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Abstract

This paper presents a local tracking control approach for DC-DC synchronous buck convert-
ers operating under randomly varying load resistance. The load variation is represented by
a discrete-mode switching mechanism governed by a Markov stochastic process, allowing
the converter dynamics to be modeled as a Markovian jump system. A mode-dependent
state-feedback controller is developed based on linear matrix inequality (LMI)-based condi-
tions that explicitly incorporate transition-rate information. By incorporating the transition
characteristics into the controller design, the proposed method ensures stochastic local
stability together with satisfactory tracking performance within a prescribed local stability
region, while reducing the conservatism of conventional global-stability-based approaches.
Simulation studies demonstrate that the proposed controller effectively regulates the con-
verter under stochastic load variations.

Keywords: DC-DC buck converter; Markovian jump systems; local stabilization;
transition-rate-dependent

MSC: 93C95; 93E15

1. Introduction

A DC-DC buck converter is one of the most widely adopted power converters for
supplying a regulated low-voltage output from a higher input voltage owing to its simple
structure and high conversion efficiency [1-4]. In practical applications such as smart-
phones, [oT devices, and LED lighting systems, abrupt changes in operating conditions
frequently cause the load resistance to vary unpredictably, resulting in significant degra-
dation of voltage regulation and transient performance. Conventional converter models
generally assume constant or piecewise-constant loads [5], which are often insufficient to
describe these stochastic operating conditions. To provide a more realistic representation,
this paper models randomly varying load conditions as a Markovian jump system (M]S),
where the converter switches probabilistically among multiple operating modes according
to predefined transition rates [6-8]. An MJS consists of a finite number of modes governed
by a Markov stochastic process [9,10], and each mode is associated with different system dy-
namics whose switching behavior is characterized by transition rates [11,12]. Consequently,
the MJS framework naturally captures random structural changes and parameter variations
from a probabilistic viewpoint, providing an effective control-oriented model for practical
systems subject to stochastic operating conditions [13,14]. Furthermore, incorporating
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transition-rate information into the controller design allows the statistical characteristics
of load-mode transitions to be explicitly considered, rather than treating them simply as
unknown disturbances.

Recently, considerable attention has been devoted to control design for Markovian
jump systems, particularly local stabilization methods that guarantee stability only inside
a prescribed domain of attraction [15,16]. Existing studies mainly construct ellipsoidal
attraction regions using mode-dependent Lyapunov functions and exploit transition-rate
information to reduce the conservatism of stabilization conditions [17,18]. Nevertheless,
transition-rate uncertainties are still frequently treated conservatively, leading to unnec-
essarily restrictive LMI conditions [19,20]. Meanwhile, most tracking controllers for DC—
DC converters are developed within a global stabilization framework, where stability
is required over the entire admissible state space. Some methods additionally employ
actuator or duty-ratio saturation to indirectly limit the state trajectories. Although these ap-
proaches provide satisfactory regulation performance under normal operating conditions,
they neither explicitly define the admissible tracking region nor fully utilize stochastic
mode-transition information during controller synthesis. Consequently, existing studies
largely focus on regulation rather than tracking, and a unified framework capable of si-
multaneously addressing local stochastic stability and tracking performance has remained
largely unexplored [21].

Motivated by the above observations, this paper proposes a transition-rate-dependent
local stochastic tracking control framework for DC-DC synchronous buck converters with
randomly varying load resistance. The main contributions of this paper are summarized
as follows.

* A transition-rate-dependent stochastic tracking controller is developed for Markovian
jump buck converters. Unlike conventional global tracking controllers, the proposed
method explicitly incorporates transition-rate information into the LMI synthesis,
which enables the controller to account for stochastic load-mode transitions while
reducing the conservatism of existing global-stability-based approaches [22].

