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Supply chain network is more complex and dynamic under the uncertain demand and the lead time. Robustness is a key index
of the stable operation for the supply chain network. We investigate a fuzzy robust strategy to realize the robust operation of the
supply chain network with the production lead times and the ordering lead times under the uncertain customer demand. A discrete
switched model of the dynamic supply chain network with the lead times and the uncertain customer demand is established based
on T-S fuzzy systems. Then a fuzzy switched strategy is proposed to control the switching actions among subsystems. Furthermore,
by introducing the inhibition rate y, a fuzzy control strategy for the dynamic supply chain network is put forward to suppress
the impacts of the lead times and the uncertain customer demand on the operation of the dynamic supply chain network. The
fuzzy robust strategy composed of the fuzzy switched strategy and the fuzzy control strategy can guarantee the robust operation of
the supply chain network at low cost. Finally, the simulation researches show the advantage of the proposed fuzzy robust strategy
through the comparisons with the common robust strategy.

1. Introduction

As an important management mode, supply chain manage-
ment is a key factor to enhance the performance of firms
in the global marketplace. With the fast changes of global
economy and the increasing pressure of market competition,
supply chain system has become a complex dynamic network
system. The complexity of the supply chain network includes
two aspects: on the one hand, the supply chain network
consists of numerous economic subjects (such as manufac-
turers, distributors, and dealers), and there exists a variety
of demand and supply relationships among the economic
subjects, which form the structural complexity of the supply
chain network; on the other hand, the uncertain demand and
the lead time in the supply chain network cause the demand
forecast to be more difficult, which forms the operational
complexity of the supply chain network. For the structural
complexity of the supply chain network, there are many

research results about mathematical optimization strategies
[1-7] and control strategies [8-10].

However, the uncertain demand and the lead time make
the supply chain network more dynamic, which will make it
more difficult for the supply chain network to achieve smooth
operation. For the robustly stable supply chain network with
the uncertain demand and the lead time, the system variables
(such as inventory) can return to the normal states within
a certain amount of time. Conversely, the unstable system
will encounter the inventory backlog or serious out of stock
phenomena, which will lead to the high operation cost of
the system. For example, the operation cost of the supply
chain under chaotic state will be more than 500 times higher
than that under stable state [11]. Therefore, how to cope
with the impacts of the uncertain demand and the lead time
on the supply chain network and realize the robustly stable
operation of the supply chain network with low cost has
received much attention.
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For the supply chain network with the uncertain demand,
using a scenario-based approach, Almansoori and Shah [12]
presented key strategic and operational decisions on the
future hydrogen supply chain network with uncertainty aris-
ing from long-term variation in hydrogen demand. Khatami
et al. [13] applied Benders’ decomposition to solve the
stochastic mixed-integer model to optimize the closed-loop
supply chain network with the uncertainties of products
demand and returned products. For the stochastic demands
of a multistage and multiperiod supply chain network, Govin-
dan and Fattahi [14] applied a Latin hypercube sampling
method to obtain risk-averse and robust solutions. Utilizing
the combination of sample average approximation and Latin
hypercube sampling methods, Hamta et al. [15] addressed
the optimization of strategic and tactical decisions in the
supply chain network design under demand uncertainty.
Using a simulation-optimization approach to capture the
randomness of the uncertain parameters, Salem and Haouari
[16] investigated a three-echelon stochastic supply chain
network design problem under the uncertain supply and the
demand to minimize the total expected cost. Hamta et al.
[17] proposed a scenario generation algorithm to deal with
demand uncertainty for the supply chain network design
considering assembly line balancing. Constructing a three-
stage hybrid robust/stochastic program model, Haddadisakht
and Ryan [18] optimized the design of a closed-loop supply
chain network with uncertainty in demands for both new and
returned products.

There are few literature sources on the supply chain
network with the lead time. Eskigun et al. [19] modeled
the relationship between the lead times and the volume
of flow through the nodes of an automotive supply chain
network. For companies that implement a Make-to-Order
production system in a global supply chain network, Xiao
[20] proposed a theory named the Key-Part Based Lead Time
Management to reduce nonvalue added waste. In order to
deal with the approximate optimal inventory control problem
of the supply chain networks with lead time, introducing a
sensitivity parameter, Han et al. [21] transformed the original
optimal problem into a sequence of two-point boundary
value problems without time-delay term.

