friried applied
e sciences

Article

Hierarchical Scheduling of Complex Dynamic Supply Chain

Lihua Hu!

check for
updates

Citation: Hu, L.; Fan, T. Hierarchical
Scheduling of Complex Dynamic
Supply Chain. Appl. Sci. 2023, 13, 75.
https://doi.org/10.3390/
app13010075

Academic Editor: Guangdong Tian

Received: 22 November 2022
Revised: 16 December 2022

Accepted: 17 December 2022
Published: 21 December 2022

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Tao Fan %

College of Marxism, Southwest University of Political Science & Law, Yubei, Chonggqing 401120, China
School of Automation and Information Engineering, Sichuan University of Science & Engineering,
Zigong 643000, China

*  Correspondence: fantao@suse.edu.cn

Abstract: Green manufacturing (especially the right production scale) and optimization of logistics
transportation (especially logistics transportation to ensure economic benefits) have become chal-
lenging issues. This paper focuses on production planning and scheduling of dynamic supply chain
via H* control scheme. This paper considers the production scale control and resource scheduling
optimization of complex dynamic supply chain under the impact of the COVID-19 pandemic. Firstly,
the information of green manufacturing production is collected, and a new mathematical model of
complex dynamic supply chain including multi-level distributor/retailer, multi-delay inventory and
multi-lead time is established. Secondly, the optimal resource scheduling scheme is designed based
on the principle of H* cybernetics, which is called the hierarchical scheduling of complex dynamic
supply chain in this paper. Finally, a numerical example shows the effectiveness and feasibility
of the proposed scheme. Through this model, the production of manufacturers, the inventory of
manufacturers and distributors, and the order quantity of distributors can be arranged in advance,
which improves the robustness of the closed-loop dynamic supply chain.

Keywords: dynamic supply chain; hierarchical scheduling; green manufacturing; production plan-
ning; multi-level distributor /retailer; multi-delay inventory; multi-lead time; H* control

1. Introduction

To address the increasingly prominent environmental pollution and energy shortage,
many countries have devoted themselves to green manufacturing and logistics [1]. Green
manufacturing is a modern manufacturing mode that comprehensively considers environ-
mental impact and resource efficiency. Its goal is to minimize the impact (negative effect)
on the environment and maximize the resource utilization rate in the entire product life
cycle from design, manufacturing, packaging, transportation, use to scrap disposal, and to
coordinate and social benefits of enterprises [2]. The supply chain is a functional network
chain structure mode centering on the core enterprise, through the control of information
flow, logistics and capital flow, starting from the purchase of raw materials, making in-
termediate products and final products, and finally sending the products to consumers
through the sales network, connecting suppliers, manufacturers, distributors, retailers,
and end users as a whole [3]. Production planning and scheduling is one of the contents
of supply chain collaboration. The buyer and supplier share demand and production
capacity information to solve the problem of mismatch between production capacity and
demand, so as to effectively balance resources [4]. In theory, network multi-level marketing
is the best way to mobilize people’s enthusiasm, and it has been paid more and more
attention by countries [5]. The sluggish inventory of enterprises will increase the cost of
enterprises, cause waste of resources, and occupy a large amount of working capital, which
will lead to the financial crisis of enterprises in serious cases [6]. To ensure that an order
is completed before the actual demand date, a period of lead time is added to the normal
lead time as the safety lead time [7]. Various unstable factors and external interference
have greatly affected the stability of the dynamic supply chain network, such as the impact
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of the COVID-19 pandemic [8]. H* control provides ideas and feasibility for solving the
anti-interference problem of the control system [9]. Therefore, based on H* control, it is
particularly important to study hierarchical scheduling of complex dynamic supply chain.
At the same time, this paper needs to establish a production scale control and resource
scheduling optimization model of the complex dynamic supply chain under the impact of
the COVID-19 pandemic.

