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Abstract— The paper considers a general approach for gain
scheduling of Lipschitz continuous nonlinear systems. The
approach is based on a linear parameter varying system (LPV)
representation of the nonlinear dynamics along with integral
quadratic constraints (IQC) to account for the linearization
errors. Past results have shown that Jacobian linearization leads
to hidden coupling terms in the controlled system. These terms
arise due to neglecting the higher order terms of the Taylor
series and due to the use of constant (frozen) values of the
scheduling parameter. This paper proposes an LPV control
synthesis method that accounts for these shortcomings. The
higher order terms of the linearization are treated as a mem-
oryless uncertainty whose input/output behavior is described
by a parameter varying IQC. It is also shown that if the
rate of the scheduling parameter is measurable then it can be
treated as a known disturbance in the control synthesis step.
A simple numerical example shows that the proposed control
design approach leads to improved control performance.

[. INTRODUCTION

Gain scheduling is a common approach to nonlinear
control design [1], [2], [3], [4]. The starting point for
gain scheduling design is an LPV model of the nonlinear
plant generally obtained by Jacobian linearization about a
family of equilibrium (#rim) points as given in Section II. A
linear controller is designed at each trim point of the plant
ensuring that the performance criteria are met locally. The
nonlinear controller is constructed by interpolating between
the linear controllers based on the scheduling parameter. Two
main directions exist for LPV system representation, linear
fractional transformation (LFT) based LPV systems [4], [5],
[6] and “grid-based” LPV systems [7], [8]. The former
requires rational dependence on the parameters, but leads
to more computationally tractable linear matrix inequality
(LMI) conditions while the latter offers arbitrary dependence
on the parameter. The paper follows the grid-based approach,
but the results may be extended to LFT type LPV systems.

The main advantage of gain scheduling is that it applies
well developed linear design tools to nonlinear problems.
The induced Lo control design approach is given in Section
III-A. On the other hand, a major limitation of gain schedul-
ing is that the closed-loop system fulfills the stability and
performance criteria only in the vicinity of the trim points.
It was shown in [2], [9], [10], [11], [12], [13], [14] that
hidden coupling terms can appear in the closed loop due to
neglecting the higher order terms of the Taylor series in the
linearization and due to variation in the scheduling parameter.
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The aim of the paper is to propose a control synthesis
method that accounts for these shortcomings of gain schedul-
ing. The paper considers Lipschitz-continuous nonlinear sys-
tems. The higher order terms of the linearization of such
systems can be treated as a memoryless uncertainty whose
input/output signals are described by a parameter varying
IQC. IQCs provide a general framework for robustness anal-
ysis [15], where the interconnection of a linear system and
a perturbation is considered and the input/output behavior
of the perturbation is bounded by an IQC in the frequency
domain (Section III-B). The IQC framework is extended to
the time domain based on the dissipation inequality in [6],
[16] and parameter varying IQCs are introduced in [17], [18].
Hidden couplings arise in the linearization process due to the
time variation of the scheduling parameter. This variation can
be treated as a disturbance in the design (synthesis) model.
In addition, the LPV controller can explicitly depend on the
parameter rate of variation if it is measurable [7], [8]. This
offers guarantees on stability and performance in the case of
time-varying scheduling parameter(s). The proposed control
design and a numerical example are given in Sections IV-V.

II. PROBLEM FORMULATION

A. Assumptions
Consider the following nonlinear system G:

&(t) = f(z(t), d(t), u(t), p(t))
e(t) = ha(x(t),d(t), u(t), p(t)) M
y(t) = ha(z(t), d(t), u(t), p(t))
where f, hy and hy are differentiable functions. The signals
are input u(t) € R™, disturbance d(t) € R"¢, measured
output y(t) € R™v, performance output e(t) € R and state
variable z(t) € R™=. Finally, p(t) € R™ is a measurable
exogenous parameter vector, called the scheduling parameter.
p is assumed to be a continuously differentiable function and
the admissible trajectories are restricted based on physical
considerations to a known compact subset P C R™. The
rates of the parameter variation p are assumed to be bounded
in some applications. The present paper investigates the
unbounded rate case for simplicity. The results carry over
to the rate bounded case with a more complex notation. The
dependence on time ¢ is suppressed to shorten the notation.
Assumption 1: f, hy and ho are Lipschitz-continuous:
[f(e1) = faz)l| < Ly [lar — az]]
[h1(ar) = ha(az)l| < La, [loa — oz
[[h2(0n) = ha(oz)|| < Ln, [loa — s