There are fewer literature sources on the supply chain net-
work with the uncertain demand and the lead time. Liand Liu
[22] stated a robust control method to minimize the negative
effect of uncertainties in demand, production process, supply
chain network structure, inventory policy implementation,
and vendor order placement lead time delays. Fattahi et al.
[23] exploited the mitigation and contingency strategies for
a multiperiod supply chain network with stochastic demands
and delivery lead times.

Moreover, the management and control of the inventory
is one of the most important subjects in the supply chain
network. Because the inventory levels of firms often change,
firms will carry out different strategies of production or
ordering for the different inventory levels to reduce cost [24].
However, all of the literature sources mentioned above did
not consider the different production strategies and ordering
strategies for the different inventory levels.
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In this article, a dynamic fuzzy model of the supply chain
network with the uncertain demand and the lead times is
constructed, which involves not only manufacturers’ safety
inventories and expected inventories, but also distributors’
safety inventories and expected inventories. Then, based on
the different production strategies and ordering strategies for
the different inventory levels, we present a fuzzy switched
strategy to suppress the fluctuations of the system variables
in switching processes. What is more, we propose a fuzzy
control strategy to make the fuzzy supply chain network
robustly asymptotically stable in the presence of the lead
times and the uncertain customer demand. Finally, sim-
ulation experiments are executed to study the impacts of
the lead times, the uncertain customer demand, and the
fluctuation of the switching processes among subsystems on
the supply chain network under the common robust strategy
and the proposed fuzzy robust strategy composed of the fuzzy
switched strategy and the fuzzy control strategy, respectively.

The rest of this article is organized as follows: In Section 2,
a basic dynamic supply chain network system is constructed
and then the constructed system is transformed into a fuzzy
supply chain network model with the uncertain customer
demand and the lead times. In Section 3, we develop a
stability theorem of the supply chain network. In Section 4,
a simulation example is provided to show the effectiveness
of the proposed fuzzy robust strategy for the supply chain
network system. In Section 5, discussions are given. Finally,
some conclusions are presented in Section 6.

2. Models of Supply Chain Network

2.1. Basic Model of Supply Chain Network. The basic notations
in models of supply chain network are listed in Notations
section.

We consider a type of dynamic supply chain network
with a dual-echelon network including s manufacturers and
t distributors, and the microstructure of the network in
Figure 1 illustrates the structure characteristics of the supply
chain network.

In Figure 1, L = (I)o (0 < I, < 1) is the
structure parameter matrix of supply and demand between
manufacturers and distributors; if 0 < 1, < 1, there is a
relationship of supply and demand between manufacturer a
and distributor b; if I, = 0, there is not a relationship of
supply and demand between manufacturer a and distributor

From Figure 1, a basic inventory model of the dynamic
supply chain network is constructed as follows:

x, (k+1)=x,(k)+u, (k) - Zlabuab (k)
b=1

(1)
p (k+1) =y, (k) + Y Lyt () = wy (k) .
a=1

In supply chain management, lead time is an important
indicator to measure the rapid response ability of supply
chain for the rapid changes in the market demand. In reality,
the lead time is very common in each link of supply chain
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FIGURE 1: Microstructure of supply chain network.

operation, which is influenced by many kinds of economies
and technologies. What is more, the lead time not only
increases the management cost of firms, but also causes the
inefficient operations of the supply chain. Based on (1), a basic
model of the supply chain network with the production lead
times and the ordering lead times can be described as follows:

x, (k+1) =x, (k) +u, (k) +u, (k-1,)

t
- Zlabuab (k) >
b=1
. . ()
o (k+1) =y, () + Y Lpthagy (k) + ) gy (k = T)
a=1 a=1
—w, (k).

