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Abstract—The proportional-derivative (PD) control is investi-
gated for discrete-time positive linear systems in this paper, which
is a fundamental research problem in positive systems theory.
Based on positive systems theory and Lyapunov theory, this paper
proposes a systematic approach on the PD controller design for
positive stabilization. The analyses and methods presented in
this paper preserve both the necessity and sufficiency of the
control problem, and the convergence of the algorithm is also
analyzed. Finally, a numerical example on pest population control
is employed in the simulation to verify the results.

Index Terms—Discrete-time systems, PD control, Positive sys-
tem

I. INTRODUCTION

The research of positive linear systems has raised a lot of
attention in both the scientific and engineering communities
during the past decades. The systematic study of such kind
of systems is provided by D. G. Luenberger in his book [1].
A positive linear system is a special dynamic system which
preserves the positivity attributes of the system’s variables
[2]. The applications of positive systems broadly exist in
industrial areas, such as epidemiology, economics and biology
[3], [4]. A major reason is that, many physical quantities
such as concentration, queue lengths and charge levels are
intrinsically constrained to be nonnegative [5]. Besides, due to
the nonnegative attribute of probabilities, many probabilistic
models, such as Markov chains, can be described as positive
systems [6].

Recently, many important results have been constantly pro-
posed on positive systems [7]-[11]. We focus on the PD
control of discrete-time positive linear systems in this paper.
The design problem of PD controllers has been a crucial topic
in many research areas, such as communication engineering
[12], robotics [13], [14] and marine engineering [15], to name
just a few. The reason is that it has some advantages, for
instance, simple implementation, and shorter settling time.
In addition, PD controllers can be used even when full-
state feedback is not available, which can be advantageous
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in situations where some of the state variables are difficult or
costly to measure. Nowadays, many industrial processes are
modelled and represented by means of nonnegative physical
quantities, and as such, serious destruction could arise once
the positivity property is lost. In addition, the design of PID
controllers for such a kind of systems is actually one of the
fundamental research problems in positive systems theory. The
contribution of this work includes providing a new answer to
the problem, and giving novel insights to inspire future work.
The contributions of our work are multi-fold. First, we
propose a novel state-space formulation for the PD control de-
sign of discrete-time positive linear systems. Second, through
utilizing the special structure of positive systems and PD
controllers, several necessary and sufficient conditions are
derived for the PD control of positive discrete systems, where
the analyses and methods can be extended to study other PID
control issues of positive systems in the future. Moreover, a
convexification method is proposed for multi-input positive
systems. Third, an algorithmic solution is developed through
iterative linear matrix inequality (ILMI) method. The initial-
ization and convergence of the algorithm are analyzed.
Notations: We use R to denote the set of real numbers.
For symmetric matrices A, B € R™*™, the notation A < B
(respectively, A < B) means that A — B is negative definite
(respectively, negative semidefinite). The notation A < B (re-
spectively, A < B) means that A— B is negative (respectively,
nonpositive). We assume that, if not explicitly specified, the
vectors and matrices in this paper have compatible dimensions.

II. PRELIMINARIES

The discrete-time positive linear system is considered:

z(k+1) = Az(k) + Bu(k)
y(k) = C(k)

where z(k) € R", u(k) € R™ and y(k) € R? denote the
system state, input and output, respectively.

Definition 1: [2] System (1) is a positive system if for any
initial value 2(0) > 0 and input u(k) > 0, Vk > 0, the state
x(k) > 0 and output y(k) > 0, Vk > 0.

Lemma 1: [2] System (1) is a positive system if and only
if A, B and C are nonnegative matrices.

Lemma 2: [2], [S], [16]-[18] For a nonnegative matrix A,
we have the following equivalent statements:

1) System z(k + 1) = Az(k) is asymptotically stable;

2) Matrix A is Schur stable, i.e., p(4) < 1;

3) Matrix A — I is Hurwitz stable;

(1)

Authorized licensed use limited to: The University of Hong Kong Libraries. Downloaded on November 08,2023 at 05:37:51 UTC from IEEE Xplore. Restrictions apply.

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Circuits and Systems--1I: Express Briefs. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/TCSI1.2023.3280596

4) 3 diagonal D > 0 such that

ATDA<D or ADA' < D;

5) 3 diagonal D > 0 such that

DA+ ATD <2D or AD+ DAT <2D.