VOél, Qo € domf
Vai,az € domhy (2)
\V/Oth ag € dom ho

where Ly, Ly, , Ly, € Rar are the Lipschitz constants for f,
hy and ho, respectively.



Assumption 2: There is a family of equilibrium points
(2(p),d(p), u(p)) such that

f(j(p), J(p),ﬂ(p),p) =0, VpeP 3)

The parameterized trim outputs are defined as

e(p) = h(z(p), d(p), ulp),p), VpeP @
4(p) = ha(2(p), d(p),u(p),p), VpeP

The general control objective is to ensure that x tracks
Z(p). Note that p specifies the desired operating point and
is effectively a reference command.

B. Jacobian Linearization of Nonlinear Systems

The nonlinear system G given by (1) can be linearized
about the equilibrium points via Jacobian linearization based
on Taylor series expansion. Define the deviation variables as

0z :=x — Z(p), 6y :=u — U(p), 0c ;=€ —&(p)
8y =y —y(p), 64 :=d —d(p)
Differentiating the d,, term of (5) results in

(&)

5.93 Zx—i(p)zf(x,d,u,p)—i(p) (6)
The Taylor series expansion of f, h; and ho about the
equilibrium point yields

6z = Vaflyda + Vaflyda + Vuflyu + €7 (02, 0a;0u, p) — z(p)
55 - vzhl‘o 5z + vdh1|0 5d + vuh1|0 6u + €hq (517 5d7 6u7 P)
(5y = Vzhz\o 5z + vdh2|0 5(1 + vuh2|0 6u + €ho (517 6d7 6u7 p)
@)
where the |p denotes evaluation at the trim point
(@(p),d(p),u(p),p). Terms €y, €, and €y, represent the
higher order terms of the Taylor series expansion. The term
Z(p) arises due to the time variation in p. The linearization
is performed with respect to (z,d,u) but the nonlinear
dependence on p is retained. Define L(p) := —VZ(p). The
linearization about the family of trim points becomes

82 =A(p)8z + Ba(p)3a + Bu(p)du + L(p)p + €4 (82, 84, 6u, p)
e =Ce(p)bz + Dea(p)da + Deu(p)du + €n(0z, 0a, Ou, p)
6y =Cy(p)6z + Dya(p)da + Dyu(p)du + €n(6z,da, éu, p)
®
where the parameter-dependent state matrices are given by
the gradients appearing in (7), e.g. A(p) := V., f|,. The LPV
system is commonly obtained by assuming that ey, €y, , €5, =
0. In addition, it is typically assumed that the parameter

variation is sufficiently slow, thus p ~ 0. Under these
assumptions, the LPV system G, is given by

O =A(p)dc + Ba(p)da + Bu(p)du
55 :Ce (p)dr + Ded(p)éd + Deu (p)(su (9)
6y =Cy(p)da + Dya(p)da + Dyu(p)du

The goal of the paper is to propose an LPV control synthesis
method, which addresses these shortcomings of the Jacobian
linearization. The terms €y, €, and e€p, are treated as a
memoryless uncertainty satisfying a parameter varying IQC.
The term L(p)p is treated as a disturbance in the design
(synthesis) model.

III. BACKGROUND

This section reviews existing material on LPV systems and
IQCs.

