a robust PI controller, such that ||S,(z)W1(z)|le < 1 and
I T (2)Wa(z)||eo < 1, where

0.606z% — 0.96z + 0.3875

MG == o =1) 49
z2 — 1.254z + 0.4595
Wa(2) = =636 01061 (50)
and
K(z,p) =k ki
z,p) = pt T (51)

The unknown controller parameter vector is p = [k, k;|]T € RZ.

Similar to the previous example, we derive the description of the nominal stability
parameter set S. The Jury’s stability criterion is applied to the denominator of the nominal
sensitivity function

A(z) = 42> + (3kp — 6.8) 22 + (3k; — 0.75k, + 3.8) z +2.25k; —2.25k, — 1, (52)

leading to the following polynomial constraints

g1(p) =k >0

g2(p) = 15.6 — 1.5k; + 0.75k, > 0

g3(p) = 16 — (2.25k; — 225k, — 1) > 0 (53)
2

ulp) = [5.0625 (kl? + kf,) +45(ky — k;) — 10.125kik,,}

— [6.75kp (ki — kp) — 27.3k; + 153k, — 8.4]> > 0.

From Figure 5, we see that |W,(z)| is greater than |W,(z)| for all the frequencies, thus
we select

A

Wa(z) = Wa(2). (54)

40 1

30

T

20 f

o
T

Magnitude (dB)

-10 |

20 t L

10 10°
Frequency (rad/s)

107
Figure 5. Comparison between |W, (e/“’)| (dotted) and |W, (e/“’)| (solid).

The performance set P is defined by the rational functions
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(422 —28z+1) (0.60622 —0.96z 4 0.3875)
[Sn(z)W1(z)[lo = 7 - 7
[(8z +2.25) (kpz + ki —kp) + (422 =282+ 1) (z —1)] (22 = 0.7787) ||,
_|[Ni(zp)
o D1 z, p
) (55)
1T )W @) (32 +2.25) (kpz + ki — kp) (z= — 1.254 + 0.4595)
PR = (32 +2.25) (kypz + ki — ky) + (422 — 282+ 1) (z — 1)] (01636 + 0.1261) || _
_|[Na(z,p)
| Da(z, p)
that, according to Result 8, are rewritten as
hi(¢, p) = |Di(a+jb, p)|> — INi(a +jb, p)|? 2 0,i = 1,2 (56)

where ¢ = [ab]T and ® = {p € R*: -1 <a<1,4°+b*+1=0,b>0}. The polyno-
mial constraints that define the feasible controller parameters set are relaxed by applying
Result 11 with 6 = 1. The relaxed SDP problem is solved with Yalmip (see [45]) and Mosek
(see [46]) leading to the controller

12
K(z )—01408+% (57)

This controller achieves nominal stability since
A(z) = (z — 0.6253) (2> — 0.9691z + 0.4126) (58)

has all the roots inside the unitary circle. Moreover, the graphical comparisons between
1S1(z)| and | T, (z)| with the weighting functions | Wi (z)| and |W,(z)|, respectively, reported
in Figures 6 and 7, show that the controller achieves desired performance specifications.
Numerically, ||S,(z) Wi (2) |l = 0.8725 and || Ty, (z) W (z)||e = 0.99.

1
o

1
S

Magnitude (dB)
R
S 3

h
S

o)
S

_70 i 1 1
10 102 10°
Frequency (rad/s)

Figure 6. Comparison between |W,” L(el*)| (solid) and |S,, (¢/¢)]| (dotted).
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Frequency (rad/s)

Figure 7. Comparison between |[W, ! (e/)| (solid) and |T;, (¢/’)| (dotted).

5.3. Comparison with Hinfstruct

In this subsection, we compare the algorithm proposed in this paper with the common
library function Hinfstruct (see [29]), which is included in Matlab. Through Hinfstruct, the
controller parameter vector p is computed as the solution to the optimization problem

defined as '
=arg min
14 g SR Y

s.t.

IS (5)lleo < 7, &)
IT(s)Wa(s)llo < 7,

K(s, p) stabilizes the closed loop system.

It is worth noting that, if the solution to (59) is such that v < 1, Hinfstruct provides a
solution that is also feasible for our approach. However, since Hinfstruct is based on local
optimization techniques, the solver may find local minimum solution to (59) which do not
guarantee the feasibility of the solution.

