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1 | INTRODUCTION

Since its first design in the early 1900s, Proportional Integral Derivative (PID) control has been dominating the engineer-
ing industry when it is desired to achieve both asymptotic regulation and disturbance rejection. The control problem of
linear plants using a PID controller is now well understood; however, its application to nonlinear systems to guaran-
tee the desired regulation and closed-loop system stability still remains a challenge, particularly because of the integral
dynamics.!* The existing methods leverage on the properties of the system, ie, minimum phase, to guarantee either
local or global stability; see the works of Mahmoud and Khalil,> Huang and Khalil,® and Khalil.” Nazrulla and Khalil®
have proposed a robust nonlinear integral controller, based on high-gain observers, capable of stabilizing nonminimum
phase dynamics with a desired output regulation, whereas in the work of Ma and Khalil,’ the output feedback controller
tracks references generated from an external source without using an internal model. The authors bring attention to
the closed-loop performance deterioration when including an internal model in the controller structure. However, this
problem can be circumvented by using a high-gain feedback controller and observer.!%1!
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While the aforementioned approaches offer global or semiglobal stability guarantees, they do not tackle the problem
of constraint satisfaction (input or state constraints), which arises from safety requirements and actuator limitations in a
real engineering system. Although the output regulation problem with input constraint satisfaction has been well studied
and addressed via antiwindup methods!?! or bounded integral control,!”-!® a state constraint requirement often creates
the need for more advanced control methods that change the traditional PID control architecture. Safety of operation and
stability guarantees are essential in modern processes such as power networks, motor control applications, and chemical
processes. In the former, Tilli and Conficoni!® and Conficoni? list some of the potential pitfalls of not considering the
power converter limits into the control strategy, ie, loss of stability, performance degradation, and operation outside the
desired ranges because of system malfunctions. The challenge of limiting a system state increases when the plant intro-
duces uncertainties in the model. For example, consider the one-dimensional system x = —wx> + u, where w is a constant
unknown uncertain parameter defined in the range w € [Win, Wmax]. The objective is to regulate state x toward a desired
constant nonzero reference r while satisfying state constraint |x| < x™*, V¢t > 0. In general, the conventional PI con-
troller of the form u = kp(r — x) + 0, 6 = k;(r — x) can achieve the desired regulation but does not offer any guarantees
when it comes to the desired state limitation. It can easily be shown that the solution may exhibit overshoots violating
constraints. Therefore, an effective management of constraints may increase the operation ranges in both the transient
and the steady-state regimes.

The problem of maintaining a given bound for the system states when the system is subject to disturbances or uncer-
tainties, or when the state vector is (partially) unknown has inspired researchers since the late 1960s. In particular, when
uncertain parameters or disturbances belong to some known compact set, several state-bounding methods have been
developed to design simple time-varying sets (eg, ellipsoids and n-orthotopes) to guarantee that the state vector is con-
strained within these sets.21"22 Most of these methods are designed for linear systems, whereas their extension to nonlinear
systems is not trivial and still represents an active problem.?*2> In the majority of the cases, the methodologies proposed
rely on linearization around the state trajectory, which fails to produce reliable estimates when uncertainties are explic-
itly considered in the model.?® For nonlinear systems with discrete dynamics, a design methodology for determining the
controller parameters is presented in the work of Andonov et al,*> where a desired system performance, including state
limitation, is guaranteed. In a similar framework, techniques such as model predictive control (MPC),?” for an excellent
survey on its different properties, include the constraints into their formulation and aim to exploit the behavior of the sys-
tem around the constraints. These methods, however, present limitations in their implementation because they require
the solution of an optimization problem online. Jerez et al?® propose an MPC controller for linear systems that operates at
megahertz; however, this approach is aimed at linear system and quadratic performance objectives, which is at odds with
nonlinear formulations of the problem. Overall, for nonlinear systems with continuous-time dynamics, the output regu-
lation problem with guaranteed state limitation using the well-understood and widely applied PID control and without
modifying the control concept is still an open problem.

To address this issue, in this paper, a novel nonlinear state-limiting PID (sl-PID) controller is proposed for a wide class
of nonlinear systems with constant uncertainties to achieve output regulation with a desired state constraint satisfaction.
The proposed approach can be applied to multi-input multi-output systems, and using nonlinear ultimate boundedness
theory, it is analytically proven that a limitation on the desired system states can be guaranteed at all times, even during
transients. Furthermore, a detailed methodology for selecting the proportional, integral, and derivative gains is provided
to guarantee closed-loop system stability and convergence to the desired set point. Hence, the proposed sl-PID can replace
the conventional PID control in applications where a state limitation is required, whereas the framework for selecting the
controller gains presented in this paper can lead to a simple and effective design and implementation.

Overall, the novelties and contributions of this paper are summarized as follows:

1. The design of a novel nonlinear sl-PID controller for nonlinear systems with constant uncertainties capable of
guaranteeing a desired state limitation on a number of the plant states.

2. Detailed stability analysis and design framework for the sl-PID controller states, and comparison with the conven-
tional PID control scheme.

To better explain and validate the sl-PID control design procedure, we apply the proposed approach to two engineering
examples: a motor control regulation problem and a dc/dc power converter. We compare the performance of the proposed
algorithm to that of a conventional PID controller.

This paper is structured as follows. In Section 2, some key theoretic concepts for nonlinear system analysis are presented.
In Section 3, the problem under investigation is stated and an analysis of the conventional PID controller is provided.
The main result of this paper is presented in Section 4, where the sl-PID controller is designed and analyzed. A detailed
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stability analysis and the design framework for selecting the controller gains are provided as well. The proposed controller
is applied to two different engineering applications in Section 5 and compared to the conventional approach to validate
its effectiveness in a practical implementation. Finally, concluding remarks are provided in Section 6.

Notation. A finite set of natural numbers is denoted by [, = {1, ..., n}; the set of integers is denoted by Z.

2 | PRELIMINARIES

Consider the nonlinear system
x = f(t,x,u), )

where f : [0, 0)X D, XD, — R"is piecewise continuous in t and locally Lipschitz in x and u, with D, ¢ R" and D, ¢ R™
being open domains containing their respective origin, and u(t) is a piecewise continuous bounded function.

