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ABSTRACT

This dissertation examines the problem of real-time estimation and automated control of mean
arterial blood pressure (MAP) response of a critical patient subject to the vasoactive drug infusion
in emergency resuscitation scenarios. The proposed methodologies rely on the wealth of the system
identification and feedback control theory and can provide reliable and efficient patient resuscita-
tion tools via computerized drug administration. Therefore, such advanced resuscitation methods
can reduce emergency care costs and significantly increase the survival chances by improving the
patient’s MAP regulation in an intensive care unit. In order to derive an appropriate mathematical
description, a dynamic first-order linear time-varying model structure with varying parameters and
time delay is employed to characterize the patient’s complex physiological MAP response dynamics.
In the first part of the dissertation, real-time estimation of the varying model parameters and delay
is performed via a Bayesian-based multiple-model square-root cubature Kalman filtering (MMSR-
CKF) approach. The estimation results substantiate the effectiveness of the utilized identification
method using experimental data. Next, two classical frequency-domain control design methods,
namely, IMC-PID and parameter-varying loop-shaping approaches, are proposed and implemented
to achieve desired MAP regulation in various simulation scenarios.

The second part of the dissertation is devoted to the analysis and control synthesis of time-
delayed linear parameter-varying (LPV) systems with norm-bounded parametric and/or time-delay
uncertainties. LPV time-delay systems are linear dynamical systems whose dynamic characteristics
rely on a measurable scheduling parameter vector, where the scheduling parameter vector is used
systematically to capture the dynamics of time-varying and nonlinear systems. In order to reduce
the design conservatism and handle the varying delay uncertainties, a Lyapunov-Krasovskii based
approach is exercised, and by utilizing an improved parameter-dependent Lyapunov Krasovskii func-
tional (LKF) candidate and applying an efficient cross-term bounding technique, the affine Jensen’s
inequality, sufficient stability and performance conditions are derived and formulated in terms of con-
vex linear matrix inequality (LMI) framework. The final relaxed synthesis conditions are obtained
to design a robust delay-dependent gain-scheduled controller which guarantees closed-loop stability
and minimizes disturbance amplification in terms of the induced Lo-norm performance specification.

The effectiveness of the proposed control design algorithms is assessed through the automated MAP



regulation task, and the results are compared with the conventional control approaches in the liter-
ature. The final closed-loop simulation results confirm the potential and superiority of the adopted

LPV methodologies.
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1 Introduction

1.1 Automated Blood Pressure Regulation in Critical Patient Resuscita-
tion

The human body has inherent feedback loops to maintain homeostasis, including the blood
pressure regulation that may fail to perform properly under severe trauma, disease, or due to the
administration of certain drugs. For this purpose, mean arterial blood pressure (MAP) regula-
tion to the desired target value via administration of vasopressor drugs is essential in hypotensive
critical emergency-care situations, such as resuscitation of patients with severe hemorrhage, septic
shock, maternal cesarean hypotension treatment, and traumatic brain injury. The precise dosage of
the administered vasopressor drug is essential to accomplish fast resuscitation and reliable manual
MAP recovery, and therefore, sustain perfusions of vital organs without overdosing. Typically, in
clinical care, MAP control and regulation procedures are carried out manually using a syringe or
an infusion pump with a manual titration by the medical personnel. In these cases, drug delivery
and adjustment may not be precisely managed, leading to undesirable or potentially fatal conse-
quences, such as increased cardiac workload and cardiac arrest. Moreover, such drug administration
methods are time-consuming and labor-intensive. Furthermore, inaccurate operator monitoring can
lead to under-or over-resuscitation with potentially dangerous outcomes [39,53]. Accordingly, the
automation of the vasoactive drug infusion via feedback control has been proposed as a potential
remedy to tackle the mentioned challenges of the manual drug administration [8]. To address the
automated MAP regulation problem, several control design approaches including fractional-order
proportional-integral (PI) and proportional-integral-derivative (PID) controls [86,95], nonlinear PID
digital control [83], adaptive predictive control [31,38], robust multiple-model adaptive control [57],
switching robust control [1], reinforcement learning [75], and more recently PID and loop-shaping
control methods [91] have been considered.

In the first part of the dissertation, we address the computational modeling and online parame-

ter estimation of the blood pressure response characteristics under vasoactive drug administration.



The second part will focus on the controller design methods for regulating MAP in hypotensive

emergency-care situations.

1.1.1 MAP Response Dynamics

Mainly, two types of vasoactive drugs are being used to attain a target MAP in emergency
resuscitation: (1) vasodilator drugs which decrease the MAP to a target value, like sodium nitro-
prusside (SNP) that reduces the tension in the blood vessel walls [33], and (2) vasopressor drugs
which increase the MAP to a target value, like phenylephrine (PHP) that stimulates the depressed
cardiovascular system and causes vasoconstriction [63]. In this dissertation, in line with the previous
work in the literature (see [17,53,75,91,92]), a first-order model with a time delay is considered to

characterize the patient’s MAP response to the infusion of a vasoactive drug, such as PHP:

T(t)- AMAP(t) + AMAP(t) = K(t) - u(t — 7(t)), (1)

where AM AP(t) stands for the MAP changes in mmH g from its baseline value, i.e., AMAP(t) =
MAP(t)— M AP,(t), u(t) is the drug injection rate in ml/h, K (t) denotes the patient’s sensitivity to
the administered drug, T'(¢) is the lag time describing the uptake, distribution and bio-transformation
of the drug [35], and 7(t) is the time delay for the drug to reach the circulatory system from the
injection site. The selected model structure seems to adequately describe a patient’s physiological
response to the PHP drug injection. Figure 1 presents a typical MAP response due to a step PHP
infusion versus a matched response of (1). This figure also illustrates the interpretation of the model
parameters K(t), T(t), 7(t), M APy(t) which have been obtained to fit the MAP response using a
least-squares optimization method. Data is collected from experiments on swine performed at the
Resuscitation Research Laboratory at the University of Texas Medical Branch (UTMB), Galveston,

Texas [53].
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Figure 1: Typical MAP response to a step vasopressor drug infusion

Although the model (1) is qualitatively able to represent the characteristics of the MAP response,
model parameters vary considerably over time due to the variability of patients’ pharmacological
state under the vasoactive drug infusion. That is, the model parameters and delay could vary
significantly from patient-to-patient (inter-patient variability), as well as, for a patient over time
(intra-patient variability) [35,70].

For simulation purposes and in order to validate the proposed parameter estimation and control
design algorithms in the dissertation, a patient simulation model is developed, where the instanta-
neous values of model parameters can be approximated as nonlinear functions of the drug injection
rate. Model dynamics (1) with time-varying model parameters will address the patient’s varying

physiological response. Based on clinical observations, the model parameters are modeled as follows:

e Sensitivity, K(¢): In order to describe the time variation of the patient’s sensitivity to the
injected PHP drug, a simplified nonlinear model has been considered, which represent the
dose response characteristic of PHP [21,26]. Moreover, experiments have confirmed a regressive

nonlinear relationship between the vasoactive drug injection and the MAP response through



which the patient’s sensitivity will decrease while having an ongoing vasoactive drug injection.

Such a trend can be captured by the following nonlinear model
arnK (t) + K(t) = koexp{—k:1% (1)}, (2)

where % (t) denotes the injection rate in mm/h and ay, ko, and k; are uniformly distributed
random coefficients based on Table 1 [21,26]. For instance, a non-responsive patient to the

injected vasoactive drug can be characterized by a low kg and a high k;.

Table 1: Probabilistic distribution of patient model coefficients

Parameter Distribution
ag U(500,600)
ko U(0.1,1)
k1 4(0.002, 0.007)
br U1074,3 x 107%)
ar 1 U(5,15)
ar2 U5,15)
br1 U(80,120)

Lag time, T'(t): To characterize the variation of the drug distribution time, a saturation effect

is assumed as follows:
t
T(0) = sat (v (br [ %)), (3)
0

where by is a uniformly distributed random variable representing the inclination of the increase.

Based on experiments, lag time parameter typically increases gradually proportional to the

injected drug.

Injection delay, 7(¢): Based on the clinical observations, the delay value has a sharp peak

shortly after the drug injection starts but decreases with further injections. The following



model is used to describe the time-varying behavior of delay parameter:

arp () + ar  7(t) + 7(t) = by % () + % (t),  t>to, W

7(t) =0, otherwise,

where the saturation should be imposed on the delay value, i.e., sat. .. ... 7 and the uni-

formly distributed random variables a. 2, a- 1, and b, ; are listed in Table 1.

1.2 LPV Time-Delay Systems

Time-delay is ubiquitously encountered in numerous engineering systems due to measurement,
transmission, computational delays, or unmodeled inertias of system components. In the context
of feedback systems, time-delay or dead-time refers to the time that it takes for the closed-loop
system to receive the required information, to make and execute control decisions, and to generate
the control action [28]. Time delays can be constant or time-varying, point-wise or distributed,
deterministic or stochastic [60]. In control systems, delay systems represent a class of infinite-
dimensional systems, where the mathematical representation of such systems is given by infinite-
dimensional functional differential equations (FDEs), as opposed to finite-dimensional systems with
ordinary differential equations (ODEs). Moreover, time-delay is deemed as a source of instability
and performance degradation, which complicate the controller design process. Time-delay induces a
phase lag which generates oscillatory behavior, diminishes the stability margin of a control system,
and limits the achievable bandwidth [2]. Some examples of extensively examined time-delay systems
include automotive systems [89], communication systems [46], robotics [18], biomedical systems [91],
network control systems [99], smart materials [55], and manufacturing and chemical processes [13].

Stability analysis and control design for time-delay systems have been broadly investigated using
either frequency-domain or time-domain approaches. For instance, authors in [59,66] used Smith
predictor as a delay compensator for systems with a constant time delay that can be measured
or estimated precisely. However, such predictors include additional unstable hidden modes, and

also the utilized frequency-domain method is not applicable to the time-varying delay case. Anther



indirect approach confronting systems with delay is to utilize methods, such as Padé approximation
to approximate the infinite-dimensional time delay system by a rational finite-dimensional model to
be able to take the advantages of the rich linear control design methodologies [24,25].

Time delay systems cannot be treated properly and efficiently using conventional control design
methods, such as Laplace domain-based methods since the corresponding transfer function of the
time-delay system is not rational. In this regard, stability analysis and designing stabilizing con-
trollers for time-delay systems have been divided into two main directions, namely, delay-independent
and delay-dependent criteria [28]. The results obtained from delay-independent methods are very
conservative since they must provide guarantees for all non-negative and finite time-delay values.
Unlike the former direction, delay-dependent techniques take the size of delay into consideration and
result in less conservative results. Indeed, approaches based on delay-dependent criteria result in
less conservative conditions, ensuring the stability and the prescribed performance level of a delayed
system with delay values smaller than a considered bound. Generally, in delay-dependent meth-
ods, Lyapunov theory is extended to either the Krasovskii method of Lyapunov functionals [40] or
Razumnikhin theory of Lyapunov functions [36]. The former direction relies on using Lyapunov-
Krasovskii functionals (LKFs) for accounting for the infinite-dimensionality of the system state in
the time-delay systems and usually leads to less conservative results.

Linear parameter-varying (LPV) systems are linear dynamical systems whose dynamic charac-
teristics depend on a time-varying measurable scheduling parameter vector. In this context of the
LPV systems framework, the scheduling parameter vector captures the dynamics of nonlinear or
time-varying systems in a systematic fashion [15] and has found applications in flight control [52],
automotive systems [73,89], energy [11], electromechanical [45], and biomedical systems [20,91]. Tra-
ditional gain-scheduling controllers are designed by interpolation of separately designed controllers
for the system’s operation points. Such design methods suffer from implementation difficulties and
lack of closed-loop stability and performance guarantees [10,78]. In order to tackle these challenges,
the LPV gain-scheduling control approach was introduced to provide a direct, efficient, simple-to-

implement, and systematic design process to meet closed-loop stability and performance of nonlinear



and time-varying systems [77].

Motivated by LPV methodology, the mentioned delay-independent and delay-dependent ap-
proaches have also been developed for the stability analysis and control synthesis of time-delay
LPV systems [15,60,73,90,92]. The mean-square stability of stochastic LPV systems with delayed
measurements has been studied in [103]. The authors in [97], derived delay-dependent sufficient
conditions for the closed-loop stabilization of LPV systems with an input delay. In another work, a
robust static gain-scheduled controller design for discrete-time polytopic LPV systems with a state
delay has been formulated in a delay-independent matrix inequality framework [72]. Dilated delay-
dependent linear matrix inequalities (LMIs) for the control of state-delay polytopic LPV systems
have been addressed in [62]. In this work, the coupling between controller matrices and Lyapunov
matrix functions has been avoided, and a gain-scheduled dynamic output-feedback controller with

memory has been designed to reject disturbances.

1.3 Outline of the Dissertation

The results presented in this dissertation either have been published or are under review for
publication [89-93]. In this dissertation, we study the analysis and controller synthesis of time-delay
systems. Furthermore, a robust control design for a class of LPV systems with parametric and
delay uncertainties will be addressed. As a practical, real-life application, we assess the potential of
the proposed estimation and control design strategies in the automated MAP regulation problem.
Chapter 1 gives the background, main motivations, and design objectives behind the considered
patient resuscitation task. Mathematical modeling is discussed, and the patient’s MAP response
dynamics subject to vasoactive drug administration are characterized by a dynamic first-order linear
time-varying model with adjustable, varying parameters and input delay. Such a dynamic model
can effectively address the complexity and the intra- and inter-patient variability of the physiological
response to vasoactive drugs.

In chapter 2, real-time dynamics identification of a patient’s MAP response to vasoactive drug



infusion is studied. A Bayesian-based multiple-model square root cubature Kalman filtering (MM-
SRCKF) approach is utilized for the real-time estimation of the model’s time-varying parameters.
Validation results are proved to confirm the effectiveness of the developed identification algorithm
both in simulation scenarios and using experiment data.

Chapter 3 introduces robust IMC-PID and parameter-varying loop-shaping as simple-to-implement
frequency-domain-based control design approaches for automatically regulating blood pressure in
critical hypotensive patients via vasopressor drug administration. The considered MAP response dy-
namics model includes a time-varying delay in the control input, which restricts the implementation
of conventional control techniques. The proposed methods are examined to address the variability
and the time-varying delay of the physiological response to the drug. First, a Padé approximation is
used to transform the infinite-dimensional delay problem into a finite-dimensional model represented
in the form of a non-minimum phase (NMP) system. A systematic parameter-varying loop-shaping
control is proposed to provide the closed-loop system with stability and tracking performance in the
presence of measurement noise and disturbances. Second, an internal model control (IMC) strategy
is examined to design a fixed PID controller cascaded with a lag compensator by considering the
time-varying model to be an uncertain perturbed system. The small-gain theorem has been em-
ployed to investigate the robust stability and account for system uncertainty. The proposed control
methods are applied to critical hypotensive patient resuscitation to regulate MAP while considering
the limitations posed by the time-varying parameters of the physiological response model and the
large time-varying delay.

Chapter 4 details the development of robust delay-dependent gain-scheduling feedback control
laws with guaranteed closed-loop stability and induced L norm performance for continuous-time
LPV systems with arbitrary time-varying delay in the presence of parametric or time-delay uncer-
tainties. An extension of Lyapunov stability utilizing Krasovskii functionals is considered to derive
stability analysis and synthesis conditions for delay-dependent dynamic output feedback LPV control
design. The main challenges associated with this approach are selecting appropriate LKFs and find-

ing efficient integral inequalities to bound the derivative of the LKF. Accordingly, a novel modified



parameter-dependent LKF candidate along with an affine version of Jensen’s inequality bounding
technique are employed leading to the derivation of less conservative sufficient conditions expressed
in terms of convex LMI optimization problems to be solved using efficient interior-point solvers. The
proposed methodology is compared with past work in the literature in terms of conservatism reduc-
tion and performance improvement through a numerical example. Moreover, the stability analysis
and control of LPV systems with varying uncertain delay is examined in this chapter. To this end,
the time-delay LPV system is described in an input-output representation, and the scaled small-gain
theorem is employed to analyze the varying delay in a less conservative approach. The proposed
results are then utilized in the automated MAP regulation in the clinical resuscitation of patients
sustaining hypotension. In order to conduct simulations, nonlinear model parameter generators are
cascaded with the estimators, and closed-loop experiments confirm the proposed LPV control design
benefits and efficacy.

Finally, chapter 5 concludes the dissertation by summarizing the present work’s essential contri-

butions and providing remarks about future research directions.

1.4 Notation

The notation used in the dissertation is standard and as follows. Throughout the dissertation

R™ stands for the n-dimensional Euclidean space, R¥*™

is the set of real k x m matrices, and Ry
denotes the set of non-negative real numbers. S® and S} | represent the set of real symmetric and
real symmetric positive definite n X n matrices, respectively. M > 0 and M = 0 (M < 0 and
M =< 0) denote the positive (negative) definiteness and semi-definiteness of the matrix M. The
inverse and transpose of a real matrix M are presented by MT and M ™!, respectively. He[M] is

Hermitian operator defined as He[M] £ M 4+ MT. In a symmetric matrix, terms denoted by an

asterisk, x, will be induced by symmetry as shown below:

S+W+J+(x) * S+W+WT+J+J% QT
Q R Q R



where S is symmetric. C(J, K) stands for the set of continuous functions mapping a set J to a set K.
Notation £y stands for the space of square integrable functions f : [0, 00] — R™ with the Lo-norm
[ £llc, = {fT () f(t)dt}/?, where f(t) is a vector valued function. ||f(t)||, is also considered as the
energy of f(t). Moreover, t denotes the continuous-time domain, and k stands for the discrete-time
variable. For a stochastic variable, x, &[x;] denotes its expected value, and A {xx; Xy |k, Prji}
represents a normal Gaussian probability distribution with the mean of Xj; and the covariance of

Pk|k~

10



2 Real-Time Bayesian Parameter Estimation of Blood Pres-
sure Response Characteristics

The following chapter first appeared in the proceedings of American Control Conference (ACC),
2020, pp. 3355-3362.
Title: Real-Time Cubature Kalman Filter Parameter Estimation of Blood Pressure Response Char-
acteristics Under Vasoactive Drugs Administration
Authors: Shahin Tasoujian, Saeed Salavati, Karolos Grigoriadis, Matthew Franchek.

Reproduced in part with permission from IEEE American Control Conference Copyright 2020.

2.1 Introduction and Literature Review

There are multiple approaches to address the estimation of dynamical system parameters. Ex-
tended Kalman filtering (EKF) is one of the widely used methods [53]. However, it is only applicable
to systems with mild nonlinearities, and it requires the Jacobian matrix computation. Moreover,
numerical errors due to truncation and convergence problems are likely in EKF, and other local
approximation based estimators [5]. In an alternative approach, known as the sampling method, the
nonlinear representation of a system is used to estimate the parameters via a filter such as the un-
scented Kalman filter (UKF), which leads to more accurate estimation. In UKF, a set of weighted
sampling points propagates via the nonlinear function of the system. However, for higher-order
systems, UKF is prone to numerical instability since the weights of the sigma points may become
negative [104]. Another sampling method is particle filtering (PF), which is an iterative Monte Carlo
based method to compute the posterior probability distribution of the state of a nonlinear system
even with non-Gaussian noise. PF requires a broad set of randomly generated particles to approx-
imate the posterior probability density function. Under an increase in the number of iterations,
PF encounters particle degradation and depletion. In order to overcome such issues, the authors
in [5] have proposed a Bayesian filtering framework known as cubature Kalman filtering (CKF). The

sample points in the CKF algorithm propagate via equally valued cubature points, which are twice

11



the size of the system nonlinear function. It uses a spherical-radial cubature rule to generate the
weighted sum of sampling points to approximate the integrals in Bayesian estimation. CKF demon-
strates better nonlinear performance, stability, and accuracy compared to EKF, PF, and UKF [104].
Similar to the EKF, the computational complexity of the CKF algorithm grows as n®, where n is
the dimension of the system state vector.