The transfer function of a single-input single-output (SISO)
discrete-time PD controller can be described as

Kq

Ty +1(z) Y(z) @
where K, and K are the proportional gain and the derivative
gain, respectively. Ty is the derivative filter time constant.
The symbols U(z) and Y (z) here are the z-transforms of
input u(t) and output y(t) of system (1), respectively. The
term I'(z) in (2) may take different forms if using different
discretization methods. To preserve the system’s stability [19],
we use backward Euler method here and have

I(z) = Tz

z—1
where Ts > 0 denotes the sampling period. Thus the multi-
variable PD controller for a multi-input multi-output (MIMO)
discrete system can be described as

U(z) = K,Y(2) +

U(z) = KpY(2) + KpHp(2)Y (2) (3)
where 1
HD(Z) = WI(I (4)

is used to represent the transfer function matrix which is
associated with the differentiator dynamics in discrete-time
form [19]. With the above settings, we study the PD controller
design of positive discrete systems in this paper.

Problem PDCPDS (PD Control of Positive Discrete Sys-
tems) Consider the discrete-time positive linear system in (1)
with the PD controller in (3), determine the proportional and
derivative gains Kp and Kp, respectively, so that the closed-
loop system is asymptotically stable and its states and outputs
always stay in the nonnegative orthant, i.e., z(k) > 0 and
y(k) >0 for k& > 0.

Remark 1: Traditional PD controller design techniques [19],
[20] are not applicable to positive systems since their positiv-
ity could be violated during the evolutionary process. This
may cause severe issues when the variables are intrinsically
nonnegative.

Remark 2: Due to the special dynamics of the differentiator
(in the discrete-time domain) in (4) as well as the significant
coupling between the gains Kp and K p, Problem PDCPDS,
which is to simultaneously reach the stability and positivity of
the positive discrete system in (1), becomes fairly challenging.

III. MAIN RESULTS

A state-space formulation is firstly proposed for the PD
controller design of positive discrete systems in this section.
Then we derive two necessary and sufficient conditions on
positive stabilization for multi-input positive discrete systems.
An LMI-based algorithmic solution is developed.

A. State-Space Formulation

We first transform the transfer function Hp(z) in (4) as
follows:

ik +1) = A (k) + By(k) )
y(k) = Cz(k) + Dy(k)
where e T
. 't = .
Ain—i—TSIq’ C = Tf—f—Tqu (6)
and 1
B=D= I,.
Tf + T a @

This can be done through inverse z-transform and notice that
Ty and T are positive constant parameters.

Hence the tuning of PD controller gains (3) can be formu-
lated as an SOF control problem and

u(k) = Kpy(k) + Kpg(k). ®)

Combining the dynamics of system (1) with the PD controller
in (5) and (8), we have

z(k+1)]  [A+ BKpC+ BKpDC BKpC| [x(k)
Lﬁ(k—kl)} - [ BC A } Li"(k)] '
Furthermore, we define an augmented state (k) :=
(k)T j(k)T]T and an augmented gain matrix K :=
Kp K D], then the overall closed-loop system can be de-
scribed as

@(k+1) = (A+ BKC)i(k) 9)

where

a=lge 8 o=[) o=l 8

Therefore, we can address Problem PDCPDS by equiva-
lently finding an SOF controller for the system in (9).

B. Stability-Positivity Analysis
We first give the following necessary and sufficient condi-
tion on the solvability of Problem PDCPDS.

Theorem 1: Problem PDCPDS is solvable if and only if
matrices Kp and Kp fulfill the following conditions:

1) BKp <0,
2) A+ BKpC + BKpDC > 0,
3) all the eigenvalues of matrix

A+ BKpC + BKpDC BEKpC (10)
BC A
are within the unit circle over C,
OR all the eigenvalues of matrix
A+ BKpC +BKpDC — 1 BEKpC (1
BC A—-1T

are in the open left half-plane over C.