A. Induced Lo Control of LPV Systems

Consider an LPV system G, obtained via Jacobian lin-
earization of the nonlinear system G,

& A(p)  Ba(p) Bulp) | |=
e| = |Ce(p) Dealp) Deu(p)| |d (10)
Y Cy (P) Dyq (p) Dy, (p) U

The & notation that appears in (9) for the (linearized)
deviation variables is dropped here in order to simplify the
notation. Let K, be an LPV controller of the form:

u| |Cx(p) Dx(p)| |y
The controller K, generates the control input u with a
linear dependence on the measurement y but an arbitrary
dependence on the scheduling parameter p. A lower LFT
Fi(G,, K,) defines the closed-loop interconnection of G,
and K, (see Fig. 1.a). The performance of F;(G), K,) can
be specified in terms of the induced L, gain from d to e
over all allowable parameter trajectories as

lell

1F(Gy K, = :
d#0,d€Lg,pEP,xz.;(0)=0 ” ”

12)
where z. denotes the closed loop state variables. The
objective is to synthesize a controller K, to minimize the
closed-loop induced Lo gain from d to e. The following
theorem gives the sufficient condition to upper bound the
induced Ly gain of F;(G,, K,).

Theorem 1: ([7], [8]): The interconnection ]-'l(Gp, K p) is
exponentially stable and || F; (G, K,)|| < ~ if there exists a
matrix P = PT € R™a X" such that P > 0 and Vp € P

{PACZ + AL P PBcl} L1 [CCTZ

BLP —I 42 | D}
where subscript ¢l stands for closed loop. The dependence
of the state matrices on p has been omitted in (13).

Proof: The proof is based on a dissipation inequality
satisfied by the storage function V' : R™ct *"=ei — R given
as V(:ccp := 14T Px,. Multiplying (13) on the left/right by
[zqT,d"] and [z4T,dT]T gives

] [Ca Da] <0 (13)

V< de—'y_QeTe (14)

The dissipation inequality (14) can be integrated with the
initial condition x;(0) = 0, which yields |le|| < ~v||d||. ™
This analysis theorem forms the basis for the induced Lo
norm controller synthesis of [7], [8], achieved by solving
bounded-real type LMI conditions that are sufficient to upper
bound the gain of an LPV system. The LMI conditions and
the controller reconstruction steps are given in [7], [8].

B. Robustness Analysis of LPV Systems via Integral
Quadratic Constraints

IQCs provide a framework for robustness analysis [15].
The IQC specifies constraint on the input/outputs signals of
the perturbation.

Definition 1: Let M be a symmetric matrix, i.e. M =
MT e R"=*n= and U a stable linear system, ie. ¥ €
RH"=* (" F7e) - QOperator A : L3» — LI» satisfies 1QC
defined by (M, ) if the following inequality holds for all
ve Lyr[0,00), w=A(v) and T > 0:

T
/ 2T Mzdt >0 (15)
0



where z is the output of the linear system ¥ with inputs
(v,w) and zero initial conditions.

The notation A € IQC(¥, M) is applied if A satisfies IQC
defined by (¥, M). Fig. 1.b shows a graphic interpretation
of the IQC, where the input and output signals of A are
filtered through W. There is a wide class of IQCs available for

e [ ¢
G, >\I,_>Z

Yy U
K v‘Aw

p

(a) LFT for LPV synthesis (b) Graphic interpretation of IQCs

Fig. 1. Graphic interconnection for LPV synthesis and IQCs
various uncertainties or nonlinearities. The remainder of the
section focuses on IQCs for a memoryless operator A based
on time varying sector bounds. The input/output behavior of
A is described by w = A(v, p) where signals v and w are
assumed to satisfy the following condition:

0" ST (p)S(p)v —ww >0, Vo € R™, w € R™, pe P (16)

where S(p) is a parameter dependent diagonal matrix that
scales signal v. The uncertainty A therefore satisfies the
quadratic constraint (QC)

T
m M(p) [f,ﬂ]zo, Yo eR™, weR™, peP  (17)

where M (p) is defined as

M(p) := {S(P)Tb(;(p)fnv 0

7]’”'(17 (1 8)

. T
Selecting ¥ = I, 4, therefore z = [UT wT]

integrating (17) implies A € IQC(I, M(p)).