Traditional parameter estimation methods, such as the recursive least-squares algorithm and
instrumental-variable approach, have been examined for real-time parameter estimation problems in
biomedical applications [6,49,70]. Specifically, variance models have been proposed to characterize
the mean arterial blood pressure (MAP) response of patients to drug infusion [8,21]. However, these
methods fail to sufficiently address the pharmacological variability challenge and often suffer from a
slow convergence rate. In [29], the authors have used a first-order model with delayed measurements
to describe the MAP dynamics in response to hypotensive drugs. They have pre-identified the
parameters using dose-response characteristics induced by a rectangular test signal while avoiding
any adverse effect on the patient. If the identified parameters are not within the prescribed bounds,
then the experiment will be repeated. Nonetheless, in the case of outlying identification results, the
worst-case parameters are used. The output is filtered by a constant filter, which has been derived
using trial and error. The delay is determined via the response settling characteristics. In another
work, a generalized fuzzy neural network framework has been studied to estimate and control MAP
dynamics in response to vasodilator drugs [30]. The parameters have been assumed to be nonlinear
functions of the measured MAP. This method requires a training dataset and an effective learning
algorithm for the artificial scheme. Moreover, overparameterization and the determination of the
number of perceptrons remain as other obstacles.

Based on the time delay model introduced in [84], the authors in [106] have proposed discrete-
time parameters update laws. However, the procedure of the parameters identification of the original
model has not been addressed. A bank of Kalman filters (KFs) augmented with a posterior proba-
bility estimator to match a candidate model to that of the patient has been designed in [57]. Each

KF is responsible for generating the state vector updates for the next step, and the Kalman gain
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is assumed to be generated a priori. Then, by calculating the residual of the actual and generated
output, the state vector is updated accordingly. In order to capture the varying time delay, which
a conventional KF is not capable of, the multiple-model (MM) approach has been adopted through
which five equally spaced delay blocks from 10s to 50s, each is considered to be cascaded with the
same bank of KFs. The recursive posterior probability estimation is calculated for each residual
to update the input with the most likely delay. In a similar approach, [23] has examined KF to
estimate the MAP dynamics parameters in hypertension. In this work, authors have utilized the
model introduced first in [84]. They have discretized and transformed the infinite-dimensional model
into a linear one that accommodates an input with three backward steps. Then, the parameters are
gathered in a vector that is updated through the KF approach. However, it should be noted that
the conventional KF algorithm’s convergence can only be guaranteed in an ideal linear-Gaussian
environment. Reference [56] has addressed the marginalized PF design to estimate the model pa-
rameters in the case of hypertension under SNP administration. The method allows considering
linear and nonlinear states to be estimated separately to reduce the computational burden.

In more recent work, [54] utilized EKF for the real-time estimation of the MAP response model
parameters. Although this approach can provide real-time parameter identification of a patient’s
MAP response dynamics, the estimation can be inaccurate when the response is away from the
equilibrium point since EKF relies on local linearization [81]. Moreover, the utilized parameter
identification approach is not capable of providing a consistent estimate of the time-lag parameter of
the LPV model. Thus, to overcome the previously utilized estimation methods’ inherent limitations,
we propose a multiple-model square-root cubature Kalman filter (MMSRCKF) as a real-time model
parameter and time-delay estimation method of the MAP response dynamics. MMSRCKF is a
Bayesian filtering approach that can precisely estimate the model parameters and addresses the
stochasticity in the nonlinear model without a need for linearization. Contributions of this chapter
are as follows: MMSRCKF is proposed to estimate the nonlinear MAP response model parameters
effectively. In the case of hypotension, the patient’s MAP response dynamic under a vasopressor

drug injection is described by a time-varying model with a varying input delay. These varying
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quantities are augmented in a vector whose instantaneous values are estimated via MMSRCKEF.
The multiple-model part addresses the hypothesis testing and the estimation of the input delay.
The square root (SR) algorithm employs the Cholesky factorization of the error covariance matrix
to guarantee its positive definiteness during numerical operations [22]. For the verification of the
proposed method, data from animal experiments is collected at the University of Texas, Medical
Branch (UTMB) at Galveston. The estimation results are compared to that of MMEKF reported

in [53].

2.2 Estimation Preliminaries and Methodology

In this section, a derivative-free online sequential state estimator known as the square root
CKF (SRCKF) algorithm is formulated for a general nonlinear discrete-time stochastic system.
Subsequently, the multiple-model approach is formulated and coupled with the introduced SRCKF

algorithm for the time-delay estimation of a system with an input delay.

2.2.1 SRCKF Algorithm

The Bayesian-based CKF scheme aims at estimating the states of a dynamical system using a
probabilistic framework [5]. The original CKF state estimation process is susceptible to numerical
problems such as indefinite error covariance matrix, divergence phenomenon, and filter instability. To
tackle these obstacles, CKF is enhanced with the square root computation, i.e., the covariance matrix
is decomposed using a factorization method, such as the Cholesky factorization to guarantee positive
definiteness within numerical operations [50]. The resulting square roots of the error covariance
matrices propagate through the sequential state estimation process. Next, the third-degree spherical-
radial rule is used to approximate the multidimensional integrals involved in the Bayesian filtering

37).
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Consider a general nonlinear discrete-time stochastic system

Xpp1 = f(xp,ug) + wg, 5)
ve = h(xg,up)+ve, E=0,1,... ky,

where x;, € R™ stands for the unmeasured state vector of the system, up € R" is the input
vector, and yi € R™ is the measurement vector at the time k, and ky is the final time. f(xg,uy) :
(R™ R™ ) — R™ and h(xg, ug) : (R™,R™) — R™ are known general nonlinear vector mappings, and
wi € R™ and vi € R™ are statistically independent zero-mean Gaussian process and measurement
noise signals, respectively. The probability distribution functions (PDF's) of the noise vectors, namely
p(wy) and p(vy) are known, as well as, the initial state vector PDF, i.e., p(xo).

SRCKF seeks to find the estimation of the state vector in the form of a conditional PDF,
p(xk|y"), that has the entire knowledge about the current state vector, xj, given the entire mea-
surement vectors sequence, i.e., y¥ = | Yo Y1 ... yk |- However, in some cases, a Gaussian
approximation of the conditional PDF allows to only compute the first two conditional moments,
i.e., the mean Xy, = &[xx|y*] and the error covariance matrix Py = cov[xy|y*] which results in
p(xi|y®) ~ A {x4; Xj|ks P} By assuming Gaussian white noise vectors, the prediction step (state
prediction) and correction step (measurement update) are carried out via integrating a nonlinear

function concerning a normal distribution, i.e.,

§k+1|k = 5[Xk+1|yk] = /

R

£ (x5, wi)p(xi|y™) dxy %/ f(xp, up) A {xR; X, Prpe ydxr, — (6)

R

and

Yitijk = E[Yrt1|Xps1] = h(Xp 1, Wer 1)Vt [ Xt 1)dXe 11
RTL

%/ h(Xpy 1, W 1) A X015 X115 o1 JdXng 1 - (7)

The third-degree spherical-radial rule is utilized to compute the numerical approximation of the

moment integrals (6) and (7). Next, for an arbitrary function g(x) with 3 as the covariance of x,
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the integral

1) = VERIZI [ genp |50 )= - ) ®

n

in the spherical coordinate system becomes

I(g) = (271’)_%/ / g(Crz + p)dz r"_le_édr, ©))
r=0JU,

where x = Crz + p with ||z|] = 1, p is the mean and C is the Cholesky factor of the covariance,
3, and U, is the unit sphere. Then, we used the symmetric spherical cubature rule to further

approximate the integral as

19) = o > g(VilCE: + ), (10)
=0

where &; denotes the ith cubature point at the intersection of the unit sphere and its axes. The main
benefit of this scheme is that the cubature points are obtained off-line using a third-degree cubature

rule [48]. We follow the steps introduced next to compute the estimation of the state vector via the

SRCKEF algorithm:

1. Initialization: The state initial condition is given by x¢|0 = x¢ with Xo = &[x¢] where the
initial covariance matrix is Pgjg. We decompose it as Pgjo = SO\OSao through the Cholesky
factorization, i.e.,

So|0 = ChOl{[XO — QOHXO - io]T}.
Then, generate the cubature points, §;, for the initial state vector and the fixed weights,

1 ,
w; =w=—,fori=1,2,...,2n.
2n

2. Time update (Prediction) (k=1,2,...,ky):

a) Evaluation of the cubature points

Xik—1lk—1 = Sp—1jk—1&i + Xp—1]k—1- (11)
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b) Evaluation of the propagated cubature points via the system dynamics
Xi ki1 = T (X g1 k—1, Uk—1)- (12)

¢) Evaluation of the predicted states based on the generated weights and propagated points

2n
Rife—1 = D wiX] g (13)
=1

d) Evaluation of the square root of the covariance matrix of the predicted state error covariance

Skik—1 = tm'angle{[x,’;lkfl,SQkfl]}, (14)

where X2|k71 is a centered weighted matrix, i.e.,

1
* _ * 3 ~ ~
Xk|k—1 = \/—% [X1,k|k_1 Xk|k—1 Xg,k\kq — Xglk—1 X;n,k|k71 — Xk|k—1 ], (15)

and Sq, , is the square-root of the the process noise such that Q,_1 = Sq, _, Sak_l. Moreover,
B = triangle{A} stands for a general triangularization algorithm, e.g. QR decomposition,
where B is a lower triangular matrix. If C is an upper triangular matrix obtained through the

QR decomposition of AT, then the lower triangular matrix is given by B = CT.

. Measurement update (Correction) (k=1,2,...,ks):

a) Evaluation of the cubature points using the predicted square root matrix, Syjs—1,

Xiklk—1 = Skjk—1&; + Xpjr—1- (16)
b) Evaluation of the propagated cubature point via the output dynamics

Y pp—1 = h(X pp—1, ur). (17)
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¢) Estimation of the predicted measurement vector
2n
Vik-1 = D 0 1.
i=1
d) Evaluation of the square root of the innovation covariance matrix
Syyi—1 = triangle{[Yy_1,Sr,]},

where Yy ,_1 is a centered weighted matrix, i.e.,

1

Yijg-1 = m[YLklkfl = Vilk-1 Yoot —Yrk-1 - You k-1 — Yak—1 I-

Sr, is also the square-root of the the measurement noise such that Ry = Sgr, Sgk.

e) Evaluation of the cross-covariance matrix

_ T
Py k=1 = Xnjk—1Ykjk—15

with the centered weighted matrix xy,,_; given by

Xk|k—1 = m[xlvklk—l = Xik—1 Xopho1 — Rkt 0 Xonklk—1 — Xejk—1 -

f) Evaluation of the SRCKF filter gain
Wy = Pwy,k|kflsy_;k|k_1s_1

yy,klk—1°

g) Evaluation of the corrected state update based on the measurement

Xk = Xilk—1 + Wr(Yr — Yrjp—1)-

18
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h) Evaluation of the square-root of the corrected error covariance matrix

Sk = triangle{ [xpx—1 — Wi Yi—1, WiSr, ] }- (25)

The state estimation process continues iteratively from the second step of the algorithm, i.e., the
time update (prediction) by setting &k = k 4+ 1. The flowchart depicting the SRCKF algorithm is

shown in Fig. 2.
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- . 1 .
Xo = &[x0], Pojo = SO\OSaov w; = %,ﬁi,z =1,2,...,2n
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2

|Xi,k71|k—1 =Sk 1p—1& + Xp—1k—1 |

|X§,k‘k_1 = fk(Xi,k—l\k—lauk—1)|

2n
~ _ . *
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i=
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* — * o * s * o
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Figure 2: Flowchart of SRCKF algorithm
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2.2.2 Multiple-Model SRCKF for Input Delay Estimation

Time delay estimation introduces a challenge in the parameter identification framework since the
variable delay is not transformable to an equivalent random walk process. Rational approximations
of the delay, such as Padé approximation, can be considered as alternative solutions; however, the
introduced truncation error may be significant and problematic, especially for large and time-varying
delays. Thus, to obtain a more accurate delay estimation, the aforementioned SRCKF algorithm is
equipped with a multiple-model framework cascaded with a hypothesis testing module [32].

The underlying idea of the MMSRCKF method is to use a bank of IV identical SRCKFs in a

parallel setting, as shown in Fig. 3.

SRCKF with

~M M
Tl

SRCKF with ; Hypothesis Testing ——

SRCKF with 7x

Figure 3: Bank of NV parallel SRCKFs for delay estimation

Every SRCKF uses the same measurement and input data, but a different delay is assigned to
each filter. The ith element in the bank provides us with a state vector estimation X}‘C together
with the residuals r}'€ =yi — §}c By having this information, a hypothesis testing block can then
be used to estimate the value of the delay. Specifically, if the delay matches the one assigned to the

ith SRCKF element, then the corresponding residual is essentially a zero-mean white noise process,
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i.e., &[r}] = 0, and its covariance is given by
Elri(ry)" =HPH' + R £ R}, (26)

with H = [1 0 0 1], P denotes the estimation covariance at the kth step, and R stands for the
measurement noise covariance. The conditional probability density function of the ith SRCKF

element measurement can be computed through

F(@kle) = cerp{ — S TRD el ), (27)

(2m) %R} |2

where m is the dimension of available measurements at each time step. Then, the conditional

probability of each hypothesis is
F @G lyw)pi—s

R (28)
RLCATS
p

P =
where p! can be interpreted as the normalized conditional probability of the case when the delay
equals the assigned value to the th filter, i.e., % pi = 1. Now, it is possible to estimate the
delay according to the filter, which has the highesznzgrobability. However, for a more accurate delay
estimation and to avoid large fluctuations, instead of choosing the block with the most probable
delay estimation, we treat the hypotheses resulting as weights and blend them to improve the delay

estimation. In other words, we can estimate the time delay as
N
MM jJ
M =N "plr, (29)
j=1
and Tg is the delay estimation of the ith filter. Next, a bank of IV parallel SRCKF estimators of the

MMSRCKEF (see Fig. 3) will be implemented for the model parameter and time delay estimation of

the MAP response dynamics.
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2.3 MAP Response Estimation Results and Validations

Considering the continuous-time model (1), which characterizes the patient’s MAP response to
the infusion of a vasoactive drug, to implement recursive sequential estimation tools, we need to

discretize the continuous-time model at the sampling rate of Ts as follows

(1 TS) +KkTS
T = — =)z U T
! (R e (30)

Yp = Tp+ MAP,,

where z, = AMAP, = MAP, — M AP, at the kth time instant. In (30), we augment the state

vector with the parameters to be estimated, namely Ky, Ty, and M AP, , i.e.,

XP=[X{ X} X} X=[AMAP, K, T. MAP,)]. (31)

Since model parameters are time-varying and assumed to be a priori unknown, (30) represents a
nonlinear equation with regards to the state vector, Xy, that can be expressed as the following

nonlinear dynamics

Xt = Xk ug) + wg,
. (32)
ye = he(Xg) + vg,
with )
T. T.X
1 — 1—- =5\x! Sk -
fie (X, ug) ( Xij) g T X,f Uk—2E)> (33)
hk(Xk) = X'/,i—l—)(;i7

and f,i(Xk,uk) = X,i, for ¢ = 2,3,4. The process noise, wy, and the measurement noise, vy, are
both assumed to be additive and statistically independent zero-mean Gaussian processes with covari-
ances given by Qi and Ry, respectively. Although such an augmentation facilitates the estimation
procedure, the time-varying input delay neither can be included in the augmented state vector nor

be captured by a random walk process. Thus, time-delay is estimated through a multiple-model
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hypothesis testing process along with the SRCKF, discussed in Section 2.2.

Next, we test the proposed MMSRCKF estimation algorithm in simulation where the patient’s
model parameters are generated by nonlinear functions based on clinical observations (2)-(4). Then,
the verified estimation framework is validated using the experimental data from animal experiments.

In order to build a realistic simulation model of an individual’s MAP response to the drug
infusion with some known model parameters, we use (2)-(4) to generate the patient’s nonlinear
time-varying model parameters, i.e., K(t), T(t), 7(t), and M AP,(t), where model parameters are
nonlinear functions of the drug infusion rate, % (t). Figure 4 demonstrates the general structure of

the nonlinear patient parameter generation process.

NL Patient
Parameter
Generation

K@) |T(@®) |[MaP, () | 2(0)

it Patient AMAP (t)
Eq. (1)

Parameter
Estimation

."{\(t){?(t) } MAP,(t) [ f(t)\

Figure 4: Structure of nonlinear patient parameter generation

R

As shown, the model parameters are generated based on the given infusion rate, % (t), while
the parameter estimation tool estimates the model parameters sub-optimally, using the input drug
infusion rate and measured output MAP. Figure 5 depicts the piecewise constant phenylephrine

(PHP) drug infusion profile used to generate the nonlinear patient parameters.
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Figure 5: Profile of piecewise constant PHP drug injection

Using the generated nonlinear patient, we evaluate the proposed MMSRCKEF in estimating model
parameters, and the results are compared to the previously reported EKF algorithm [53]. Figures
6, 7, 8, and 9 present the estimation results for the varying model parameters, namely sensitivity
K(t), time constant T'(¢t), MAP baseline value M AP,(t), and time delay 7(t), respectively. As
demonstrated, the implemented MMSRCKF method outperforms the EKF in terms of accuracy and
convergence speed. Additionally, MMSRCKF online estimation shows more desirable matches with
the generated nonlinear patient parameters based on pharmacodynamics [21]. It should be noted
that although the computation complexity of both CKF and EKF algorithms equally grows as n?
with n denotes the system size, the former filter is more accurate and numerically more stable. Table

2 further compares the root mean square errors (RMSEs) of the model parameters and estimated

MAP response in both algorithms by which the error reduction is obvious using MMSRCKF'.
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Figure 6: Nonlinear patient sensitivity estimation
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Figure 7: Nonlinear patient lag time estimation
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Figure 9: Nonlinear patient input delay estimation
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Table 2: Estimation root mean square errors (RMSEs)

RMSE

Parameter MMSRCKF EKF

K 0.061 0.095
T 8.370 24.917
MAP, 0.188 0.706
T 3.128 9.114
MAP 0.008 0.202

In the next step, we implement the MMSRCKF algorithm on the collected data from an actual
animal experiment. The input PHP drug infusion rates and output MAP measurements for a 55
kg anesthetized swine were recorded at the Resuscitation Research Laboratory at the Department
of Anesthesiology, UTMB at Galveston, Texas. An intramuscular injection of ketamine was used
to sedate the swine, maintained under anesthetic conditions by the continuous infusion of propofol.
A Philips MP2 transport device with a sampling frequency of 20 Hz was used to monitor the
blood pressure response over a 6-hour experiment, while the PHP drug was being infused through a
bodyguard infusion pump. Figure 10 shows the piecewise constant PHP drug infusion profile versus
the corresponding measured raw blood pressure response and the MAP response over time. We
then use this dataset to validate the estimation of the MAP dynamic model parameters using the
proposed MMSRCKF methodology. The experimental dataset has been re-sampled at the sampling

frequency of 0.2 Hz.
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Figure 10: Instantaneous blood pressure and MAP response to a piecewise constant PHP drug in-
jection in an animal experiment

Regarding the multiple-model step of the MMSRCKF algorithm adopted for the time-delay
estimation, the estimation accuracy versus the algorithm speed of convergence triggered a trade-off
which needed to be addressed with care; hence, it is essential to choose an appropriate number of
the bank of SRCKFs constructing the MMSRCKF structure. In this work, we examined a bank
of 11 SRCKFs with the delay interval of 7 € [0 100]s. Consequently, the time gridding for the
evenly distributed filters was equal to 10s. The MAP estimation of the proposed algorithm, as
well as the clinically acquired MAP measurements, are illustrated in Fig. 11, which suggests that
the proposed identification method is capable of accurately capturing the MAP response of the
swine to the injection of the PHP drug. Additionally, the estimation of the model parameters,
namely the sensitivity K (t), time constant 7'(¢), MAP baseline value M AP, (t), and time delay 7(t),
are depicted in Figs. 12, 13, 14, and 15, respectively. The estimated parameter values followed

the expected trends, as discussed in detail in [92]. Furthermore, the delay estimation in Fig. 15
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demonstrated a sharp initialization peak right after the initial injection of the drug and followed a

slowly decaying trend during the rest of the experiment as anticipated [21] and obeys (4).
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Figure 11: MAP estimation results in an animal experiment
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Figure 12: Sensitivity estimation in an animal experiment
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Figure 13: Lag time estimation in an animal experiment
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Figure 14: Baseline MAP estimation in an animal experiment
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Figure 15: Time delay estimation in an animal experiment

2.4 Chapter Conclusion

In this chapter, precise real-time estimation of hemodynamics characteristics and mean arterial
blood pressure in response to vasoactive drug administration are considered, which are pivotal to
design an efficient controller to meet closed-loop physiological response requirements in various
clinical scenarios. Real-time estimation of such dynamic models was examined in this chapter. Due
to the inter-and intra-patient variabilities, an input-delay time-varying system was deemed to capture
the model parameter variations. A Bayesian estimation scheme known as cubature Kalman filter
was developed because of its convergence speed, nonlinear system handling, and numerical stability.
The varying parameters of the nonlinear system corrupted by noise were estimated through the
proposed framework. Since the input delay cannot be captured via a random-walk process, the filter
was augmented with a multiple-model module. Time delay and parameter estimation results of
the proposed Bayesian-based multiple-model square root cubature Kalman filtering (MMSRCKF)
algorithm were compared to the extended Kalman filter (EKF'), which verified the advantage of the

utilized Bayesian-based approach.
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Pressure Regulation
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3.1 Introduction

In general, analysis and control of time-delay systems using frequency-domain methods can pro-
vide necessary and sufficient conditions with less computational complexity. Among the frequency-
domain methods, the internal model control (IMC) approach holds inherent robustness against pa-
rameter perturbations with a favorable disturbance rejection while providing a simple-to-implement
structure [61]. Moreover, the IMC structure allows the designer to address the plant uncertainties
and perform sensitivity analysis directly. The method has been widely used in time-delay systems
control [76] and has been further developed to address the control of unstable time-delay systems [79],
as well. Furthermore, the Smith predictor (SP), as the first systematic approach to deal with input
delays, is a particular case of the IMC strategy [85].