Proof. For stability, by Lemma 2, we have that system (9) is
asymptotically stable if and only if matrix A+ BKC is Schur
or equivalently A+ BKC — I is Hurwitz, which is equivalent
to condition 3). For positivity, notice that BKp < 0 if and
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only if BK DC > 0 since C is a negative diagonal matrix.
As A and B are posmve matrices, conditions 1) and 2) hold
if and only if A+ BKC is a nonnegative matrix, which is
equivalent to the positivity of system (9) by Lemma 1. [

Then we propose a necessary and sufficient solvability con-
dition for Problem PDCPDS for multi-input positive discrete
systems as follows.

Theorem 2: Problem PDCPDS is solved by Kp and Kp
if and only if scalar 7 > 0, and diagonal matrices P; > 0 and
P > 0 fulfill the following conditions:

1) BKp <0,

2) A+ BKpC + BKpDC >0,

3) the following matrix is negative definite:

Iy PCTBT yBKp+ PCT nBKp+ P,CTDT
* Iy 0 P,CT
* * —nl 0
* * * —nl
(12)
where

Iy := AP, + PLAT — 2P, —nB(KpKp + KpK})BT,
Ty := AP, + P AT - 2P,.
Proof. We need to prove that the condition 3) in Theorem 3

and the condition 3) in Theorem 1 are equivalent. Notice that
matrix (12) is congruent to the matrix

f1 BKDéPQ —‘rPlCTBT PlCT PlCTf)T
AT
* FQ 0 PQC (13)
* * —nl 0
* * * —nl
with respect to a nonsingular matrix
I 0 —-BKp —-BKp
0 I 0 0
U= 0 0 1 0 ’
0 0 0 I
where I'y := Pi(A+BKpC+BKpDC)" +(A+ BKpC +

BKDDC’)Pl —2P;. By Lemma 2, matrix (10) is Schur stable
if and only if there exist diagonal P, P, > 0 such that

Iy BKpCP,+ P,CTBT

N Ty =< 0.

(14)

Using Schur complement equivalence, one can see that (14)
holds if and only if there exists 7 > 0 such that matrix (13)
is negative definite, which implies the results as desired. [

Remark 3: The above theorem gives a necessary and suf-
ficient condition on the solvability of Problem PDCPDS
for general positive discrete systems. However, notice that
condition 3) in Theorem 3 is a nonlinear matrix inequality
that cannot be effectively solved. Thus convexification or lin-
earization techniques are required to design the PD controller
gains Kp and Kp for multi-input systems.

C. Stability-Positivity Design
Based on the previous analyses, we propose the PD con-

troller design for positive discrete systems as follows.

Theorem 3: Problem PDCPDS is solved by Kp and Kp
if and only if there exist matrices Rp, Rp, Sp, Sp, a scalar
n > 0, and diagonal matrices P; > 0, P» > 0 such that

1) BRp <0,
2) nA + BRpC + BRpDC > 0,
3) the following matrix is negative definite

Ay P,CTBT BRp+ P,CT BRp+ P,.CTDT

* Iy 0 PCT
* * —nl 0
* * * —nl
(15)
where
Ay := AP, + PLAT — 2P, — BRpSE — SpRLBT
+1SpSE — BRpSE — SpREBT +nSpSE.

Under the above conditions, the PD controller gains are

P = 1]:fp and KD = ERD

n n
Proof. Taking Kp = (1/n)Rp and Kp = (1/n)Rp, one can
see that conditions 1) and 2) in Theorem 3 are equivalent to
conditions 1) and 2) in Theorem 3, respectively. We need to
prove the equivalence between the condition 3) in Theorem 3
and the condition 3) in Theorem 3.
Sufficiency: If matrix (12) is negative definite, notice that there
exist matrices Sp = BKp and Sp = BKp with Rp =
nKp and Rp = nKp such that Ay = AP, + PLAT — 2P, —
nB(KpK} + KpKJ5)BT =T, and matrix (15) is reduced
to matrix (12) thus negative definite.

Necessity: If matrix (15) is negative definite, notice the fact

that Ay — Ty = n(BKp — Sp)(BKp — Sp)T +n(BKp —
Sp)(BKp — Sp)T = 0. Thus, we have

Matrix (12) — Matrix (15) <0 (16)
which implies that matrix (12) is negative definite. ]

Remark 4: The above theorem provides a necessary and suf-
ficient condition for PD controller design of positive discrete
systems with general input channels, which also preserves the
sufficiency and necessity of Problem PDCPDS. The nonlinear
terms in Theorem 3 are decoupled by constructing auxiliary
structures and the equivalence is preserved, which paves the
way for developing algorithmic solutions.

