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Abstract—The design of a suboptimal controller for
continuous-time Markov jump singularly perturbed systems with
partially unknown dynamics is studied in this brief. With fast
and slow decomposition technique, the original Markov jump
singularly perturbed systems are decomposed into fast and slow
subsystems as a new attempt. On this basis, an offline parallel
Kleinman algorithm and an online parallel integral reinforce-
ment learning algorithm are presented to cope with the different
subsystems, respectively. Meanwhile, the controllers obtained by
the above two algorithms are used to design the suboptimal con-
trollers for original systems. Furthermore, the suboptimality of
the proposed controllers is also discussed. Finally, an example of
the electric circuit model is shown to illustrate the applicability
of the proposed method.

Index Terms—Markov jump systems, fast and slow decom-
position technique, singularly perturbed systems, reinforcement
learning.

I. INTRODUCTION

THE PAST few decades have witnessed that two-time-
scale phenomenon receives much attention due to its

frequent occurrence in various fields such as mechanical
systems, electrical networks and mobile robots [1], [2], [3].
To describe the phenomenon of the two-time-scale, singularly
perturbed systems (SPSs) are introduced as one of an impor-
tant strategy. In [4], the authors adopted a time-scale separation
technique to decompose the SPSs. However, in this brief,
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the random jumps in practical systems caused by unexpected
events and attacks are not considered [5]. Thus, how to cap-
ture the inevitable stochastic switching phenomenon in SPSs
has become a hot topic.

Markov jump systems (MJSs) have been widely investigated
due to their ability to describe random switching phenomena
between different subsystems [6], [7], [8], [9]. The switching
between modes is subject to the Markov process and the switch-
ing rules are described by the transition rate [10]. Furthermore,
the combination of those two systems, namely, Markov jump sin-
gularly perturbed systems (MJSPSs), have emerged. However,
the existing results about MJSPSs are obtained by offline calcula-
tion, which requires accurate system matrices information [11].
There is no doubt that this is a harsh condition in practical
application. Therefore, it has become a challenging problem to
obtain controllers through data and has attracted a large number
of scholars to conduct relevant research.

On the other hand, integral reinforcement learning (IRL), as
a learning mechanism in which an agent constantly updates its
policy in the process of interacting with the environment to
obtain the maximum reward, is similar to finding the optimal
policy in optimal control to minimize the performance index
to some extents [12]. For example, a novel IRL approach is
developed to find a solution for multiplayer non-zero sum
games in MJSs with completely unknown dynamics [13].
Thereinto, the design of optimal controller for MJSPSs with
unknown dynamics had been a largely under explored domain,
which also arouses our curiosity about it.

Summarizing above considerations, the issue of the design
of controller for MJSPSs with partially unknown dynamics
is investigated. The main contributions are summarized as
follows

(1) On the basis of singularly perturbed theory (SPT), the
linear continuous-time MJSPSs with unknown dynamics of
the slow subsystem are analyzed for the first time, and the
dependence on singularly perturbed parameter (SPP) in design
of controller is eliminated.

(2) The time-scale separation technique is applied to the
MJSPSs, so the controller design problem of the original
MJSPSs is transformed into two subproblems related to fast
and slow subsystems. An offline algorithm is used to obtain the
optimal controller for the fast subsystem, while a model-free
RL algorithm is used to obtain the optimal controller for the
slow subsystem.
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(3) Different from obtaining the controller of original
systems directly, the optimal controller corresponding to the
fast and slow subsystems are used to reconstruct the compos-
ite controller, and the suboptimality of the controller proposed
in this brief is proved.

Notation: R
m refers to m-dimensional real matrix. ⊗

denotes the Kronecker product. ‖·‖ indicates the Euclidean
norm for vector or spectral norm for matrix. For matrix A,
A > 0 indicates that A is a positive definite matrix. For
B ∈ R

m×n, vec(B) = [b11, b12, . . . , b1n, . . . , b2n, . . . , bmn]T .
C ∈ R

m×m, ˜C = [c11, 2c21, c22, . . . , 2cm1, 2cm2, . . . , cmm]T .
E{·} means the mathematical expectation. In means the n-
dimensional identity matrix.