* A local stochastic tracking framework is established by introducing a predefined
domain of attraction. In contrast to existing methods that guarantee tracking over
the entire admissible state space or indirectly restrict state excursions through in-
put saturation, the proposed approach explicitly specifies the admissible operating
region. This leads to improved transient responses while effectively suppressing ex-
cessive inductor-current peaks, thereby enhancing the protection of power electronic
components under practical duty-ratio constraints [23].

e The effectiveness of the proposed controller is verified through simulations under
various Markovian jump load scenarios. The results demonstrate faster transient
responses, improved tracking accuracy, enhanced robustness, and less conservative
performance compared with existing LMI-based tracking methods.

Notations: The following notations will be utilized in the main discussion: X > 0
(X > 0) denotes that the matrix X is positive semi-definite (or positive definite, re-
spectively). () represents the symmetric term in a matrix expression, indicating that
the corresponding symmetric components are included implicitly. diag(-) denotes the
block-diagonal matrix constructed by placing the given matrices along the diagonal.

T
[Qicppm sy = [ of 9 - < } ,and [Qi]zc’le{l,z,---,s} = diag(Q1, Q2+, ).
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2. System Modeling

On a given complete probability space, let us consider the process {¢(t) € Ny =
{1,---,s}, t > 0}, described as a nonhomogeneous Markov process with the following
transition probabilities (TPs) [24]:

041 (1)5 +0(5) ith# g

Prig(t+0) =hlo(t) =35) = {1+9gg(t)5+o(5) ifh=g

where 0(6) denotes the little-o notation, defined by lims_,0(0(6)/6) = 0, and 6, (t) indicates
the transition rate (TR) from mode g to mode # at time ¢ 4 t, satisfying

0 < 04y (t) € [Bn B |, ¥h € N:\{g} (1)
0= Zé)gh(t) (i.e., g (t) = — Z Ogn(t) € [Ggg,Ogg}) (2)
heNy heNs\{g}
Based on (1) and (2), the transition rate can be described as follows:
Ggh(t> = Pgh + 5gh<t) subject to (Sgh(t) S [_Sgh/ Sgh] (3)
where
Oh +0g - Ogn— O
Pgh = =5 Ogh =~

In what follows, let us consider the circuit of the DC-DC synchronous buck converter
(see Figure 1), where Ry, = R(¢(t) = g) denotes a piecewise constant load resistance that
changes stepwise according to the load-side operating mode ¢(t) € N; (e.g., LEDs being
switched on or off). Then, when Q1 is turned on and Q2 is turned off, the time derivative
of the inductor current can be expressed as follows:

: 1 1 . 1
iL(t) = —Zvo(f) - Z(RDS + Rpcr)ir(t) + Zvl(t)
1/ RgRgsr ) . 1 Rg vy (t)
= ——| 5————+Rps+R iL(t)—=5—%5—0oc(t)+ 4
I (Rg+RESR ps+Rpcr )iL(t) LRy + Resg c()+—7 (4)

where iy (t) and vc(t) represent the inductor current and the capacitor voltage of the
converter, respectively; v;(t) denotes the input voltage of the power source; L denotes
the inductance determined by the design specifications; Rpcr and Rgsg represent the
equivalent series resistance of the inductor and capacitor, respectively; and Rpgs represents
the static drain-to-source resistance of the high-side and low-side power MOSFETs. In the
opposite case, it is given as follows:

; 1 1 .
i(t) = =7 0(t) = 1 (Rps + Rpcr)ie(t)
1 ( RgRgsr ) 1 Rg
=—-|5—% — t+tRps+R ir(t) — —5——%—oc(t). 5
I <Rg+RESR ps + Rpcr )iL(t) LRy + Resr c(t) )

Then, based on the averaging method for one-time-scale discontinuous systems [25],
the combination of (4) and (5) leads to the following inductor current dynamics:
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1

i1(t) = ~7o0(t) — 1 (Ros + Rocr)ie (1) + ()

where d(t) denotes the duty ratio of the PWM buck converter, and

1o = 1(RSRESR
1g L Rg+RE5R
1 R

Kpe = - —>5———, K
287 LRg+ Rpsg” >

+ Rps + RDCR) ,

=

Rpg Q1 Rpcr L
14T NV Yy —

l:L(t) iO (t)

Rps § Rgsp +
@ () v(0) § Ry

+
*—_Pl Q2 ve(t) ==¢C

Figure 1. Equivalent circuit of the synchronous buck converter .