Based on Theorem 3, an ILMI algorithm is developed in
Algorithm 1 (see the next page) to solve Problem PDCPDS.

Proposition 1: In Algorithm 1, f(h“) < f(h) for h > 1,
ie., {¢M}),> is a non-increasing sequence.

Proof. Define an intermediate variable th) = AP +
PAT — 2P, —nB(KW KT + KW KT BT Notice the

fet tha AL - T = (BRETD - sy (BREY) -
nSp )T+ A — " = (BR +)—7;S§)>)(BR§)+)—
US(h)) = 0 thus F(hﬂ) =< A . Now we consider the

relation between A(h+1) and F(h+ ) Notice that if we take
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Rp = nKp (k+1) and Rp = , meanwhile keep other
variables unchanged, then A(h+l§ W111 be reduced to F(hH)
which implies that A; (h+1) < A(h). Therefore we can conclude
that £(P+1) < ¢(h) for all h > 1. O

Since {¢(" 1>, is nonincreasing, we can obtain a succes-
sively improved sequence of controller gains. When £ is
finally decreased below 0, the solution to Problem PDCPDS
is obtained. Moreover, the initialization of Sggo) and Sg))
formulated as a positive observer design problem [21], which
is summarized in the following proposition.

Algorithm 1 PDCPDS Solver

Initialize iterator: h = 0 and threshold: ¢(©) > 0.

Initialize gains: SI(DO) and S](JO) such that the following matrix
is Schur table and nonnegative:

A+5Vc+ 59D sV an
BC A
while £") > 0 do
Minimize ¢ with respect to variables:
n>0, PL>0, P, >0, Rp and Rp
subject to constraints:
1) BRp <0,
2) nA + BRpC + BRpDC > 0,
3)
AW PCTBT BRp+PCT BRp+PCTDT
* Ty 0 PQCT < 61
* * —nl 0 -
* * * —nl
where
MM = AP, + Pl AT — 2P, — BRpSYT — SUWREBT
+nsM T _ BRpsWT _ g RT BT 4 (M) gT,
Update h = h+ 1 and £ =¢.
Update K( ) = (1/7])Rp and K( ) = =(1/n)Rp
i /6 — €| /€ < ¢ then
| STOP
end
Update SE; BK(h) and S(h) BK(h)
end

return Kl(gh) and Kg”.

Proposition 2: Matrix (17) is Schur stable and nonnegative
if and only if matrices Lp, Lp and diagonal matrices P; > 0,
P, > 0 fulfill the following conditions:

1) Lp <0,

2) PLA+ LpC + LpDC > 0,

3) the following inequality holds:

Q1 LpC+ CTBTPQ] [Pl 0}
- P 2 (18)
* AP, + P,A 0 P

where

O = AP+ PLAT+ LpC+ LpDC+CTLp+C D" Lp.

Under the above conditions, initial values are

SV —pP'Lp and S = P7lLp.

Proof. Taking Lp = PlSI(D) and Lp = PlSE) , by Lemma 2,
matrix (17) is nonnegative if and only if conditions 1) and 2)
hold, which follows from the fact that P; and P; are positive

diagonal matrices. By Lemma 2, nonnegative matrix (17) is

Schur stable if and only if
P 0 " P 0
0 P 0 P

P 0
2[5 ]
which is equivalent to Eqn (18). (|

Remark 5: The above proposition provides an equivalent
approach for the initialization of SJ(DO) and S](JO). Further notice

that all the linear conditions in Proposition 2 can be effectively
solved by numerical solvers.

A+ SWe+s0bHe 5(0)0
BC A

A+ SWe+s9Wpe s9¢
BC A

IV. ILLUSTRATED EXAMPLE

A numerical simulation is conducted in this section for
verification of the proposed theoretical results of PD controller
design and algorithm.