2.2. T-S Fuzzy Model of Supply Chain Network with Uncertain
Demand and Lead Times. For the supply chain network with
the uncertain demand and the lead times, there are different
basic dynamic inventory models at different periods. In order
to reduce the cost of the supply chain network effectively, the
switching action will often occur among the different basic
models. The different switching rules will affect the perfor-
mance of the supply chain network to different extent. Takagi-
Sugeno (T-S) fuzzy systems, suggested by Takagi and Sugeno
in 1985 [25], consist of fuzzy If...Then rules with linguistic

of the dynamic supply chain network with the production
lead times and the ordering lead times can be described as

R':if x,(k) is M;,...,xj(k) is M;,..., and x,(k) is M,,
then

9
x(k+1) = Ax(k)+ Bu(k)+ Y Bu(k-1,)
e=1
+Bw(k),
3)

9
z (k) = Cx (k) + Du (k) + Y Dyu(k-1,),
e=1

x(k)=¢@k), kefo1,...,N},

where ¢(k) is the initial condition; x(k) is the
inventory state vector at period k, x(k) =
[,(R) -+ x,(K) - x, (k) (k) - K)o (0]
u(k) is the production and ordering control vector at period
k; u(k—1,) is the production and ordering control vector with
lead times at period k; e = 1,...,4a,...,s,11,...,ab,...st;

= s + st; w(k) is the customer demand vector at
period k, which is assumed to belong to [,[0,00).

1
A = [ 1 ] is the inventory status coeflicient
1 d(s+t)x(s+t)

matrix, which embodies the inventory level of the supply
1

terms in antecedents and analytic dynamical equations in ~ chain network; B; = 15 _MNE‘ ](SH)X(SH” I = L. ,
the consequents, which can be viewed as the expansion of L 1 dsxs
piecewise linear partition based on “fuzzy partition” of input

space [26]. In order to realize the flexible switching among the M, = L o=l ol - lat]lxt’MZ =
different basic models and restrain large fluctuations of the Lo Joxst

system variables in the switching processes, by utilizing T-S fa

fuzzy systems and increasing the cost output equation, under  [H, H, --- H]_ H, = lay ) is the

the uncertain customer demand, the discrete T-S fuzzy model

Loy tXxt



production or ordering coefficient matrix, which embodies
manufacturers’ production capacity or distributors’ ordering
quantity; for the production delay coefficient matrix caused
by lead time, B, = [%? for the ordering delay

6 o) srxisrsny’
coefficient matrix caused by lead time, B;, = [ u, | (s ixerst)

_ 0 . .
By = [%]oussr 18 the customer demand coefficient
matrix; C; = [Chl gt Gis Gttt Gyt Crt] 1x(s+t)
is the inventory cost coefficient matrix; D; =
[le 0 Gna " Gms Co1 7t Con cos]lx(s+5t) is the

cost coeflicient matrix of the production and ordering,

where ¢, is distributors’ unit ordering cost matrix from
manufacturer a (¢,; = [LiGar *** lavCoap *** latCoat))s
for the cost coeflicient matrix of production with lead
times, D, = [Gm """ Cma G O]lx(s+st); for the

cost coefficient matrix of ordering with lead times,
D;, = [0 Co1 " Coq cos] Ix(s+st)"

In this article, the fuzzy supply chain network system (3)
is described by deviation variables, which are the differences
between the actual operation values and the nominal values.

By singleton fuzzifier, product inference, and centre-
average defuzzifier, the fuzzy supply chain network system (3)
is inferred as follows:

x(k+ 1) = Y (x (k)

i=1

9
- [A,.x (k) + Bu (k) + Y Biu (k- 7,) + B,,w (k)] ,
e=1

. (4)
z (k) = Yy (x (k)
i=1

9
- [Cix (k) + D;u (k) + ) Dju (k - Te)] ,
e=1

where hi(x(k) = (k) Xi, wix(K), p(x(k)
H;.’ZIM;(xj(k)), M;-(xj(k)) is the grade of membership of
x;(k) in the fuzzy set M;., u;(x(k)) is the membership degree
of the ith rule. For simplicity, we omit x(k) in h;(x(k)).