Let us consider the CT SISO system described by the following nominal transfer

function
s+ 100

Gnl(s) = s2+4+3s5+2

The goal is to design a PI controller, such that || S,, (s) W1 (s)[|eo < 1and || Ty (s)Wa(s)||eo < 1,
where

(60)

22552 + 545 +5.063

Wils) = = 1505 1 67345 (61)
and
5052 + 13750s + 125000
Wa(8) = =5 20885 + 249405 (62)
The controller computed by means of Hinfstruct toolbox is
.0052 . 1
K(s,) = 0.00523s + 0.0089 63)

S
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having v = 1.0488, where
7 = max {[|S(s)Wi(s)leo, || T(s)Wa(s)lloo}- (64)

Since v > 1, the requirements specified by the W (s) and W;(s) are not achieved and
Hinfstruct provided an unfeasible controller.

Through the procedure described in Section 4, we solve this control design problem.
As we have shown in Section 5.1, we explicitly define the stability constraints thanks to
the Routh theorem and, by exploiting the results 11, we define an SDP problem with a
relaxation order § = 1 that is formulated with Yalmip and solved by Mosek. The controller
extracted from the feasible controller parameters set is

~0.0127s + 0.0158
SEe—

K(s) (65)
The controller achieves the nominal performances since Sy (jw) and T, (jw) are smaller
than W (jw) and W, (jw), respectively (see Figures 8 and 9). Numerically; || S, (jow ) W1 (jw) || o = 0.56

and || T, (jw)Wa (jw) || = 0.74.

10 w x :

1
ek
O -}
T T
~
~
1

)
=)
T
N
L

Magnitude (dB)
50w
S S
N
N

Lln
()
T
N

1

270 1 1 !

107 10° 10 10*
Frequency (rad/s)

Figure 8. Comparison between |[W, ! (jw)| (solid) and |S, (jw)| (dotted).

In this example, even if a feasible solution exists to the control design problem, the
iterative algorithm implemented in Hinfstruct stops to an unfeasible solution. On the
other hand, our approach, based on convex optimization techniques, finds the controller
parameter vector that satisfies all of the requirements.
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Figure 9. Comparison between |W,~ L(jw)| (solid) and | T;, (jw)| (dotted).

6. Experimental Example

In this section, we apply the proposed control design technique to design a controller
for the magnetic levitation system shown in Figure 10.

Figure 10. Magnetic levitation system.

In this system, a transconductance amplifier regulates the current through an elec-
tromagnet coil proportional to the input voltage u. The magnetic field, generated by the
current, exerts a force on a light ball in the opposite direction to the gravity force. An
optical transducer measures the ball position and produced the output voltage signal y.
The book [47] provides a detailed description of the considered system. Magnetic levitation
systems are highly non-linear unstable systems. In order to design a low order fixed struc-
ture controller, the control schema depicted in Figure 1 is considered, where a G, (s) is the
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linearized model of the magnetic levitation system obtained around a suitable equilibrium
point and is given by
Y (s) —7044

Gu(s) = U(s) (s —29.68)(s +29.68) 0

where U(s) and Y (s) are the Laplace transform of the input and output voltage signals,
respectively. It is worth noting that we consider the voltage transducer signal as system
output to have a comparable reference signal w that can be produced by a common
laboratory equipment, i.e., a signal generator. Moreover, we can directly measure the output
voltage y with an oscilloscope, while the ball position in meters can be only computed
through the knowledge of the mathematical model of the position transducer.

The nominal plant in Equation (66) is subjected to multiplicative uncertainty charac-
terized by the following weighting function

0.1993s> 4 6.8525 + 55.96
Wu(s) = 67
W) = T g6 15 1 4295 €7
The aim is to design a controller in the form
2
K(s,p) = av Toste (68)

€482+

where p = [c1,¢,¢3,¢4]T € R* is the unknown parameter vector, such that the closed loop
system is internally stable. Moreover, for a square wave reference signal w(t) with period
2 s, duty-cycle 50% and amplitude 0.1 V, the closed loop system must satisfy the following
nominal specifications: (i) zero steady-state tracking error for a step reference, (ii) rise
time t, < 0.015 s, and (iii) overshoot § < 25%. The presence of a pole at s = 0in K (s,p)
guarantees that the first requirement is implicitly achieved. According to the methodology
described in [4], the time domain requirements are mapped into the frequency domain
weighting filters

s2 + 1455 + 9877
Wile) = 6465 7+ 823) 69)
and )
0.003333s2 + 1.633s + 414
Wa(s) = : (70)

560.7

The constraints that define the stabilizing controller parameters set S are obtained by
the Routh’s stability criterion, leading to

()
()

g3(p) = caca—c1 >0 (71)
(p)

=] —CpC4 — 7.99630%C4 + 7.9963c1¢cp + 0.0011c3 > 0.