We utilize a real-world example, namely the pest population
control problem, to verify the effectiveness of our proposed
theoretical results. The structured population dynamics for a
certain pest can be described by Leslie matrix model, which
was developed by the P. H. Leslie in 1940s and broadly used
in ecology [22]. Consider the following Leslie model:

fi fo fs bi bo
zk+1)=1|s1 0 O|z(k)+ |0 b3|uk)
0 s2 O 0 0
C1 C2 0
y(k+1) = z(k+1)
0 C3 C4

where z(k) = [z1(k) x2(k) xg(k:)]T € R3 denote the
populations of juvenile, immature and mature pests, respec-
tively. In the Leslie matrix A, f; denotes the birth rate for the
i-th age class and s; denotes the survival rate from the i-th
age class to the next age class. For matrix B, its structure
means that the external inputs can only influence the juvenile
and immature pests. For matrix C), its structure means that the
sum of juvenile and immature pests, and the sum of immature
and mature pests are estimated.

Notice that the above Leslie system is a positive linear
system since the populations of pests are intrinsically non-
negative quantities. To exterminate a certain insect pest, we
utilize the PD controller in (8) for positive stabilization, where
the derivative filter time constant is set as Ty = 0.5 and the
sampling period is set as Ts = 1.0. Besides, we assume that
the model parameters are estimated as f; = 0.25, fo = 0.60,
f3 = 0.56, s; = 0.35, so = 0.25, by = 0.60, by = 0.90,
bs = 0.12, ¢ = 0.75, co = 1.20, ¢3 = 0.90 and ¢4 = 1.00.
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5

By Proposition 2, matrices Sp and Sp are initialized as an LMI-based algorithm for computing the controller gain.
01316 —0.2781 The initialization and convergence of the algorithm have also

S}(Do) — (01432 0.3084 |, been analyzed. Finally, a numerical example of pest population

control has been used for verification of the theoretical results.
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—0.2151 —0.2228 Y
SO — 1-0.2180 —0.2092
—0.2893 —0.2646 REFERENCES
Implement Algorithm 1 using SeDuMi in MATLAB 2020b,  [1] D. G. Luenberger, Introduction to Dynamical Systems. John Wiley &
(0) (1) ¢(2)7 — _ : Sons, 1979.
we have {5 68 } {0'6050’ 0.0029, 0'6525} with [2] L. Farina and S. Rinaldi, Positive Linear Systems: Theory and Applica-
(2) —0.2842 (0.2825 ) —0.2051 —0.4466 tions. John W11ey & Sons, 20'11, vol. 50. o )
K p = K D = . [3] M. Ogura, W. Mei, and K. Sugimoto, “Synergistic effects in networked
0.2825 0.2960 —0.4466 —0.2353 epidemic spreading dynamics,” IEEE Transactions on Circuits and
. . s TR Systems II: Express Briefs, vol. 67, no. 3, pp. 496-500, 2019.
Using Theorem 1, we first verify the system’s positivity: (4] H. Trinh, D. C. Huong, L. V. Hien, and S. Nahavandi, “Design of
o - reduced-order positive linear functional observers for positive time-delay
BK (D2) = 0.5250 0.4798 <0 systems,” IEEE Transactions on Circuits and Systems II: Express Briefs,
—0.0536  —0.028200 vol. 64, no. 5, pp. 555-559, 2017.
@) @) ~ [5] J. Lam, Y. Chen, X. Liu, X. Zhao, and J. Zhang, Positive Systems:
and A+ BK;,’C+ BK;,;’DC = Theory and Applications. Springer, London, 2019, vol. 480.
P b [6] L. Wang, Z.-G. Wu, and Y. Shen, “Asynchronous mean stabilization
0.0503 0.3849 0.6761 of positive jump systems with piecewise-homogeneous Markov chain,”
0.3486 0.0128 0.0167| >0, IEE?OTransgz;tégng 207nOC£';(*)02u]itS and Systems II: Express Briefs, vol. 68,
no. 10, pp. — , .
0 0.2500 0 [71 L. V. Hien and H. Trinh, “Observers design for 2-D positive time-
then the asymptotic stability is verified by matrix (10) ?ﬁlfg’xpligsessgi:gs{sgs’651%;15 4Trggsi%ﬂ‘;Olmzocllgcmts and Systems
[8] X. Liu, “Stability analysis of switched positive systems: A switched
0.0503 0.3849 0.6761 0.1750 0.1599 linear copositive lyapunov function method,” IEEE Transactions on
0.3486 0.0128 0.0167 0.0179 0.0094 Circuits and Systems II: Express Briefs, vol. 56, no. 5, pp. 414418,
0 0.2500 0 0 0 . 2009.
[9] M. Ait Rami and F. Tadeo, “Controller synthesis for positive linear
0.5000  0.8000 0 0.3333 0 systems with bounded controls,” IEEE Transactions on Circuits and
0 0.6000 0.6667 0 0.3333 Systems II: Express Briefs, vol. 54, no. 2, pp. 151-155, 2007.
. R [10] J. J. Liu, N. Yang, K.-W. Kwok, and J. Lam, “Proportional-derivative
Its eigenvalues {0.8080,0.0822,0.3289, —0.2446 + 0.2923i} controller design of continuous-time positive linear systems,” Interna-
are all within the unit circle over C. The responses of system tional Journal of Robust and Nonlinear Control, vol. 32, no. 18, pp.
; : 9497-9511, 2022.
(1) with the Qes1gned PD cqntrol.ler versus P controller are (1] 1. J. Lin, M. Zhang, J. Lam. B. Du, and K.-W. Kwok, “PD control
plotted by solid and dashed lines in Fig. 1. of positive interval continuous-time systems with time-varying delay,”