3. Fuzzy Robust Strategy of Dynamic Supply
Chain Network

3.1. Inhibition Rate of Fuzzy Robust Controller. Fuzzy robust
control can effectively help firms to cope with the operational
lead times and the uncertain customer demand and guarantee
the asymptotic stability of the supply chain network. We use
the parameter y as the inhibition rate of the fuzzy robust
controller; namely,

T bk [(C - DK ) x (k) - Y2, D Kjox (k- 7,)]

A

lIw ()1l (5)

i=1

<y,

where || - [, is I, € [0,00) norm. Inequality (5) describes
the system gain characteristic from the uncertain customer
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demand variable w(k) to the total cost z(k) of the supply chain
network; namely, the smaller the parameter y is, the better the
performance of the supply chain network system will be, and
the fuzzy robust strategy can make inequality (5) achieve the
ideal value.

3.2. Fuzzy Control Strategy for Discrete Switched Supply Chain
Network. Based on the principle of the parallel distributed
compensation, the design of a fuzzy controller is to synthesize
alocal feedback controller for each subsystem. Then the local
state feedback controller is formulated as follows:

controller rule K*: if x, (k) is M’i, . xj(k) is M;., ...,and
x,(k) is M, then
u (k) = -Kxx (k),
(6)
u (k - Te) = _Kiex (k - Te) >

where K; and K, are the state feedback gain matrix and the
state feedback gain matrix with the lead times, respectively.

The state feedback controller of the global supply chain
network can be expressed as

_ihiKz’X (k)

i=1

u(k-1,)= Zh, K. x(k-1,).

u(k) =
(7)

Then the fuzzy control system of the supply chain network
can be written as

x(k+1) = iih,.hj.

i=1 j=1

[(A,. -BXK;)x(k)

ZB,e ox(k-1,)+B, w(k)]
(8)

z(k)=Y Y hh;-

i=1 j=1

ZDIEKJEX (k-t )]

[(c,. -DX;)x(k)

Before further analysis, we introduce the following defi-
nitions as the preparation for Theorem 3.

Definition 1 (see [27]). A cluster of fuzzy sets {F}‘, u =
1,2,..., qj} are said to be a standard fuzzy partition (SFP) in
the universe X if each F; is a normal fuzzy set and F} (u =
1,2,...,q;) are full-overlapped in the universe X. g, is said to

be the number of fuzzy partitions of the jth input variable on
X.

Definition 2 (see [27]). For a given fuzzy system, an
overlapped-rules group with the largest amount of rules is
said to be a maximal overlapped-rules group (MORG).
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The stability theorem of the supply chain network will be
given in the form of Theorem 3.

Theorem 3. For the fuzzy supply chain network system (8)
with lead times and SFP inputs, if there exist a given scalar
y > 0, local common positive definite matrices P, and Q,,, and
matrices Kic, Kjc, Kiee, K in G, satisfying

ic> TN jor PNiec

-P_+ ZQEC * * ® ok
e=1

0 -Q * % %
0 0 1 * = <0, iel,
A, -BK, -II, B, -P. =

5
- g -
—4P, + 4ZQeC ® * * %
e=1

0 —46 * * %

0 0 4T = =
A,-BK,+A; -BK, -® B, +B, -P,_
|C-DK,; +C;-DK, -®, 0 0 -I]
<0, i<j i,jel,

)

then the fuzzy supply chain network system (8) is robustly
asymptotically stable under the performance y, where I is
the set of the rule numbers included in G, G, denotes the
cth MORG, ¢ = 1,2,. H;’ ((m; = 1), m; is the number

of the fuzzy partztzons of the jth input varzable, Q =

L C,-DK, -II, 0 0 -IJ diag {Qc -+ Qe+ Q)
[ ' BleKzec B Kzgc] >
= [Dth : DzeKzec D Kzgc] >
(10)
(l)l = [ il ]1c + leKilc ’ BteK]ec + B]eKzec e Bng]gc + B Kzgc] >
[Dthjlc + Dleilc : DzeK]ec + D]eKzec Tt ngK]gc + D Kzgc] .

Proof. The proof processes of Theorem 3 in this paper are
similar to those of Theorems 1 and 2 in [28], which are
omitted for the sake of brevity. O

For the supply chain network with the uncertain cus-
tomer demand and the lead times, we propose the following
fuzzy robust strategy, which consists of the fuzzy switched
strategy and the fuzzy control strategy.

(1) Fuzzy switched strategy

(® When a manufacturer’s inventory is less than the
safety inventory, the manufacturer will urgently produce
the goods; If a manufacturer’s inventory is more than the
safety inventory and less than the expected inventory, the
manufacture will normally produce the goods; If a manu-
facturer’s inventory is more than the expected inventory, the
manufacture will stop producing.