For some plant models, the IMC structure can be approximated by a proportional-integral-
derivative (PID) control structure [71] to account that the classic PID configuration is still the
dominant controller in the vast majority of industrial systems [101]. In this chapter, an equivalent
PID controller with a lag compensator is designed based on a robust IMC methodology that ex-

plicitly addresses the control of time-delay systems [74]. As another frequency-domain method, a
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parameter-varying loop-shaping approach is investigated in which, by using the Padé approxima-
tion, the infinite-dimensional system with pure delay is transformed into a finite-dimensional but
nonminimum phase (NMP) system. While carefully regarding the limitations posed by the internal
dynamics of the NMP system, this framework imposes phase and gain margins constraints to meet
performance and robustness requirements of the closed-loop system [89]. The loop-shaping method
aims at designing the closed-loop controller to meet bandwidth requirements in a straightforward
manner.

In this chapter, a first-order time-delay model is assumed to describe the MAP response to
vasoactive drugs (see chapter 1). For the control design, first, the NMP system resulted by the
rational approximation of the delay relinquishes the infinite-dimensional delay problem; however, it
suffers from a lack of adequate phase margin inherited by the delay magnitude. Consequently, the
loop-shaping algorithm is presented to introduce a parameter-varying controller to track the refer-
ence MAP. In the second method, the system is regarded as a nominal plant with the time-varying
delay and the parameters treated as uncertainties. The small-gain theorem explicitly characterizes
necessary and sufficient conditions for robust stability of the closed-loop system with the IMC con-
troller. Then, an equivalent IMC-PID controller is derived, and the previous robust condition is
used to design the PID coefficients. Furthermore, closed-loop performance degradation imposed by
the time delay presence is investigated by examining the complementary sensitivity function. Due
to their simplified underlying structure, the proposed controls are easily implementable for clinical
applications while achieving the desired MAP regulation. For control validation purposes, a nonlin-
ear simulation model with time-varying parameters is utilized to capture the varying physiological

characteristics of patients’ MAP response.
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3.2 Control System Design

Considering the patient’s MAP response continuous-time dynamics (1), a first-order single-input

single-output (SISO) model with time-delay in the control input is presented in Laplace domain as

_ AMAP(s) K
Grl(s) = I(s) T Ts+1°

T, (34)

The major obstacle in the control design process is the large varying time-delay, which results in
a reduced system bandwidth and poor closed-loop system performance. Subsequently, two feedback
control design methods are examined in this chapter: (1) loop-shaping controller whose structure
is varying with the variation of the system parameters, and (2) IMC-PID controller with a time-
invariant structure whose parameters are derived by considering the time variations as uncertainties

and employing the small-gain theorem.

3.2.1 Loop-Shaping Control Design

The structure of a closed-loop system with a loop shaping controller is shown in Fig. 16.

Parameter |
Estimation
d(t)
K T |7
W) el [T ) T
y .
® »| Loop-Shaping »| Pati ®
—> > Patient —> >
+ 7 Controller

Figure 16: Closed-loop system structure

The first-order Padé approximation is used to transfer the infinite-dimensional time-delay model
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(34) into a finite-dimensional one as

_ AMAP(s) = K 2—7Ts
G = =I5 S Tsx1 257

(35)

The model (35) is an NMP system with a right-hand plane (RHP) zero posing restrictions on
the achievable bandwidth [82]. The loop transfer function is L(s) = G,(s)G¢(s) where G.(s) is the
feedback controller to be designed and G,(s) is the product of all other transfer functions around
the loop including the plant, the actuator, and sensor. By splitting the plant transfer function into

a minimum phase (MP) stable open-loop transfer function and a NMP part, G,(s) can be rewritten
_ 2—-71s
 Ts+1 2+71s
known as a Blaschke product. The presence of an RHP zero in Gy p contributes to additional

as Gp(s) = Gup(s)Gnup(s), where Gurp(s) and Gnyp(s) = , which is also
phase lag and restricts the achievable bandwidth region, which is closely characterized by the gain
crossover frequency, w,., that is, the smallest frequency at which |L(jw.)| = 1. To find the crossover

frequency with the desired phase margin, y,,, based on desired performance and stability conditions,

we consider the phase of L(jw.)
LL(jw.) = £Gc(jwe) + £Grmp(jwe) + AGnpmp(jwe) > —T + @O (36)

By assuming Bode’s ideal loop transfer function for the minimum phase and the control transfer

functions (L;(s) = (Wi)"), we have

£Ge(s) + £Grp(jwe) = n 7 (37)
by which (36) can be expressed as [7]

LGnmp(jwe) > =7+ ©m — ng, (38)

dlog|L(jw)|

il is defined as the logarithmic slope of the loop transfer function. By replacing
ogw

where n =
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£Gnup(jwe) = —2tan™! T

in (38), we have

we <217t tan(z _Om nE).

2 2 4 (39)

Equation (39) gives the upper bound of the crossover frequency with respect to the inverse value
of the delay for a given phase margin. For larger delays, the attainable crossover frequency de-
creases, thereby slowing down the system closed-loop response. This limitation plays a crucial role
in determining the achievable bandwidth in designing the control system.

Loop-shaping is a classical method that aims to design a controller to explicitly shape the magni-
tude of the loop transfer function, |L(jw)|, as a function of frequency to achieve desired bandwidth
and performance specifications. Considering the sensitivity transfer function S(s) = [1+L(s)]~! and
the complementary sensitivity function T(s) =1 — S(s) = L(s)[1 + L(s)]7}, the closed-loop system
response in terms of the tracking error in the presence of disturbances and measurement noise can
be written as

e=y—y"=-S-y*+S-Gy-d—"T-n, (40)

where e is the error, y* is the reference command, G is the disturbance model, d is the disturbance
and n denotes measurement noise. To achieve a “perfect control” we should have e = 0; that is
e=0-y"+0-Gg-d—0-n.

Regarding Eq. (40), in order to achieve perfect command tracking and disturbance rejection
one may design G.(s) such that it increases the magnitude of the loop transfer function, |L(jw)],
so that S &~ 0, and T & 1. On the other hand, in order to have zero noise transmission, the design
procedure should be altered to decrease the magnitude of the loop transfer function, |L(jw)|, so
that T =~ 0 and equivalently S ~ 1. All these objectives cannot be achieved simultaneously, which
is a fundamental nature of the feedback design, and a trade-off should be achieved between the
sensitivity and the complementary sensitivity functions. However, since those mentioned conflicting
objectives are generally in different frequency ranges, the reference tracking, and the disturbance

rejection requirements can be achieved by a large loop gain (|L(jw)| > 1) at low frequencies below
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the gain crossover frequency, w., and a small gain (|L(jw)| < 1) at high frequencies above w, for
noise attenuation. Hence, to take advantage of the feedback control and achieve the desired reference
command tracking, we need large controller gains, i.e., the loop gain |L(jw)| has to be made as large
as possible within the bandwidth region. However, due to the time delay, which is translated into
an RHP zero in the present formulation, and the unmodeled high-frequency dynamics, it is desired
for |L(jw)| to drop sharply below one in the frequencies above the crossover region [82]. Typically,
the desired slope at the crossover region and at low frequencies below the crossover depends on the
nature of the reference command and disturbance signals. So, as a rule of thumb, to achieve zero
offset and reference command tracking (i.e., e &~ 0 for t — 00), the loop transfer function, L(s),
must contain at least one integrator for each integrator in the reference signal, y*(s) [82]. Now,

considering that we are designing a proper controller for the step changes in the reference command

dlog|L(j
and disturbances, the logarithmic slope of the loop transfer function |L(s)|, n = w,
ogw
desired to be at least n = —1 at the crossover region and at low frequencies below the crossover

and it is desired to have a larger roll-off, e.g. n < —2 for the loop transfer function, |L(s)|, at high
frequencies above w,. (at least one decade above w,) for noise attenuation.
By having the desired slopes and phase margin in mind and considering (39), the upper bound

of crossover frequency is obtained as

s
we < 27 L tan — — ('O—m.

1 5 (41)

T
By assuming the desired phase margin to be ¢,, = 3 the upper bound on the crossover frequency

(41) will be w, < 27~ tan7/12 and the parameter-varying delay-dependent controller will be

_ K. K.(T.s+1)
G.(s) =Gyl = , 42
(5) MP S(lolwcs + 1) 3(101%5 + 1) ( )

where G}p is added as the inverse of the MP stable transfer function to cancel the effect of the lag
term in G, (s) and eliminate the undesired break frequencies before w.. Assuming stepwise reference

command, to achieve perfect reference command tracking performance, one integrator, 1/s, is added
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to provide |L(s)| with the slope n = —1 at the crossover region and frequencies below that. The

term ( s+ 1) is added to introduce a low-pass filter into the controller dynamics and to make

10w,
|L(s)| have a large roll-off with a higher slope at high frequencies above w. (one decade above w).

Consequently, the desired loop transfer function L(s) is shaped as

KK (1-%s)

L(s) = . . 43
() s(ﬁs—l—l)(l—i—%s) (43)
Equation (43) can be used to determine the control gain, K., by setting |L(jw.)| =1, i.e.,
14+ jwes| w w
K,=[143501] - |——2|. Z£ =1.005- ——=, 44
e = (14)

where Eq. (44) represents the control gain explicitly as a function of the model gain and the delay
term incorporated indirectly through (41). Shown in Fig. 17 is the control gain, K., calculated
through considering time-varying patient sensitivity, K, according to Eq. (2), and the crossover
frequencies obtained from (41) for various time-varying delay values according to Eq. (4). It should
also be clarified that K, T, and 7 are considered to be slowly varying parameters such that the
dynamic response is faster than the parameter variations. The relevance and accuracy of using the
Padé approximation has been extensively addressed in [89]. Figure 18 shows the Bode plots for the
closed-loop system for the time-delay interval 0.65 sec < 7 < 21.15 sec with increments of 1.025 sec,

where the stability condition and the desired phase margin is satisfied for all the delay values.
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Figure 18: Bode plots for the closed-loop system for the time-delay interval 0.65 sec < 7 < 21.15 sec
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As shown, gain crossover frequency, w., decreases as the time-delay increases. This implies that
the limitation on a system with a large time-delay is much stricter and requires the system to have

a lower w, in order to compensate for the larger time-delays.

3.2.2 IMC-Based PID Control Design

A family of first-order time-delay systems subject to parametric uncertainties can be expressed

by a set of plants with a multiplicative uncertainty defined by

Q= {Gp(5)IGp(s) = Gp(s) (1 + A), Al <1}, (45a)
Gp(s) = Tfi 167?3, (45Db)

where G,, denotes the known nominal system and G,(s) is any perturbed plant of interest with a
time-varying delay and parameters all varying within the prescribed bounds. Model uncertainties
are embedded in a stable rational transfer function, A, and the delay-free plants are all analytic

functions and bounded in C* (or

Ts 11 € RH~). The bounded parameters K, 7, and T and their
S
nominal counterparts denoted by K, 7, and T define the relative errors through

K-K
= = (46a)
e2l°T (46b)
T
T-T
v £ T ) (46C)

which are bounded by known parameters as |§| < p, |¢| < ¢, and |y| < r. The schematic of the

proposed IMC method is shown in Fig. 19.
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Figure 19: Schematic of the IMC strategy and equivalent closed-loop controller

A candidate for the controller that enables the closed-loop system to track a step reference signal

with a satisfactory level of disturbance rejection and noise attenuation is given by [74],

N

1 s+ 1
Gels) = = 57 (47)

>

which is referred to a A-tuned controller. Then, the following result as a consequence of the small-gain

theorem gives the necessary and sufficient condition for robust stability of the closed-loop system.

Theorem 1. Consider Q as a set of perturbed time-delay plants satisfying the multiplicative uncer-
tainty given by (45). The controller (47) then robustly stabilizes the family of the input-delay plants

with the bounded relative uncertainties (46) if and only if the following inequality is met:
2 o7\ 2w 1 &
{(5 +4(0+1) [(1 + (v + Dw*T ) sin” —- + ivasmew}

+@2ﬁ15—7ﬂ2}-{1+{w«w+1ﬁﬂ2}1<(Aw)2+1,

with & = w7 and T =

AN

Proof. As per the small-gain theorem, if a family of uncertain systems, fulfilling the multiplicative

uncertainty condition given by (45), satisfies the H, norm inequality

m($)As) 0 < 1, (49)
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then internal stability for these systems is guaranteed. Since ||H(s)||oc = sup(H(s)) < 1 corre-

sponds to |H (jw)| < 1, for all w, using the expressions for 7j(jw) and A(jw), (49) yields

’ = Gp(jw) — Gp(jw)

Gelje) - Grtji) - LIDZEZ G- (Gl = Glil] | <1 (a0)

By substituting the equations (45b) and (47) into (50), one can obtain

‘ij +1 1 (Ke_jm Ke ™% ) ‘

K o+l \1+Tw 1+ jTw
(51)
K1+ jTw)e /™ — K(1+ jTw)e 7™ L
K(1+ jTw) JAw+ 1 '
After carrying out some mathematical manipulations, the above inequality becomes
K — F 2 K — T _ K T 2 T =
<7> +4—= Sin2 M + (wT)Q (: . :> +4= i 2 W(T T)
K 2 T KT 2
- (52)

[N

A= x|

+2w=(T —T)sinw(r — 7)}

Using the relative error definitions for the parameters in (52), the inequality (48) is obtained. [

After establishing robust stability conditions, the next section introduces a PID controller struc-
ture derived from the IMC framework.
Derivation of Equivalent PID Structure

As per Fig. 19, a feedback loop with an equivalent controller transfer function, G.,, (s) can be

used to design a PID controller with a low-pass filter to enhance robustness, i.e.,

()= — G 1 Ts+l (53a)
T 1~ Ges)Gp(s) K As+1—eT
1 1 1

where (53) is a PID plus lag compensator with appropriate coefficients to be computed. Using the
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fist-order Padé approximation of the delay, the right-hand side (RHS) of (53a) is

— — = 1
Ts+1 1 (Ts+1)(1+3s) (5 *)
Ks+1) —Ke™ K A2+ (A +7)s f( 2)
P
Ta
—_——~
! 1+< 1 ) 1
—_ 7\ s 2,1 )° A =
<T+2) T T (}\71 ;)S—l—l
2+
i ———
T >

The next section examines the closed-loop performance of the proposed control structures for the

blood pressure regulation problem.

3.3 Simulations Results and Discussions
3.3.1 PID Controller Tuning

Nominal values for the blood pressure response to phenylephrine (PHP) are obtained experimen-
tally [98]. The parameters of the plant are perturbed from the nominal values K = 0.55,7 = 700,
and 7 = 40 by relative errors of |§] < 0.182, || < 0.143, and |e| < 0.75, respectively. For determining
the robustly stabilizing range of the tuning parameter, the left-hand side (LHS) and RHS of (48)
are considered as separate functions of the uncertainties and the nominal values. Provided that any
assigned value of A\ renders the RHS greater than LHS, the robust stability requirement is fulfilled.
In general, these two functions are close to each other if the uncertainties are at their lower and
upper bounds. Choosing ; = 1.2, the RHS and LHS of (48) versus the dimensionless frequency w

are shown in Fig. 20 as two shaded areas where the robust stability condition holds.
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Figure 20: Robust stability criterion, Eq. (48) for different uncertainties on the delay and gain
parameters with (a) lower bound of the time constant uncertainty, and (b) upper bound
of the time constant uncertainty

Remark 1. For time constant values without uncertainty, i.e., v = 0, mathematical manipulations

reveal that

S >

~q, (54)

satisfies the robust stability condition.

In order to improve the closed-loop system performance, let us define My = ||T(s)||c as the
maximum value of the magnitude of the complementary sensitivity function, T(s). Typically, a
large value of Mp (about 0.5 dB) is indicating inadequate performance and this is the case as Fig.
21(a) illustrates. In classical feedback control design, usually an upper bound is placed on Mr as a
prevalent design requirement. In particular, it is meaningful to set Mr less than 1.25 (2 dB) [82].

A
By retuning the controller parameter and increasing — to 2.5, Fig. 21(b) indicates that T(s)
T
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rolls off more smoothly and performance is enhanced with M7 < 1.5. Such a value for the tuning

parameter is used to evaluate the closed-loop performance in the next section.
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Figure 21: Logarithmic norm of the complementary sensitivity function vs. logarithmic dimension-
less frequency, @, for different values of delay uncertainty, €, (a) not tuned, and (b) tuned
controller

Remark 2. In general, increasing the filter time-constant will decrease the overshoot and conse-
quently yields an improved performance [16]. However, increasing A leads to a more conservative
controller because of the fact that the open-loop gain decreases [16] and the resulting closed-loop

dynamics exhibits more sluggish behavior.

Remark 3. In general, My is a better measure of robustness than the gain margin (GM) or the

phase margin (o). Robustness based on GM and ¢, tends to be overly optimistic and their
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associated lower bounds can be established through

1

> _

GM =1+ 5. (55a)
1

) ~ e (55b)

O > 2sin~! (2M
T

However, to reduce conservatism, the structured singular value, p can be used by constraining the

phase and gain variations to the diagonal elements of the transfer function matriz [71].

3.3.2 MAP Regulation Closed-Loop Simulation Results

In order to evaluate the performance of the proposed controllers, experimental data are used to
build a realistic nonlinear patient’s MAP response model based on (34) where instantaneous values
of model parameters K, T, and 7 are generated based on (2)-(4).

For comparison purposes, we implement the proposed loop-shaping and the IMC-PID controllers
and evaluate their performance against a fixed structure PI controller (see [98]). Given nominal
values of the model parameters as K = 0.55,7 = 700, and 7 = 40, the tuned PI controller transfer
function is as follows

.01
Gols) = 10+ % (56)

which is obtained to meet the prescribed gain and phase margin constraints [105]. In the absence
of disturbances and measurement noise, the tracking profile and the control effort are shown in Fig.