The uncertain LPV system denoted by upper LFT as
Fu(H,,A) is defined by the interconnection of an LPV
system H, and uncertainty A. H,, is defined as

, and

@ A(p)  Buw(p) Balp) | |z
v| = [Cu(p) Dww(p) Dua(p)| |w (19)
€ Ce(p) Dew(p) Dea(p) d

The worst-case Lo gain of F,,(H,,A) can be defined as

A€IQC(I, M (p)),pEP
An upper bound to the worst-case Ly gain -y can be defined
as a dissipation inequality based on equations (17) and (19)
in the form of an LMI [17], [18].

Theorem 2: Assume F,(H,, A) is well posed for all A €
IQC(,M (p)). Then || F,(H,, A)|| <~ if there exists matrix
P = PT ¢ R"%=*"= gpd a scalar A > 0 such that P > 0 and
VpeP

PA+ AP PB, PB4| | [C]
BLP 0 0 | += [DL|[Ce Dew Ded]
BIP 0 —I 7 DI
Cy 0
+X|DL, T M{%” D}“” ng} <0
T
DI, 0

@n

The dependence on p has been omitted in (21).

Proof: The proof is based on defining the storage
function V : R"=*"e — R¥ by V(z) := 27 Px. Left and
right multiply (21) by [2T,w?,d?] and [zT,wT,d"]T to
show that V satisfies the dissipation inequality:

T
A H M m +V<A2dTd—eTe

w (22)

The dissipation inequality (22) can be integrated from ¢ =
0 to ¢ = T with the initial condition 2(0) = 0. The QC
condition (17) along with A > 0 and P > 0 imply |le| <
v ||d||- Details of the proof are given in [16], [18]. [ |
The results of the section can be considered as a specific case
of parameter varying IQCs, where uncertainty A satisfies
a more strict QC. The theory of IQC is more general in
principle [6], [15], [16], [17], which can contain dynamic,
parameter varying filters and integral constraints.

IV. THE PROPOSED CONTROL DESIGN

Consider the LPV system G, given by (9), obtained by
Jacobian linearization of G in (1). G, is an approximation
of G since terms €y, €p,, €, and L(p)p are considered
negligible in the linearization step. The aim of this section is
to propose an LPV control design method for G, based on
[71, [8] that accounts for these neglected terms. These terms
can be formulated as perturbations to system G, and can be
sorted into two groups.

The goal is to treat the higher order terms ey, €, and
€nh, as a memoryless uncertainty A whose input/output
signals satisfy a QC. Uncertainty A can be derived based on
Assumption 1. Interconnection F,(G,, A) allows IQC-based
robustness analysis. Additionally, the aim is apply scalings
to G, and A such that LMI (21) becomes equivalent to LMI
(13) for the resulting interconnection. Therefore, the LPV
control synthesis of [7], [8] accounts for terms €y, €5, and
€n, of the interconnection. The term L(p)p can be treated as
an additional disturbance or it can be incorporated as an input
to the controller in the LPV design in case p is measurable.
By accounting for these terms, the proposed control synthesis
method gives an upper bound for the induced Lo gain from
input d to output e for interconnection of the resulting LPV
controller and the original nonlinear system G.

A. Quadratic Constraints for the Higher Order Terms of
Taylor Series Expansion

The first goal of this section is to derive uncertainty A
that satisfies a QC and captures the terms ey, €, and €p,.
The second aim is to apply scalings to G, and A in order
to bring LMI (21) to the form of LMI (13) for the resulting
interconnection. This can be achieved by two scalings. The
first scaling accounts for the parameter dependent M (p)
of (17). M(p) is transformed to an identity matrix via
parameter dependent scalings. The second scaling accounts
for optimizing over A by keeping A = 1 in LMI (21). The
optimal value of A can be found by evaluating analysis over
a gridded domain of .