In addition, the capacitor voltage dynamics are given by
Z')C(t) = K4giL(t) - KSgUC(t) 8)

where

o _1 R 1 1
7 CRg+Resg’ ® CRg+ Resy

in which C denotes the capacitance determined by the given design specifications. As is
well known, the control objective of the DC-DC buck converter is to regulate vo(t) to a
prescribed constant level, denoted by 7o, under the mode-dependent constant resistance Rq.
In other words, since 9¢(t) = (vo(t) — vc(t))/(CREsgr), it is required that the steady-state
value of v¢(t) becomes 7¢c = p. Simultaneously, based on (6) and (8), the steady-state
values of i (t) and e(t) satisfy the following relations, respectively:

0= _KlngL,g — K2¢0C + K3ég 9)
0= K4ngL,g — K5¢0¢ (10)
which leads to
R,R - R

- gNESR - g _
e, = | =—=——+Rps+R Ipot—=>—"7—7 11
¢ (Rg+RE5R DS DCR) Lg Ryt Resr c (1)
Uc = RgZTL,g. (12)
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Combining (11) and (12) yields
R,R g R
_ gINESR oc g _
€ = +RDS+RDCR) —+5—F5—70C
8 (Rg+RESR Rg Rg+RESR
R R
_ (1 n DS+D<:R>50 13)
Rg

By defining x;(t) = i (t) —ipq, 2(t) = vc(t) — 0c, and u(t) = e(t) — &, the error
state dynamics are formulated from (6) and (8) as follows:

X1 (t) = —r1gx1 () — Kogxa(t) + r3u(t) + (— K14lL,¢ — KogBc + K385)

%o () = Kagxy () — K5gX2(t) + (Kaglr,g — K5¢TC).
Accordingly, it follows from (9) and (10) that
xX(t) = Agx(t) 4 Bu(t) (14)
where x(t) = col(x1(t),x2(t)) € R, u(t) € R™, and
— ] o l “ ]
Ky  —Ksg 0

For the error-state system (14), this paper aims to develop the following mode-

Ag =

dependent state-feedback control law:
u(t) = Kgx(t) (15)
where K, is the mode-dependent control gain to be designed.

Remark 1. The proposed mode-dependent state-feedback controller is particularly suitable for
Markovian jump systems because it explicitly exploits both the current operating mode and the
associated transition-rate information. This enables the controller to respond systematically to
stochastic mode switching, which results in less conservative stabilization conditions and improved
transient performance.

Thus, the closed-loop system is described as follows:
x(t) = (Ag + BKy)x(t) (16)
where the control gain K, will be designed such that the error state x(t) is subject to
x(t) € L(x) := {x cR" | lelx| <%, 1€ Nn}
where ¥, is a given positive constant, and e, is a unit vector with the /th nonzero entry, i.e.,
e; = col(1,0) and e; = col(0,1).
The following definitions will play a key role in designing a stochastically local tracking

controller based on the given TR information.

Definition 1. For the initial state x(0) and the initial mode ¢(0), the closed-loop system (16) is
stochastically stable if the following condition holds:

tim B{ [ () P | 3(0),0(0)} < e (17)
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Definition 2. For any initial condition x(0) and ¢(0), suppose that it holds that
t
lim E{/ x(7)||2d7 | x(0),¢(0)} < oo (18)
—00 0
x(t) € L(x) (19)
x(0) € Ly C L(%). (20)

Then, Lg becomes the domain of attraction, and closed-loop system (14) is locally stochastically
stable in L(X).

Remark 2. The Markovian jump model provides a practical and well-established framework for
describing randomly switching load conditions in buck converters. Since practical operating
conditions typically evolve among a finite number of discrete load modes, a finite-state Markov
process offers an effective representation of the load dynamics and has been widely adopted in the
modeling and control of stochastic power electronic systems.