22, where the objective is to elevate the MAP to track the stepwise MAP reference.
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Figure 22: Tracking performance and control effort for proposed controllers against a fixed PI con-
troller with no disturbance and measurement noise

According to Fig. 22, the overshoot of the closed-loop response remains within the acceptable
range, and the parameter varying controller provides the fastest response with the least settling time
among the examined controllers. For the sake of completeness, we assume that the closed-loop system
is experiencing both input (Fig. 23(a)) and output disturbances due to medical interventions and
physiological conditions such as hemorrhage and additional medications such as infusion of lactated

ringers (LR) and sodium nitroprusside (SNP). Figure 23(b) is a typical profile of such disturbances.
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Figure 23: Profile of disturbances in (a) input and (b) output channels

In order to evaluate the robustness of the proposed controllers, we consider the over /underestimation
errors of 30% for the time delay value. As Fig. 25(a) suggests, in the overestimation case, the results
are more conservative due to the higher assumed time delay value in the controller design processes
and consequently slower closed-loop response. Additionally, for the underestimated time delay case,

Fig. 25(b) presents larger overshoots than the nominal cases. However, the MAP tracking results

49



confirm the robustness of the proposed controllers against the parameter uncertainty.

For the case with measurement noise (white noise with intensity of 107%) and disturbances,
closed-loop performance of both controllers is plotted in Fig. 24. As expected, both proposed
controllers outperform the fixed structure PI controller. Moreover, the parameter-varying loop
shaping controller outperforms the time-invariant PID controller with respect to the rise time and
speed of the response due to its varying structure, which better handles the relatively slowly varying
plant. Although the PID controller indicates a slower rise time, its performance remains acceptable

because of the IMC framework’s inherent robustness.
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Figure 24: Tracking performance and control effort for closed-loop system with disturbances and
measurement noise
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Figure 25: Closed-loop performance of the parameter-varying loop-shaping and IMC-PID controllers
in the presence of input and output disturbances and time delay estimation error (a) 30%
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3.4 Chapter Conclusion

This chapter has focused on comparing robust, and parameter-varying frequency domain-based
control design approaches for automatically regulating blood pressure in critical hypotensive patients
using vasopressor drug infusion. The governing dynamics of the mean arterial pressure (MAP) re-
sponse has been expressed by a first-order system with a time-varying delay and varying model
parameters. The loop-shaping design methodology is based on the gain and phase margin stability
measures, and the structure of the associated controller has been assumed to be parameter-varying
based on the varying system parameters. The internal model control (IMC) design has been per-
formed via the small-gain theorem, and a parameter-dependent stability criterion has been derived
for the tuning parameter. An equivalent PID controller has been extracted whose coefficients were
fixed, and system parameter variations have been assumed as unstructured uncertainties. Sensitivity
analysis has then been carried out to achieve a compromise between robust stability and robust per-
formance requirements. Furthermore, such an analysis and tuning further attenuated the overshoot,
and the oscillatory response generated a less sluggish closed-loop system and maintained the band-
width within a desirable range. Closed-loop simulations using a nonlinear patient MAP response
model derived from experimental data demonstrated the proposed controllers’ desirable robustness
against model parameters variations and time-delay while adjusting the set-point response under

disturbances and measurement noise.
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4 Robust Control of LPV Time-Delay Systems

The following chapter appeared in:
1. Proceedings of ASME Dynamic Systems and Control Conference (DSCC), 3, 2019, pp. 1-9.
Title: Delay-Dependent Output-Feedback Control for Blood Pressure Regulation Using LPV Tech-
niques
Authors: Shahin Tasoujian, Karolos Grigoriadis, Matthew Franchek.
Reproduced in part with permission from ASME Dynamic Systems and Control Conference Copy-
right 2019.
2. IET Control Theory & Applications, 2020, 14 (10), pp. 1334-1345.
Title: Robust Delay-Dependent LPV Synthesis for Blood Pressure Control with Real-Time Bayesian
Parameter Estimation
Authors: Shahin Tasoujian, Saeed Salavati, Matthew A Franchek, Karolos Grigoriadis.

Reproduced in part with permission from IET Digital Library, Copyright 2020.

4.1 Introduction

In this chapter, first, a robust delay-dependent linear parameter varying (LPV) gain-scheduled
dynamic output-feedback controller is proposed to guarantee the specified performance of the closed-
loop system and its robustness in terms of the induced Lo-norm characteristics when the investigated
LPYV time-delay system is assumed to be subject to parameter variability, varying time-delay, norm-
bounded uncertainties, and disturbances that impair the closed-loop response. Next, we consider
an improved parameter-dependent Lyapunov-Krasovskii functional (LKF) candidate, and the affine
Jensen’s inequality [14] is employed for bounding the integral cross-terms that appear in the LKF
derivative. The main contribution of this section resides in the employment of affine Jensen’s in-
equality, and hence, the conservatism that stems from the bounding of integral cross-terms in the
derivation of the LKF derivative is substantially diminished. The utilized affine Jensen’s inequal-
ity bounding technique considers intermediary values of delay instead of assuming the worst-case

delay value. These choices of LKF and bounding method, and avoiding model transformations

53



have enabled us to derive less conservative conditions for the synthesis of delay-dependent dynamic
output-feedback controllers for the LPV time-delay systems with large and fast-varying time delays.
The proposed approach’s conservativeness has been assessed and compared with previous work in
the literature through a numerical example.

In the next part of this chapter, we aim to develop an efficient, robust delay-dependent dy-
namic control design for LPV systems with varying uncertain time delay. To this end, we utilize
the proposed improved parameter-dependent LKF candidate and further enhance it with the less
conservative descriptor method analysis. The input-output approach is considered to address the
stability of the interconnected input-output LPV system representation under a varying uncertain
delay [28]. The choices of the LKF and the bounding method and avoiding model transformations
have enabled us to derive less conservative sufficient conditions for stability and performance anal-
ysis in terms of the induced Ls-norm of the closed-loop system. Subsequently, we present robust
gain-scheduling state-feedback and dynamic output-feedback controller design methods for the class
of LPV time-delay systems with large and fast-varying uncertain time delays are derived. The merit
of this work lies in the fact that the proposed approach can deal with arbitrary varying time delays
without any constraints on the delay derivative, and the nominal delay is also assumed to be vary-
ing, which imposes further challenges in deriving the stability conditions. We examine the stability
analysis and the worst-case disturbance amplification in terms of a prescribed induced Lo-norm
performance index. The final conditions are presented in a convex linear matrix inequality (LMI)
format using a Lyapunov-Krasovskii functional approach. Finally, after applying a proper congruent
transformation, the control synthesis results are presented in an easy-to-implement setting.

In the next section, we address the sampled-data LPV control design for the mean arterial blood
pressure (MAP) response regulation problem. The input-delay technique is used to map the hybrid
closed-loop system into the continuous-time domain with delay in the states. Next, delay-dependent
conditions are considered to study the stability and H..-norm performance analysis of the hybrid
closed-loop LPV system, which leads to the sampled-data output-feedback control synthesis. The

proposed delay-dependent sampled-data LPV control approach demonstrates superior capability in
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dealing with LPV systems with arbitrary varying time-delay and variable sampling rates.

Finally, an LPV time-delay model is assumed to represent the MAP response to PHP drug
infusion dynamics as a benchmark example to evaluate the proposed LPV control design methods.
Results of computer simulations utilizing collected animal experiment data and a nonlinear patient
simulation model demonstrate the superiority and effectiveness of the proposed delay-dependent LPV
controllers to achieve desired MAP reference tracking, transient response performance, disturbance

rejection and noise attenuation.

4.2 Delay-Dependent Gain-Scheduling Control Synthesis for LPV Time-

Delay Systems
4.2.1 Robust H,, Output-Feedback Control Design

Considering a time-delayed LPV system with the state-space model representation as follows

%(t) = Alp()xp(t) + A (p(1))x, (t = 7(p(1))) + Ba(p(t))W(t) + Ba(p(t))ut),
z(t) = Ci(p(t))xp(t) + Crr(p(t)xp(t — 7(p(t))) + D11 (p(t))w(t) + Diz(p(t))u(t),
y(t) = Ca(p(t))xp(t) + Cor(p(t))xy(t — 7(p(t))) + Dar(p(t))w(t),
x,(to+0) = ¢6), V9el[-T, 0],

(57)
where x,(t) € R" is the state vector, w(t) € R™ is the exogenous input vector with bounded
Lo-norm, u(t) € R™ is the control input vector, z(t) € R"= is the vector of controlled outputs,
y(t) € R™ is the vector of measured outputs, and the state space matrices A(-), A.(:), B1(-),
Bsy(-), Ci(+), C1.-(-), D11(+), D12(+), Ca(:), Ca,-(-), and Dy (-) are real-valued matrices which are
continuous functions of the time-varying scheduling parameter vector p(-). This vector is assumed

to be measurable in real-time with known bounds and belongs to the following set

F5 2 {pt) € CRL,R™) : p(t) € L, |pi(t)] <vii=1,2,...,n5}, (58)
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where n; is the number of parameters and & is a compact subset of R™s. Moreover, in LPV time-
delay model representation (57), ¢(6) € C([—7 0],R"?) is the functional system’s initial condition,
and 7(t) is a differentiable scalar function representing the parameter-varying time delay which lies

in the set 7"~ defined as
T & {2(p(t)) € C(P,Ry) 1 0 < 7() 7 < 00,7() < vs}. (59)
Considering the LPV time-delay system (57), with an allowable parameter vector trajectory in

F,, and a time-delay in 7”7, the design objectives are as follows:

e Asymptotic stability of the LPV system with an uncertain varying time-delay in the presence

of parameter variations, delay uncertainties, and disturbances, and

e Minimization of the worst-case amplification of the desired output, z, to a nonzero disturbance
signal, w, with bounded energy, i.e., solving the problem of the induced L£s-norm (energy-to-

energy gain) of the mapping T,y : W — z given by

2|2

min|| Tpyw||;,2 = min sup . (60)
peFy, |wla£0wes, |[Wll2
However, instead of the optimal objective (60), we address the suboptimal problem as
[Tawlli2 <. (61)

where ~ is a positive scalar. This means that if the condition (61) holds, the L£o-norm of the desired
output signal is bounded by 7||wl|2 for any nonzero disturbance signal with bounded energy, i.e.,

(lwl]lz, #0,w € Ls.
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A full-order delay-dependent dynamic output-feedback LPV controller is considered in the fol-

lowing form

xk(t) = Ax(pt)xk(t) + Ark(p(t)xk(t —7(p(t))) + Bk (p(t))y (1), )

u(t) = Cr(p)xk(t) + Crx(p(t)xx(t —(p(t)) + Dr(p))y (1),

where xg(t) € R™ is the controller state vector and xx(t — 7(p(¢))) € R" is the delayed
state of the controller, which is included in the controller structure to improve the closed-loop
results compared a the memoryless controller. It should be noted that, in order to achieve convex
conditions, the controller is assumed to be full order, i.e., the order of the controller is equal to n,.
Considering (57) and (62), and defining the closed-loop state vector as x5 (t) £ [ xI(t) xk(t) ],

P

closed-loop system will be in following form

Xcl (t) - Acl Xcl<t) + AT,Cl Xel (t - T(p(t))) + Bcl W(t)7 (63)
z(t) = Cuxa(t)+Craxa(t—71(p(t)))+Da w(t),
where
A A +B;DgC, ByCgk A, +ByDgCy, ByC; g
cl = s L7 el = 3
Bk C2 Ak Bk Co - Ar k
B: + B2DgDoy (64)
B, = ,Ccl = Cl + D12DKC2 D]_QCK )
BxDaoy

CT,cl = CLT + D12DKC217- Dlgcﬂ,-’}(:| 7Dcl =Dy + D12DKD21>

and the dependence on the scheduling parameter vector has been dropped for brevity. Now, consid-
ering the closed-loop system (63), the following result provides sufficient conditions for the synthesis
of a delayed output-feedback controller to guarantee closed-loop asymptotic stability and a specified

level of disturbance rejection performance according to (61).
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Theorem 2. [15]: The system (57) is asymptotically stable over p € FY, and T € T and satisfies

the induced Lo-norm performance specification (61), if there exists a continuously differentiable

matriz function P(p(t)) : T Sinﬁ, parameter dependent matriz functions X(p(t)), Y (p(t)) :

FY, — Si7., constant matrices Q R e S, parameter dependent matrices A\(p(t)), A\T(p(t)) :

T, e RWX B(p(t)) : FY — RXmw Cp(t), Crlp(t)) : T4 = RXm Dy (p(t)) : FY —

R™ %"y and scalars v > 0, Ao, and A3 such that the following LMI condition

9V

*

holds, with

].5—)\2\74-%
‘i’22+)\2($2f+$2/T)
*

*

A3V + o, B 0 V+7R
R+ AT T+ Nodte MoB €T XV -P
Fos + N (A + A1) AsB €T A3V

<0, (65)
* -1 97 0
* I | 0
* * x  (-1-279)R

AY +B,C A +ByDgCs
A XA + BC,

A, Y +ByC, A, +ByDgCs .

A, XA, + BC,.,

B, + B;DgDyy

XB; + BDy,

C.Y +D1,C Cp+ DlgDKCQ] ,
Ci Y + D1267 Cir+ DlQDKCQ,T:| )

Dy + D12DKD21] )
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Uy = Y1 +mE)+Q-R,
(66)

I

For the robust LPV control synthesis, we consider a class of uncertain time-delay LPV systems

norm-bounded uncertainties in the state and delayed state matrices as

%p(t) = Aa(p)xp(t) + Aar(p(t)x,(t = 7(p(1))) + Bi(p(t))w(t) + Ba(p(t))u(?)
z(t) = Ci(p(t))x,(t) + Crr(p(t)%p(t — 7(p(1))) + D1r(p(t))w(t) + Dua(p(t))u(t)  (67)
y(t) = Calp(1))xp(t) + Co 7 (p(t))%p(t = 7(p(1))) + Do (p(t))w (1),

where Aa(p(t)) = A(p(t))+AA(), Aar(p(t) = A (p(t))+AA,(t) are bounded matrices contain-
ing parametric uncertainties. The norm-bounded uncertainties are assumed to satisfy the following

relation

AA(t) E,
—HA(®) , (63)
AAT (t) E2

where H € R ¥ E; € R/*™  E; € R/*™ are known constant matrices and A(t) € R¥J is an

unknown time-varying uncertainty matrix function satisfying

ATHA(t) < 1. (69)

Now, considering the uncertain delayed LPV system (67), the following result provides sufficient
conditions for the synthesis of a robust time-delay output-feedback LPV controller, in the form
of (62), which guarantees the asymptotic stability and a specified level of disturbance rejection

performance as in (61) for the uncertain closed-loop time-delay system.

Theorem 3. There exists a full-order robust output-feedback LPV controller of the form (62) which
asymptotically stabilizes the uncertain LPV system (67) with all admissible uncertainties AA(t)
and AA.(t) of the form (68) and A(t) satisfying (69) with p € F4, and T € T¥ and satisfies

[1z|]2 < y||w]|2 for the closed-loop system, if there exists a continuously differentiable matriz function
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P(p(t)) : Fl — Sinjf, parameter dependent matriz functions X(p(t)),Y(p(t)) : F4 — Si7,
constant matrices Q, R € S4?., parameter dependent matrices g(p(t)), A-(p(t)) : F o = RwpXme,

B(p(t)) : F = R, Cp(t), Cr(p(t)) : FY = R Dy(p(t) : Fl — R, and

scalars v > 0, € > 0, Az, and Ag such that the following LMI

9V P-\V+o —\V + o, B

Wt (A +FT) R4 T+ Nty NP

* * égg + A3 (%—,— + WTT) A3 B
* * * —~1
* * * *
* * * *
* * * *
* * * *
- - HT HTX
0 V+7R 0
0 0
L . (70)
PO HT HTX YTElT 0
%T AQV -P )\2 €
0 0 Ef o
~ HT HTX YTEQT 0
(g‘rT )\3V )\3 € <0
0 0 E2T 0 ’
97 0 0 0
-1 0 0 0
* (-1-27)R 0 0
* * —el 0
* * * —el

is feasible, with \N/, A, oy, B,C, Cr, D, \ilgz, and Zao as in (66).
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Proof. By substituting the matrices with additive norm-bounded uncertainties, i.e., Aa(p(t)) =
A(p(t)) + AA(t) and Aa-(p(t)) = A (p(t)) + AA.(t), for A(p(t)) and A, (p(t)) into the LMI

condition (65) of Theorem 2, we obtain

- - ~ AAY AA
-2V P— V4o +
0 XAA
T
~ AAY AA AAY AA
* \1/22+>\2(JZ{+J27T)+>\2( + )
0 XAA 0 XAA
* *
* *
* *
* *
~ AAY AA,; ~ ~
—A3V + 4/, + B 0 V+7R
0 XAA,
T
- AAY AA AAY AA; -~
R+ T+ Xody + A3 + A2 B €T MWV -P
0 XAA 0 XAA.
T < 0.
- AAY AA, AAY AA, ~
Eoo+A3(Fy + A7)+ As( + ) A3%B  EF A3V
0 XAA, 0 XAA.
* -~ 927 0
* *  —I 0
* * * (-1-29)R

(71)
This constraint can also be written as the summation of the initial LMI constraint (65) and the LMI

corresponding to the uncertain parts as shown in (72). That is
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(71) = (65)+

0 AAY AA
0 XAA
T
AAY AA AAY AA
* Ag( + )
0 XAA 0 XAA
* *
* *
* *
* *
AAY AA;
0 XAA,
r T
AAY AA AAY AA;
)\3 +)\2
0 XAA 0 XAA.,
i AAY AA; AAY AA;
3
0 XAA., 0 XAA.,

62
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Finally (72) can be equivalently written as

(71) = (65)+

XH 0

A2
XH o

A3
He < XH o0

ElY E1 EQY E2
, 0, 0, 0 <0

Finally, using the following inequality [100]

OANP +dTAT(1HOT < '00T + 2", (74)

which holds for all scalars € > 0 and all constant matrices ® and ® of appropriate dimensions,
and using the Schur complement [12], the final LMI condition (70) is obtained and it completes the

proof. O
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LPV Controller Synthesis Procedure

The parameter dependent decision matrix variables X, Y, j, ET, E, 6, 67, and Dy are deter-
mined to minimize the performance index + and to hold the LMI condition (70). Subsequently, the
delayed gain-scheduling output-feedback controller (62) matrices are computed through the following
steps:

1. Determine M and N from the factorization problem
I-XY =NMT, (75)

where the obtained M and A matrices are square and invertible in the case of a full-order controller.

2. Consider the following relations

A = XAY +XByDyCyY + NBxCyY + XByCMT + NA M,
A, = XA,Y +XByDgCs,Y + NBgCs,Y + XByC, x MT + NA, x MT,
B = XB,Dy + NByg, (76)
C = DgCyY + CxMT,
c, = DkCy,Y + C, g MT.
3. Finally, Compute the controller matrices in the following order
C.x = (Cr —DgCo, Y)MT,
Cxk = (C—DgCyY)M™T,
Bx = N~1(B-XB,Dg), (77)
Ak = N XA, Y+XByDgCo, Y+ NBgCo, Y + XByCp g MT — A )M T,
Agx = —N"YXAY +XByDxCyY + NBgCyY 4+ XByCxMT — A)M-T.
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4.2.2 Improved Integral Inequality for Less Conservative Control Design

In time-delay systems analysis, frequency-domain approaches are limited to systems with con-
stant delays [58,65]. On the other hand, time-domain techniques utilizing LKFs have recently gained
significant attention, primarily because of their potential in addressing the stability analysis and con-
trol synthesis of systems with arbitrary varying time-delays. In the Lyapunov-Krasovskii method,
the prominent sources of conservatism are rooted in choosing the LKF, the use of model trans-
formations (such as Newton-Leibniz [43] and Padé approximations [42]) and the use of bounding
techniques required for constraining the quadratic integral terms of the form — ftt,T( " 2T (s)Ri(s)ds,
obtained from the derivative of the LKF. The authors in [64] used an LKF with the parametrized
Newton-Leibniz model transformation to obtain sufficient conditions for the stability of time-delay
systems. In [67], the same type of LKF, together with Park’s inequality, was employed for bound-
ing the cross-terms. Although this bounding method has helped to better address the bounding of
cross-terms and hence reducing the conservatism, it still suffers from the use of model transforma-
tions that have inherent conservatism. The authors in [102] proposed a parameter-dependent LKF
along with Jensen’s inequality for the integral term bounding to derive delay-dependent H., results
for LPV time-delay systems. This approach has avoided any model transformations, and therefore,
no conservatism has been introduced in this regard. The resulting conditions have been derived
using a more accurate and tighter bounding technique compared to previous work in the literature.
Nevertheless, the presented stability and performance conditions are not guaranteed for fast varying
time delays with rates greater than one. In the same work, due to the use of a simpler version of
Jensen’s inequality, intermediary values of delay are all neglected, and only the worst-case delay
value is considered, which leads to conservative results and poor performance, especially when the
actual delay value is small.