Definition 1 (See the work of Khalil'). System (1) is said to be locally input-to-state stable if there exist f € KL,
y € K, and positive constants ki, k, > 0 such that for any initial state x(ty) with ||x(f)|| < k; and any input u(t) with
SUps,, [lu(®|l < k», the solution x(t) exists and satisfies

IOl < B Ix(t)ll. t — to) + ¥ < sup IIu(T)II> : ()

to<T<t

forallt > t, > 0. It is said to be input-to-state stable if D, = R", D, = R™, and inequality (2) is satisfied for any
initial x(fy) and for any bounded input u(¢).

Lemma 1 (See the work of Khalil'). Suppose that, in some neighborhood of (x,u) = (0,0), function f(t,x,u) is

continuously differentiable and the Jacobian matrices % and % are bounded uniformly in t. If the unforced system

X = f(t,x,0) 3)

has a uniformly asymptotically stable equilibrium point at the origin x = 0, then system (1) is locally input-to-state stable.

Consider the interconnected system

X1 = fi(t, x1,%2) (4a)

X = fa(t, x2), (4b)

where f; and f, satisfy similar conditions to fin (1).

Lemma 2 (See the work of Khalil'). Ifx; = f1(t,x1,X,), with x, as input, is locally input-to-state stable and the origin
of X, = f>(t,x) is uniformly asymptotically stable, the origin of the interconnected system (4) is uniformly asymptotically
stable.

Definition 2 (e-limit set?®). The w-limit set of a subset B C R", denoted by w(/3), for an autonomous system x = f(x)
contains all points x € R" for which there exists a sequence of pairs {(xk, tx) }keny With Xy € Band ty - oo ask — o
such that

klim Db, Xi) = X,
where ¢ : R X R" — R" is the system flow.

Lemma 3. If a solution x(t) = ¢(t,xo) of the autonomous system x = f(x) is bounded and belongs to Dy fort > 0,
then for any compact set 3 C Dy, its positive w-limit set w(1B) is a nonempty, compact, connected, invariant set. Moreover,
x(t) > w(B)ast — oo.
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3 | PROBLEM DEFINITION

Consider the nonlinear plant of the form

Z=q(x,z,u,w), (5a)
X = filx, w) + gi(w)u, (5b)
yi = hi(xy), (5¢)

such thati € I, withx = (x1, ...,x,) € R", 2 = (21, ...,2n) € R™, where (x,2) € R™™ u = (uy, ...,u,) € R" and
y = (01, ...,yn) € R" are the state, input, and output vectors, respectively; similarly, w € R! is a vector containing
unknown constant parameters. The functions f(:, ), g;(), q(-,,-,-), and h;(:) are C! in (x,z,u) and continuous in w for
(x,2) € D Cc R*"" y € R", andw € D,, C R!, where D and D,, are open connected sets. Note that although the dynamics
for the states x; are given in the control-affine form (5b), the dynamics for the state vector z can have the generic nonlinear
form (5a).

The main goal is to design a controller that regulates the output y € R” to a constant reference r € D, c R", where
r=(r, ...,r,) and D, is an open connected set, while guaranteeing constraint satisfaction on the statesx;, Vi = 1,2, ..., n,
such that for some x;“ax > 0, the flow satisfies

xi(t, x0,)| <™, Vt>0, (6)
when |x;| < x"™**. We invoke a set of assumption to make our formulation consistent. The first of these is related to the

output behavior of the system.

Assumption 1 (State measurement). The output function h; : R" — R" for each i € [, is a local diffeomorphism
satisfying ‘;—:_i(xi) > 0 for any neighborhood N;(x;) C Dy, of x;, where D,, = Proj,Dy. In addition, state x; is available for

control design, ie, h™'(-) can be found in explicit form in Dy .

The next assumptions are concerned with the nature of w € R!, which represent model uncertainties.

Assumption 2. The function g : R! - R" is positive, ie, g;(w) > 0 fori € I,,.

Remark 1. Assumption 1 states that state x; can be either measured or analytically calculated from the outputy; to be
used in the control design. Assumption 2 is concerned with the controllability of system (5b) and states that the sign
of g;(w) does not change independently of the values of uncertain parameter w.

Assumption 3 (Bounded parameter uncertainty). Vector w € R! lies in a known compact and convex set, ie, w € W.
The system dynamics (5b)-(5¢) satisfy the following.

Assumption 4. For eachi =1, ..., n, there exists a continuously differentiable function V;(x;,w) : D; X D,, - R, a
constant ¢;, two positive constants by;, b,;, and two class K functions ay; and a,; such that

a1; (|x]) £ Vit w) < ag (1x]) (7a)
a—Vf i, w) < cix? (7b)

dxi
bix; < %gi(w) < baix;. (7¢)

Although the plant dynamics and above assumptions can seem restrictive, it should be mentioned that (i) several engi-
neering applications are described by (5b)-(5¢), eg, power electronic converters!'? and (ii) a wide class of nonlinear systems
can be brought in the form of (5b)-(5c) using partial feedback linearization.

Remark 2. Considering linear dynamics f;(x;, w) = A;(w)x;, then function V; = %pixl.z, with p; > 0, guarantees all
conditions (7a)-(7c) because according to Assumptions 2 and 3, g;(w) is positive with a given upper and lower bound.
The unforced system (u; = 0) can be unstable because ¢; can take positive values, eg, A;(w) > 0.
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We are interested in the effect that exogenous inputs and set points have on the equilibria of the open-loop dynamics.
We exploit the structure of these dynamics, mainly the fact that the system can be viewed as an interconnection between
X = f(x,w)+ gw)u and Z = q(z, x, w, u). We first characterize the steady state behavior of the upper system.

Proposition 1. Suppose Assumptions I to 3 hold. There exists a continuous function & : RxR! - RxR foreachi € 1,
such that (x*, u®) = &(ri, w) defines the steady state for x; = fi(x;, w) + giw)u; and y; = hi(x;).