(@ When a distributor’s inventory is less than the safety
inventory, the distributor will urgently order the goods; If a
distributor’s inventory is more than the safety inventory and
less than the expected inventory, the distributor will normally
order the goods; If a distributor’s inventory is more than the
expected inventory, the distributor will stop ordering.

(® According to (4), when the manufacturers and the
distributors lie in different inventories, there are the different
fuzzy control rules. When manufactures’ inventories and dis-
tributors’ inventories change, the switching actions will occur
among fuzzy control rules. Due to the fuzzy membership
function, the switching actions can be seen as a flexible
switching, which is also called a robust switching.

(2) Fuzzy control strategy

® If a proper inhibition rate y is given, by solving (9),
we can obtain the state feedback gain matrices. The closed-
loop negative feedback control can be realized by using state
feedback controller (7). Then all variables in the fuzzy supply
chain network (8) can realize robust stabilization under the
uncertain demand and the lead times.

@ The optimal inhibition rate y can be obtained accord-
ing to Figure 2.

4. Simulation Research

4.1. Modeling Supply Chain Network with 2 Manufacturers and
2 Distributors. In practice, material processing and material
acquisition of steel industry are very complicated processes
because there are so many upstream and downstream mem-
bers, materials, and semifinished products. To assess the
performance of the designed fuzzy robust strategy and to
gain further insights into the dynamical characteristics of
the supply chain network with the lead times under the
uncertain customer demand, we choose an H-beam supply
chain network of North Tai Steel Group in China as a
simulation object. And this supply chain network consists of
2 manufacturers and 2 distributors.

In this section, according to the inventory levels, man-
ufacturers will develop the production strategy to avoid
the inventory backlog or increase opportunity cost; at the
same time, according to manufacturers’ inventory levels,
distributors will formulate the ordering strategy. Thus, the
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— y—0.01

If (9) gives a
feasible solution

If (9) once gave
feasible solutions

y+0.01 J

Select the latest feasible
solution

FIGURE 2: Flow chart of selecting the optimal inhibition rate.

dynamic model of the supply chain network with the lead
times is established at period k as follows:

xy (k+ 1) = x; (k) + 1y (k) + 1y (k= 1) = Ly (6)
= lpuy, (k)

Xy (k+ 1) = x, (k) + 1y (k) + 14y (k = 1) — Ly gy (k)
= Lyuy, (k)

yi (ke +1) = yy (k) + Iyuyy (k) + Iyuyy (k- 1) a)

Ly, (K) + Lyttyy (k= 1y,
—w, (k),

¥, (k+1) = y, (k) + Luy, (k) + L, (kK- 1))
+ Lty (k) + Lty (k= 15,)

-w, (k),

where x,(k), x,(k), y,(k), and y,(k) are manufacturer s
inventory, manufacturer 2’s inventory, distributor I's inven-
tory, and distributor 2’s inventory of the supply chain network
at period k, respectively, which are state variables. u,(k),
u,(k), uq;(k), uy,(k), uy(k), and u,,(k) are manufacturer
I’s production, manufacturer 2’s production, distributer I’s
ordering quantity from manufacturer 1, distributor 2’s order-
ing quantity from manufacturer 1, distributor I’s ordering
quantity from manufacturer 2, and distributor 2’s ordering
quantity from manufacturer 2, respectively, which are the
control variables. u, (k—1;) and u, (k—1,) are the productions
with lead times 7, and 7,; u;, (k—17;), Uy, (k—71,), tyy (k—75,),
and u,,(k — 7,,) are the ordering quantities with lead times
Ti1> Tiz> Tap> and Ty, in which 7, (e = 1,2,11,12,21,22) is

x5 (k)
i ni i i T 1
| |
| |
| |
| |

2
F, Dy,

Fy

F)(x,(K)) 0 < x1 (k)

F"(x, (k)

FIGURE 3: Fuzzy membership functions.

independent lead time parameter. Let 7' = 7, = 7, and
7' =1, =1, = Ty, = Ty. w, (k) and w, (k) are the customer
demand at period k, which are uncertain variables. [, [;,, L,;,
and [,, are the ordering rates.