Remark 3. The operating modes considered in this paper represent representative load-resistance
levels corresponding to typical operating conditions of practical buck converters. Such a finite-state
approximation is widely adopted in Markovian jump system modeling to represent continuous load
variations, and the proposed control framework can be readily extended to accommodate a larger
number of operating modes when a finer approximation is desired.

Remark 4. The proposed control framework assumes that the Markov transition-rate matrix is
available. In practical applications, the transition rates can be identified or estimated from measured
load-switching data using statistical or system-identification techniques (see [26]).

3. Stabilization Conditions

The following mode-dependent Lyapunov function is selected [27]:

V() = 2T (1)P(p(t))x(t) (21)

where 0 < P(¢(t) = g) = P; = PgT € R™. Accordingly, applying the weak infinitesimal
operator to V(t,¢(t)) yields

VV(e) = lim SE{V(t +6,9(+6) = | (1) = g) ~ V(t.9)}

~ lim & ( y (Qgh(t)(S + 0(5)) V(t+6,h)

heN:\(s)
+ (14 0g5(1)0 +0(8) ) V(E+5,8) — V(fr8)>

= ) Ou(V(th) +V(tg). 22)
heNg

The following lemma presents the local stabilization conditions for (16), where the
domain of attraction (DOA) is characterized as Ly := £(Q, B).

https:/ /doi.org/10.3390/math14152738
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Lemma 1. For a given a > 0, suppose that there exist symmetric matrices 0 < Py and
0 < Q € R™", and a positive scalar B, such that the following holds:

0>VV()+aV(t) (23)
g

0< (%) X%Pg , VieN,, geN; (24)

0>P,—Q, Vg €N (25)

Then, the closed-loop system (16) is locally stochastically stable within L(X).

Proof. To begin with, let us define the following ellipsoid:

Ly =E(Pg, B).
From (25), it follows that B~1P, < B~'Q, which means that x(0) € £y C L,. In
addition, L; C £(X) is equivalent to
T\ -—2 1
(ele, )xL < P

whose Schur complement leads to (24). Thus, conditions (24) and (25) ensure that
x(0) € Lo € Ly C L(X), i.e., (20) in Definition 2.
Next, note that by the generalized Dynkin’s formula, it follows that

t
E{/O VV(t)dt | x(0) € £0,¢(0)} — E{V (1)} — V(0). (26)

Thus, condition (23) implies

E{V()} — V(0) < —E{/Otch(T)dT | x(0) € co,¢(o>} <o0. 27)

Furthermore, owing to the positiveness of V(t), we can choose a sufficiently small
positive x such that aV(t) > «||x(7)||3, which leads to

~v(0) < —E{ [ slx(r)ldr | x0) € Lop(0)}

that is, lim; e E{ fot |x(7)|]3d7 | x(0) € £0,4>(0)} < x~1V(0) i.e., (18) in Definition 2.

Finally, by (27), it is given that E{V(t)} < V(0). Furthermore, since (25) en-
sures that P(¢(t)) < Q for all + > 0 (as (25) must hold for all g), it follows that
V(0) = xT(0)P(¢(0))x(0) < xT(0)Qx(0) < B. Thus, it is ensured that E{V ()} < B,
which indicates that x(t) € E{& (P, B) }. Accordingly, from the fact that (24) guarantees
that £, = £(Pg, T) C L(X), it holds that x(t) € L(%), i.e., (19) in Definition 2. [

The following lemma provides the local stabilization conditions corresponding to
(23)—(25) of Lemma 1, formulated in terms of time-varying transition-rate-dependent linear
matrix inequalities.