Proof. The proof is obtained by construction. Following Assumption 1, the output functions h;(-) admit a differen-
tiable inverse hi‘l(-) such that at steady state x; = hi‘l(ri). On the other hand, Assumption 2 guarantees the existence
of g;(w)™' < oo, which is used to define the mapping u; = —g(w)™* fi(hl.‘l(ri),w). The resulting steady state map
O, u®) = &i(ri,w) = (hi‘l(ri), —gi(w)~! fi(hi‘l(ri),w)) is continuous by construction. O

When the value w € W is fixed, then &;(-, -) assigns to each set point a steady-state pair in an injective way; as a direct
consequence of this, it is possible to find an interval such that r; € [r;ni“, ;"] for which [x3°| < x;"**. For the proposed
setting, both (x, u) can be considered as inputs to system (5a). A direct consequence of Proposition 1 is that for any compact
set R X W, the steady-state pairs also lie in a compact set; from Assumption 3, the uncertain parameters lie in a compact
set W, and R can be chosen such that |x;| < x™* for all i € [,. Both the uncertain parameters and the set points can
be realized via signal generators,® which allow us to characterize the steady-state locus, from constant set points and
parameters to periodic ones, in terms of w-limit sets.? Setting a compact set Z C R™ containing the trajectories of (5a),
Lemma 3 defines the steady-state behavior of the open-loop dynamics as w(Z x R x W).

3.1 | Conventional PID control

Based on the previous conditions, the desired regulation scenario can be achieved using a conventional PID controller of
the form

u; = kp; (r; — hi(x;)) + 0; — kDia—hifCi (8a)
dxi

6i = ki (r; — hi(x)) , (8b)

where kp;, k;; > 0, kp; > 0, and at the desired equilibrium point, there is of = u;,. The closed-loop system takes the form

Z = q(x,z, u(x), w). (92)
<1 + gi(W)kDi(;_f:> Xi = fi(xi, w) + gWkp; (r; — hi(x)) + gi(w)oi, (9b)
6; = ky (r; — hi(x;)), (9¢0)

where i € [,,. For system (9b)-(9c), stability of the equilibrium point (x,, 6.), where ¢ = (o7 ..., 0y), can be analyzed by
investigating the Jacobian matrices around the equilibrium point

of; on;
e ;kpigi(w)d—; .
i ¢ i X gz(w)
oh; ohy
A= 1+g;(wikp; i | e 1+g;(wikp; e |5
i i
oh;
kM 0
Ti ox,

x¢
1

which can be proven to be Hurwitz for a suitable selection of the proportional gain kp;, ie,

L of

min i(w — 1
min (00} 5|

kp; > max<0,

(10)

x¢
i
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and for any k;; > 0 and kp; > 0. Now, by setting v = v, + 9, where v = (X, 6), v, = (X, 0.), ¥ = (X, ), and z = z, + Z, then
(9b)-(9a) can be rewritten in the generic form
z=q@.zw), (11)

where the desired equilibrium has been shifted to the origin.
Assumption 5. The dynamics (11) are locally input-to-state stable when ¥ is considered as the input.

Based on the above assumption, when asymptotic stability at the equilibrium point v, of (9b)-(9c) is guaranteed by the
controller gains ky;, then according to Lemma 2, the equilibrium point (x., o., Z.) of the closed-loop system (9b)-(9a) is
asymptotically stable.

Although the desired equilibrium point can be proven to be asymptotically stable using a conventional PID controller, it
is not guaranteed that |x;| < x*, Vt > 0. This state constraint is crucial in several practical examples, such as power elec-
tronic converters and electromechanical systems,'?!° where the current, voltage, or speed is required to remain bounded
below a given value at all times to avoid damaging devices. To overcome this problem, a nonlinear sl-PID controller is
proposed in the sequel.

4 | MAIN RESULT

In this section, we state the main contribution of this paper: the sl-PID. The motivation behind this approach is to guaran-
tee constraint satisfaction for a PID scheme without the need of saturation units or antiwindup schemes. The formulation
follows a similar pattern to that of the classic PID controller in terms of design and analysis. The resulting nonlinear
controller attains both desired properties of constraint satisfaction and closed-loop stability.

4.1 | Proposed sl-PID control design

Consider the open-loop dynamics (5) subject to Assumptions 1 to 4; the control objective, as in the case of conventional
PID, is to steer a number of states, x € R", to predefined constant set points r € R", which correspond to equilibrium
triplets (x°, z°, u®) such that |x/| < x™, and z° € w(Z X R x W). Assumption 1 guarantees the availability of the state for
feedback purposes; hence, the proposed novel nonlinear sl-PID controller is
. oh; .
ui(xi) = —kp[xi + M;sino; — kDia—xixi (123_)

M;6; = ky (r; — hi(x;)) cos o3, (12b)

where M;, kp;, ki > 0, kp; > 0. By substituting the proposed controller (12a)-(12b) into the plant dynamics (5b)-(5c), the
closed-loop system becomes

z2={q(x,0,z,w), (13a)
(1 + gi(W)kDig_)l/:> X = fi(xi, w) — giw)kpix; + gi(w)M; sin o, (13b)
M;6; = kg (r; — hi(x;)) cos o, (13¢)

where i € [,,. This resulting closed-loop dynamics, indeed, satisfies the desired state-limiting property under a suitable
choice of controller gains kp; > 0, k;; > 0, and kp; > 0. The following proposition gives guidelines for choosing Kp; and M;
to achieve the desired objective.