II. PROBLEM FORMULATION

Consider a class of linear continuous-time MJSPSs
described by

ẋ1(t) = A11
(

∂(t)
)

x1(t) + A12
(

∂(t)
)

x2(t)

+ B1
(

∂(t)
)

u(t) (1)

εẋ2(t) = A21
(

∂(t)
)

x1(t) + A22
(

∂(t)
)

x2(t)

+ B2
(

∂(t)
)

u(t) (2)

y(t) = C1
(

∂(t)
)

x1(t) + C2
(

∂(t)
)

x2(t) (3)

where x1(t) ∈ R
n1 is the slow state and x2(t) ∈ R

n2 is the fast
state; x(t) = [ xT

1(t) xT
2(t) ]T ∈ R

n refers to the system state;
u(t) ∈ R

m, y(t) ∈ R
p represent the control input and output,

respectively; 0 < ε � 1 refers to SPP. A11(∂(t)), A12(∂(t)),
A21(∂(t)), A22(∂(t)), B1(∂(t)), B2(∂(t)), C1(∂(t)) and C2(∂(t)) are
mode-dependent matrices with appropriate dimensions. For
convenience, they are labeled as A11a, A12a, A21a, A22a, B1a,
B2a, C1a, C2a, respectively. {∂(t), t ≥ 0} is the Markov chain
and get values from a finite set M � {1, 2, . . . , M}, where
M means the total number of modes. The Markov process is
considered with the following transition rates

Pr
{

∂(t+�t) = b | ∂(t) = a
}

=
{

πab�t + o(�t) b �= a
1 + πaa�t + o(�t) b = a

where �t > 0, lim�t→0(o(�t)/�t) = 0; a, b ∈ M, πab ≥
0(b �= a) is the jumping rate, which means jumping from mode
a at time t to mode b at time t + �t and πaa = − ∑

b∈M,b �=a
πab.

Then, for the further analysis, some assumptions are given.
Assumption 1: A11a, A12a and B1a are unknown whereas

A21a, A22a and B2a are known.
Assumption 2: A22a is nonsingular.
According to [4], the systems (1)-(3) can be rewritten into

the following forms without fast state

ẋ1(t) = A11ax1(t) + A12ax2(t) + B1au(t)

0 = A21ax1(t) + A22ax2(t) + B2au(t)

y(t) = C1ax1(t) + C2ax2(t)

where x1(t), x2(t), u(t) and y(t) represent the slow state, fast
state, control input and output within the slow state.

Under Assumption 2, the slow subsystems (4)-(5) can be
obtained as

ẋs(t) = Asaxs(t) + Bsaus(t) (4)

ys(t) = Csaxs(t) + Dsaus(t) (5)

where xs(t) = x1(t), ys(t) = y(t), us(t) = u(t), Asa =
A11a − A12aA−1

22aA21a, Bsa = B1a − A12aA−1
22aB2a, Csa =

C1a − C2aA−1
22aA21a and Dsa = −C2aA−1

22aB2a.
When analyzing the fast subsystems, all variables related to

the slow subsystems can be treated as a constant. Therefore,
we can get the following equation

0 = εẋ2(t) = A21ax1(t) + A22ax2(t) + B2au(t). (6)

Making the difference between the (6) and (2), the fast
subsystems (7)-(8) can be obtained as

εẋf (t) = A22axf (t) + B2auf (t) (7)

yf (t) = C2axf (t) (8)

where xf (t) = x2(t) − x2(t), uf (t) = u(t) − u(t), yf (t) = y(t) − ys(t).
In the next section, we will discuss the design of con-

trollers for subsystems separately according to their different
characteristics.

III. MAIN RESULTS

In this section, the design method of composite controller
for MJSPSs is introduced. And the suboptimality of composite
controller is also discussed.

For fast subsystems, the performance index can be
expressed as

Jfa
(

xf (t), ufa(t)
) = E

{∫ ∞

t

(

xT
f (τ )C

T
2aC2axf (τ )

+ uT
fa(τ )Raufa(τ )

)}

.