Lemma 1: Let the nonlinear system G of (1) fulfill As-
sumptions 1 and 2. Then terms €y, €5, and €, of (7) are



also Lipschitz-continuous. The behavior of these terms can
be captured by a memoryless uncertainty A. The input/output

signals of uncertainty A satisfy a QC.
Proof: Consider the first element of €, denoted by €y, ,
which can be expressed based on (8) as

6fl (6I75d7éuap) = fl(x7d7 u, p) - fl(ji(j,ﬂ,p) - Al(p)(sz
= Ba, (p)da — Bu, (p)0u = f1(Z + 0u,d + da, U + bu, p)

— f1(Z,d, 4, p) — A1(p)6z — Ba, (p)da — Buy (p)u
(23)

where A;(p), Ba,(p) and B, (p) denote the first rows of
matrices A(p), By(p) and Bugp) respectively. The norm of
(23) satisfies the following inequality

||€fl (5;“6‘1,(51“0)“ <

| f1(Z + 62, d + b4, 0 + 0u, p) — f1(Z,d, 1, p)|

+ [[A1(p)0z | | Bay (p)dall + [| Bus (p)0ull

< | f1(@ + b2, d + Sa, @+ bu, p) — f1(Z,d, @, p)||

+ 1A ()| 16211 + 1 Bay (p) | 1]l + [ Busy (0) | 116w I
Substituting Lipschitz condition (2) into (24) results in

e, (80060, Il < L () |[[67 67 62]" |
+ 1A (P) [ 16211 + 1 Bay (p) | 1]l + | Buy (o) || 116w I
The following inequality holds based on the Euclidean norm
ll€s1 (82 8as us I < (L, (p) + 1A (D)) 1162
(L1 (p) + 1Bay (p)I) 16all + (Lg1 (p) + | Bus (p) 1) [|6]])
Applying Jensen’s inequality to (26) leads to
€4, (85 8a, 6us p)II* < B((Lg, (p) + [ AL (p)]) (18 [1)?
+3((Ls, (p) + |1 Bay (0)) [16al))
+3((Lsy (p) + |1 Buy (0)11) 118]1)*
= 2., (0) 18I + a3, (p) 18> + a2, (o) 16
Finally, the following inequality can be obtained for €y,
€f1 (6Z1 6d7 6u7 p)2
S aiefl (p)éféz + aZEfl (P)(Sgad + a’iéfl (P)(Sgéu
Let signals w. " and v, " be defined as w, o= e and
Vey, 1= (6L 67 of ]T. Then the following QC holds

T
v v
€f1 M., f1l >0
|:w€.f1:| n (p) |:w€.f1:| B

(24)

(25)

, 26)

@7

= =

(28)

(29)
Yue,, € R™h | we,, € R"H , peP
where M., (p) is given as
2
Azep, (P)n, , ? | 0 0
0 age, (p)In 0 0
MEfl (p) = ¢ 4 ¢ 2
0 0 a‘uefl (p)[nu 0
0 0 0 -1
(30)

A memoryless uncertainty A, s, can be constructed whose
input/output behavior is given by w., = A, (v, ,p) and
A¢; € QC(I, M., (p)). QCs can be constructed for each
term of €y, €5, and ¢y, in the same manner. A block diagonal
A can then be constructed as

AEf1

A= (31)

ehrny

where input/output behavior of A € QC(I, M <7/“))) is given

T T
€fy 0 eh2ny:| and w =

by w = A(v,p) where v = [’U
T

Weyp, oo Wey, [ ]
Note that using a single IQC to cover all the Taylor series
linearization errors can be very conservative. In practice it is
possible to exploit the structure of the problem and bound
each term individually. This would give (possibly many)
IQCs each with their own scaling variable. Efficient methods
to implement/solve this could be explored as future work.