Proposition 2. Suppose Assumptions 1 to 4 hold. The trajectories of the closed-loop system (13) satisfy |x;(¢)| < x™** for
allt > 0, ifinitially |x;(0)| < x"** and the sl-PID control parameters M; and kp; satisfy the inequality

kpibii — ¢

M; < a3 (o (")) b

i

(14)

where bc—‘ < kp; < kp; — €; for any arbitrarily small €; > 0.
1i
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Proof. Consider a continuously differentiable function V;(x;, w) for system (13b) satisfying conditions (7a)-(7c) of
Assumption 4. Then,

v, oh; 0

-1
Vv oV oV .
1+g i—— — fil, w) — — iXi + — M; i
( + g (w)kp dxi> [ axif (xi, w) axig(W)kpx + axig(W) sino,

-1
< (1 + gi(W)kDig_zi> [~ (kpibyi — )7 + byxiM; sin o

i

oh \ !
< <1 +gi(W)kDia> [~ (kpibyi — ) 1xi|* + buM; |x;]] - (15)

(1

Because bc—i < kp; < kp; — €;, then (15) can be rewritten as
1i

-1
) oh: _
Vi< <1 + gi(W)kDia_);> [—(kpib1i — i + €)lxi|* + baiMi x|
(A
-1
oh; b, M;
< —6i<1 +gi(W)kDia_x_l> bal* <0, Vx| > -;l—lc,
i pib1i — ¢

which, according to Theorem 4.18 of Khalil,! proves that the solution x;(¢) is uniformly ultimately bounded. In par-

ticular, considering a positive constant § > 0 such that B; C D, satisfying ka—MC < az‘il(ali(é)), there exists f € KL
PiY1i— %

such that for every initial state x;(0) with |x;(0)| < az‘il(ali(é)), thereis T > 0 such that

Bi(1xi(0)], 1), 0<t<T
Ol <4 1 (16)
% \ %2 kpibyi—c; ’ =

Note that if the initial state x;(0) satisfies

x(0)] < a;)! <a2i <_b21—Ml>> ;
kpibii — ¢

then the solution x(t) will remain in this range for all future time, ie,

(0| < a;! (aﬁ (ﬂ» , Vit > 0.
kpibii — ¢

[xi(0)] <X, Ve >0,
which verifies the state-limiting property of the proposed controller. O

Hence, if M; and kp; satisfy (14), then

Consider the typical zero initial condition of the integral state ¢y, ie, 0;(0) = 0; then, the controller state remains,
following the equilibria of (13c), within interval 6;(t) € [—%, %], Vt > 0. Whenever o(t) — i%, then 6; — 0, which means
that o; will converge to the upper or lower limit (i%) independently of the term r; — h;(x;).

This also implies an inherent antiwindup property of the proposed sl-PID because the integration slows down near
the two limits of o; without the need for adding any antiwindup mechanisms, which often result in changes of the orig-
inal controller dynamics, as in the conventional antiwindup PID control design. Similarly, if initially ¢;(0) is selected in
the range [—% + kn, +§ + kx], for all k € Z, then it will remain within this range thereafter. This allows us to charac-
terize the region of attraction (see Figure 1 and Section 4.2) for the composite dynamics (x, ¢) as X;x = {(x,0) € R? :
x| <x™, 01 € [—g + kn, % + kr]} for any k € Z determined by the initial conditions of the integrator. An additional
consequence of using the proposed control law is that the sets X are positively invariant for the closed-loop dynamics,
formalized in the following proposition.

Proposition 3. The set X;x = [—x;“ax,ximax] X [—% + krn, % + kr] is positively invariant for the closed-loop dynamics
(13b) and (13c) when 6;(0) € [—g + kr, g + kr]foranyk € Z.
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FIGURE1 Region of attraction for the
closed-loop dynamics (13b) and (13c). Each
region corresponds to an initial condition

for the integrator, ie, 6;(0) = 0 implies that

the corresponding region of attraction, &,

is positively invariant [Colour figure can be 3z - —

SR
o

DIN
N
g

viewed at wileyonlinelibrary.com] i 2

It has been proven in Proposition 2 that the proposed sl-PID (12a)-(12b) guarantees a symmetric constraint |x;(¢)| < x™**
for the closed-loop system (13). In the case where a nonsymmetric constraint is required, eg, x;nin < x < x™, the
following Remark is provided.

Remark 3. Consider system (5a)-(5c) with the desired state constraint x{“i“ < x < X Vio= 1,2, ...,n, where
Assumptions 1 to 3 hold and Assumption 4 is true with respect to X; = x; — xl.m, with xim = )L ie, there exists
Vi(X;, w) that satisfies (7a)-(7c) with respect to X;. Then, the problem can be transformed into a problem with symmetric

min _,.max

state constraints of the form |x;(¢t)| < Ax[", where Ax[" = X‘T‘ Hence, the sI-PID can take the form

_ _ . oh; -
u;(x;) = —kpixi + M;sino; — kDi a—‘xi (17)

1
with o; dynamics (12b) and guarantee the desired state limitation, following the same analysis provided in
Proposition 2.

4.2 | Stability analysis

Although the desired x; state limitation is guaranteed, the stability of the desired equilibrium point (x{, o) with x, € Dy,
still needs to be investigated. Following Proposition 1, the map (x,, u,) = &(r, w) for a constant w € W defines injectively
a steady-state pair, which allows us to characterize the equilibrium points.

Proposition 4. Suppose that Assumptions 1 to 3 hold, and Z—Q(xi,w) — kpigi(w) < 0 foralli € 1, and |x;| < x"*. The

equilibrium points (x{, o7) for the closed-loop system (13b) and (13c) for alli € 1, satisfy (x;, o7) € (—x"*, x"*)x (— % % )

when 1; € (= (), () and (<, 0¢) = (0% 22 + kr ) when [ri > iy (e7),

Proof. The steady-state locus for (13b) and (13c) for constant set points is given by the solutions of the system of
nonlinear equations

0 = fi(x;, w) — giw)kpix; + gi(w)M; sin o,
0 = (r; — hi(x;)) cos o3,

which can be translated into the set

sin 6¢ = (Migi(w)™" (kpgi(wx® — f; (x4, w)) (af = i% +kr U Xt = hi_l(rl-)> : (18)
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for k € Z. As a result, the steady-state locus can be characterized completely by two types of behavior: when ¢f =
i% +kr, the state satisfies fiGx], w)—kpigi(w)x? +M;g;(w) = 0,and on the other hand, when x! = hi‘l(ri), the equilibrium
for the integrator state can be obtained as

. _{ kegwhT () = fi (7 (), w)
¢¢ = arcsin :
' Migi(w)