In order to minimize the performance index, the optimal
policy is given as

u∗
fa(t) = −R−1

a BT
2aP∗

faxf (t)

where Ra > 0 is a weighting matrix, P∗
fa is the solution of

following coupled algebraic Riccati equations (CAREs)

0 = AT
22aPfa + PfaA22a − PfaB2aR−1

a BT
2aPfa

+
M

∑

b=1

πabPfb + CT
2aC2a. (9)

However, it is difficult to obtain Pfa from (9) directly. In
order to obtain the solutions of (9), an offline parallel algo-
rithm using subsystem transformation method from [14] is
presented in the following. According to [15], we assume the
initial stabilizing gains are known.

In order to obtain the optimal policy for slow subsystems,
the following conversion is made in advance for subsequent
calculation

ws(t) = us(t) + (

Ra + DT
saDsa

)−1
DT

saCsaxs(t). (10)

Combine (4) and (10), it follows that

ẋs(t) = Assaxs(t) + Bsaws(t) (11)

where Assa = Asa − Bsa(Ra + DT
saDsa)

−1DT
saCsa.
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For (11), the optimal control policy is designed as

w∗
sa(t) = −G∗

saxs(t)

= −(

Ra + DT
saDsa

)−1
BT

saP∗
Gsaxs(t) (12)

where P∗
Gsa can be obtained by solving following CAREs

0 = AT
ssaPGsa + PGsaAssa + Qssa +

M
∑

b=1

πabPGsb

− PGsaBsa
(

Ra + DT
saDsa

)−1
BT

saPGsa

where Qssa = CT
sa(IP1 − Dsa(Ra + DT

saDsa)
−1DT

sa)Csa.
With (12), the following performance index can be

minimized

Jwsa
(

xs(t), wsa(t)
) = E{

∫ ∞

t
(wT

sa(τ )

(

Ra + DT
saDsa

)

wsa(τ )

+ xT
s(τ )Qssaxs(τ ))dτ }. (13)

Although the authors in [16] proposed an adaptive dynamic
programming technique that does not rely on prior knowl-
edge of system matrices to obtain optimal controller, this
technique can not be directly used to design controller due
to the performance index corresponding to the slow subsys-
tems in this brief are different from [16]. Now, the optimal
control problem of the original slow subsystems can be trans-
formed into the optimal control problem of (11). According
to V(xs(t)) = xT

s(t)PGsaxs(t) and (13), the integral Bellman
equation are obtained as

xT
s(t+δt)P

(k)
Gsaxs(t+δt) − xT

s(t)P
(k)
Gsaxs(t)

= −
∫ t+δt

t
xT

s(τ )Q̄
(k)
ssaxs(τ )dτ

+ 2
∫ t+δt

t
xT

s(τ )

(

G(k)
sa

)T
RaG(k+1)

sa xs(τ )dτ

+ 2
∫ t+δt

t
xT

s(τ )

(

G(k)
sa

)T
DT

saDsaG(k+1)
sa xs(τ )dτ

+ 2
∫ t+δt

t
wT

sa(τ )

(

Ra + DT
saDsa

)

G(k+1)
sa xs(τ )dτ

where δt means a small time interval and Q̄(k)
ssa = Qssa +

∑M
b=1 πabP(k−1)

Gsb + (G(k)
sa )T(Ra + DT

saDsa)G
(k)
sa .

Since the state xs(t) in (11) is virtual, we choose x1(t) to
replace xs(t) in the data collection process. For the purpose
of distinguishing between using ideal data and actual data,
when using x1(t), rewrite the above mentioned PGsa and Gsa

into P′
Gsa and G′

sa. To facilitate subsequent analysis, subsys-
tem transformation method is also used and the following
definitions are given as

Bax1x1 �
[

�1, . . . �j
]T

Aax1x1 �
[

∫ t1
t0

x1a ⊗ x1adτ, . . .
∫ tj

tj−1
x1a ⊗ x1adτ

]T

Aax1ws �
[

∫ t1
t0

x1a ⊗ wsadτ, . . .
∫ tj

tj−1
x1a ⊗ wsadτ

]T

where �j = (x̂1(tj)− x̂1(tj−1)), x1a = [ x11a, x12a, . . . x1n1a ]T ,
with x̂1 � [ x2

11a, x11ax12a, . . . x12ax1n1a, . . . x2
1n1a ]T .