The LPV system G'p can be obtained by extending G,
with signals v and w as

& A(p)  Buw(p) Balp) Bulp)] [x
v Cuv(p) Dvw(p) Dva(p) Dwu(p)| |w (32)
e Ce(p)  Dew(p) Dea(p) Deulp)| |d
Y Cy(p) Dyw(p) Dya(p) Dyu(p)] Lu

Given LPV controller K, IQC-based robust stability anal-
ysis can be done for the interconnection F,, (Fi(G,, K,), A).
The aim is however, to propose an LPV control design
method that accounts for the effect of A already in the design
step. For this the following two scalings are applied to ép
and A as depicted in Fig. 2.

G
v w '
S(p) |« ~— V) [«
G, |« i
Yy U
> Kp

Fig. 2. Scaled system

The first scaling accounts for the term M (p) of LMI (21).
Signal v can be scaled in the following way

v =S(p)v
where S(p) is defined as

(33)

ey, (0) I,
S(p) == (34)
Aengny () n,

A can be constructed as w = A(¥,p). The input/output

behavior of A satisfies

_T

275 —wTw >0, VoeR™, weR™ (35)
The uncertainty A therefore satisfies the QC
17T B _
{”] M {”} >0, Voe€R"™, weR™ (36)
w w



where M is defined as

L. 0
M = |: 0 —In,w:| (37)

The second scaling accounts for the optimization over A. The
aim is to pull A out from LMI (21) and treat it as scalings
to G, and A. This can be achieved by scaling G, and A as

. N 'L, 0 A [, o

G = {IO Inc+ny] G { 0 Ind+nu} (38)

A=VXAVX
B. Rate of Variation of p as an External Disturbance

The aim of this section is to include the effect of L(p)p

into G,. p can be treated as an additional disturbance signal.
Therefore, signal d can be extended as d=[d" /'JT]T. G,
can be derived from G, by extending the input matrices

Ba(p) = [Ba(p) L(p)], Dva(p) = [Dwalp) 0],
Dea(p) = [Dea(p) 0], Dya(p) = [Dya(p) 0]

G » and A form the basis of the following theorem.
Theorem 3: Let the interconnection of controller K, in
the form of (11) and the nonlinear system G of (1) be

denoted by T'. Assume that 7, (G, A) is well posed for all
A € QC(I,M). Then controller K » can be designed such that
| T|| < if there exists v < 1, matrix P = PT € R"c X"c
such that P > 0 and Vp € P

[PACz+ACTlP Pécl} 1 {OCTZ

(39

A — 241 [Cy Da] <0  (40)
BLP ) 72 Dﬂ[ ! ! (

By, | Ca=1cr, cr]" and

where A, By = {chl
D'Uwcl
Dewcl

loop lower LFT F;(G,, K,). The dependence of the state

matrices on p has been omitted in (40).

Proof: Note that LMI (40) can be derived from
LMI (21). This comes from substituting (37) into (21) and
applying A = 1 based on (38). The third term of (21)
can be multiplied by y~2 without loss of generality. The
proof is based on the dissipation inequality satisfied by the
storage function V' : R™a*"ra — RT as V(zy) =
2L Pxe. LMI (40) can be multiplied on the left/right by
(22T wT dT| and [z,7 w” JT]T to show that V
satisfies the dissipation inequality:

v @[]+ 5T el -

o1 1 .
V+¥17T6—1DT1D+?eTe—dNTd<O

ol = are the state matrices for the closed

(41)

Integrating the dissipation inequality and applying condition
(35) and (38) results in ||e|| < HcZTfor FulF(G,, K,),A)
in case 7 < 1. The condition v < 1 can be always achieved
by scaling signal d. ||e|| < ~ HJH implies |le|| < ~v||d|| based
on

| el

d

2

-Fu(-/—_'l(ép,Kp)vA)H = sup
d#0,d€ Lo,peP,x(0)=0

42

d£0,d€ L ,peP,x(0)=0 |||l

“ el _
p =

d#0,p=0,d€ Lo,p€P,(0)=0

d

el can
]