This implies that the following inequality holds:
—Migi(w) < kpigiw)h; ' (ry) — fi (b (r). w) < Migi(w),
which in turn allows us to define two functions

Fri(riw) = fi (b1 (), w) — kpgi(w)h; (1) + Migi(w) > 0
Fyu(riw) = fi (b7 (), w) — kpigi(w)h; (1)) — Migi(w) < 0

that, under the hypothesis %(xi,w) — kpigi(w) < 0, are both nonincreasing functions of the reference points. For
the first case, the value of r; for which Fj;(r;,w) = 0 is paired with aie = %; in addition, because Fy,(-,-) is non-
increasing, this value corresponds to r;"**. A similar argument follows for Fy,(-, ) and (—r;"*, —%). In the case that
1 € (=hi(x"™), hi(x*™)), then, the equilibrium point satisfies x{ € (—x"**,x™*) and o} € (—%, %). O
A direct consequence of the previous result is the existence of equilibrium points inside the region of attraction X :
Corollary 1. The set Xjy foralli € [, and any k € Z contains three equilibrium points: (x, o7), (x"** Z + kr), and

T l ’ 5
(=X, ~Z 4 k).

For the desired equilibrium pointx? € (—x"**,x"*), 6] € <—§ % ) Vi € l,,, the Jacobian matrix of system (13b)-(13c) is

| g
o | Tkp&)
% ¢ Pt g (W)M; cos ¢
oh; oh;
Ai — 14+g,(w)kp; ')_’C:'x? 14+g,(wW)kp; o_x: B
1 1
ky; oh;
—ZL coso?f — 0
M; L ox; |xe

Thus, the equilibrium point (x,, o.) will be asymptotically stable when

kpi>max{ 0, 2] L __ (19)
xe min {g;(w)}
P weWw

> a_.xl
and for any kj; > 0 and kp; > 0. Hence, by selecting kp; according to (19), then M; can be chosen to satisfy (14). For the
remaining dynamics, similarly to the analysis of the conventional PID controller, (13a) can be rewritten in the generic
form

zZ=q,z,w), (20)

with the desired equilibrium being shifted at the origin Z = 0. As in Section 3.1, if Assumption 5 holds for system (20),
according to Lemma 2, the equilibrium point (x,, 0., z.) of the closed-loop system (13b)-(13a) is asymptotically stable.

The asymptotic stability of the desired equilibrium point (x,, o) has been proven in a neighborhood of the equilib-
rium point, as in the case of the conventional PID control when system (5a)-(5¢) is nonlinear. However, in the proposed
approach, a detailed methodology for selecting the sl-PID controller gains can be applied to prove that the asymptotic
stability holds in the entire constrained range x; € [-x;"**, x"**], as explained in the following theorem.

Theorem 1. Suppose that Assumptions 1 to 4 hold. The desired equilibrium point (x., c.) of the closed-loop system
(13b)-(13c) with x{ € (—x"*,x"™), o{ € (—%, g), Vi € 1, is asymptotically stable and every solution (x;(t), o;(t)) with
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initial conditions x;(0) € (—xl.max,xl?nax), 0i(0) € (—%, ’2—r> Vi = [, converges to (x{,c;)ast — oo when kp;, ki, and kp; > 0
satisfy

kp; > max { 0, max ofi ; , (21)
Ixql<xmex | dx; ) min g;(w)
weW

_ /i oh 4
ki < l min {(kplgl(w) - 0_> @+ g(W)kpi | — }] max_{|r — hi(x)| a2} 2

i
i, w) — gi(W)kpix;
b <X hoew X, " (fixi, w) — gi(w)kpix;)
2 |X|< max

wherea =1+ gi(w)kDiZ—Z.

Proof. Because (21) is satisfied for all |x;| < x™**, then (19) holds true, and as a result, the desired equilibrium point

(X, o¢) of the closed-loop system with x! € (—x",x"*), o7 € (—— —) is asymptotically stable. The extension of this

result to the entire bounded range follows from an analysis of the closed-loop dynamics (13b)-(13c), which describe
a second-order system for each i € [, of the form

xi = filxi, 01) (23)
c; = §i(Xi, 0y, 1y). (24)

First, we ensure that no limit cycles exist within the constraint set (x;, 0;) € Xjy; this assertion follows from the
Bendixon theorem?3! such that the divergence of the vector field does not vanish nor change sign, ie, % + % # 0 for
all (x;, 0;) € X;x. Computing the derivatives yields the expression X X

<dfl kngz(w)> <1 + gi(W)kDiﬂ> - gi(W)szﬂ;i (fiCxi, w) = gi(W)kpix;)
o, ox; _ka (ri — hi()) sin o; # 0.

2 M;
(1+ gi0whp 22 )
Therefore, no limit cycles will exist in the bounded range if
(af, k
P plgl(W)) @ - giwkp 2 pre % (filxi, W) — gi(w)kpx;) .
+ cll max I}’i - hi(xl-)| <0,Vt>0. (25)

a? M; x| <xme

From (21) and (22), the above expression does not change sign nor vanish. This condition implies from Lemma 3
that any bounded trajectory (x;(t), o;(t)) within X;; will converge to the omega limit set w(X; ) of (24), which cannot
include a limit cycle.

However, except from the desired equilibrium point (x,, o), which is asymptotically stable, according to Corollary 1,

there exist two more equilibrium points in the bounded range, ie, (x/,07) = (xlmaX ”) and (x{,0}) = (—xl?na", —% .
The proof that these two equilibrium points are unstable follows by contradiction. In particular, consider that for

any (xi, oio) wWith xip € (—x"**,x"*) and o3 € (—g g) there is (x;(¢), 0;(t)) — ( X, ”) ast — oco. However, for

a point in X arbitrarily close to the equilibrium point &, 07) = xlmaX Z ), because Assumption 1 holds in X},
then h(x,-) < h(x{) and x; < x; hold. As a result, 5; < 0, which 1mphes that o; will decrease and diverge from

b

crf = =, ie, consequently, the solution (x;(¢), o;(¢)) will diverge from (xmax —) taking into account (13b) and Corol-

lary 1, leadmg to a contradiction. Hence, the equilibrium point (x ( max ”) is unstable. A similar procedure holds for

(x5, 00) = (—x;“ax, —%) As a result, the desired equilibrium point (x{, 6f) with x{ € (=™, x"™) and o} € —%, g

represents the only positive limit point in the omega limit set w(X;); thus, every solution (x;(¢), o;(t)) starting in the
range (x;(0),6i(0)) € X, Vi € [, converges to (x{,0) as t — oo when kp;, ki, and kp; > 0 satisfy (21)-(22), thus

completing the proof. O
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Although the condition of the integral gain selection, ie, condition (22), might seem complicated to verify, it should be
noted that it can be significantly simplified for the case of the sl-PI controller, as given in the following remark.