Since the magnetic levitation system is unstable, to avoid unstable pole-zero cancella-
tion between the plant and the controller we consider stable Ni (s, p) and D;((s, p), where

Ni(s, p) = c15” + c25 + 3 (72)

and ,
Di(s,p) =cas+1 (73)
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Stability of Ni(s, p) and D;{(s, p) is ensured by exploiting Routh Hurwitz criterion
which provide following additional constraints in set S.

g7(p) =—c1 >0

gg(p) = —Cy > 0 (74)

The graphical comparison between W (s) and W;,(s) is reported in Figure 11. Since
|[Wa(s)| > |[Wy(s)|, we choose

A

Wa(s) = Wa(s). (75)

T

50 A

30 1 i

Magnitude (dB)

-10 F A

20 ¢ ‘ ‘ ‘ 1

10° 10! 102 103 10*
Frequency (rad/s)

Figure 11. Comparison between |W,, (jw)|(dotted) and |Wy, (jw)| (solid).

The performance set P is derived in the same way as in previous examples. Through
Result 11, we formulate the controller design as a SDP optimization problem by setting
the relaxation order § = 1 and Q) = [0, 10°]. The relaxed SDP problem is solved with
Yalmip (see [45]) and Mosek (see [46]). The controller extracted from the feasible controller
parameters set is

—0.0265s% — 1.2265 — 15.01
K(s) = .
0.0015s2 + s

The controller achieves the nominal performances as S, (jw) and T}, (jw) are smaller
than W (jw) and W, (jw), respectively (see Figures 12 and 13). Numerically, ||Sy, (jw )W (jw) || oo
=0.99 and || Ty (jw ) Wa (jw) || = 0.9473. We provide the comparison between the linearized
system G, (s) and the real plant in Figure 14, which shows the time-domain responses of
the closed-loop systems when the reference is a square wave with amplitude 0.1V and
frequency 0.5 Hz. The linear system Gy, (s) achieves the time domain requirements: both the
rise time ¢, ~ 0.00928 s and the overshoot § ~ 23.02%. However, the designed controller
is not able to achieve the maximum overshoot requirement on the real plant, which is
§ = 35%. The larger overshoot is due to the model mismatch between the non-linear plant
and the approximated linear model and, thus, does not depend on the specific approach
proposed in this work. Despite this modeling error, the designed controller stabilizes the
magnetic levitation system and guarantees the rise time f, ~ 0.011 s.

(76)



Machines 2021, 9, 176 21 of 24

o)
S

Magnitude (dB)
b A
S S

o
S

9
S

)
S

107 10° 10° 10*
Frequency (rad/s)

Figure 12. Comparison between |W; L(jw)| (solid) and |S, (jw)| (dotted).
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0.2 T T T T T

w(t), y(t) (V)

02 I I I I I
3 3.5 4 45 5

Time (s)

Figure 14. Magnetic levitation system response to square wave reference signal: reference w(t) (solid square-wave),
magnetic levitation system output y(¢) (solid) and linearized G, (s) system output (dashed) responses.
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7. Conclusions

In this paper, we present a unified approach to design for the H,, mixed-sensitivity
design for fixed structure robust controllers for both CT and DT systems. We define the
feasible controller parameter set as a semi-algebraic set of all the controller parameters that
achieve nominal performance and robust stability for the closed-loop system. We formulate
the control design problem as the non-emptiness test of the feasible controller parameters
set, which is an NP-hard problem. Thanks to the results on the Putinar positivstellensatz,
we propose a novel SOS based approach to formulate a convex relaxation of the original
problem in terms of SDP constraints. Therefore, the achieved solution is not affected by
local minima that may be found while solving non-convex problem through iterative
methods. The proposed approach is a global optimization approach and is a powerful
tool for fixed structure He, mixed sensitivity control design, whose solution can be found
efficiently in polynomial time.

We provide three simulation examples and one experimental application to show
the efficiency of the proposed algorithm on both CT and DT systems. In particular, one
example shows the comparison of the proposed approach with the state of the art algorithm
implemented in the Hinfstruct Matlab function. In this example, we show that the solution
provided by Hinfstruct does not achieve the desired requirements, while our approach
successfully solves the control design problem.
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