Suppose x,(k) and x,(k) can be measured, the fuzzy
partitions of x;(k) and x,(k) are F"(x,(k)) (m = 1,2)
and Ff (x,(k)) (p = 1,2), respectively, and conform to
the conditions of SFP. Let M| = M: = F/, M; =
M} = FF, My = M, = F,, M, = M; = E}. The
fuzzy sets of x, (k) and x, (k) represented by the membership
functions are shown in Figure 3 (D, D;,, and Dy, are
manufacturer I's safety inventory, expected inventory, and
maximum inventory, respectively; D,,, Dy,, and D, are
manufacturer 2’s safety inventory, expected inventory, and
maximum inventory, respectively).
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In Figure 3, we can see that there exists a MORG contain-
ing 4 fuzzy rules. According to Theorem 3, by considering
the lead times, the production capacity, the supply chain
structure, and the uncertain customer demand, the two-
echelon supply chain network model can be transformed into
the following fuzzy model:

R':if x, (k) is M} and x, (k) is M}, then

x(k+1) = ih, [Ax (k) + Bu (k) +Byu(k-1')

i=1

+B,u (k - T") +B,w (k)] , )
12

209 = Yh [Cx(6) + Du (k) + Dyu (k- )

i=1

+Dyu(k-")],

where r = 4, x7 (k) = [x,(k) x,(k) y,(k) y,(k)], u" (k) =
[ty (k) uy(k) uyy(k) upy(k) uy (k) uyy(k)].

Based on historical data, [, will be assigned different
values for different fuzzy rules: wheni = 1,1, =1, =1, =
l,, = 0.5 wheni = 2,1;; = 0.35,1;, = 0.43, ,; = 0.65, and
L,, = 0.57; wheni = 3,1, =0.65,1, = 0.57,1,; = 0.35, and
L,, = 043;wheni =4,1; =1, =1L,; = 1,, = 0.5. Therefore,
we have

1000
0100
Amhm b= hT01
0001

10 -05 -05 0 0

01 0 0 -05-05
=100 05 0 05 o

00 0 05 0 05

10 —035 —043 0 0 T

01 0 0 -065-057
B2=100 035 0 o065 o0 |

00 0 043 0 057 |

10 —0.65 —057 0 0 T

01 0 0 -035-043
B=100 065 0 03 o0 |

00 0 057 0 043 ]

10 -05 -05 0 0

01 0 0 -05-05
B=100 05 0 05 o0

00 0 05 0 05

100000
B B B B 0100
11 — 221 — 31 — Y41 — 0 0 >
00000O00O0
(o0 0 0 0 O
00 0 0 0 O
BIZ_
0005 0 05 0
LOO 0 05 0 0.5
[0 0 O 0 0 0 7
00 O 0 0 0
B,, = >
0003 0 065 0
LOO 0 043 0 0.57]
[0 0 O 0 0 0 7
00 O 0 0 0
B32_ >
00065 0 035 0
LOO 0 057 0 043]
(00 0 0 0 O
00 0 0 0 O
By = ’
0005 0 05 0
LOO 0 05 0 0.5
00 0 O
00 0 O
BwlszZZBw3:Bw4: 00 -1 0
00 0 -1

Ci=C,=C=Cy=[a Ga G Gl
D, = [Gu1 Gz 05611 0.5¢,1, 0.5¢,5, 0.5¢,,],
D,
= [Guy1 Guna 0.35¢,, 0.43c,, 0.65¢,,; 0.57¢,,],
D,
= [Gun1 Gmjz 0656, 0.57¢,, 0.35¢,,; 0.43¢,],
D, = [Gun1 Gunz 056,11 0.5¢,1, 0.5¢,; 0.5¢,,],
Dy, = [Gu1 Gz 0 0 0 0],
Dy, = [Guj1 Gunz 0 0 0 0],
Dy, = [Gun1 Gup2 0 0 0 0],
Dy = [Gun1 Gunz 0 0 0 0],
D, =[0 0 0.5¢,; 0.5¢,, 0.5¢;; 0.5¢,,],

|

D,, = [0 0 0.35c,, 0.43c,, 0.65¢,, 0.57¢,,],



D,, = [0 0 0.65¢,;, 0.57¢,, 0.35¢, 0.43¢,],

Dy, =[0 0 0.5¢,; 0.5¢,, 0.5¢,; 0.5¢,,].
(13)