Similar to the previous section, we employ a Lyapunov-Krasovskii based strategy to derive delay-
dependent gain-scheduled control synthesis conditions for LPV time-delay systems. Moreover, an
improved parameter-dependent LKF candidate is proposed, followed by using an efficient bounding

technique, the affine Jensen’s inequality, to design an output-feedback LPV controller. These choices
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of LKF and integral inequality improved the results by reducing the conservatism of the method
by limiting the bounding gap in the integral cross-terms of LKF derivative. After introducing
appropriate slack variables, the final relaxed synthesis conditions are formulated in terms of tractable
and convex LMI conditions. Additionally, the closed-loop results of the proposed methodology are
compared with past work in the literature in terms of conservatism reduction and performance
improvement through a simple numerical example.

In this part of the chapter, we will take advantage of the following lemma, which plays a central

role in deriving the proposed technical results for the LPV time-delay systems framework.

Lemma 1. (Affine Jensen’s inequality) [14]: Given a matriz J € S}, a vector function
g : R>g — R" integrable over [a, b], where 0 < a < b, and a vector function w : R>g x R>¢ — R™*t™

satisfying fab g(s)ds = Muw(a,b) for a constant matriz M € R™*("+™) the following inequality
b
- [ o) g(9ds < wla,h) T Quiab) (78)
holds for all N € R™* (™) yith
Q=N"™+M"N + (b - a)NTIJ!N. (79)

To achieve less conservative results, we utilize a new extended-state based quadratic LKF candi-
date with modified integral terms, which depend explicitly on delay. The utilized approach avoids
model transformation; hence, it leads to further conservatism reduction. Additionally, affine Jensen’s
inequality is used for bounding the LKF derivative’s cross-terms. In order to derive tractable LMI-
based results, other conservative bounding approaches, such as the rational Jensen’s inequality,
consider the worst-case delay value to upper-bound the rational term. On the other hand, our
work’s utilized inequality is affine with respect to the time-delay (hence convex), so it provides a
tighter bound of the integral terms of the LKF derivative by taking all the possible intermediate
time-delay values into account. The following theorem provides sufficient conditions for the synthesis

of a delayed dynamic output-feedback LPV controller to meet the control design objectives, namely,
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closed-loop asymptotic stability and a specified level of disturbance attenuation performance (61)

for the closed-loop system.

Theorem 4. There exists an output-feedback LPV controller of the form (62) to asymptotically stabi-
lize the LPV system (57) and satisfies the induced Lo-norm bound performance specification given in
(61) with parameter trajectories p € F4, and 7 € TV, if we can find a continuously differentiable
parameter dependent positive-definite matriz functions P(p(t)) Fop — S?ﬁf, X(p(), Y(p(t)) :
Fip — S™, positive-definite matrices Q, R € S_ﬁf, symmetric real matrices W T € Sﬁf, real
matrices N1, No,N3 € R2" X2 parameter dependent real matrices A(p(t)), A\T(p(t)) Ty =
R *me B(p(t)) : b — R, C(p(t), Cr(p(t) : FL — RX" D (p(t)) + T — R,

a positive scalar 7y, given scalars Ao, A3, and Ay such that the following LMI

E1 P-V4+aaT Eis 1-#W+rxa? B €T 0 TN;F_
x  TRATEW =20,V oy — A3V VY MNP O 0 0
* * B3 pWNAS X2 €T 0 TNT
* * x  (1-HINT+N;3—W) Mm% 0 7NT 0 o
* * * * -1 27 0 0 7
* * * * * -1 0 O
* * * * * x —7T 0
* * * * * * * —7R
(80)
is feasible. In the derived LMI condition (80)
B o= |SiE(ndE )} +Q+ (o + ) + [1 -k (ngr )} (NT + N =72 W) +7T,
By = |1-20 (Vz o )] (—NT + No) + o+ A3/ 7,
S = 1o T (nds)| (- T - M) - Qi dalet + o),
(81)

=30 ﬂ:(Vi%) and \Nf, A, Ay, B, €, Cr, and D are as given in (66).
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Proof. The proof relies on employing an LKF candidate of the form
V(XClt ) Xclu P, t) = Vl(xcla P> t) + ‘/Q(XClta P, t) + V’3<XCH )y Ps t) + V4(XClta P, t) + ‘/5(5(6%, ) Ps t)a (82)
with

Vi(xet, ps t) = x5 ()P (p(t))xal(t),

V(Xclupa ) /t ® ( )Qxcl( )d777

Xclt ) pa / / Rxcl )dnd@,
—7(t) Jt+60

Xclt ) pa / / TXcl )dnd97
—7(t) Jt+60

xclt ) P; / / / Cl WXcl( )dnd@da,
—7(t) t+60

The notation x., (0) refers to x(t + 0) for & € [ -7 o | where x4, € C([-7 0],R™) is the
infinite-dimensional state vector of the system.

Our next task is to establish the asymptotic stability of the LPV system based on Lyapunov
stability theory. Accordingly, we evaluate the time derivative of the LKF (82) along the trajectories of
the closed-loop LPV system (63). After applications of the Leibniz integral rule, the time derivative

of LKF is obtained as follows

V(XClt’ kclm P, t) = Vl(xcl, P t) + "/Q(XClt? P, t) + %(Xchap’ t) + V4(XCltv P, t) + "/:’)(XClmp’ t)a (83)

68



where

Va0t . 1) = 255 ()P (p(1)xa(t) + X5 (1) [Z m(ﬂm;(f(“)”] ),

=1 P t

Va(Xet,, pot) = x5 (H)Qxa(t) — (1 — sz )X (t = T(6)Qxalt — 7(t)),

. t t

Vi (et ) = (KB (R (1) — (1~ sz )L s
t—7(t

. t t

Vzl(xcltapa ) T( ) ( )Txcl 1 - sz t ( )Xch(W)TXcz(U)dn,
t—7(t

. 2(t)7> 7 (t)

V:‘)(xcltvpat) = a (4)T ( )WXcl 1 - sz t / / cl chl( )dnde

—7(t) Jt+6

The affine Jensen’s inequality (Lemma 1) is used to bound the derivative terms with the negative,
integral cross term. This direct bounding technique enables us to provide a delayed-scheduled tight
upper bound on the time derivative of the LKF and therefore obtain less conservative results. In

this context, the third derivative term is bounded as follows

Va(Xet,, oy 1) < 7 ()% (8) Rk (1) I—sz ,t xT(t) x5t —7(t)) ]

w(t—7(t),t)T

NT+N; —-NT+N NT X (t
P T | RN, N S N
<~ 1 2
N’2T — N1 —NQT — N2 N%‘ I ——_———— Xcl(t — T(t))
N—_—— N
NTM+MTN NT w(t—7(t),t)

where by considering the affine Jensen’s inequality (1), we choose the function g(t) £ %.(t), inte-
grable over [t—7(t), t] and verifying ft -y Xt (t)dt = Mw(t—7(t),t), where M 2 [I, —I] € R?m»x4np
Xel (t)

X (t — 7(t))
where R, N; € R?"*2% and Ny € R?% %27 are additional matrix variables to be determined to

and w(t — 7(t),t) £ [ } € R4, Also,J =R € Sinf, and N = [Ny, Ny] € RZw»x4np

hold the inequality.
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By employing the same bounding trick on the next derivative terms we obtain

Vil .)€ TGO Tae) + (1= 5o) [ b
i=1 1 t—1(t

w(t—7(t),t)T

t
NI+ N3 +7¢t) NI T°!' N / X (1)dn, 85
( LNy +rONIING ) [ et (55)
NTM+MTN NT J N
w(t—7(t),t)
and
. 72 ()72 o or(t), 72
Vs (Xer,, p, 1) < <L (OWxg(t) — (1= pilt
5(Xelys Py t) < 4 X (L)W () ( ;p ( )3pi(t))7'2(t)

W) = [ xataar]. (56)

where we choose M £ T € R2"*2% and w(t — 7(t),t) = fttiT(t) xq(n)dn € R?™» J =T € S?ﬁf, and
N = N3 € R?"*2% where T, W € Siﬁf, and N3 are matrix variables to be determined.
Next, it remains to formulate the results as an LMI condition. Thus, the descriptor technique [28]

is used, which introduces slack variables Vi, V5, V3, and V4 as follows

72 [<EOVE + x5OV +xEe-roVE+ [ xEmanvi]
t—7(t)
<Aclxcl(t) + AT,chcl(t - T(t)) + Bclw(t) - ).(cl (t)> = 0. (87)

By considering the derivative of the utilized LKF (83) and the performance index as

J= h —?wh(t)yw(t) + 2z (t)z(t) <0,

which is assumed to establish the prescribed closed-loop performance level v given in (61), and by
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d
augmenting (83) with 27 and d;t]’ we obtain the following inequality
V(Xclt ’ Xclta P; t) +27 — ’YQWT (t)W(t) + ZT (t)Z(t) < CT (t)QC(t) <0, (88)

where the augmented state vector {(t) is defined as

T/ A ) t
¢ (t)= [ xy(t) x5(t) xL(t—7(t) ft_T(t) xy(n)dn wr(t) ]7 (89)
with
Ell P - VT + A V2 Elg (1 — T)TW + A V4 VrlI‘Bcl
x TR+TEW-—V,-VI VIA, -V —V4 VIB,
Q= « * = AT 'V VIB,
33 el V4 3 (90)
* * * (1-7)(N¥+N; -W) VIB,
* * * * —?

T+ T(I'T7'I+ "R™1®),
where
En = 21;1 (Vza )] +Q+VIAL+ALV, + [ -3 i(”Za )} (NT+ Ny — W) +7T,
B = 1—2”8 (s )}( NT +N,) + VTA, o + ATV,

833 = 1—2 (Vlap ):l (_N’QT_N2) _Q+V§‘AT,cl+AzclV37

r = Ccl 0 CT,cl 0 Dcl } ’
II =10 0 0 N; 0 } ;
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Slack variables in relation (87) are chosen as Vi £ \V e S Vy £ MV, Vi 2 AV, and

V, £ MV, where \; = 1, Ay, A3, and A4 are real constants and V is a real-valued symmetric matrix

R X N N Y M
which is partitioned as V £ , Vi & , such that XY + N\MT = 1.

NT % MT %
Finally, it remains to substitute closed-loop matrices (64) into (90) and then by applying the Schur

Y 1

complement to £2 in (90), we obtain a 8 x 8 block matrix. Finally, by defining Z £ ,
M0

and performing a congruence transformation diag (ZT, zZT zT zT 1,1, 2T, ZT) on the 8 x 8 block

matrix and redefining the matrix multiplications as [ 2 ZT [0 Z, LMI (80) is obtained and the

proof is complete. O

Finally, using the determined LMI decision variables, output-feedback LPV gain-scheduled con-
troller can be computed following the controller synthesis steps (75)-(77).
Numerical Example

As an illustrative example, we construct an LPV state-delayed system with the following state-

space representation [107]

0 1+02p(t 0.2p(t 0.1
X(t) = +0:20(0) () + pt) x(t — 7(p(t)))
-2 =340.1p(t) —0.2+0.1p(t) —0.3
e i)+ 0.2p(t) )
0.2 0.1+ 0.1p(t)
_ (92)
6 0 0
z(t) = |0 ¢ x(@)+ 0] u),
0 0 b
) = |1 o|x,

where p(t) = sin(t) is the LPV system scheduling parameter, 7(p(t)) = 7|sin(at)| is the parameter-

dependent time-varying delay with 0 < 7(¢) < 7 and |7| < v = Ta. Weighting scalars ¢, £, and ¢
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are selected to construct the desired controlled output vector, z(t), by penalizing the states of the
system and the control input.

Based on the results of Theorem 4, an output-feedback controller of the form (62) is designed
to minimize the induced Li-norm (or Heo-norm) of the closed-loop LPV time-delay system (63).
The design objective is to guarantee closed-loop stability and minimize the effect of the disturbance
using the measurement information of state x1, while maintaining the control input within reasonable

limits over the entire range of the scheduling parameter and delay variations.

Remark 4. The condition in Theorem j leads to an infinite-dimensional convex optimization prob-
lem with an infinite number of LMI constraints. To tackle this issue, we take advantage of the
gridding approach to convert the infinite-dimensional problem to a finite-dimensional convex opti-
mization problem [4]. In this regard, a quadratic parameter dependence is adopted for the parameter
dependent matrices as follows: G(p(t)) = Go + isj pi(t)Gi, + % %S: 03 (t)G,,, where G(p(t)) repre-
sents any of the involved LMI decision variables. zI:W;nally, griddin;:tlhe scheduling parameter space at
appropriate intervals leads to a finite set of LMIs to be solved for the unknown LMI variables and 7.
Furthermore, in order to improve the results, a 3-dimensional search over the three scalar variables

A2, A3, and Ay is performed to obtain the minimum value of v. The MATLAB® toolbox YALMIP

is used to solve the corresponding LMI optimization problems [51].

In the considered numerical example (92), the weighting scalars are chosen as ¢ = 1, £ = 10, and
1 = 1. The time delay is considered to be 7(t) = 3|sin(0.3t)| (i.e., 7 = 3 and « = 0.3). The results
of the proposed LPV control design approach are compared with prior results of an LPV time-delay
control design with simpler LKF candidate with a conservative bounding technique [90]. Figure
26 demonstrates the closed-loop responses of (92) for the proposed control and the one in [90]. As
illustrated, the proposed control scheme outperforms the one in [90] by regulating both system states
to zero by minimizing the effect of the disturbance. We consider a simulation scenario where a pulse
disturbance d(t) = 5 for t € [5 8] sec and zero elsewhere, is assumed to affect the system. It should
be noted that the same weighting scalars, parameter-dependence basis function, and the scheduling

parameter grid points are considered for both approaches. The obtained optimal energy-to-energy
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performance levels « are 1.1786 and 3.1546 for the proposed control and the one in [90], respectively.
Accordingly, Theorem 4 provides better disturbance attenuation, faster regulation, and improved

induced Lo-norm performance levels compared with the other controller.

2 T T
o —ux1, Proposed
-1y

State z
(e}
t
T

0.5 —29, Proposed|
T o

State xo

_1 1 1 1 - 1 1 1 1 1
0 2 4 6 8 0 12 14 16 18 20

Time [sec|

Figure 26: Closed-loop response of system states x1, and zo subject to disturbance

Table 3 compares the obtained performance level v for both control design methods and for
different maximum delay values, 7 . It is noted that the control synthesis condition in [90] is not
feasible for 7 > 3.5. On the other hand, the proposed LPV delay-dependent control scheme, which
utilizes the improved LKF candidate and the efficient use of the affine Jensen’s inequality bounding
technique, can handle much larger allowable maximum delay values and provides considerably less

conservative results for a larger delay range and delay variation rates v > 1.

Table 3: Performance levels v of both methods for different maximum delay values 7

Method | 7=1|7=3|7=32|7=35|7=10|7=50

Proposed | 0.59 1.18 1.44 1.45 3.92 5.37

[90] | 046 | 3.15 | 8.39 Inf. Inf. Inf.
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4.3 Robust Control of LPV Systems with Uncertain Time-Delay

Model-based control design tools provide a systematic and practical framework for addressing
closed-loop stability and performance requirements in a wide variety of real-world control problems.
The mathematical modeling describing real-world systems can be carried out via either the certainty
equivalence principle and physics laws or system identification techniques, which approximates the
system dynamics in terms of bias and variance error on an identified model using the system’s
input and output data measurements [34]. However, unmodeled and hidden dynamics, problems
like aging and external excursions, and generally inaccuracies and simplifications in modeling phys-
ical processes and systems make the mathematical model differ from the actual system dynamics.
Consequently, robust control analysis has been introduced as an effective way of dealing with such
modeling mismatch and discrepancy issues [47]. However, for such systems with varying uncertain
delays, utilizing classical robust control methods or incorporating the delay uncertainty variations
into the delay upper bound introduces extra conservatism and compromises the closed-loop perfor-
mance.

Moreover, delay uncertainty and, in particular, uncertainty in time-varying delays further poses a
robustness challenge in the model-based control design. The analysis and control of systems with un-
certain time-delay is considered to be of theoretical and practical significance. It is noteworthy that
in typical stability analysis of such systems, the delay is assumed to be the sum of a nominal delay,
either constant or time-varying, and a perturbed uncertain part where the system with the nominal
delay is regarded to be asymptotically stable. In this regard, necessary stability conditions for linear
time-invariant (LTI) systems with an uncertain constant delay via a frequency-domain approach and
sufficient conditions for LTI systems with an uncertain time-varying delay via Lyapunov-Krasovskii
approach have been investigated in [41]. The utilized LKF has been developed to comply with a
prescribed derivative expression, and it also does not explicitly depend on the bounds of the uncer-
tainty. In [27], the author has used a complete LKF, with a particular functional form, consisting of
nominal plus additional terms where the former analyzes the system under the nominal delay, and

the latter addresses delay perturbations and vanishes as the perturbations disappear. Inspired by
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this research, static state-feedback control of input-delay systems with an uncertain delay has been
addressed in [96] where the LKF derivative is constructed based on a delay Lyapunov matrix. The
work in [28] employs the small-gain theorem augmented with a scaling matrix, which provides a less
conservative input-output stability analysis framework. Moreover, to handle delay uncertainties, a
factor depending on the bound of the delay rate has been introduced, which can be selected a priori
to further reduce the conservatism. By unifying the results with the LKF strategy, delay-dependent
sufficient stability conditions have been derived in terms of convex LMI constraints.

On the other hand, stability analysis and control design of LPV systems with uncertain arbitrarily
varying delays and external disturbances, to the best of our knowledge, has not been addressed in
the LPV time-delay context. To address this problem, in this part, we develop a robust delay-
dependent control design for LPV systems with uncertain time delay. We propose an improved
parameter-dependent LKF candidate and further enhance it with the less conservative affine Jensen’s

inequality bounding technique.

4.3.1 State-Feedback Control of LPV Systems with Uncertain Time-Delay

Time-delayed LPV systems with varying uncertainty in the delay are subject to performance
degradation and instability. In this line, we investigate the stability of such systems invoking an
input-output stability approach. By considering explicit bounds on the delay rate and time-varying
delay uncertainty, the scaled small-gain theorem is adopted to form an interconnected time-delay
LPV system for the uncertain dynamics.

By considering the uncertain time delay, 7(t), as a differentiable scalar function

T(t) =70 +0(1), )] < p <7, (93)

where 7, denotes the constant nominal delay value and the time-varying uncertain part of the delay
is bounded by a constant p. The time-varying delay lies in the set 7%~ as defined in (59).

Stability and L£o-Gain Analysis of LPV Systems with Uncertain Delay
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In order to examine the stability and £o-gain analysis of the LPV system with an uncertain time-
varying delay, we utilize the small-gain theorem. For this purpose, by considering the uncertain time
delay (93), the delayed state of the system can be rewritten as follows

—Tn
xp(t — 7(£)) = %p(t — 7) — / %yt + 5)ds, (94)
—Tn—7(t)
where the time-varying uncertain part of the delayed state is treated as a disturbance and defined

as a new feedback signal

—Tn

_W /_Tn_n(t)

where % (v, ) is a continuous function of the time-delay rate, v, which will be defined later using an

u (t) £ (Ay1)(t) = y1(t + s)ds, (95)

extension of the small-gain theorem. By defining a new auxiliary system, A, with additional input
and output vectors, namely, y; and uj, the overall interconnected feedback system is constructed

as shown in Fig. 27.