Lemma 2. For given « > 0 and y, suppose that there exist matrices 0 < Py = PgT ,0< Q=07
W e R™", Ko € R™*", and a positive scalar B, such that the following conditions hold:

https:/ /doi.org/10.3390/math14152738
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0~ He{-W} Py + uW + AW + B, 28)
(%) He{—uD,} + Py + al,
B! EIW
0 |, VieN,, N 29
< () 2P, teNy, g€N; (29)
0>P,—Q, VgeN (30)

where
P,= )" O (£) Py
heN;

Then, the closed-loop system (16) is locally stochastically stable within L(X), and the mode-
dependent control gain is constructed by Kg = KgW 1,

Proof. From (21) and (22), it follows that

0 P, x(t)
V(t)+aV(t) =y (¢t g t), n(t) := 31
V() +av (1) n()[pg Pgﬂpg]n(),n() G g
where
Pg = Z gh(t)Ph-
heNs
In addition, based on (16), it holds that

T T

o=2y"()| W | pW | [ —1| Ag+BK, |n(t) (32)

where W € R"*" is a nonsingular matrix. Combining (31) and (32) yields
VV(t) +aV(t) =" ()Tgn(t) (33)

where

Iy := l 0 Py
Pe | Pg 4 aPy

+He{[ W | uw }T[ —1| Ag+ BKq ]}

Thus, condition (23) holds if I'y < 0 is satisfied. Furthermore, under a congruent
transformation, condition (23) is satisfied if it holds that

_ _ T _ _
0>[W _’fW] rglw _;fwl (34)
0| W 0| W

where W := W~ is also nonsingular. Accordingly, defining

Py := WIPW, Py := W' (h% ggh(t)Ph> W= h% Ogn(£) Py, Ky := KgW
€N €Ns

condition (34) can be converted into (28).

https:/ /doi.org/10.3390/math14152738
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Next, by pre- and post-multiplying (24) by diag(1, WT) and its transpose, we can
obtain (29). Furthermore, by pre- and post-multiplying (25) by WT and W, we can derive
(30), where Q = WITQW. O

The following theorem provides the local stabilization conditions corresponding to
(28)—(30), formulated in terms of linear matrix inequalities (LMIs).

Theorem 1. For given « > 0 and y, suppose that there exist matrices 0 < Py = PgT ,0<Q=0T,
W e R, K, € R"*", Xop = Xgh € R"™" and a positive scalar B = B, such that the
following conditions hold:

[ He{-W} Py+uW+A,W+BK, 0
05 |0 @2 Q )
o [len] B
| { 2( h=Fe) heNs\{g} { gh]heNs\{g}
B EIW
0< (%) fzng , VieN,, g€ N; (36)
0>P,—Q VgeN (37)

where

(2,2) = —2uPy+aPe+ Y pa(Pi—Po)— Y &3 Xan
heNs\{g} heNs\{g}

Then, the closed-loop system (16) is locally stochastically stable within £(X), and the
mode-dependent control gain is constructed as follows:

Proof. From (2) and (3), it follows that

Po= Y 0u(t)Pr= ) Og(t)(Py—Py)

heNs heNg\{g}
= Y. (ogn+u(t)(Py — Py).
heNs\{g}

Thus, condition (28) can be described as follows:

He{-W} | Py + uW + AW + BK,
0> (%) He{—uP;} + aP; + Z pgh(Ph — D)
heNs\{g}
0 _ _
L s - Ry Lo 1]. (38)
heNs\{g}
Furthermore, by defining A (t) = [(5gh(t)} b\ (g} it is obtained that
eNs\{g

[(I)] ( y fsghu)(Ph—Pg)) [of 1]

heNs\{g}
1
0 ‘ ~(p,— P ]
N 2P = Fe) heNs\{g}}

0
T
= He{ (Ag e
https:/ /doi.org/10.3390/math14152738
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and thus (38) can be rewritten as follows:

He{-W} | Py + uW + AgW + BK, ]
0> (

heNs\{g}

. o
+He{Ag(t)[ 0 ‘ 2= Fy) }heNs\{g}} 2

- T
where A;(t) = Ag(t) ® { 0 I } . Using a completion-of-squares argument (equivalently,
a quadratic matrix identity), and noting