With the above preparations, a compact form is presented
to acquire G′

sa
[

˜P′(k)
Gsa

vec
(

G′(k+1)
sa

)

]

=
(

(

	(k)
sa

)T
	(k)

sa

)−1(

	(k)
sa

)T
ϑ(k)

sa (14)

where 	
(k)
sa = [Bax1x1, �(k) ], ϑ

(k)
sa = −Aax1x1 vec(Q̄′(k)

ssa ), with
�(k) = −2Aax1x1(In1 ⊗ (G′(k)

sa )T(Ra +DT
saDsa))−2Aax1ws(In1 ⊗

(Ra+DT
saDsa)), Q̄′(k)

ssa = Qssa+∑M
b=1 πabP′(k−1)

Gsb +(G′(k)
sa )T(Ra+

DT
saDsa)G

′(k)
sa .

Now, a novel parallel Algorithm 2 is presented to get the
optimal solutions of revised slow subsystems.

When optimal control policies are obtained by using
Algorithm 2, according to (10), the optimal gain of the slow
subsystems with state variable x1(t) can also be obtained at the
same time, and its form presented as following

K′
sa = G′

sa + (

Ra + DT
saDsa

)−1
DT

saCsa.

When the optimal gains corresponding to the subsystems
are obtained, composite controller gain can be defined as

K′
ca =

[(

Ip2 + KfaA−1
22aB2a

)

K′
sa + KfaA−1

22aA21a, Kfa

]

. (15)

Then, the composite controller can be given as

uca(t) = −K′
cax(t).

Theorem 1: The performance index Jca(x(t), u∞
ca(t)) with

composite controller u∞
ca(t) and Jopta(x(t), uopta(t)) with optimal

controller satisfy

Jca

(

x(t), u∞
ca(t)

)

= Jopta
(

x(t), uopta(t)
) + o(ε).

Proof: Since xs(t) can not be measured directly, x1(t) is used
to replace xs(t) in Algorithm 2. Meanwhile, according to [17],
xs(t) and x1(t) differ by a small constant related to SPP. Then,
it can be deduced that

u∞
ca(t) = lim

k→∞
u(k)

sa(t) + ufa(t) + o(ε)

= u∗
sa(t) + o(ε) + u∗

fa(t) + o(ε)

= uopta(t) + o(ε)

where uopta(t) = −Koptax(t) = R−1
a BT

aεPoptax(t), thereinto Popta

is the solution of the following CAREs

0 = AT
aεPopta + PoptaAaε + Qa

− PoptaBaεR−1
a BT

aεPopta +
M

∑

b=1

πabPoptb

where Aaε �
[

A11a A12a

ε−1A21a ε−1A22a

]

, Baε �
[

B1a

ε−1B2a

]

.

Then, Jopta(x(t), uopta(t)) and Jca(x(t), u∞
ca(t)) can be

defined as

Jopta
(

x(t), uopta(t)
) = E{

∫ ∞

0
(xT

(τ )Qax(τ )

+ uT
opta(τ )Rauopta(τ ))dτ } (16)
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Algorithm 1 An Offline Parallel Model-Based Algorithm
Step I: Give a set of initial stabilizing gain matrices

{

K(0)
f 1 , K(0)

f 2 , . . . , K(0)
fM

}

;
Step II: Solve P∗

fa from M parallel decoupled algebraic

Lyapunov equations with Â22a = A22a + πaa
2 In2

P(k+1)
fa

(

Â22a − B2aK(k)
fa

)

+
(

Â22a − B2aK(k)
fa

)T
P(k+1)

fa

= −
(

K(k)
fa

)T
RaK(k)

fa − Q(k+1)
fa

where Q(k+1)
fa = CT

2aC2a + ∑M
b=1,b �=a πabP(k)

fb ;

Step III: Update K(k+1)
fa by K(k+1)

fa = R−1
a BT

2aP(k)
fa ;

Step IV: Repeat Step II and Step III with k = k + 1 until
∥

∥

∥P(k+1)
fa − P(k)

fa

∥

∥

∥ ≤ ε1, where ε1 > 0 is a predefined small
threshold;
Step V: Obtain the approximated optimal control policy as

ufa(t) = −K(k)
fa xfa(t).