Uq Y1

G

—>
EE—— —>
w

Figure 27: The overall interconnected system
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Accordingly, the unforced time-delay LPV system (57), i.e., no control input or u = 0, is repre-

sented as a feedback interconnected system as follows

%p(t) = A(p(t))xp(t) + Ar(p(t)%p(t — 7a) + pA- (p(1)) X" ua (t) + 77" Ba(p(t))W (1),
y1(t) = T (vr) X%y (1), (96)

z(t) = Ci(p(1)x,(t) + C1.r(p(1)%p(t — ) + 1C1,7 (p(£)) X~ 1 (£) +77 ' D (p(1))W (1),

where X denotes a scaling non-singular matrix and w(t) = yw(t).
The following lemma is used to derive the delay-dependent conditions for stability and L,-gain

analysis of the LPV time-delay system with an uncertain time-varying delay.

Lemma 2. (Small-Gain Theorem for Systems with Uncertain Time-Delay) [28]: Con-
sidering y1 = Ty,u,u1, and uy = Ay, where both systems Ty, yu, : L£2[0,00] — L3]0,00] and
A 1 L5[0,00] = L2]0,00] are considered to be input-output stable. The interconnected overall sys-
tem (Ty,u,, A) is input-output stable if vo(A)vo(Ty,u,) < 1, where o is the induced Lo-gain of a
system. Moreover, the Lo-gain of the system A is found to be yo(A) < pv/F (v,) where [80]

13 —o0 S Vr S 1;
v, — 1
_ 1<y <2
vy
Fwn =4 " 4 (97)
T - > 2,
Ay, — 4’ vr =
7 .
T vy 1S unknown,

with ||'T o < ——.
H )'1111”17 [ ﬁ(VT)

Using Lemma 2, the following theorem provides a sufficient LMI condition to guarantee the

stability and performance objective (61) of the LPV system (57) with an uncertain varying delay.

Theorem 5. The unforced LPV system (57) with an uncertain delay and |n(t)] < p < 7, over

the given sets F4, and T is asymptotically stable with ||z|2 < v||wl|2, if there exist continuously
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differentiable parameter dependent positive-definite matriz functions P(p(t)) , S(p(t)) : F4 — Si*,,
positive-definite matrices Q, R € Si‘;, parameter dependent real matrices Vi, Vg, V3 : F4, —

R™ " qnd a positive scalar v satisfying the following LMI condition

(P-R+Q+VIA+ATV, P-VI4+ATV, R+VIA, +ATV, uV7A, VIB, C7]
* 2R+.Z (v;)S—VI-Vy  VIA -V, uVIA. VIB; 0
« « “R-QiVIA+ATVs uVIA, VB O |
* * * -S 0 uCf, i
* * * x -1 Df
i * * * * * =
(98)

where P = 2?21 pi(t) 01(;';{7(%)) and the parameter dependence of the matrices is dropped for brevity.

Remark 5. Considering P = 3.1, pi(t) algéf((tt))), due to affine presence of the derivative of the

scheduling parameter, we may replace it by P = S0, iui%"éﬁ)) where the notation Y., £(*)

indicates that every combination of +(-) and —(-) should be included in the LMI condition (e.i., all
combinations of lower and upper bounds of p;). Consequently, it leads to 2™ LMIs that must be

checked stmultaneously.
Proof.

V(%0 5pen 011) = XT (0P (p(1)) % (t) + /

t—Tp

0 gt
x ()Qxp(s)ds —&—/_ /t+9 %) (s)Ro%,(s)dsdd. (99)

We evaluate the time derivative of the LKF (99) along the trajectories of the LPV system (57)

V(Xp, %, 1) = 25, ()P (p(1)) 3%, (1) + x, ()P, (1) + x;, (£)Qx, (1)

t
+x, (t = T0)Qxp(t — 7o) + X, (H)Ro%, — / X} (6)Rox,(6)do. (100)
t—7n
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Employing the Jensen’s inequality, the integral term in (100) can be upper bounded through

/:T" x,,(@)d@) TRO ( /ttT" x,,(@)d@)
1

= ——[x,(t) = xp(t — 70)]  Ro[x(t) =, (t — 7)]. (101)

Tn

N /tt T (0)Rox,(0)dd < _1(

—Tn Tn

Next, in order to derive a relaxed final condition and be able to formulate the final results as an
LMI suitable for the synthesis conditions, we use the descriptor technique [28]. Introducing three

slack variables V1, Vg, and V3 and using the LPV system dynamics (96), we define Z as

T= [xg(t)V? + %) (V3 +x) (t —1,) V3

(102)
<Axp(t) + Ax,(t—7) + pA X uy () + 71 BIw () — xp(t)> =0.
S . . ) Y1 u;
Considering the augmented forward system with all input and output vectors, i.e., =G
Z w
as in Fig. 27, the assumption ||Gl|; 2 < 1 is equivalent to [28]
lIy1llZ, +ll2lZ, <llullz, + W12, (103)

Inequality (103) satisfies both the condition given in Lemma 2 for the input-output stability of

1
U\/t@(y‘r)’

performance level given in (61), i.e., | Tawlli2 < . Finally, by augmenting the derivative of the

the LPV system with uncertain time-delay, i.e., | Ty, u,|li2 < and also the prescribed

LKF given in (100) by the descriptor method’s result and (103) is
V(Xp,s Xp,, i) + 2L + 7 ()y1 () +27 (1)z(t) — uf (ua(t) =W (OW(t) < ¢T()Q(H) <0, (104)
where the augmented state vector {(t) is defined as

W= <T@ %) xT(t—7,) ul@OXT w () |- (105)
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Using the bound computed for the integral term in the LKF time-derivative (101), and substituting

the dynamics vectors from (96) in (104), €2 is obtained as

P-R+Q+VFA+ATV, +CTC, P-VI+ATV,
* 2R+ Z(v,)S— V3 =V,
* *
* *
* *

R+ VTA, +ATV; +CTC,, w(VIA.+CICi,) ~H(ViB1+C{Dy)
VQTAT - V3 IUV;FAT V2TB1

“R-Q+ VA, +ATV3+C] Ci, u(ViA, +C{,.Ci;) 7 (ViBi+C{ Dy |

* —S+4°Ct,Cyr v~ 'uCt, Dy
* * 77 ?D D1y — 1

" (106)
R

where S(p(t)) £ XTX, and R £ =, By pre- and post-multiplying (106) by diag(I,I,I,I,~+I) and its
Tn

transpose, and applying the Schur complement, LMI (98) is obtained and the proof is accomplished.
O

State-Feedback LPV Controller Design Process
We extend the results of Theorem 5 for the synthesis of a robust state-feedback gain-scheduling
controller for the case of general LPV systems (57) with an uncertain varying time-delay as in (93).

Such a parameter-dependent controller is proposed in the following format:

u(t) = K(p(t))xp(t), (107)

where the controller utilizes full-state information and aims to meet the design objectives as men-

tioned in Section 4.2.1. Feeding back the control law (107) into the LPV system dynamics (57), the
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resultant closed-loop system will be

Xp(t) = Aat(p(t))xp(t) + Ar(p(t))x, (t — 7(1)) + Ba(p(t))w(t),
(108)

z(t) = Cra(p(t)xp(t) + C1.-(p(1))%p (t — 7(t)) + D1 (p(t)) w(t),

where A (p(t)) = A(p(t)) + Ba2(p(t)K(p(t), Cralp(t)) = Ci(p(t)) + Di2(p(t))K(p(t)). By
substituting A (p(t)) and Cy o (p(t)) for A and C; in (98), the following theorem presents a suffi-
cient condition for investigating the closed-loop stability and performance with an uncertain delay

implementing a state-feedback LPV controller.

Theorem 6. There exists a state-feedback gain-scheduling LPV controller (107), over the sets F},
and TV, to provide the closed-loop system (108) with asymptotic stability and the induced Lo-
norm performance index given in (61), if there exist continuously differentiable parameter dependent
positive-definite matriz functions P(p(t)) , S(p(t)) : FY, — S, positive-definite matrices Q,
R e S, parameter dependent real matriz functions U(p(t)) : F4 — R»*™ Y (p(t)) : FY4 —
R™ X" q positive scalar vy, and real scalars Ao and A3 such that the LMI (110) is feasible and such

a control law can then be computed as follows

u(t) =Y (p(t)) U™ (p(1))x(t). (109)
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[ P-R+Q+AU+UTAT+B,Y + Y'B! P - U+ \(UTAT + YTBY)
* 2R + . (v;)S — A2(U + UT)
* *
* *
* *
* *

- N - (110)
R+A, U+ )\UTAT+YT™BS) pA,U By UTCT+YTDEL
AALU - \UT AopiA U XoB, 0
~R-Q+ (A, U+UTAT)  XpA, U A\3By u’cy, .

* -S 0 uUTCET e
* * | D}
* * * —1I )

Proof. First, we substitute the closed-loop system matrices in the LMI condition (106) given by The-
orem 5, i.e., Ay for A and C ¢ for C;. Next, in order to obtain tractable convex results, we select the
slack variables as Vi £ \V € R X"V, e AV, and Vg £ X3V where A\; = 1 Ay and A3 are real
constants. Then, followed by performing a congruent transformation diag (UT, UT, Ut Ut 1, I) on
(106), we define the resultant matrix multiplications as [] £ UT U and the new decision variables

as U2 V~!and Y £ KU by which the final LMI (110) is obtained and the proof is complete. []

4.3.2 Dynamic Output-Feedback Control of LPV Systems with Varying Uncertain

Time-Delay

Assuming 7(t) is a differentiable scalar function representing the varing uncertain time delay:

7(p(1)) = 7u(t) +0(1), n(8)] < p < T, (111)
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where 7,,(t) denotes the nominal time-varying delay and 7(t) stands for the time-varying uncertain
part of the delay which is bounded by p. The major difference compared to the uncertain time
delay (93) discussed in Section 4.3.1 is that (111) considers the nominal delay to be time-varying.
Moreover, the time-varying delay is considered to be dependent on the scheduling parameter vector
and lies in the set 7¥~ as defined in (59).
Input-Output Approach: Stability and £o-Gain Analysis of LPV Systems with Uncer-
tain Delay

By considering the uncertain time delay (111), the delayed state of the system can be rewritten

as follows
—7n(t)
xplt = 7(0) = xy(t = 7a(0) ~ [ (L + 5)ds, (112)
_Tn(t)_n(t)
where the time-varying uncertain part of the delayed state is treated as a disturbance and defined

as a new feedback signal

1 /—Tn (t)
p/ F (Vr) J—r ) =n(t

We define a new auxiliary system, A, with additional input and output vectors, namely, 1), and LL,,

(1) = (Any)(t) = : Dp(t + 5)ds. (113)

and the overall interconnected feedback system can be shown as in Fig. 28.

ik, Ny

—>
G
R T | S
VA

Figure 28: The overall interconnected system
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The unforced LPV time-delay system is represented in the form of an interconnected feedback

system as
X,(t) = Ap(t)xp(t) + Ar(p(t))xp(t — ) + pA- (p(1)) X}, 140, (8) + 7' Bi(p(t))W (1),
z(t) = Cu(p(t))xp(t) + Crr(p(t)%p(t — ) + 1C1.-(p(1))X, 1 (t) + 7~ Dra(p(t))W(t),
y(t) = Cap(t)xp(t) + Cor(p(t)xp(t — 7n) + uCo.r (p(t)) X, ' Uy(t) + 7' Das (p(t)) W (1),
np(t) = VFr)Xpx,(t).

(114)

Next, the small-gain theorem (Lemma 2) is used to derive the stability conditions for the auxiliary

system with additional input and output signals. Accordingly, by considering vy, = T, g, ,, and

U, = Av,, where both operators T g, : L2[0,00] = L3[0,00] and A : £5]0,00] — L3[0,00] are

considered to be input-output stable. The interconnected overall system (T, s(,, A) is input-output

stable if 7 (A)vo(Ty,u,) < 1, where g is the induced £, gain. The induced L3-gain of the operator
A is found to be bounded as yo(A) < py/Z(v,), hence

1

o/ f(y.,_)'

1Ty, s, [li2 < (115)

The following theorem summarizes the main results to derive a sufficient condition to investigate
the stability and performance analysis of the unforced LPV time-delay system with an uncertain
time-varying delay. To reduce the conservatism, we take the benefit of the Lyapunov-Krasovskii
approach and a quadratic LKF candidate with modified integral terms, which depend explicitly
on the time delay function. The utilized approach avoids model transformation; hence, it leads
to further conservatism reduction on this level. Additionally, the affine Jensen’s inequality (see
Lemma 1), as an efficient class of integral inequality bounding technique, is employed for bounding
the cross-terms in the derivative of the functional. The utilized inequality bounding is affine with
respect to time-delay and takes all the possible intermediate time-delay values into account, so,

unlike traditional bounding techniques, it can provide tighter bounds for the integral cross-terms.
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Theorem 7. The unforced LPV system (57) with an uncertain delay and |n(t)| < u <7y, over the
defined sets 4, and TV is asymptotically stable and satisfies the induced Lo-norm performance
requirement given by (61), if there exist a continuously differentiable parameter dependent positive-
definite matriz function P(p(t)) : #4 — Si‘jr, a parameter dependent symmetric matriz function
Sp(p(t)) : F4 — S, positive-definite matrices Q, R, T € Si’;, real valued matrices Vi, Vg, Vg,

V4, N1, No, N3 € R™*"  and a positive scalar v, such that the following LMI condition (116)

[ 11 P-— VlT +ATV, 3 ATV,
* b)) VQTAT -V3 -Vy
* * 333 ATV,
* * * (1—7)(NF +Nj)
* * * *
* * * *
* * * *
* * * *
L * * * *
JVTA. VIB, ¢ 0  7,(®NT | (116)
uVIA, VIB, 0 0 0

uVIA, VIB, CT

pwViA, VB, 0 7N 0

-S, o ucl, o 0 =<0,
* 41 Dj 0 0
* * —~1 0 0
* * * —7.(t)T 0
* * * * ()R
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holds, with the variables as

%, = P+Q+[ N D7 )}(NT—i—Nl)—i—Tn()T+V1TA+ATV1,
Yy = [1 S i(ui%)} (-NT 4+ Ny) + VIA, + ATV,
(117)
222 = Tn(t)R‘i_g(VT)Sp_Vg_VQ,
Sag = |1 X0 £ 45) | (NF +No) — Q+ VIA, + ATV,
Proof. The proof begins by suggesting the LKF candidate in the form of
V(Xp,: Xp, ps 1) = Vi(Xp, pyt) + Va(Xp,, po t) + Va(%p,, pt) + Vi(xy,, p, 1), (118)
where
Vi(xp, 1) = x, (P (p(1)x, (1),
t
Vo) = [ )x5<n>pr<n>dn,
t—71n(t
Xpt ’ pa / / RX;D )dndev
—7n(t) Jt+0
Va(xp,, pst / / 1) Tx,(n)dndd.
_Tﬂ(t) t+6
We evaluate the derivative of LKF (118) along the trajectories of the system (114), that is
V(Xpt ) Xpm pv t) = Vl (Xpa p? t) + ‘./2(Xpt ) pa t) + ‘./3(5(1% ) p7 t) + V4(x[)m pv t)) (119)

where the derivative terms are

Vi, 01) = 265 P ({0, (0) + x5 )| 32 s 2 D ),

Vol 011) = X (0Qx, (1) — (1= 3 () 22T (1~ (6) Qe (8 — 7 (8)),

i=1

87



o 5'7'7, t), [ . .
Vi35, .1) = 7 (055 (1 Ry (1) 1—2;}1 ) [ R
t—7n(t

. 67’n t) ¢
Fi00.0) = OO0 = (1= 330520 [ e en
t—71n(t

Using Lemma 1, we bound the integral cross-term appeared in the third and fourth derivative
terms. The affine Jensen’s inequality is a direct bounding technique which enables us to provide a
delayed-scheduled tight upper bound on the time derivative of the LKF and therefore obtain less
conservative results (see (84) and (85)). Next, to derive a relaxed final condition and formulate the
final results in an LMI form suitable for the controller synthesis, we apply the descriptor technique

[28]. To this end, by using the LPV system dynamics (114), Z is defined as

=

t
27 =2 [xg(t)VIT +x) (t)Vy +x, (t =7 (t)) V3 + /t " xT(n)ng}]

(A<p<t>>xp<t> AL ()%t — ) + AL (p(0)K; S0, (6) + 7 By (p(1)) (1) —xp<t>) 0, (120)

where four slack variables V; € R™» %" 4 = 1,-- 4 are introduced through the descriptor technique
[28]. Moreover, the other reason to augment 2Z descriptor method’s expression with the derivative
of LKF is that we want Vaug to depend on x,, which enables the design to treat the fast-varying

delay more effectively.

Consider the augmented forward system, i.e., =G | | asshown in Fig. 28, the assump-
Z w
tion ||Gl|;2 < 1 is equivalent to [28]
195112, + ll2l1Z, < lltpllZ, + [IWIIZ,- (121)

Inequality (121) satisfies both conditions, the one given in Lemma 2 for the input-output stability
1
of the LPV system with uncertain time-delay, i.e., || Ty, [[i,2 < ﬁ, and the condition for
uy/ F (vr
the prescribed performance index given in (61). Finally, augmenting the derivative of the LKF by
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descriptor approach’s term (120) and (121) will supply

Vaug =V (Xp,, %p, p,1) + 2L + 0, ()0, () + 2" (£)z(t) — 400 ()8, (1) — W ()W (t) < ¢ (£)QC(t) < 0,

(122)
where the augmented state vector {(t) is defined as
T : —
COE[ KT xT(t) xI(t—7(t)) S o Xy uF X W) |- (123)

Using the upper bounds for the derivative of the LKF, and substituting the dynamics vectors from

(114) in (122), €2 is obtained as

[ 2, +CTC, P-VI+ATV, S3+CICy, ATV,
X Sog VTA, — V; v,
* * iz + CETcLT A?V4
* * * (1 —7)(NT + N3)
* * * *
L * * * *

#(VIiA; +C{Ci;) 7 (ViBi+C{Dn) (124)

uVIA, 7 1VIB,;

n(V3A, +C{ . Ci,) 7 1(ViB;+Ci D)

uVIA, 7y 1VIB,;
—S, + 4*CY,Cy ; py~'CY, Dy
* I+ 7_2D1T1D11

+7,(T"RIT + ' T~1),
where Sp(p(t)) £XIX,,T=| N;, 0 N, 0 0 ()],andl'[z{o 0 0 N; 0 0| We
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then pre- and post-myltiply (124) by diag{I,I,I,1,1,74I) and apply the Schur complement lemma,

LMI (116) is resulted and the proof is complete. O

Dynamic Output-Feedback Gain-Scheduled LPV Controller Design

In this part, we extend the results of Theorem 7 for the synthesis of a robust output-feedback
gain-scheduling H ., controller for the case of LPV systems with varying uncertain time-delay. Such
a delay-dependent output-feedback controller is sought to accomplish design objectives, namely,
asymptotic internal stability and desired performance index (61) of the closed-loop LPV time-delay
system. To this end, a full-order (nxg = n,) dynamic output-feedback controller is considered with

following structure

xk(t) = A (p(t)xkx(t)+Ar k(p(t)xk (t — 7o)+ 1ALk (p(1) X Ui (1) +Bk (p()y (t),
u(t) = Cx(p(t)xkx(t)+Cr ik (p(t)xk(t — 7,)+pCr k (p(t) X5 Uk (1) + Dk (p()y (1),

N (t) = VF (V) Xrxk(t),
(125)

where X denotes a scaling non-singular matrix. In the controller dynamics (125), the uncertain

part of the delayed state of the controller is treated as a disturbance and defined as a feedback signal

7Tn(t)
e () = (Anx)(t) = UGS (126)

=/
i/ F wr) S y=nie

Feeding back the control dynamics (125) into the LPV system dynamics (57), the resultant closed-

loop system will be

Xcl(t) = Acl Xel (t) + AT,cl Xel (t - Tn) + MAT,cl X_l ﬂ(t) + 7_1Bclw(t)7
z(t) = Caxalt)+ Craxa(t — ) 4+ pCra X1 8U(t) + 7 Dy wW(t), (127)

o) = VFw)Xxa(t),
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Xp(t)

where the closed-loop state vector is defined as x(t) £ ,U(t) = ,9(t) ,
xx(t) Ure (1) D (t)
D S
Xt £ , and closed-loop state-space matrices are as defined in (64).
0 Xy

The following theorem provides sufficient conditions for the synthesis of a delayed dynamic
output-feedback controller to meet the control design objectives, namely, closed-loop asymptotic
stabilization and a specified level of disturbance attenuation performance (61) for the closed-loop

LPV system with varying uncertain time-delay (127).