1, _ 1, - _
o‘fp—p ] Z{O[(Ph_P)] ]
{ 2( h =) heN;\{g} 2 s heNs\{g}
condition (39) can be converted into
I ' I
0> | —— 1|— (40)
[ Ag(t) Ag(t) ]
where
He{—W} Py 4+ uW + AW + BK, 0
(x)  He{-pP}+aPe+ ). puu(Pi—F) | (%)
M; = heNs\{g}
1, _
0 { — (P, — P, 0
25 v

For each i € Ns \ {g}, the bounded transition-rate uncertainty &g, (t) € [—dgy, 0,1 satisfies
(Ogn(t) + 8gn) (Sgn(t) — Sgn) = 63, (t) — 5%, < 0.

Moreover, since X, = Xgh < 0, it follows that

0

(5§h(t) - géh) [ I ;

I

T
Xg > 0.

hENs\{g}

Accordingly, the boundedness condition on the transition-rate uncertainties can be
represented by the quadratic constraint

T
I I
— | My|— >0
Ag(t) Ag(t)
where

0 0 0
o - Y Sghxgh 0

M, = heN;\{g}
0 0 B ]d

hENs\{g}

https:/ /doi.org/10.3390/math14152738
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The S-procedure is now employed to remove the explicit dependence on Ag(t). In par-

ticular, a sufficient condition ensuring < 0 for every admissible

1 T 1
Ae(D) 1 Mll Re(0)

uncertainty satisfying >0is

1 ! I
A 1 MZ[ R (0)

M; +M; <0.

Indeed, for any admissible A¢(t), one has

T

1 I
[Agm LA ()
1 ! 1 ! I
R0 (M“MZ)[ Be(D) ] - l 50 | V| R0 ] <0
I T
because M; + M, < 0 and Ag 0 M, Ag 0 > 0. Thus, the uncertainty-

dependent inequality (40) is relaxed into the uncertainty-independent LMI M; + M, < 0,
which is equivalent to (35). Finally, conditions (36) and (37) follow directly from (29)
and (30), respectively. [

The following corollary presents the global stabilization conditions for (16), formulated
in terms of LMlIs.

Corollary 1. For given a« > 0 and i, suppose that there exist matrices 0 < Py = PgT , W e R,
Ke € R™", and Xg), = Xgh € R™™", such that the following conditions hold:

He{-W} | Po+puW+AW+BK, 0
0> (%) ) (2,2) (:) 1)
TS I
{ 2 (Fi=Fe) heN,\{g} { gh]heNs\{g}

where

(2,2) = —2uPy +aPe+ Y pa(Pi—P)— Y &3 Xgn
heNs\{g} heNs\{g}

Then, the closed-loop system (16) is stochastically stable, and the mode-dependent control gain
is constructed as follows: Kg = KW 1.

Proof. After eliminating conditions (36) and (37), along with the associated decision vari-
ables, the remainder of the proof proceeds in the same manner as that of Theorem 1. [

Remark 5. The novelty of the proposed method lies in the development of a transition-rate-
dependent local tracking control framework for Markovian jump systems. Unlike existing MJS-based
controllers, which mainly focus on regulation or global stabilization, the proposed framework explic-
itly integrates tracking performance with local stabilization, which guarantees tracking within a
prescribed operating region under stochastic load-resistance switching.

Remark 6. The proposed controller guarantees local stability within the DOA characterized by a
positively invariant level set of the Lyapunov function. Since the DOA may vary with the operating

https://doi.org/10.3390 /math14152738
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mode, a bring-up control can be employed after a mode transition to drive the system state into
the corresponding DOA. Once the state enters the DOA, the proposed controller guarantees local
stability. Otherwise, the theoretical stability guarantee no longer applies.