Algorithm 2 An Online Parallel Model-Free Algorithm
Step I: Give a set of initial stabilizing gain matrices
{

G′(0)
s1 , G′(0)

s2 , . . . G′(0)
sM

}

and employ wsa(t) = −G′(0)
sa x1a(t) + ea

as the control input during learning stage, where ea is the
exploration noise;
Step II: Solve P′(k)

Gsa and G′(k+1)
sa from the equation (14);

Step III: Let k = k + 1 and repeat Step II until
∥

∥

∥P′(k+1)
Gsa − P′(k)

Gsa

∥

∥

∥ ≤ ε2, a ∈ M, where ε2 > 0 is a predefined
small threshold;
Step IV: Obtain the approximated optimal control policy as
wsa(t) = −G′(k)

sa x1a(t).

Jca

(

x(t), u∞
ca(t)

)

= E{
∫ ∞

0
(xT

(τ )Qax(τ )

+
(

u∞
ca(τ )

)T
Rau∞

ca(τ ))dτ }. (17)

By comparing (16) and (17), one can obtain that

Jca

(

x(t), u∞
ca(t)

)

= Jopta
(

x(t), uopta(t)
) + o(ε).

The proof is completed.
Remark 1: When the fast state changes quickly and it can

not be measured, the controller of the original systems can
only be obtained from the slow subsystems after the fast and
slow decomposition. As a special case in designing composite
controller, (15) can be rewritten as K′

ra = [ K′
sa 0 ], where K′

ra
is regarded as the reduced order gain.

Now, the reduced controller can be given as

ura(t) = −K′
rax(t).

Theorem 2: The performance index Jra(x(t), u∞
ra(t)) with

reduced order controller u∞
ra(t) and Jopta(x(t), uopta(t)) with

optimal controller satisfy

Jra

(

x(t), u∞
ra(t)

)

= Jopta
(

x(t), uopta(t)
) + o(ε).

Fig. 1. An electronic circuit with jumping characteristics.

Proof: The proof process is similar to that of Theorem 1,
so it is omitted here.

IV. SIMULATION

In this section, a practical electronic circuit which is mod-
ified from [18] is shown to confirm the practicability of
proposed methods. The circuit schematic diagram is given in
Fig. 1. And the circuit can be modeled as MJSPSs and state
equations can be given in the following

{

Lİ1(t) = U − uc(t) − I1(t)R1

Cu̇c(t) = αU + I1(t) − uc(t)
R2

+ I2(t)
(18)

where coefficient α = 0.5, C = 100mF means the capac-
itance, L = 1H represents the inductance, ε = 0.1; I2(t) =
9I1(t), both I1(t) and I2(t) mean the current. The ideal voltage
source is taken as control input u(t) = U. x1(t) = I1(t) and
x2(t) = uc(t) refer to state vectors. Consider that the circuit
operates in model a, R1 = 5�, R2 = 0.05�, and in model
b, R1 = 10�, R2 = 0.2�. In Fig. 1, R1, R2 and R3 rep-
resent resistance. The transition rate matrix is considered as

π =
[−3 3

1.5 − 1.5

]

. Thus, the system equation (18) can be

modeled as

�ε ẋ(t) = Aix(t) + Biu(t)

where

Aa =
[−5 −1

10 −20

]

, Ab =
[−10 −1

10 −5

]

,

�ε = diag{1, ε}, Ba = Bb =
[

1
0.5

]

.

The weighting matrices are selected as Qa =
[

1 0.1
0.1 1

]

,

Qb =
[

1 1
1 1

]

, Ra = Rb = 1.

For fast subsystems, set ε1 = 1 × 10−5 and the optimal
controller gains are obtained after 7th iterations by using
Algorithm 1

K(7)
fa = 0.0032, K(7)

fb = 0.0438.

Next, Algorithm 2 is used to acquire optimal controllers
for slow subsystems with unknown dynamics. Set the ini-
tial feedback gains G′(0)

sa = G′(0)
sb = 10. The two exploration

noises for subsystems in Algorithm 2 are set as ea = eb =
∑100

i=1(sin(0.5t) + sin(0.01t)), respectively. Select predefined
threshold as ε2 = 1 × 10−5. Then, the approximate optimal
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Fig. 2. Convergence of G′(k)
sa and G′(k)

sb for subsystems.