Information Sciences, vol. 580, pp. 371-384, 2021.
[12] J. Sun, K.-T. Ko, G. Chen, S. Chan, and M. Zukerman, “PD-RED: to
improve the performance of red,” IEEE Communications Letters, vol. 7,
(k) no. 8, pp. 406408, 2003.
(%) [13] A. De Luca, B. Siciliano, and L. Zollo, “PD control with on-line gravity
E:; | compensation for robots with elastic joints: Theory and experiments,”
k
:

Automatica, vol. 41, no. 10, pp. 1809-1819, 2005.

[14] R. Kelly, “PD control with desired gravity compensation of robotic
manipulators: a review,” The International Journal of Robotics Research,
vol. 16, no. 5, pp. 660-672, 1997.

[15] M.-C. Fang, Y.-H. Lin, and B.-J. Wang, “Applying the PD controller on
the roll reduction and track keeping for the ship advancing in waves,”
Ocean Engineering, vol. 54, pp. 13-25, 2012.

[16] T. Kaczorek, Positive 1D and 2D systems. Springer London, 2012.

[17] A. Rantzer and M. E. Valcher, “A tutorial on positive systems and
large scale control,” in 2018 IEEE Conference on Decision and Control

4 %0 €0 70 &0 (CDC). 1IEEE, 2018, pp. 3686-3697.

[18] H. Ichihara, S. Tanabe, Y. Ebihara, and D. Peaucelle, “Analysis and syn-
thesis of discrete-time interconnected positive systems,” SICE Journal
of Control, Measurement, and System Integration, vol. 11, no. 2, pp.
91-99, 2018.

[19] K. J. Astrom and T. Hagglund, “PID Controllers: Theory, Design, and
Tuning,” ISA-The Instrumentation, Systems, and Automation Society,

A fundamental research problem in positive systems theory, 1995.

. .o . [20] Q.-G. Wang, Z. Ye, W.-J. Cai, and C.-C. Hang, PID Control for
that is, the PD control of positive discrete systems, has been Multivariable Processes. Springer, Berlin, Heidelberg, 2008.

investigated. We have first proposed a state-space formulation,  [21] V. T. Huynh, A. Arogbonlo, H. Trinh, and A. M. T. Oo, “Design of ob-
and derived equivalent conditions on the solvability of this servers for positive systems with delayed input and output information,”

problem. Moreover, a linearization-based technique has been IllliEf ﬁf”fﬁ?’,’f’ﬁ "Sog(’)’””’s and Systems II: Express Briefs, vol. 67,

employed for the multi-input systems. A systematic approach  [22] P. H. Leslie, “Some further notes on the use of matrices in population
for the PD controller design has been provided, along with mathematics,” Biometrika, vol. 35, no. 3/4, pp. 213-245, 1948.

Fig. 1. Positive stabilization of Leslie system via PD control versus P control.

V. CONCLUSIONS

Authorized licensed use limited to: The University of Hong Kong Libraries. Downloaded on November 08,2023 at 05:37:51 UTC from IEEE Xplore. Restrictions apply.
© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