4. Simulation Results

The parameters of the considered buck converter (6)—(8) are listed in Table 1. As
shown in Table 1, the equilibrium point of v¢(#) is given by 6¢ = 5. In this paper, the load
variation is modeled as four discrete resistance modes R, € {60,100, 15Q, 20 O} for
g=1,---,4, and the switching between these modes follows a Markovian jump process
characterized by the transition-rate matrix satisfying

-38 14 12 12

] 13 36 11 12
gheN, | 12 12 -38 14
12 14 12 -—38

1.5 05 05 05

. . < 05 15 05 05
e wide uncertainty: [gh}ghel\u: 05 05 15 05

05 05 05 15

e center of the uncertainty: [pgh}

Table 1. Parameters of the buck converter.

Parameters Value
Nominal input voltage vy 12V
Equilibrium point of v¢ () 5V
Inductance L 47 uH
Capacitance C 220 uF
Static drain-to-source resistance Rpg 30 mQ)
Equivalent series resistance of inductor Rpcr 100 mQ)
Equivalent series resistance of capacitor Rgsg 105 mQ)
Load resistance Rg 5,10,15,20 O)
Switching frequency 150 kHz

As a result, system (14) can be represented as follows:

A, = 10° x |54 208391 s | 49768 —21.056
44520  —0.8904 44982  —0.4498
As = 10% x —4.9845 —21.129 A= 10° —4.9883 —21.165
45139  —0.3009 45217  —0.2261
B 10" [2.1277]‘

With the design parameters chosen as a = 0.5, 4 = 20 and ¥; = %, = 10~*, Theorem 1
yields the following solution for the above system model:
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Ry = [ 0.0571 0.1492 } Ry = { 0.0564 0.1524 }

Ry = [ 0.0570 0.1535 } K,

[ 0.0550 0.1542 }

[ 00560 —0.1173
0.0774 01719

Figure 2 illustrates the time responses of the considered system under time-varying
load conditions. Specifically, Figure 2a shows the capacitor voltage response v¢(t),
Figure 2b depicts the inductor current iy (), and Figure 2¢ presents the load-side operating
mode ¢(t). As shown in Figure 2c, the load-side operating mode switches randomly among
multiple discrete values, representing abrupt variations in the load condition. Despite
these frequent and abrupt mode transitions, the capacitor voltage in Figure 2a remains
well regulated around its desired reference value with only small transient deviations. The
zoomed-in view further demonstrates that the voltage response exhibits a fast transient
behavior, achieving regulation within approximately 0.0012 s, which indicates a rapid
settling time. Meanwhile, Figure 2b shows that the inductor current iy (t) adjusts promptly
in response to the load variations and operating mode changes. Although the current
experiences step-like changes corresponding to the switching of ¢(t), it remains bounded
and does not exhibit excessive overshoot or oscillatory behavior. Figure 3 compares the
system responses obtained under local stabilization (Theorem 1) and global stabilization
(Corollary 1). Figure 3a illustrates the capacitor voltage response v (), while Figure 3b
presents the corresponding inductor current iy (t). As shown in Figure 3a, both control
designs successfully regulate the capacitor voltage to the desired operating level. However,
a clear difference can be observed in their transient behaviors. Under the local stabilization
framework (Theorem 1), the voltage response exhibits a fast and well-damped transient,
reaching the steady-state region within approximately 0.014 s. In contrast, the global stabi-
lization approach shows slower convergence and larger transient deviations, indicating
inferior transient performance. Figure 3b further highlights the practical implications of
this difference. When the local stabilization conditions of Theorem 1 are enforced, the
inductor current exhibits a much smoother transient response with substantially reduced
current peaks during abrupt load variations. In contrast, the global stabilization approach
of Corollary 1 exhibits noticeable chattering and oscillatory current transients at each
load-mode transition, resulting in significantly larger peak currents. Such excessive cur-
rent excursions may increase electrical stress on power components and degrade overall
system reliability. As summarized in Table 2, these results demonstrate that, although
both approaches achieve voltage regulation, the proposed local stabilization strategy pro-
vides superior transient response. This comparison underscores the practical advantage
of local stabilization when operating constraints and component protection are critical
considerations. Moreover, Table 3 summarizes the feasibility of Theorem 1 for different
combinations of the design parameters « and y. It can be observed that the feasibility region
gradually expands as p increases. Accordingly, « should be selected to achieve the desired
convergence performance while maintaining LMI feasibility, and y can subsequently be
adjusted to enlarge the feasible parameter region.
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Figure 2. Time responses: (a) capacitor voltage vc(t). (b) Inductor current iy (¢). (c) Load-side
operating mode ¢(t).