Remark 4. For the design of a sl-PI controller, the derivative gain is zero, ie, kp; = 0, and hence, condition (22) is
simplified to the expression:

ki < min {kPigi(W) _oh }

;| <X weW 0Xx;

M;
max {|r; — hi(x)|}

PR

(26)

Remark 5. From the closed-loop dynamics, the set point r; acts as a bifurcation parameter in the sense that its value
changes the dynamic properties of the system. For any |hl.‘1(ri)| < x**, following Corollary 1, there are three dis-
tinct equilibrium points: two unstable at the boundary of X;x and one stable in the interior of X;;. As the set point
approaches h;(x;"**), the stable set point also approaches the boundary of X;x; eventually, when |r;| > hi(x"™), there
are only two equilibrium points.

To summarize the design procedure of the proposed sl-PID controller, the following steps can be followed.

1. Check that the system under investigation is in form of (5a)-(5c) or whether it can be brought into this form using
partial feedback linearization.

Check that Assumptions 1 to 5 hold.

Select kp; to satisfy (21) and kp; > 0.

Select M; according to (14).

Select kj; satisfying (22).

Design the sl-PID controller according to (12a)-(12b).

SN

Although, in this paper, the state constraint |x;| < x"™* is the main requirement for the closed-loop system equipped
with the proposed sl-PID, it is worth mentioning the proposed design in the PI control format, ie, sl-PI controller, can
additionally guarantee an input constraint of the form [u;| < u™*, u™* > 0 when required. This is explained in the

following remark.

Remark 6. The proposed sl-PI control (12a)-(12b) with kp; = 0 guarantees a desired input constraint |u;| < u™ in
addition to the state constraint |x;| < x"** when M,; is selected as

. ’ kp:by: — C;
M; < min {uinax _ kPix;ndx, az_il (ali (leax)) Pll;—lcl} (27)
2i

when kp; < 1l /x>,

The above remark and the additional conditions for M; and kp; can be easily obtained by taking into account the control
structure (12a), the desired input and state constraints, and M; > 0. It should be noted that even though the sI-PI controller
can be designed based on Remark 6 to guarantee both state and input constraints, the selection of the controller parameters
may lead to a slow response in a real application because the upper limits for M; and kp; have been obtained to guarantee
the desired input constraint for the worst-case scenario, ie, when |x;| < x™ and |sin(o;)| < 1.

5 | ENGINEERING EXAMPLES

5.1 | Motor feeding a constant power load

5.1.1 | System and controller design

Consider first the case of a motor feeding a constant power load (CPL), ie, the load torque is represented as Tp, = %,
where P, > 0 is the power of the load, which is constant, and w is the speed of the motor. Example of these loads includes
machine tools and center winders in the industry. Hence, the motor dynamics are given in the form

79 _ _gpyr- P, (28)
dt w
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where J is the motor inertia, g is the motor damping, and T is the electrical torque applied to the motor, representing
the control input of the system. It is assumed that the motor parameters and the load are not accurately known but can
vary around their nominal values, ie, they satisfy J € [J, — AJ,J, + AJ] > 0, € [B, — AB, B, + Af] > 0,and P; €
[Pr, — APL, Pr, + AP.] > 0 (Assumption 3). The main task is to regulate the speed of the motor to a desired reference o™,
while guaranteeing that during the transient response, the speed never violates an upper limit, ie, |o| < o™, V¢t > 0.
Note that because a CPL is connected at the motor, the motor speed should take strictly positive values, ie, consider that
@ > ®@mpin > 0. The plant is in the form of (5b) with y = w. Hence, g(w) = % > 0 and h(w) = w, ie, gh 1>0,
which confirm that both Assumptions 1 and 2 hold. For system (28), consider the continuous and differentiable function
V= %Ja)z, which satisfies (7a). In addition,

0L} = —p? — Py < —~(pu - AP)?
w

Voo,

ow
which verifies that (7b) and (7c) are also satisfied with ¢ = —f,, + Af and b; = b, = 1, yielding that Assumption 4
holds as well. As a result, both the conventional PID and the sl-PID can be applied to regulate the motor speed. For the
conventional PID, the proportional gain kp can be selected according to (10), whereas the integral and derivative gains
can take any positive values k; and kp. For the sl-PID design, the proportional gain should be selected according to (21) as

Py, + AP
kp> 2 T2 4 Ap

min
Consequently, parameter M when chosen according to (14) satisfies

M; < 0" (kp + pn — AP —€),

for an arbitrarily small € > 0 such that kp + #,, — A — & > 0. The proportional and derivative gains can take any positive
value kp and nonnegative value kp, respectively, whereas the integral gain can be selected according to condition (22),

taking into account that h(w) = w, ie, ah = % =0:

. P
ki< min max[ <kp+ﬂ— L”)] M )
WO ppin SOL@ w? max { Iwref _ a)l <1 + kJ_D) }

weW
®pip SO<O™™
weWw

Based on the given ranges of the uncertain parameters and the proven limit of the state w below »™*, which together
with |0™| < @™ yields max{|@™ — |} = 20™, then, the range of k; becomes

(o + = 8 = 2222 ) (kp + = AP — ©)

mm

k
1< 2(J, + AT + kp)

Note that because the nominal power of the load P, is known and the motor speed w is measured, an additional term
PL” can be introduced in the control input torque T together with the proposed sl-PID to reduce system nonlinearity. In
thls case, kp should satisfy kp > - —%= — pn+ Ap and parameters M and k; can be defined accordingly. However, this special

case is not applied in the 51rnulat10n that follows in order to keep consistency with the generic case of the system and the
control design procedure presented in the theory.