TABLE I
THE VALUE OF PERFORMANCE INDEXES WITH DIFFERENT

CONTROLLER IN TWO MODES

control gains are given as follows after 8th iterations by
executing Algorithm 2

G′(8)
sa = 0.1478, G′(8)

sb = 0.3095.

In Fig. 2, as the number of iterations increase, the difference
between the value obtained by Algorithm 2 and the optimal
value obtained when the system dynamic is known gradually
approaches zero.

Now, the composite controller and the reduced order con-
troller under the two modes can be given directly

K′(8)
ca = [

0.1488 0.0032
]

, K′(8)
cb = [

0.5215 0.0438
]

,

K′(8)
ra = [

0.1504 0
]

, K′(8)
rb = [

0.6065 0
]

.

In order to verify the suboptimality of the designed con-
trollers, these controllers will be compared with the optimal
controllers. The optimal controller gains are shown as

Kopta = [

0.1466 0.0007
]

, Koptb = [

0.4221 0.0726
]

.

Choose the initial states as x0 = [1 0.1]T , then the spe-
cific value for various performance indexes for infinite time is
given in the Table I. Comparing the data presented in Table I,
it can be obtained that the performance loss with composite
controller and reduced order controller are 0.073%, 0.02% in
mode a, and 0.00056%, 0.037% in mode b.

V. CONCLUSION

In this brief, the fast and slow decomposition method has
been used for the first time to study continuous-time SPSs with
random jump parameters with partially unknown dynamics.
Firstly, SPT has been used to decompose the original systems
into fast subsystems and slow subsystems. Then, the optimal
controllers have been designed respectively for the two subsys-
tems with different characteristics. Furthermore, the optimal
controllers of each subsystem have been applied to construct

the composite controller and the reduced order controller for
original systems. At the same time, the effectiveness of the
presented results have been illustrated by a electronic circuit
model.

REFERENCES

[1] Y. Wang, P. Shi, and H. Yan, “Reliable control of fuzzy singularly per-
turbed systems and its application to electronic circuits,” IEEE Trans.
Circuits Syst. I, Reg. Papers, vol. 65, no. 10, pp. 3519–3528, Oct. 2018.

[2] J. Zhao, C. Yang, and W. Gao, “Reinforcement learning based optimal
control of linear singularly perturbed systems,” IEEE Trans. Circuits
Syst. II, Exp. Briefs, vol. 69, no. 3, pp. 1362–1366, Mar. 2022.

[3] J. Wang, C. Yang, J. Xia, Z.-G. Wu, and H. Shen, “Observer-based
sliding mode control for networked fuzzy singularly perturbed systems
under weighted try-once-discard protocol,” IEEE Trans. Fuzzy Syst.,
vol. 30, no. 6, pp. 1889–1899, Jun. 2022.

[4] J. Chow and P. Kokotovic, “A decomposition of near-optimum regulators
for systems with slow and fast modes,” IEEE Trans. Autom. Control,
vol. AC-21, no. 5, pp. 701–705, Oct. 1976.

[5] Z.-W. Liu, Y.-L. Shi, H. Yan, B.-X. Han, and Z.-H. Guan, “Secure
consensus of multiagent systems via impulsive control subject to decep-
tion attacks,” IEEE Trans. Circuits Syst. II, Exp. Briefs, vol. 70, no. 1,
pp. 166–170, Jan. 2023, doi: 10.1109/TCSII.2022.3196042.

[6] H. Wan, X. Luan, H. R. Karimi, and F. Liu, “High-order moment filter-
ing for Markov jump systems in finite frequency domain,” IEEE Trans.
Circuits Syst. II, Exp. Briefs, vol. 66, no. 7, pp. 1217–1221, Jul. 2019.

[7] W. Zou, C. K. Ahn, and Z. Xiang, “Fuzzy-approximation-based dis-
tributed fault-tolerant consensus for heterogeneous switched nonlin-
ear multiagent systems,” IEEE Trans. Fuzzy Syst., vol. 29, no. 10,
pp. 2916–2925, Oct. 2021.