We define that ¢, 6,5, ¢,1> and ¢,, are manufacturer I’s
unit inventory cost, manufacturer 2’s unit inventory cost,
distributor I's unit inventory cost, and distributor 2’s unit
inventory cost, respectively; ¢,;;, = ¢,n1 and ¢, = Guna
are the manufacturer I's unit manufacturing costs and the
manufacturer 2’s unit manufacturing costs under the normal
production condition, respectively; ¢,,; = ¢,,;; and ¢, = G,
are manufacturer I’s unit inventory costs and manufacturer
2’s unit inventory costs under the JIT condition, respectively;
Co11> Co12> Copp> and ¢y, are distributor s unit ordering
cost from manufacturer 1, distributor 2’s unit ordering cost
from manufacturer 1, distributor I’s unit ordering cost from
manufacturer 2, and distributor 2’s unit ordering cost from
manufacturer 2, respectively.

Then, according to the established T-S fuzzy model, the
relative fuzzy state feedback controller of the supply chain
network is designed as follows:

K':if x, (k) is M} and x, (k) is M}, then

u(k) = —Zr:hiKilx(k) ,

i=1

w(k—7) = -ShKyx(k-7),

i=1

u (k - T") = —Zr:hiKmx (k - T”) .

i=1

(14)

Base on the practices, all parameters of the model are set
as¢g, = 13,¢, = 145,¢, = 095, ¢, = 1, ¢,n1 = 2.3,
Cuj1 = 35 Guna = 2.1, Gpyp = 2,63, ¢y = 3.6, ¢, = 4.2,
a1 = 3.95, C,pp = 3.81 (10* RMB/ton), Dy, = 10, Dy, = 30,
Dy, = 8, Dy, = 33 (10° ton).

4.2. Simulation Analysis. Let the uncertain inhibition param-
eter y = 1.02, and the fuzzy supply chain network system (12)
is robustly stable because the corresponding results that meet
Theorem 3 can be obtained by using the feasp solver in LMI
Toolbox of Matlab as follows:

[31.5151 0.0051 0.0158 0.0169 7
0.0051 31.5180 0.0234 0.0248

Pi= 0.0158 0.0234 31.6033 0.0978 |~
| 0.0169 0.0248 0.0978 31.6153 |
Q) =Qy (15)
[10.5037 0 0 0
0 10.5037 0 0
B 0 0 10.5037 0
0 0 0 10.5037 |
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FIGURE 4: Inventory evolution processes under the common robust
strategy (x10* ton).
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FIGURE 5: Production evolution processes under the common robust
strategy (x10* ton).

Then, simulation experiments will be executed to com-
pare the proposed fuzzy robust strategy with the common
robust strategy for the inhibition effect on the lead times,
the uncertain customer demand, and the fluctuation of the
switching processes among subsystems of the supply chain
network. Based on historical data, the initial values are set
as x,(0) = 2, x,(0) = 1.8, y,(0) = 1.5, 3,(0) = 1.3 (10°
ton), and the normal values are set as X, (k) = 10.2, X (k) =
10,71(k) = 9.8, 72(k) = 9.5 (10° ton). Furthermore, the
production lead times and the ordering lead times are both
7' = 1" =2 (x10 days).

Suppose the customer demand follows the normal dis-
tribution disturbance; that is, w, (k) = w,(k) = N(3,0.1%).
Figures 4-8 show the simulation results under the common
robust strategy.

It can be seen from Figures 4-8 that the inventory levels,
the productions, the ordering quantities, and the total cost of
the supply chain network all fluctuate drastically under the
common robust strategy.

In the same simulation environment, the simulation
experiments are executed under the fuzzy robust strategy
proposed in this article, and the simulation results can be seen
in Figures 9-12.