5.1.2 | Simulation results

To validate the proposed sl-PID control performance and compare it with the conventional PID control, the motor sys-
tem with parameters given in Table 1 is simulated. The main goal is to regulate motor speed w to the desired value @™"
without violating the upper limit ®™® = 200[rad s~!], whereas at the steady state, the motor speed always stays above
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Parameters Values Parameters Values TABLE1 Motor parameters
J 0.22 kg-m? Jn 0.2 kg-m?
AT 0.1 kg-m? B 0.0012 -m/s rad™!
B 0.001 -m/s rad~! Ap 0.0005 N-m/s rad—!
P;, Pr, 1 kW AP 0.2 kW
——— SI-PID =+=+: PID (kp = 2) PID (kp = 2) ———SI-PID =+=++ PID (kp = 1) PID (kp = 2)
200 200
T T
] Z 100
T 100 firs: &
0 b
0 | | | |
0 5 10 0 5 10
t[s] t[s]
(A) (B)

FIGURE 2 Simulation results of a motor feeding a constant power load using the conventional PID and the proposed sl-PID control. A,
Motor speed; B, Input torque [Colour figure can be viewed at wileyonlinelibrary.com]

®min = 30[rad s~!]. It is underlined that according to Table 1, the system parameters can vary up to 50% from the nominal
values to investigate a scenario with extreme level of uncertainties. The conventional PID controller is tested with two
different values of kp = 1 and kp = 2, whereas the integral and derivative gains take the values k; = 10 and kp = 0.01,
respectively. For the proposed sl-PID, the controller gains can be computed according to the analysis presented in the
previous subsection leading to kp = 8, k; = 85, and kp = 0.01.

Initially, the desired speed is set to ™ = 100[rad s~'] and at the time instant ¢ = 5[s], it changes to 190[rad s~']. As it can
be observed from the response in Figure 2A, both the conventional PID and the proposed sl-PID can achieve the desired
regulation as expected from the theoretical analysis. However, during the transient, the conventional PID control forces
the motor speed to exceed the upper limit ®™**, whereas the proposed sl-PID maintains the desired state limitation at all
times. Note, however, that for larger values of the proportional gain kp, the conventional PID may possibly maintain the
speed to values lower than w™#*. Nevertheless, the conventional PID gains are designed based on the linearized model,
ie, the desired state limitation cannot be guaranteed for a generic nonlinear system with uncertainties, whereas the state
limitation for the proposed sl-PID has been proven using ultimate boundedness theory for the generic nonlinear model.
In addition, as it can be seen from the response of the input torque in Figure 2B, larger values of the proportional gain kp
will lead to unrealistically large values of the torque (eg, higher than 160[N m]), whereas the proposed sl-PID results in a
much smoother input response.

5.2 | A dc/dc boost power converter

5.2.1 | System and controller design

Consider the dynamic equations of the dc/dc boost converter connected to a resistive load R, given as in Konstantopoulos
and Zhong3%:

Lg—; =-ri—-1-uyv+Vy (29a)

dv .V
CE = (1 - u)l - 1—3, (29b)
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where V;, > 0isthe dcinputvoltage, L is the converter inductance with a series resistance r, C is the converter capacitance,
X = (i,v) is the state vector, and u is the control input describing the duty-ratio input of the converter. The dc/dc converter
can achieve a higher dc voltage v at its output compared to the input voltage V;,. The main task is to regulate the converter
power P = Vj,i to a constant reference Pt while maintaining a desired constraint |i| < ™, where i™** > 0 represents
the maximum allowed current of the converter to avoid damage of the device. It is assumed that L, C, r, and R are not
accurately known, ie, L € [L, — AL,L, + AL] > 0,C € [C, — AC,C,, + AC] > 0,1 € [r, — Ar,1v, + Ar] > 0, and

R € [R, — AR,R, + AR] > 0, where L,, Cy, 1, and R, are the corresponding nominal quantities, which are considered
known together with the maximum deviations of the parameters (Assumption 3). By defining the control input u as

u=1--2_=- (30)

whenv > Vi, > 0, which is a physical property of DC/DC boost converters, and replacing it in (29a)-(29b), the converter
dynamics take the form

di

r. 1_

a__r,_ 2 1
T L1+Lu (31a)
dv Vi —u, v

dv _ _v 31b
i~ Cv ' CR (31b)

y = Vi, (31¢)

which is in the form of (5b)-(5¢) considering the control input &. Note that g(w) = % > 0 and h(i) = Vi, ie, = Vi >0,
which confirm that both Assumptions 1 and 2 hold. Because (31a) is linear and time invariant, then by considering the
quadratic function V' = %Liz, which satisfies (7a),

hence, (7b) and (7c) are also satisfied with ¢ = —r, + Arand b; = b, = 1, yielding that Assumption 4 holds as well. As a
result, both the conventional PID controller and the proposed nonlinear sl-PID controller can be implemented to regulate
X to the desired unique equilibrium X, = (i, v.), where i, = i"f € [-i™®, "] and v, = \/Rir*{(V;, — riref).