[8] L. Wang, Z.-G. Wu, and Y. Shen, “Asynchronous mean stabiliza-
tion of positive jump systems with piecewise-homogeneous Markov
chain,” IEEE Trans. Circuits Syst. II, Exp. Briefs, vol. 68, no. 10,
pp. 3266–3270, Oct. 2021.

[9] H. Shen, X. Hu, J. Wang, J. Cao, and W. Qian, “Non-fragile
H∞ synchronization for Markov jump singularly perturbed cou-
pled neural networks subject to double-layer switching regulation,”
IEEE Trans. Neural Netw. Learn. Syst., early access, Sep. 6, 2021,
doi: 10.1109/TNNLS.2021.3107607.

[10] X. Ding and H. Li, “Finite-time time-variant feedback stabilization of
logical control networks with Markov jump disturbances,” IEEE Trans.
Circuits Syst. II, Exp. Briefs, vol. 67, no. 10, pp. 2079–2083, Oct. 2020.

[11] I. Borno and Z. Gajic, “Parallel algorithms for optimal control of weakly
coupled and singularly perturbed jump linear systems,” Automatica,
vol. 31, no. 7, pp. 985–988, 1995.

[12] H. Modares and F. L. Lewis, “Optimal tracking control of nonlinear
partially-unknown constrained-input systems using integral reinforce-
ment learning,” Automatica, vol. 50, no. 7, pp. 1780–1792, 2014.

[13] X. Xin et al., “Online reinforcement learning multiplayer non-zero sum
games of continuous-time Markov jump linear systems,” Appl. Math.
Comput., vol. 412, Jan. 2022, Art. no. 126537.

[14] S. He, J. Song, Z. Ding, and F. Liu, “Online adaptive optimal con-
trol for continuous-time Markov jump linear systems using a novel
policy iteration algorithm,” IET Control Theory Appl., vol. 9, no. 10,
pp. 1536–1543, 2015.

[15] Y. Jiang and Z.-P. Jiang, “Computational adaptive optimal control for
continuous-time linear systems with completely unknown dynamics,”
Automatica, vol. 48, no. 10, pp. 2699–2704, 2012.

[16] S. He, M. Zhang, H. Fang, F. Liu, X. Luan, and Z. Ding, “Reinforcement
learning and adaptive optimization of a class of Markov jump systems
with completely unknown dynamic information,” Neural Comput. Appl.,
vol. 32, no. 18, pp. 14311–14320, 2020.

[17] C. Yang, S. Zhong, X. Liu, W. Dai, and L. Zhou, “Adaptive com-
posite suboptimal control for linear singularly perturbed systems with
unknown slow dynamics,” Int. J. Robust Nonlinear Control, vol. 30,
no. 7, pp. 2625–2643, 2020.

[18] T.-H. Li and K.-J. Lin, “Stabilization of singularly perturbed fuzzy
systems,” IEEE Trans. Fuzzy Syst., vol. 12, no. 5, pp. 579–595,
Oct. 2004.

http://dx.doi.org/10.1109/TCSII.2022.3196042
http://dx.doi.org/10.1109/TNNLS.2021.3107607


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Helvetica-Condensed-Bold
    /Helvetica-LightOblique
    /HelveticaNeue-Bold
    /HelveticaNeue-BoldItalic
    /HelveticaNeue-Condensed
    /HelveticaNeue-CondensedObl
    /HelveticaNeue-Italic
    /HelveticaNeueLightcon-LightCond
    /HelveticaNeue-MediumCond
    /HelveticaNeue-MediumCondObl
    /HelveticaNeue-Roman
    /HelveticaNeue-ThinCond
    /Helvetica-Oblique
    /HelvetisADF-Bold
    /HelvetisADF-BoldItalic
    /HelvetisADFCd-Bold
    /HelvetisADFCd-BoldItalic
    /HelvetisADFCd-Italic
    /HelvetisADFCd-Regular
    /HelvetisADFEx-Bold
    /HelvetisADFEx-BoldItalic
    /HelvetisADFEx-Italic
    /HelvetisADFEx-Regular
    /HelvetisADF-Italic
    /HelvetisADF-Regular
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