Table 2. Comparison of local and global tracking control performance.

Methods Corollary 1 Theorem 1
settling time 0.014 s 0.0012 s
chattering phenomenon absent present
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Figure 3. Comparison of system responses between local and global stabilization: (a) capacitor

voltage vc(t). (b) Inductor current ip (¢).

Table 3. Feasibility of Theorem 1 for a and u (O: feasible, x: infeasible).

n x = 0.5 5 10 20 40 60
10 O O O X X X
20 O O O O X X
30 O O O O X

Subsequently, Figure 4 illustrates the effect of the design parameter a on the transient

responses of the proposed controller with the auxiliary parameter fixed at 4 = 20. As
shown in Figure 4a, increasing « results in a faster rise in the capacitor voltage toward the
desired reference. However, this improvement in convergence speed is accompanied by
a larger voltage overshoot. In particular, the case of & = 20 exhibits the fastest transient
response but also the largest overshoot, whereas « = 0.5 yields the slowest response with

the smallest overshoot.
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Figure 4. Time responses for different values of a: (a) Output voltage v (#); (b) Inductor current i ().

Finally, to investigate the effect of transition-rate uncertainty on the domain of attrac-
tion, we additionally consider the following two transition-rate bound matrices:

03 0.1 01 01
|01 03 01 01
¢heN, | 01 01 03 0.1
01 01 01 03

00 00 0.0 00

. 0.0 0.0 0.0 0.0
e no uncertainty: |y, =
[g gheNy | 0.0 0.0 00 00

00 0.0 0.0 0.0

e narrow uncertainty: [_gh}

Figure 5 compares the estimated domains of attraction under different transition-
rate uncertainty bounds. The case without transition-rate uncertainty yields the largest
domain of attraction, whereas the domain gradually decreases as the uncertainty bound
increases. This result is expected because a larger uncertainty bound requires the proposed
LMI conditions to guarantee local stochastic stability over a broader set of admissible
transition rates.

§x10°

x10°8

Figure 5. Estimated domains of attraction for different transition-rate uncertainty bounds.

Remark 7. Our primary objective is to demonstrate that these additional constraints lead to
improved closed-loop transient performance rather than to compare computational complexity
or define dedicated performance metrics. Thus, although a quantitative comparison of com-
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putational complexity and dedicated performance metrics has not been provided, this paper
demonstrates the effectiveness of the proposed local tracking method through its significantly
improved transient performance.

Remark 8. The primary objective of this paper is to demonstrate the effectiveness of the proposed
transition-rate-dependent local tracking control framework. Accordingly, the proposed method
is compared with the corresponding conventional global stabilization framework under the same
system model, operating conditions, and controller structure, which provides a fair and consistent
evaluation of the improvements achieved by the proposed local stabilization strategy.

5. Concluding Remarks

This paper has presented a transition-rate-dependent local tracking control framework
for DC-DC synchronous buck converters under stochastic load-resistance variations by
modeling the converter as a Markovian jump system. The proposed mode-dependent state-
feedback controller, together with the derived transition-rate-dependent LMI conditions,
guarantees stochastic local stability and tracking performance within a prescribed domain
of attraction while reducing the conservatism of conventional global-stabilization-based
approaches. Simulation results have demonstrated that the proposed method achieves
accurate voltage regulation, faster transient responses, and reduced peak inductor currents
under randomly switching load conditions. Future research will extend the proposed
framework to explicitly accommodate additional practical constraints, including inductance
variations, capacitance aging, and switching delays.
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