By using the fuzzy robust strategy proposed in Section 3.2,
manufacturers and distributors can adjust their production
and ordering according to the inventory levels by the flexible
switching actions among subsystems. Compared with the
common robust strategy, the disturbances caused by the
switching actions among subsystems, the lead times, and
the uncertain customer demand can be restrained effectively
under the fuzzy robust strategy. Therefore, the total cost of the
supply chain network can be maintained in the ideal level. It
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the common robust strategy (x10* ton).
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is clear that the fuzzy robust strategy proposed in this article
can ensure that the supply chain network is robustly stable.

5. Discussion

(1) In Theorem 3, the robustly asymptotically stable supply
chain network system (8) is derived from the following
definition.

Definition 4 (see [29]). Given a scalar y > 0, the supply
chain network system (8) is said to be robustly stable with
the disturbance attenuation y if two conditions as below
are satisfied: (1) The closed-loop system (8) is robustly
asymptotically stable when w(k) = 0. (2) Under zero-initial
condition, the controlled output z(k) satisfies ||z(k)||§ <
y||w(k)||§ for any nonzero w(k) € ¢,[0, co) and all admissible
uncertainties.
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FIGURE 9: Inventory evolution processes under the fuzzy robust
strategy (x10* ton).
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FIGURE 10: Production evolution processes under the fuzzy robust
strategy (x10* ton).
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FIGURE 11: Ordering evolution processes under the fuzzy robust
strategy (x10* ton).

The proof of Theorem 3 must satisfy the two conditions
of Definition 4, and the similar detailed proof process can be
seen in [28].

(2) Compared with the common robust strategy, the
proposed fuzzy robust strategy can realize the flexible switch-
ing among subsystems of the supply chain network and
effectively restrain the bullwhip effect. The bullwhip effect
refers to the phenomenon of the amplification of demand
variability from a downstream site to an upstream site in the
supply chain [30]. The concept of bullwhip effect can describe
the dynamic performance of our fuzzy robust controller.

6. Conclusions

In this article, we have studied the fuzzy robust control
problem of dynamic supply chain network with the lead
times and the uncertain demand. Taking into consideration
the multiple sources of lead times in supply chain network,
we focused on the production lead times and the ordering
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FIGURE 12: Total cost evolution process under the fuzzy robust
strategy (x10° RMB).

lead times. We first built a basic model for the discrete
dynamic supply chain network with the lead times and
the uncertain demand. By considering the safety inventory
and the expected inventory, the constructed basic model
is transformed into a fuzzy switched supply chain network
model, and then we developed the fuzzy switched strategy
composed of the manufacturers’ production strategy and
the distributors’ ordering strategy to keep the ideal total
operation cost of the supply chain network. From the
perspective of control system, we explored a fuzzy control
strategy to realize the robust stability of the discrete switched
supply chain network with the uncertain customer demand
and the lead times. Simulation study indicates the fuzzy
membership function does play an important role in reducing
the fluctuation of system variables. Simulation results also
verify the effectiveness and applicability of the proposed fuzzy
robust strategy composed of the fuzzy switched strategy and
the fuzzy control strategy in improving the robustness of the
supply chain network with respect to the uncertain demand
and the lead times. In practice, our work provides a new
approach for supply chain managers to design better robust
control strategy and improve supply chain performance. In
the future researches, the structured model can be extended
to the new supply chain model with supply and demand not
only among manufacturers but also among distributors. And
another new strategy will be developed for the supply chain
network with the uncertain system parameters and the time-
varying lead times.

Notations

x,(k): Manufacturer a’s inventory at period k,
a=12,...,s

y(k): Distributor b’s inventory at period k,
b=12,...,t

u,(k): Manufacturer a’s production at period k

Uy, (k): The ordering from distributor b to
manufacturer a at period k

wy(k): Distributor b’s customer demand at period
k

T, Lead time during the production

T,:  Lead time during the ordering process

R': The ith fuzzy rule,i = 1,2,...,r

r: The number of IF-THEN rules

i -
M;: The fuzzy set, j = 1,2,...,n

Complexity

z(k): The total cost of the supply chain network
at period k

Iy The coeficient of supply and demand
between manufacturer a and distributor b

Gnat  Manufacturer a’s unit inventory cost

¢ Distributor b’s unit inventory cost

Cna:  Manufacturer a’s unit producing cost
C,qp: Distributor b’s unit ordering cost from

manufacturer a.
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