The inequality follows because sup
d#0,d€ L, p€P,2(0)=0
only decrease if the constraint p = 0 is added. Gp and
A capture all the terms that are neglected in the Jaco-
bian linearization of the nonlinear system G. Therefore,
FulFGo 1), )| < o implies ]l < [l for K,
interconnected with the nonlinear system G. [ ]
The form of dissipation inequality (41) implies a connec-
tion to nominal induced L, gain performance. Therefore,
controller K, can be designed based on [8], [7]. The optimal
value of A can be found by constructing GP and A and
evaluating LMI (40) over a gridded domain of . The condi-
tions of Theorem 3 can be relaxed by applying Zames-Falb
multipliers and/or using multiple IQCs for A and solving the
synthesis problem as presented in [19].

V. EXAMPLE

A simple numerical example is presented to show the
benefits of the proposed control design method. Consider
the nonlinear system (similar to the example in [13]) given
by

. 0

Il] - {_1 0} {m} - H v [ 2 ] -

| =1 o] |z 0 s Y= T2
2 2 1+6_212+1

The aim is to design an output-feedback controller K,, which
ensures step response settling time of less than 2 seconds
with zero steady state error. The scheduling parameter p :=
o 1is restricted to the interval [-10,10] with a grid of 5
equidistant points. The trim points (Z1(p), p, a(p)) are

2

zi(p) =ulp), z1(p)=1- 11 (44)
The LPV system G, is obtained by Jacobian linearization of
(43) about the trim points. It is assumed that p is measurable
and can be incorporated as an input to the controller in
the LPV design. Four control design cases are examined
as given in Table I. The linearization error terms that are
accounted for in the control design are denoted by v'. The
synthesis interconnection is shown in Fig. 3. Fig. 3.a gives
the interconnection for Cases 1-2 (term A is omitted in Case
1). Fig. 3.b depicts the interconnection for Cases 3—4. The

TABLE I
CONTROL DESIGN CASES

[ Taylor series error | Time variation of p

Case 1 -

Case 2 v -
Case 3 - v
Case 4 v v

tracking error e; is specified by weighting function W; and
the control signal is penalized by the weighting function Wa,
both with a bandwidth of 25rad/s as

Wi(s) = 0.33s + 23.69 _ 0.0004s + 8.667°
s+ 2.369 s+43.3

A robust LPV controller is designed for each case using

the proposed method given in Section IV. All controllers

achieve similar worst case gain of v ~ 0.12. The effect of

parameter A on the worst case gain « is shown in Fig. 4.a.

» Wa(s) (45)



The responses of the four controllers interconnected with the
nonlinear system are depicted in Fig. 4.b, which shows that
Cases 24 clearly outperform the nominal control design.

A e
W v
~ €1
d >
Ll 01 feo—s] G M
Y
€2 u Y do
-« Wy |« K, <—T<— 0.01 le—
€3
(a) Case 1 and Case 2
€4
d A
—> 0.01 w U
623 =p A Yy €1
> G, > W —
u ~
€2 Y dy
— W) |« K, <—T<— 0.01 fe—
€3
(b) Case 3 and Case 4
Fig. 3. Synthesis interconnections
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VI. CONCLUSIONS

The paper proposed an approach for gain scheduling
of Lipschitz continuous nonlinear systems based on LPV
system representation along with parameter varying I1QC
with the aim to account for the Jacobian linearization errors.
These errors lead to hidden coupling terms in the controlled
system. The higher order terms of the Taylor series expansion
are treated as a memoryless uncertainty whose input/output
behavior is described by a parameter varying IQC. The effect

of the time variation of the scheduling parameter is captured
by an additional disturbance. The resulting control synthesis
gives guarantees for the interconnection of the nonlinear
system and the resulting LPV controller. The benefits of the
proposed method are shown by a simple numerical example.
Future work will consider extending the results, with some
restrictions, to non Lipschitz continuous nonlinear systems.
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