A new bi-level programming model for a home health care supply chain was proposed
by introducing three new modified versions of recent and well-established algorithms [10].
An optimization model was proposed for a dual-channel closed-loop supply chain network
design [11]. The model captures the fuzzy nature of the parameters. The structure of
kitchen appliance supply chain system, the fluctuation of various uncertainties, various lead
times including procurement, production, ordering, and inventory system were studied
by Zhang et al. [12] in 2021. Jing et al. [13] studies the supply chain operation system
under the networked manufacturing mode, and constructs a three-layer supply chain
dynamic system composed of collaborative designers, manufacturers and distributors.
Zhang et al. [14] establishes a dynamic supply chain fuzzy model considering lead time
compression on the basis of considering inventory level, lead time compression cost, out of
stock cost, production and ordering strategy, and fluctuation of external customer demand,
and attempts to apply a fuzzy robust H* control strategy to the dynamic supply chain
system considering lead time compression to achieve low cost and robust operation of
the system. Anwer AL-Shboul [15] studied aims to investigate and examine the impact
of delivery reliability and delivery speed on the relationship between a manufacturing
firm’s transportation logistics strategy and supply chain responsiveness. Aiming at the
problems of production delay, electronic distribution delay and uncertainty of external
input of demand and recovery in closed-loop supply chain, a dynamic system model
of dual channel closed-loop supply chain was established by Zhang et al. [16] in 2021,
and the robust H® control strategy of the model was given. Ge et al. [17] integrated
ROPS (reserve-online-pick-up-and-pay-in-store) and BORP (buy-online-and-pick-up-in-
store) strategies to build a state feedback control model for the omnichannel retail supply
chain system, and compare four strategy models: N-BR (do not adopt BORP and ROPS),
Y-B (adopt pure BORP), Y-R (adopt pure ROPS), and Y-BR (integrate BORP and ROPS).
Further, Ge et al. [17] investigated the influence of consumer channel preferences, cross-
channel delivery and return parameter uncertainty on supply chain system inventory,
production/ordering and profit, and study the bullwhip effect suppression method based
on Lyapunov stability theory and linear matrix inequality algorithms. Attiqueur Rehman
et al. [18] builds on the dynamic capability view to theorize the role of manufacturing
planning and control activities and supply chain risk management capabilities towards the
firm’s operational performance. Empirically examining the effects of relationship quality, c-
commerce behavior, and dynamic capability on c-commerce performance was investigated
by adopting the commitment-trust theory and the dynamic capability view [19]. However,
Zhang et al. [12] considers a single situation and does not consider multi-level retailers.
Zhang et al. [16] does not consider multi-level distributor/retailer, multi-delay inventory, or
multi-lead time. For example, the outbreak of COVID-19 pandemic has brought too much
difficulty to supply. Therefore, it is particularly important to consider the stability of the
supply chain in complex situations. Jing et al. [13] does not consider multi-delay inventory
or multi-lead time. Zhang et al. [14] does not consider multi-lead time. Zhang et al. [12]
does not consider multi-level distributor/retailer or multi-delay inventory. Ge et al. [17]
does not consider multi-level goods supply to ensure the stability of the entire supply chain
network, in which case the supply chain network is particularly fragile.

Based on the above discussion, this paper focuses on production planning and schedul-
ing of supply chain dynamic system via H* control scheme, that is, hierarchical scheduling
of complex dynamic supply chain. The challenge of this article is to dealing with multi-level
distributor/retailer, multi-delay inventory and multi-lead time in complex dynamic supply
chain. The main contributions of this paper are as follows: (1) A model of the complex



Appl. Sci. 2023,13,75

30f15

dynamic supply chain including multi-level distributor /retailer, multi-delay inventory and
multi-lead time is established. The model in this paper summarizes the supply chain model
in the above literature. (2) Based on H* control principle, the stability of complex dynamic
supply chain is guaranteed.