Because of its physical properties, the boost converter output voltage is always higher than the input voltage, ie, v >
Vin > 0. For any proportional gain kp > 0, the equilibrium point i, = i**f of (31a) will be asymptotically stable because
conditions (10) and (19) will be satisfied for both the conventional and the proposed sl-PID controller. For the proposed

controller, from (14), parameter M should satisfy
M < imax(kP +r,—Ar—e), (32)

for an arbitrarily small € > 0 such that kp + r,, — Ar — £ > 0. Finally, from (22), the integral gain k; should satisfy

k1<min{kp+r} M (33)

weW L Vin max |itef —
|i|£imax

Because the proposed controller guarantees the state constraint |i| < i™# according to the analysis in Subsection 4.1 and
lif] < imax then max |i'™f — i| = 2i™®, As a result, taking into account the choice of M from (32) and the range of the
uncertain parameters L € [L, — AL,L, + AL] > 0 and r € [r, — Ar,r, + Ar] > 0, inequality (33) becomes

(kp+r,— Ar)(kp+r, — Ar —¢)

kr <
! 2L, + AL)Viy

(34)
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converge to the single stable equilibrium
- s 6 - - point [Colour figure can be viewed at
2 2
o [rad] wileyonlinelibrary.com]
By setting i = io+1, V="V, +7,and ¢ = 6, + &, then (31b) can be expressed as
dv Vin+kp(ie+7)—Msin(ae+&)(i Ly VetV
dr C(v, + 1) ¢ CR
= G, D, w). (35)

Considering a set D for ¥, where ¥ > —v, in Dy, then both % and % are bounded in Dy where X = (i, §). In addition, the
unforced system, ie, for X = 0, has the form

av _ Vl-niEN _ve+f)' (36)
dt C@.+7) CR

The Jacobian of system (36) results in

A= -

Vinle 1 _ 1< Vi

Vin _ riref

=—— 1) <0,

Cvg CR CR + )

and therefore, the origin of (36) is asymptotically stable. Then, according to Lemma 1, system (35) is locally input-to-state
stable. As a result, the desired equilibrium point (i,, 6., V.) of system (31a)- (31b) with both the conventional PID and the
proposed sl-PID controller will be asymptotically stable. In Figure 3, we illustrate the behavior of the system dynamics

under the proposed control law. We can see that the vector field and any trajectory starting inside &} o remain within. This
s

illustrates the nature of the equilibria (see Corollary 1); for those on the boundary of X o, ie, <—imax, —%) and (ima", 3 )
the closed-loop system is unstable and any trajectory starting arbitrarily closed to them diverges, whereas point (i, ¢°) is
stable.

5.2.2 | Simulation results

To demonstrate the performance of the proposed nonlinear sl-PID controller in comparison with the conventional PID
control, the dc/dc converter system of (29a)-(29b) was simulated using the parameters shown in Table 2. For the conven-
tional PID controller, the integral gain is selected as k; = 200, whereas two different values are tested for the proportional
gain kp = 0.4 and 0.6, with kp = 0. For the proposed nonlinear sl-PID controller gains, the design procedure mentioned in
the previous subsection is followed, providing the selection kp = 25, k; = 2083 and kp = 0. The desired scenario is for the
converter to regulate initially the power P to a desired value Pt = 20[W], whereas at time instant t = 0.1[s], the reference
power changes to pref = 38[W). It is required that the converter current i remains limited below i™#* = 4[A] at all times.
As it is illustrated in Figure 4A, both the proposed and the conventional PID controllers (with both proportional gains)
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TABLE 2 Converter parameters Parameters Values Parameters Values

L 12 mH L, 10 mH

AL 5 mH r 8 mH

Tn 10 mQ Ar 10 mQ

C 120 uF C, 100 uF

AC 50 uF R,R, 10 MQ

Vi 10V AR 5MQ

e §]-PID =+ =12 PID (kp = 0.4) PID (kp = 0.6) e §]-PID ==+ PID (kp = 0.4) PID (kp = 0.6)

-

0 ¥
3 A
T ref — -
= | >
= i ~
]
2 {2
i

] 1
I I I 0 I I
0 0.1 0.2 0 0.1 0.2
t[s] t[s]
(A) (B)
e §]-PID =+ =22 PID (kp = 0.4) PID (kp = 0.6) | e §]-PID ==+ PID (kp = 0.4) PID (kp = 0.6)
A i
40 | 5 :
! e T -

H 0.8

e

‘r_f_z 3
¢

P[W]
u

20 7T-(—A41-:-:-:-:-:-:-:-:-:-:-4
e
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"
-
I o
o =
| |
——rrwrreTT
.‘ é
-~
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0 T T 0 T T
0 0.1 0.2 0 0.1 0.2
t[s] t[s]
© (D)

FIGURE 4 Simulation results of a dc/dc power converter using the conventional PID and the proposed sl-PID control. A, Converter
current; B, Load voltage; C, Load power; D, Duty-ratio input u [Colour figure can be viewed at wileyonlinelibrary.com]

manage to regulate the converter power to any desired value. The converter voltage reaches the expected steady-state
value v, = \/Ri*f{(V;, — rief), as demonstrated in Figure 4C.

However, when the conventional PID controller is applied, the desired state constraint |i| < i™# is not guaranteed at
all times because during the transient response, current i violates the desired maximum value (Figure 4B). On the other
hand, as expected from the theoretical analysis, the proposed nonlinear sl-PID controller leads the converter current to
the desired regulation without violating the maximum bound. It should be highlighted that for a different choice of the
proportional and integral gains, it is possible that the conventional PID controller can maintain the current below the
maximum value for the given regulation scenario. However, there is no analytic method for calculating the gains and
guaranteeing that |i| < i™, V¢t > 0, for different values of i**' or different load cases, opposed to the proposed approach,
which guarantees the desired state constraint at all times. Furthermore, from the duty-ratio input performance shown in
Figure 4D, it is clear that for a larger value of kp for the conventional PID controller, the input value will exceed the value
of 1, which represents the physical limit of the converter. As a result, the proposed nonlinear PI controller offers a superior
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performance during transients and guarantees the desired state limitation for the generic nonlinear model, whereas the
proposed analysis offers a rigorous methodology for the selection of the proportional and integral gains.

6 | CONCLUSIONS

A novel nonlinear sl-PID controller was proposed in this paper to guarantee accurate output regulation and state con-
straint satisfaction for a wide class of nonlinear systems with constant uncertainties. Asymptotic stability of the desired
equilibrium point and a given upper bound for the desired system states were analytically proven. A design procedure
for the controller gains was also presented. The superiority of the proposed sl-PID controller compared with the conven-
tional approach was demonstrated in two practical examples consisting of a motor with a constant power load and a dc/dc
power electronic converter.
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