Theorem 8. There exists an output-feedback gain-scheduled LPV controller (62) over p € F},
and T € TV, to provide the closed-loop system with asymptotic stability and the induced Lo-norm
performance specification given in (61), if there are continuously differentiable parameter dependent
positive-definite matriz functions P(p(t)) : Fo — Sirff, X(p(t),Y(p(t)) : 4 — S", S(p(t)) :
FY, — S*"r, positive-definite matrices Q R, Tce¢ Ssz, real matrices Ny, Ny, N3 € R2mx2np
parameter dependent real matrices A(p(t)), A (p(t)) : Fop — ReX0p, B(p(t)) : Fop — RrXM,
a(p(t)), aT(p(t)) 1 F = R ™ Dg(p(t)) : F4 — R™*™ a positive scalar vy, given scalars

Ao, Az, and Ay such that the following LMI

(2, P-V 4T Z5 g T opde B €T 0 Tn(t)NIT_
* Eoo Moty — A3V =MV pdadl, XoB 0 0 0
* * B3 MAL phsde NsB €T 0 7, (t)NT
* * * 1(I3T + Ng Uy Ay B 0 Tn(t)ﬁg 0
* * * * -S 0 ue?l 0 0 |=0,
* * * * * -1 97 0 0
* * * * * * —1 0 0
* * * * * * x  —7(H)T 0
| * * * * * * * —Tn(t)f{_

(128)
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is feasible, with

By = f’+€2+[ - (map)}(NT+N)+Tn(t)T+w+ﬂT,
B3 = { D (Zr )}(7N1T+1§Iz)+4z77+/\3ﬂT,

By = ma(t)R+.Z(1,)S, — 2\ V,

3 = |1 S 20 | (NF + No) — Q4 Mo + 1),

and \7, A, Ay, B, €, 6r, and D are as given in (66).

Proof. By substituting the closed-loop system state vector x; for x,, and using the LKF candidate
(118) and its derivative (119), applying the affine Jensen’s bounding method, and finally substituting

the closed-loops system dynamics (127), we achieve

Vaug = V(Xet,, Xet,, p, ) +2Z40T ()(t) +27 (8)2(t) —UT ()U(1) ~ W ()W (1) < Coy (1) Qe () <O

(129)
where the augmented closed-loop state vector ¢ (t) is defined as
Ca) 2 [ <Lty s5(t) Nt —malt)) [/ ndnp STOXT W) - (130)

Now, we just need to substitute the closed dynamics (127) in V., (129), and Q is obtained as
given in (124), where closed-loop system matrices Acy, As o, Be, Cery Croar, Do are replaced for
A, A, By, C;, C,, and Dy, respectively, and S(p(t)) £ XTX.

Next, in order to obtain tractable convex results, we select slack variables in (120) as Vi £ A\ V €

R27 X210V, £ AV, Vg £ A3V, and V4 £ ),V where )\, = 1, Ao, A3, and A4 are real constants.
N Y M

Accordingly, V and its inverse are partitioned as V £ , VTl & , such

NT % MT %
that XY + NMT = 1. After substituting the closed-loop matrices (64) into €., we apply the
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I
Schur complement to the resulting 9 x 9 block matrix. Finally, by defining Z £ , and
MT 0
performing a congruence transformation diag{Z1, 2%, ZT 2T ZT 1.1, ZT, ZT} on the 9 x 9 block
matrix and redefining the matrix multiplications as [ 2 ZT [ Z, LMI (128) is obtained and the

proof is accomplished.

Numerical Example
In this part, we investigate LPV systems with varying uncertain time delays as given in (111).
That is, both nominal and uncertain parts of the delay are considered to be time-varying. Figure

29 presents such case where |n(t)| < p < 7.

25

—Nominal Varying belay, Tn (t)
----Uncertain Delay Bounds, 7(t) = 7,(t) + ()

2
15

10

Time [sec|

Figure 29: Varying uncertain time delay profile example

As an illustrative example, we consider an LPV state-delayed system (92), where the LPV system
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scheduling parameter is p(t) = sin(t), and varying uncertain time delay of the system is

T(p(t)) = 10 + malsin(at)| +n(t) <7, [n(t)] < p < T, (131)
n (1)
and |7] < v, = Tpa.

Now, we apply the results of Theorem 8 to find an output-feedback controller of the form (125)
to minimize the induced Lo-norm for the considered LPV system with varying uncertain time delay
(92). The results of the proposed robust LPV control design are compared with another LPV time-
delay control design, in which a relatively simpler and unimproved LKF candidate, along with a
conservative bounding technique has been utilized. For 79 = 7, = 2, @ = 0.25, and |n(t)] < p <
Tn = 4, t.e., T(t) = 2 + 2|sin(0.25t)| + n(t), Table 4 lists the obtained optimal energy-to-energy
performance levels v of the proposed design and the one in [90] for different maximum time delay
uncertainty values. As expected, due to considering the time-delay uncertainty explicitly in the
design process, employing an improved LKF candidate and the efficient affine Jensen’s inequality
bounding technique, the proposed approach (Theorem 8) is capable of handling much larger allowable
delay uncertainties and provides improved induced Lo-norm performance levels compared with the

other controller. Moreover, control design in [90] leads to infeasible results for p > 3.1

Table 4: Performance levels vy of both methods for different delay uncertainty values p

Method \ p| 0.5 1 2 3.1 4

[90] 6.42 | 19.61 | 54.42 | 554.77 | Inf.

Theorem 2 | 2.15 | 2.18 | 2.24 2.35 | 2.56

Remark 6. Unlike other methods for time-delay systems analysis, which handle the varying time-
delay uncertainty by considering the largest time-delay value [44], the proposed method (Theorem §)
addresses the time-delay uncertainty explicitly in the design process; thus, it provides better distur-
bance attenuation, an improved induced Lo-norm performance level, and less conservative results for

a larger delay uncertainty range and delay variation rates v, > 1.
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4.4 Sampled-Data LPV Control Design

In this part, we propose a delay-dependent sampled-data output-feedback LPV control technique
to address the MAP control problem. The patient’s MAP response dynamics have been captured by
a continuous-time LPV system with varying time-delay. The interconnection of the continuous-time
plant and a digital controller through converter devices forms a hybrid closed-loop configuration.
Therefore, to benefit the wealth of continuous-time control synthesis tools, the input-delay method
has been employed to transfer the hybrid closed-loop system into the continuous-time domain with
system inherent time delay and a delay imposed by the mapping approach. The designed sampled-
data gain-scheduled output-feedback controller is required to establish the closed-loop asymptotic
stability and a prescribed level of performance for the LPV system with an arbitrarily varying time
delay and sampling time, where the final results are provided in a convex LMI constraint setting.

Due to the simplicity and availability of control approaches, the literature on the continuous-
time control system design is rich [74,91,92]. However, the controller implementation is usually
fulfilled by a digital instrument in discrete-time. This combination of the continuous-time plant and
the discrete-time digital controller along with the sampling analog-to-digital (A/D) and the holding
digital-to-analog (D/A) converter devices will form sampled-data closed-loop system representation
with a hybrid nature [69]. To this end, the designer is required to find an appropriate discrete-time
controller to provide a guarantee for the stability and the prescribed performance of the closed-loop
hybrid system while taking the converter devices and intersample behavior into account [19]. The
sampled-data control design process is even more demanding when the studied continuous-time plant
is a nonlinear or an LPV system [88]. A general intuitive approach, also known as the indirect digital
controller design, is to discretize the plant and then find a discrete-time controller and then cascade
the digital controller with the continuous-time plant along with the converter devices [19]. Another
indirect method is to take advantage of well-established continuous-time control design methods
to design a controller and then use conventional methods such as trapezoidal approximation [3] to
come up with the controller in the discrete-time domain [69,94]. Despite the simplicity in the design

process, traditionally utilized indirect sampled-data control design approaches fail to guarantee
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stability and desired performance for the closed-loop hybrid dynamical system and also disregard
the effect of sampling/hold rate of converter devices implicitly in the design process, which may
result in the degraded performance of the control design and instability [68]. On the other hand,
authors in [69, 88] used the lifting technique [9] to come up with a direct sampled-data filter or
control design methods for the LPV systems. In the lifting method, first, the continuous-time
plant and the sample and hold converter devices are augmented, and then the augmented plant is
mapped to an equivalent discrete-time system representation followed by a digital control design
process. However, the sampled-data control design methods relying on the lifting approach are
computationally complex and cumbersome [87].
Sampled-Data Controller Design Procedure

We consider the general LPV time-delay system with the state-space representation as in (57),
where the time-varying scheduling parameter vector p € #4, (58), and 7 € 77 (59).

Due to the digital nature of controllers, in this section, we seek to design a full-order discrete-time

parameter-varying controller of the form

xa(k+1) = Aa(p(k))xa(k) + S, Ara,xalk — i) + Ba(p(k))y (k). (132)

ug(k) = Calp(k))xa(k) + i, Cra,xa(k — i) + Da(p(k))y(k),

that uses the sampled measurements of the continuous plant to generate a discrete control action,
goes through a zero-order hold device before being inputted to the continuous-time plant. x4(k),
y(k), and uy(k) are the discrete-time signals of controller state vector, measurement, and control
input, respectively. For the sake of brevity, the counter k is chosen to show the sampling instances,
tr, and N denotes the number of back samples of the controller state vector. Figure 30 demonstrates
the configuration of the hybrid sampled-data closed-loop system, which shows the interconnection
of the open-loop continuous-time system and a digital controller along with the signal converter

devices.
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Figure 30: Sampled-data closed-loop system configuration

Unlike continuous-time LPV system in which scheduling parameter vector p(t) € .#1, is contin-
uously being measured in real-time, in sampled-data control design framework, parameter vector is
only measured at sampling instances. Hence, in the continuous-time system, we assume that the
parameter vector does not change in between two consecutive samples and the set of all admissible

parameter trajectories is redefined for the sampled-data system as

E?&Zé{p(t)egzp(tk_‘_t):p(tk)v ‘pi(tkﬂ-l)_pi(tk)l <v,ke Z-Hi =1,2,...,n5Vt € [05 ‘%f]}’ (133)

where J, denotes the varying sampling period, i.e., the length of time interval [tg,tx41]. Intercon-
nection of the system (57), the controller (132), and the converters form a closed-loop system T,
which maps the disturbance signal w(t) to the desired control signal z(¢). Considering the allow-
able parameter trajectories in €%,, the designed sampled-data controller is required to satisfy the
asymptotic stability of the closed-loop system in the face of the parameters and delay variations, and
disturbances to maintain the boundedness of the closed-loop system trajectories, and minimize the
worst case amplification of the desired output, z, to a nonzero disturbance signal, w, with bounded

energy, i.e., solving the problem of y-suboptimal induced Ly-norm (energy-to-energy gain) of the
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mapping T,w : W — z given by (61).

Considering a continuous-time full-order controller with a state-space representation as follows

xk(t) = Ag(pt)xrx(t)+ A k(pt)xKx(t —7(p(t)) + Az k(p(t)xK(tk)+ Br(p(t))y(tk),
ur(ty) = Cxk(p(t))xx(ty) +Dr(pt))y(tr),
u(t) = ur(te), tp <t<tp,
(134)

where p € €%, and p(tx) is replaced with p(t) for ¢ <t < ty41 for the simplicity, emphasizing the
fact that the continuous-time scheduling parameter vector is considered to be piecewise constant and
does not vary in between sampling instances. It should be noted that unlike conventional approaches
where a continuous-time controller is discretized without taking the converter devices into account,
in the proposed sampled-data controller design approach (134), the effects of sampling and holding
devices are taken into consideration. In the sampled-data framework, as shown in Fig. 30, controller
(134) uses discrete-time signals of measurement and the scheduling parameter vector. In order to
obtain a unified state-space continuous-time domain representation, the input-delay approach is

utilized as follows [28]:

u(ty) = t(t — (t— 1) = ult — (1)), tr <t < tpsr, (135)
T (1)

where J; < tpy1 — tr < Z and 7 denotes the maximum sampling interval value. Taking the
advantage of the input-delay approach, the sampling/holding characteristics are captured by defining
a new delay term, 9. By substituting (135) in (134) the controller state-space model is transferred

into a continuous-time representation as follows

xk(t) = Ar(pt)xx(t)+ A k(p(t)xkx(t —7(p(t)) + Az k(p(t)xK(t — Tk)
+ Bk (p(t))Ca(p(t))xp(t — Ti), (136)
u(t) = Cg(p(t))xkx(t— ) +Dk(p(t))Ca(p(t))x,(t — Tk).
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Finally, by augmenting the controller (136) and the LPV system (57) and defining the closed-loop

state vector as x5 () = | X (t) xg(t) ], closed-loop sampled-data system is in the following form
Xcl(t) - Acl Xcl(t) + AT,cl Xcl(t - T(t)) + Ag,cl Xcl(t - y(t)) + Bcl W(t),

(137)
Z(t) = Cgy Xcl(t) + CT,cl Xcl(t — T(t)) + Cyﬁl Xcl(t — g(t)) + Dy W(t)7

with closed-loop system matrices

A o0 A, 0 B;DxCy; B>Cpx B,
Ag = aATcl: 7A9,cl: chl: ;

s

0 Ax 0 A x _BKCQ Az 0 (138)

Ccl = |:Cl 0:|7CT,cl = |:CLT 0:| ; Cg,cl = | D13:DgCy D13Cxk aDcl =D.

The closed-loop LPV system (137) has two delays: the first one is the inherent system delay, and the
other delay term is imposed using the input-delay approach and the sampling. In the following, we
employ the Lyapunov-Krasovskii approach by using an extended quadratic LKF candidate, which
results in sufficient delay-dependent conditions to guarantee the closed-loop stability and Ls-gain

performance of the sampled-data LPV system with arbitrary varying time-delay and sampling rate.

Theorem 9. : There exists a full-order output-feedback gain-scheduled LPV controller (134), over
the sets €%, and TV7, to asymptotically stabilizes the closed-loop LPV system (137) and satisfies
the induced Lo norm performance level given in (61), with the sampling time F, < 7, if there
exists a continuously differentiable parameter dependent positive-definite matriz function f’(p(t)) :
R® — Si_nf, parameter dependent matriz functions X(p(t)), Y (p(t)) : R® — S" positive-definite
matrices QT, Qg, ﬁT, Rs, T, € Szfﬁf, parameter dependent real matriz functions A\(p(t)),

Ar(p(t), Az (p(1)) : R — R™X™ B(p(1)) : R* — R™*me, C(p(t)) : R* — R, Cy(p(t)),

Dx(p(t)) : R® — R™*"™ ¢ positive scalar v, and real scalars Ao, A3, A4, A5 € R such that
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2, P-V4+Md?T RA4d4MdT Rotds +\dT T B ¢ ]
% PR AT Rs—20V  Mde — MV dadg — MV XV AP 0
* * Sa3 Ny + AT AT NsB ET
* * * B N AL N B €L <0, (139)
* * * * —’i‘T s B
* * * * * —~I D]
* * * * * * —1

A

Y I » AY A AY A
I X XAY + NAgMT XA A XA
A Y A, AY A,

XA, Y + NA. xMT XA, A, XA,
By(DxCoY + CxMT) B,DxC,

XB2:DgCoY + NBCoY -~ = ’
PR K2 (XBsDx + NBg)Cs| | A7 BCo

i +XBQCKMT+NA3,KMT

B,

a(g = |:ClY C1:| 7%7' = |:C177-Y 0177—:| y

XB;

Di3(DxCoY + CxMT) DIQDKCZ} = [Dmé D12DKCQ] )

Zf—li(y7glli):| +Q‘riﬁ7 +?2TT+Q97]§'9+%+%T7

- {1 -2 i(uda;)} Q, — R. + \s(, + &),
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By = - {1 — i :I:(Vz O )] Q7 — Ry + \(g + L), (140)

Proof. The proof relies on employing an LKF candidate of the form
V(xclt ) Xclt y P t) = Vb(xcla P, t) + V‘r (xclt 5 Xclt y Py t) + V9 (Xclt 5 Xclt y Py t)v (141)
with

Vo(xar, p,t) = x4 (t)P (p(t))xa (1),

t
Vi (et Koty ) = / 58 (1) Quxer (m)eln + / / 7R e () dndo
t—7(t) —7 Jt+0

/ / )T T X (n)dndo,
-7 Jt+0
t

Vﬂ(xcltvkclmpat) :/ ( )ngcl d7]+/ / ngxfl( )dnd97
-7 (1) t+0

and the time derivative of LKF is as follows

V(Xclt 5 Xclt » P, t) = %(Xcla P, t) + V‘r (Xclt P Xclt » P, t) + Vﬂ (Xclt 5 Xclt » P, t)v (142)
where
) = 25O 10 50) x50 3 G ),
: . T . 87’@) T
VT(XClt’XClupv t) = Xcl(t)QTXCZ (t) - (1 - pl(t) 5‘p(t) )Xcl(t - T(t))QTXCl(t - T(t)>
t t
PRI (R e () — / K ()R e (n)ely + 72X ()T (1) — / X ()7 T et (1),
=7 t—7

Vi (ketys ety 1) = X5(0)Qerxa(8) — (1= pu(t) 27

)5 (t = 7(0)Quxalt — T (1))

TR k() ~ [ K50 TR ()
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The time derivative of LKF (142) will be upper-bounded as follows

V(Xet,, Xet, s o 8) < Vo(Xet, £y ) + X0 (1) Qrxer (1) — (1 i(t) i) )X (t=7 () Qrxer(t— 7(t))
+ PG (R (1) = [xa(t) = xa(t = ()] Re [xa () = xaa(t = 7(1))] + 7XE () Trxr(1)

— (/tr(t) sz(n)dn)TTT(/tT(t) X (n)dn) +x5(H)Qrxa(t)

- (1= G REE - TO)Qrxat - T(0) + TR OR %0
— [xalt) = xa(t = @) R [xa(t) — xalt — T(t))]. (143)

Next, to derive relaxed LMI conditions appropriate for the synthesis conditions, we use the

descriptor technique [28], which introduces slack variables V1, Vg, V3, V4, and V3 as follows

I=[ SOV +KEOVE + x5 - r0)VE + e - 7T+ [ xd<n>dnv§}

-0 (144)

(Acl Xe(t) + Ar o xa(t —7(t) + Az a xa(t — T (1)) + By w(t) — Xcl(t)) =0.

To establish the prescribed performance requirement, we consider the performance index as J =

o0 . . d . o
fto —v2wT(t)w(t) + 2T (t)z(t) < 0, and by augmenting (143) with 27 and d—i the final inequality is

obtained as follows
V(Xet, Xty pot) + 22 — ¥*wh ()w(t) + 27 (£)z(t) < ¢T(H)QL(E) <0, (145)

where the augmented state vector ¢(t) is defined as

<" & [ x50, x5, x5 —r), x5t—T®). fi o xhmdy, w) ], (146)

cl cl
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and

En P-VI+AlV, R.+ViA, ,+ALV;
x TR, + T Ry —Vy,— VI VIA, .- V;
* * E33
Q =
* * *
* * *
B * *
7 147
Rﬁ + V?Ay,cl + A’CTZV4 AEVS V;I‘Bcl ( )
ViAza—V,y -V VIB.
VgAﬂ,cl + A261V4 AI,clV5 Vchl
+r'r,
Eua A% Vs ViBy
* 7T7‘ V5TBCZ
* * -1
where
1 = {Z?_Sl i(%g;ﬂ +Q, —R, +7T, + Qs — Ry + VI A, + ALV,
533 = - |:]. — Zzzl Zl:(Vzg;):| Q‘r - RT + Vg‘AT,cl + A;]_:"CIVZS;
(148)
By = — {1 -3 i(Vig‘Z)] Qs —Rs+ViAzs + ATg7clV4,
r = |: Ccl 0 CT,cl Cg,cl 0 Dcl :| .