2. Model of Complex Dynamic Supply Chain

This section establishes the dynamic model of complex dynamic supply chain with
multi-distributors or retail dealers, multi-delay inventory and multi-lead time. This paper
establishes the dynamic model of complex dynamic supply chain based on the following
information: (1) ensure information sharing, that is, the node enterprises in complex
dynamic supply chain share product information, inventory information, production
information, order status information, sales and forecast information through information
technology; (2) ensure the manufacturer’s core position, that is, the lead time considered is
the manufacturer’s production lead time; (3) shortage is allowed and only occurs within
the lead time. Based on above principle, the network topology of complex dynamic
supply chain, which is with multi-distributors/retail dealers, multi-delay inventory and
multi-lead time, model composed of manufacturers, retailers and customers built in this
paper is shown in Figure 1. Let xo(k) represents the manufacturer’s actual inventory
at the time of k, x;(k) represents the i-th distributor’s actual inventory at the time of k.
up (k) means the product produced by the manufacturer at the time of k, u;(k) represents
the order quantity ordered by the i-th distributor at the time of k, w;(k) represents the
market customer demand at k. Let x(k) = [xq(k), x1(k), x2(k),- - -, x,_1(k)]T and u(k) =
[uo(k), ur (k), ua(k), -+, un—1(k)]".

Manufacturer

Distributor 1
Distributor 2

Distributor (n-1)
[ Interfere H Market H Consumer ]

Figure 1. The illustration of complex dynamic supply chain.

Remark 1. We use xo(k) to represent the manufacturer’s actual inventory at the time of k. Use
x;(k) to represent actual inventory of all levels distributors at the time of k. The information flow of
goods is shown by the arrows in the vertical direction in Figure 1.

Various coefficients in complex dynamic supply chain are uniformly expressed as ele-
ments of the correlation matrix. By analyzing the quantitative relationship between the lead
time compression cost and the compression amount, and adopting the calculation method
of piecewise accumulation (that is, the lead time is divided into / mutually independent
parts, such as order processing time, etc., and the compression cost of each independent part
is calculated in turn, and the cumulative sum is performed), the quantitative relationship
model is built as follows:

—

ZBiu(k_i)/ (1)

i=1
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where B; is the coefficient matrix of lead time term; u(k — i) is the control input vector at
the time of k — .

The time-delay phenomenon in complex dynamic supply chain is the main reason for
the uncertainty and instability of the system. Once the external and internal ordering lead
time of complex dynamic supply chain is too long, each subsystem of complex dynamic
supply chain will correspondingly increase the inventory to prevent the occurrence of
stock outs, and thus can cause inventory time-delay. At the same time, the complex
dynamic supply chain also has time delays in production, collaborative product supply
and other logistics processes, which make complex dynamic supply chain less responsive
to demand fluctuations. The quantitative relationship model of multi-level delay inventory
of manufacturers, distributors and retail dealers is as follows:

h
Z Ajx(k—1), 2)
i=1

where h represents delay information; A; is the coefficient matrix of time-delay term;
x(k — i) is the state vector at the time of k — i.

Based on the above discussion and the analysis in Figure 1, we can see that considering
lead time compression, the inventory state model of a complex dynamic supply chain
composed of manufacturers, retailers and customers is as follows:

x(k+1) =Ax(k) + i Aix(k — i) + Bu(k) + i Biu(k — i) + Dw(k), 3)
i=1 i=1

where w(k) represents an external input uncertainty variable, e.g., the market customer
demand at k, the amount of product recovered at the time of k.

Therefore, in order to minimize the total cost of complex dynamic supply chain, based
on the comprehensive consideration of different inventory levels of manufacturers and
retailers, as well as compression costs and out of stock costs, this paper formulates the
following cost optimization strategies: when the inventory is less than the safety stock, if
the lead time compression cost is greater than the out of stock cost, the lead time will not be
compressed; otherwise, the lead time is compressed. Based on the above inventory model
and the actual operation process of complex dynamic supply chain, a complex dynamic
supply chain’s total cost model considering inventory cost, production cost, compression
cost, ordering cost and out of stock cost is constructed as follows:

h 1
z(k) =Cx(k) + Y_ Cix(k — i) + Dyu(k) + Y_ Dyju(k — i) + Dyw(k), (4)
i=1 i=1

where z(k) is the total operation cost of complex dynamic supply chain; C; is the unit
inventory cost of manufacturers and retailers in complex dynamic supply chain. Dy, Dy;,
and D, are the transportation cost of all levels and types in complex dynamic supply chain.