By choosing the four slack variable matrices in (87) as Vi = A,V € §2"», Vy £ \,V, V3 2 \3V,

Vi2 MV, and Vs £ A5V, where A\ = 1, A3, A3, A4, and A5 are scalars and V matrix and its inverse

- R N L. Y M T
are partitioned as V = , V7 = , such that XY + NMT =1. Next, we

NT % MT %
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substitute closed-loop matrices (138) into (147) and then we apply Schur complement formula to the

Y 1
Q (147), resulting a 7 x 7 block matrix. Finally, by defining Z £ , and performing a
M0
congruence transformation diag(ZT, zT zT zT zT 1, I) on the 7 x 7 block matrix and redefining
the matrix multiplications as 02 2T [ 2, final LMI condition (139) is obtained and the proof is

complete. ]

4.4.1 Digital Controller Derivation

Once the parameter dependent matrices X, Y, E, ET, A T, E, 6’, and Dy satisfying the mentioned
LMI condition (139) are obtained, we compute the square and invertible matrices M and N from
the factorization problem

I-XY=NM",

and finally the continuous-time practically valid gain-scheduled controller matrices of (134) are

computed in the following order

Ax = N YA-XAY)MT,

Ak = N A — XA Y)MT,

Bx = N~1(B-XB;Dg), (149)
CK = (6 - DKC2Y)M7T7
Arx = N YAz —XByDgCoY — NBxCoY — XByCrMT)M T

For the implementation purpose, we need to find a discretized equivalence of the designed

continuous-time LPV control design (134) as follows

xa(k + 1) Aa(p(k))xa(k) + 57 Ava,xa(k — i) + Ba(p(k)y(k),

(150)
u(k) = Ca(p(k))xa(k) +Da(p(k))y (k).
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By using the approached suggested in [68], discrete-time controller matrices are computed as follows

Ay =eltrimt)Arx(pte)) 4 (e(trn—t)Ax(et)) — YA (p(t)) Az x(p(ty)),
B = (et =t Ax(elt) — 1) AL (p(t))) Bk (p(tr)),

Ca=Cx(p(tr)),

Dq=Dxk(p(tr)),

Ay = 2(e<tk+1 HIAK(P(R)) otk ==t )Ax (0())) A=Y (p(t4)) A (p(th)),

1 - 1
Ay = (%eam—tkmx(p(tk)) _ %eml—m—tz+1>Ax<p<tk>> _ %I)A; (p(tr))Ar i (p(t)),

le+1

Cq e _
Arg,= 5(e(tk’+l Te—ti+1) Ak (p(tk)) _ I)AKl (p(tr))Ar k(p(tr)),
(151)
with
o = b= (te — 1) = (e —=7k) =t fpo—(Bhpr —7%) (k1 —7k) — i
ti41 — 1 ' tiygr —t ti4o —ti1 ’ ti4o —ti1

Thus far, designing the LPV controllers is accomplished. In the next part, the blood pressure
regulation and control problem is introduced as a real-life case study to illustrate the efficiency

and assess the closed-loop performance and the improvements of the proposed gain-scheduling LPV
control scheme in several simulation scenarios.

4.5 Closed-Loop MAP Regulation

4.5.1 MAP Response Continuous-Time LPV Modeling

By considering continuous-time MAP response dynamics (1), the following LPV model is utilized

to capture the MAP response dynamics subject to PHP drug infusion [92,93]

() (152)
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where the state variable is considered to capture the MAP variations in mmHg from its baseline
value, i.e., z(t) = AMAP(t) = MAP(t) — MAP,(t), u(t) is the drug infusion rate in ml/h, y(t) is
the patient’s measured MAP response output in mmHg, and d,(t) denotes the disturbance signal.

Next, in order to utilize the proposed time-delay LPV control design tools introduced in Section
4, we need to transform the input delay system dynamics (152) into a tractable state-delay LPV

representation (57). For this purpose, we introduce a low-pass input dynamics

LU
s—i—Aua

u(s) = (s), (153)

where €2 and A are positive scalars that are selected based on the bandwidth of the actuators. Then,
the state-space state-delay LPV representation of the MAP response dynamics takes the standard
time-delay LPV representation (57) with the augmented state vector of the system defined as x(t) =
Xa(t) = 2(t) w(t) z(t) 1" wt)=1[r(t) do(t) ]" stands for the exogenous disturbance vector
including the reference MAP command, r(t), and output disturbance signals. z.(t) is defined for
command tracking purposes, i.e., &.(t) = e(t) = r(t) —y(t), and thus the state space matrices of the

MAP response dynamics in the LPV system representation (57) are as follows:

1 K(t)
s 00 0 KO 0 0
A(pt))=1 0 —A 0|, A(p()=1]0 0 o0o|:Bi=]0 0],
—1 0 0 0 0 0 1 -1
00 ¢ 0
B,=|Q|,Ci= ,C1,r = 02x3,D11 = 0242,D12 = ) (154)
00 0 "

where the LPV scheduling parameter vector takes the form p(t) = [ K(t) T(t) 7(t) |T, which
is not known a priori; however, it is supposed to be measured or estimated in real time. In a
practical scenario, the Bayesian-based square-root cubature Kalman filtering algorithm can be used

to estimate the scheduling parameters (see chapter 2).
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4.5.2 Automated LPV MAP Control Simulation Results and Discussions

The nonlinear patient simulation model developed in Section 1.1.1 is utilized along with the real-
time model parameter estimations provided by the multiple-model square-root cubature Kalman
filtering (MMSRCKF) algorithm (see chapter 2), to validate the proposed robust time-delay LPV
control approaches in the closed-loop simulations. MMSRCKF estimates the model parameters of
the nonlinear patient in real-time and feeds them to the LPV controller as the scheduling parameter
vector, as shown in Fig. 16.

The closed-loop MAP tracking results of the proposed LPV control design methodologies have
been compared against the conventionally implemented fixed-gain PI controller (see [98]) in various
one-hour-long simulation scenarios. Given the following nominal values of the model parameters
and time-delay, K = 0.55,T = 150, and 7 = 40, the tuned PI controller transfer function will be in
the following form

Go(s) = 34+ 21T (155)

S

which is computed based on the desired gain and phase margin control design constraints [105].

For the investigated MAP control task, the controlled output vector, z(t), in (57) is defined to
be z(t) = [¢p-ze(t) w-u(t)]" as (154) suggests. The weighting scalars ¢ and ¢ penalize the tracking
error, z.(t), and the control effort, u(t), respectively to fulfill desired performance objectives.

By employing the LPV controller synthesis results presented in chapter 4, robust delay-dependent
gain-scheduling LPV controllers are designed for systems with either parametric uncertainties or
varying uncertain delay. Such control design is sought to guarantee closed-loop asymptotic stability
and desired energy-to-energy (induced Lo-norm) over the entire range of model parameter trajecto-
ries, p € FY,, and time-delay variation, 7 € %7, with the varying time-delay uncertainty lies in
the range given in (111).

For this purpose, the results of Theorem 8 have been implemented to design a gain-scheduled

LPV controller for calculating the drug injection rate in the computerized MAP regulation case
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study. The first scenario has been generated in the simulation environment in the absence of distur-
bances and measurement noise to investigate the controllers’ ability to respond to reference command
changes. Accordingly, the MAP tracking profiles and the associated control efforts are depicted in
Fig. 31, where the favorable controller is sought to regulate the MAP response to desirably track
the commanded MAP profile with a minimal settling time and zero steady-state error while keeping
the response overshoot within a narrow allowable range. As shown, the MAP reference to be tracked
consists of sharp stepwise and ramp changes. According to this figure, the proposed gain-scheduling

controller outperforms the fixed-gain control design in fulfilling the resuscitation goals.
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Figure 31: Closed-loop response and PHP injection rate of proposed LPV controller against fixed
structure PI controller for disturbance and noise free case

In the next scenario, we assume that the closed-loop system is subject to measurement noise and
output disturbances. During the resuscitation, a patient’s blood pressure could be influenced by
factors other than the vasoactive drug administration such as hemorrhage, unmodeled physiological
variations, medications interference like lactated ringers (LR) or sodium nitroprusside (SNP), and

any other medical interventions. Figure 23(b) shows a typical profile of such incidents modeled as a
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disturbance signal. The closed-loop simulation results of the proposed LPV control design and PI
controller are shown in Fig. 32 where the closed-loop system is subject to measurement noise and
output disturbances. The considered measurement noise is assumed to be a white noise signal with

an intensity of 1073,

120 : :
—Proposed LPV Controller
=) —--PI Controller
ma 100 H- -Reference MAP 4
) pp—— i
2 80l : |
2 ?’_'—"
600 7(‘]0 8(‘)0 960 l(;UU 1lbU 12‘00 1:;00 1400
'E‘ 60 1 1 1 1
=150
B
g
o] L
= 100
g
2 i
o 90- i\ :
ko)
el
[a M 0 | | | | | | |
E 0 500 1000 1500 2000 2500 3000 3500

Time [sec]

Figure 32: Closed-loop response and PHP injection rate of proposed LPV controller against fixed
structure PI controller subject to disturbance and measurement noise

As illustrated in Fig. 32, the proposed LPV control method, due to its scheduling structure
and robustness in the design, demonstrates a superior MAP command tracking performance with
respect to the rise time and speed of the response while desirably rejecting the disturbances and
measurement noise. The design parameters are given in Table 5 where the MATLAB® toolbox
YALMIP with MOSEK solver has been used to solve the LMI optimization problems.

Table 5: Design parameters and performance index

A2 A3 A4 o | v | A|Q v

2231026 | —0.10 | 1.6 | 1.1 | 50 | 50 | 26.4
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To evaluate the robustness of the proposed LPV control design (Theorem 3), we investigate
the closed-loop response in the presence of uncertainties on the model parameters. Accordingly, the
time-delay and the sensitivity are considered to be under-estimated by 30%, and the time constant is
considered to be over-estimated by 30%, which corresponds to the worst-case perturbation scenario.
The closed-loop MAP response of the system with the proposed robust LPV control design is com-
pared to the response of the LPV controller designed without considering uncertainty obtained using
the results of Theorem 2. As per Fig. 33, the control without considering uncertainty in the design
demonstrates oscillatory behavior and higher overshoots both in the closed-loop MAP response and
also in the PHP injection control input signal, which are undesirable. As the results suggest, the

proposed robust LPV control design is capable of compensating for parameter uncertainties.
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Figure 33: Closed-loop MAP response and control effort (PHP injection rate) of robust LPV con-
troller in the presence of model parameter uncertainty
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Moreover, to examine the robustness of the proposed control scheme in handling the time-varying

delay uncertainty, we created a scenario in which the model’s varying time-delay has been under-

estimated by 50%. The closed-loop MAP response of the system with the proposed robust state-

feedback LPV controller (Theorem 6) has been compared with the response of a fixed-gain PI

controller. Fig. 34 depicts the MAP tracking result of both controllers in this scenario and shows

that the PI controller, which is designed without considering the time-varying delay uncertainty,

demonstrates undesirable oscillatory performance and higher overshoots both in the closed-loop

MAP response tracking and also in the PHP injection control input signal.
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Finally, we assess the proposed sampled-data controller (discussed in Section 4.4) in MAP ref-

erence tracking while rejecting disturbances. For this purpose, the results of Theorem 9 have been

employed to design a gain-scheduled sampled-data controller (132) for calculating the drug injection

rate in the automated MAP regulation task. To have an effective discrete control design, the choice
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of sampling frequency is crucial and is a trade-off between the quality of the closed-loop system
response and the implementation costs. In the presented simulation scenario, we consider one sam-
ple per two seconds, i.e., 0.5 Hz. Figure 35 depicts the closed-loop performance of the proposed
sampled-data LPV control design, where the closed-loop system is subject to output disturbances
(as shown in Fig. 23(b)). As illustrated, the sampled-data LPV control, due to its scheduling struc-
ture and direct discrete-time synthesis, takes the sampling/hold times into account, has a superior
MAP tracking performance with respect to the rise time and speed of the response while desirably

rejecting the external disturbances.
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Figure 35: MAP response tacking performance and PHP injection rate of the proposed sample-data
LPV controller under output disturbance

4.6 Chapter Conclusion

This chapter has proposed sufficient stability and control synthesis conditions for linear param-
eter varying (LPV) systems with time-varying uncertain delays affected by external disturbances.

The uncertain delay has been examined as a nominal varying delay plus a perturbed function, and
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in order to confine the perturbation in a stable domain, an input-output stability approach via the
small-gain theorem results has been investigated. To this end, a Lyapunov-Krasovskii based ap-
proach has been employed, and by utilizing an improved parameter-dependent Lyapunov Krasovskii
functional (LKF) candidate and applying an efficient bounding technique, the affine Jensen’s in-
equality, sufficient stability, and performance conditions have been derived and formulated in terms
of tractable and convex linear matrix inequality (LMI) conditions. Next, by introducing appropriate
slack variables, the final relaxed synthesis conditions have been developed to provide closed-loop
stability and minimize the disturbance amplification in terms of the induced Ls-norm performance
specification. The mean arterial blood pressure (MAP) regulation via automated drug administra-
tion example has been studied to assess the proposed control algorithm’s effectiveness compared
to the traditional control tools. To this end, MAP response dynamics to drug infusion has been
characterized in an LPV state-delay representation. The final closed-loop simulations have been con-
ducted to prove the potential adopted methodologies. As the results suggest, the proposed robust
gain-scheduled LPV control design methods have significantly improved the MAP tracking accu-
racy over previous tools in the literature. Moreover, the proposed design favorably regulated the
hypotensive patient’s MAP response to the commanded MAP values while rejecting disturbances
and measurement noises. Furthermore, developed control strategies in this chapter demonstrated a
superior potential in handling model parameter variations, large time-delay and sampling time, and

compensating for fast-varying sampling rates and delay uncertainties.
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5 Conclusion, Contributions and Future Work

In this chapter, the important results and contributions of the dissertation are summarized, and

we make recommendations for future research.

5.1 Summary of the Dissertation

This dissertation’s primary focus was to develop and implement novel Bayesian-based parameter
estimation and advanced gain-scheduling control techniques to be implemented on the automated
blood pressure regulation task in clinical hypotensive patients. Most importantly, considerable effort
has been devoted to study linear parameter varying (LPV) time-delay systems. Accordingly, various
robust delay-dependent control design strategies have been introduced and assessed for such complex
systems in cases of fast parameter variations, uncertainties, modeling mismatches, input and output
disturbances, and measurement noise.

In the first chapter of the dissertation, the importance, necessity, and objectives of the mean ar-
terial blood pressure (MAP) regulation in critical patient resuscitation scenarios have been discussed
in detail. In this regard, a first-order continuous-time linear time-varying model with adjustable pa-
rameters and a varying input delay was considered to characterize patients’ MAP response dynamics
subject to vasoactive drug infusion. The utilized mathematical model effectively addressed the com-
plexity, pharmacological variability, and the intra- and inter-patient variability of the physiological
response to vasoactive drugs.

Chapter 2 proposed a Bayesian-based square root cubature Kalman filtering (SRCKF) approach
for real-time model parameter estimation. Moreover, we used a multiple-model module with a
posterior probability estimation to provide the time delay estimation. The proposed MMSRCKF
estimation algorithm has been implemented on the MAP response model. To this end, we discretized
the model and augmented the state vector with model parameters as unknown states of the sys-
tem. Simulated nonlinear patient and swine animal experimental data have been used to verify the
effectiveness of the developed identification algorithm.

Chapter 3 has proposed and compared two frequency-domain based control design methods,
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namely, parameter-varying loop-shaping and internal model control (IMC), to regulate the blood
pressure in critical patients via vasopressor drug administration. The first method has trans-
formed the infinite-dimensional time-delay problem into a finite-dimensional but non-minimum phase
(NMP) one through using the Padé approximation. The parameter-varying loop-shaping controller
has been designed to make the closed-loop system meet bandwidth requirements in a straightforward
manner while carefully dealing with the limitations imposed by the internal dynamics of the NMP
system. In the IMC control design method, the small-gain theorem has been used to characterize
necessary and sufficient conditions for robust stability of the closed-loop system.

In chapter 4, we addressed the stability analysis and control synthesis problem for LPV time-
delay systems with norm-bounded parametric and/or time-delay uncertainties. First, by considering
a class of LPV systems with additive norm-bounded uncertainties in the state and delayed state ma-
trices and employing Lyapunov-Krasovskii functionals (LKFs), delay-dependent sufficient conditions
were derived and formulated in terms of linear matrix inequalities (LMIs) to ensure the robust sta-
bility and a prescribed energy-to-energy gain performance level. In the next section of the same
chapter, an improved parameter-dependent LKF candidate and an efficient bounding technique, the
affine Jensen’s inequality, were proposed to design a less conservative output-feedback LPV con-
troller. A numerical example was provided and compared the proposed less conservative controller
design scheme to another method in the literature. We further extended the research to address the
robust control synthesis for the class of LPV systems with varying uncertain delays. To this end, we
encountered the problem by considering the uncertain time delay as a nominal varying delay plus
a perturbed function, and in order to confine the uncertainty in a stable domain, an input-output
stability approach via the small-gain theorem results has been examined. Then, stability analysis,
along with robust control synthesis conditions, characterized via a prescribed induced Lo-norm of the
closed-loop system, are derived via bounding the derivative of LKF, and the final results have been
formulated in a relaxed parameter-dependent LMI frame. The next section of chapter 4 focused on
the direct sampled-data LPV control design for continuous-time LPV time-delay systems. A combi-

nation of a digital controller and a continuous-time system resulted in a hybrid closed-loop system
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that is challenging to analyze mathematically and needs to be encountered using advanced control
methods that take the sampling behavior into account. We applied the input-delay approach to map
the hybrid closed-loop system into a unified continuous-time domain. The mapping introduced an-
other delay into the system dynamics other than the system’s inherent time-delay. To complete the
discussion, by employing the Krasovskii method of Lyapunov functionals, we proposed sampled-data
output-feedback LPV synthesis conditions to ensure the asymptotic parameter-dependent quadratic
(PDQ) stability and induced Lo-norm performance index of the hybrid closed-loop LPV system.
The investigated approach provided a less conservative approach in handling LPV systems with
fast-varying time-delay and potentially large variable sampling rates. Finally, as a benchmark,
we examined the automated MAP control in a hypotensive patient resuscitation where the MAP
response dynamics to drug infusion was characterized in a time-delay LPV representation. The
effectiveness of the proposed gain-scheduling LPV control design tools was evaluated in terms of
MAP command tracking, disturbance rejection, and robustness against uncertainties. The closed-
loop simulation results have been provided to verify the proposed LPV methodology’s performance

and superior potential.

5.2 Future Research Direction

Here are the list of some future research directions to extend the LPV time-delay control design:

e The developed real-time parameter estimation tool (2) and the proposed feedback control
design methods (chapters 3 and 4) can ultimately be implemented and tested on an actual

clinical patient resuscitation after passing the medical standards and safety protocols.

e The application of the proposed LPV time-delay systems analysis and control synthesis ap-
proaches could be extended to the LPV modeling and control of fluid resuscitation in burn

patients.

e The results in chapter 4 were based on satisfying a prescribed energy-to-energy gain (or equiv-

alently induced Lo-norm) of the closed-loop system. In future research, we will study designing
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gain-scheduling LPV controllers with different performance objectives, such as energy-to-peak,

peak-to-peak, and multi-objective problems.

In this dissertation, we derived the delay-dependent output-feedback synthesis conditions based
on the improved LKF's and a less conservative affine Jensen’s inequality bounding technique.
This research could be further extended by examining more complete LKFs to improve the
results and further reduce the conservatism. Additionally, we might examine and compare the
results of other bounding techniques such as Wirtinger inequality to limit the bounding gap

in the integral cross-terms of the LKF derivative.

Future research will aim to address the sampled-data gain-scheduling LPV control problem in

the presence of time-delay uncertainties and actuator saturation constraints.

In future research, convergence analysis and the sensitivity of the proposed MMSRCKF algo-
rithm to different initial conditions will be addressed and compared to other available estima-

tions tools, such as EKF, UKF, and PF.

Finally, future work will focus on the real-time testing and closed-loop implementation of the
proposed MMSRCKF and automated LPV control methodologies for real animal and human

cases.
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