Remark 2. The theme of this paper is about green manufacturing. This paper mainly studies
the production of manufacturers and the supply of distributors, so this paper refers to production
planning and scheduling. Since the COVID-19 has had a great impact on the economy since 2019,
in order to ensure the continuous supply of goods, we have arranged the order volume and inventory
in advance through the model in Formulas (1)—(4), so as to ensure the dynamic stability of the
closed-loop supply chain under the impact similar to the COVID-19 pandemic.

Because the above model is based on different inventory levels. In addition, manufac-
turers, the core enterprises in complex dynamic supply chain, will adopt corresponding
production strategies according to their own different inventory levels. Therefore, different
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systems will be formed under different inventory levels, which are uniformly expressed in
the form of matrix in this paper as follows:

x(k+1) =Ax(k ZAx — i) + Bu(k ZBu — i) + Dw(k),
i=1
©)
z(k) =Cx(k —i—ZCx — i)+ Dyu(k +ZD11 — i) 4+ Dyw(k),
i=1

where x(k),u(k),z(k), w(k) are respectively the state vector, control input vector, controlled
output vector and interference input vector with bounded energy of the complex dynamic
supply chain. The correlation matrice are known well dimensional constant matrice. & and
I are positive integers, representing the maximum delay steps of state and control inputs,
respectively. Therefore, we establish a dynamic supply chain model with (n — 1)-level
distributors/retail dealers and I-level lead time.

Remark 3. When analyzing the quantitative relationship between the compression cost of lead-time
and the compression amount, this paper adopts the calculation method of piecewise accumulation,
that is, the lead-time is divided into | mutually independent parts, such as the order quantity when
I =1, the order processing quantity when | = 2, and so on. By calculating the compression cost
of each independent part in turn and accumulating, we can establish the quantitative relationship
model in this paper.

Generally, the initial conditions for complex dynamic supply chain (5) are

, k ,
x(k) ={ZO - 8 6)

The supply volume without lead time for supply chain network design is as follows
u(k) = Kx(k). 7)

Then, the closed loop dynamic network can be expressed as follows

x(k+1) =(A+ BK)x +ZA+BK) (k — i) + i Aix(k — i) + Dyw(k),
i=1 i=l+1 (8)
z(k) =(C + D1K)x +Z (Ci + Dy;K)x(k — i) + Zl: Cix(k — i) + Dyw(k).
i=1 i=l+1

The purpose of this paper is to find the supply control quantity of complex dynamic
supply chain (5) to make the closed-loop supply chain (8) meet the conditions

*  When there is no external disturbance input, i.e., w(k) = 0, the closed-loop supply
chain (8) is asymptotically stable;

e When there is an external disturbance input, i.e., w(k) # 0, the transfer function matrix
from the disturbance input w(k) to the controlled output z(k) satisfies || Tz (5) /o0 <
7, that is, z" (k)z(k) < v?w’ (k)w(k), ¥ > 0 is the given H> system performance
indicator.

Remark 4. The main work of this paper is to conduct in-depth research on the basis of
Refs. [12-14,16,17]. The model in this paper is an extension model of Ref. [12]. This paper
considers multi-delay inventory and multi-lead time which are not considered in Refs. [13,14].
This paper considers multi-level distributor/retailer that are not considered in Ref. [16]. This
paper considers the multi-level distributor/retailer, multi-delay inventory, or multi-lead time not
considered in Ref. [17]. The work of this paper extends and improves the existing results.
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3. Robust Control of Complex Dynamic Supply Chain

In this section, the optimal resource scheduling scheme is designed based on the
principle of H* control scheme, which is called the hierarchical scheduling of complex
dynamic supply chain. Firstly, we give a general result without considering the influence
of market disturbance on dynamic supply chain. Secondly, we study the control problem of
complex dynamic supply chain under the interference of market disturbance on dynamic
supply chain.

Theorem 1. When there is no external disturbance, i.e., w(k) = 0, if there is any positive numbers
u, a;, 1, €;. Any positive definite symmetric matrix X and any matrix Y make inequality

—-X * * *
AX+BY —a7lX * *
A1 X+ B1Y 0 —a;'X o« * * * *
: : : . s * * * 0 o
AX+BY 0 R
A X 0 0 0 —a h X x
: : : : : . *
| AKX 0 0o - 0 0 - —a'X |

hold, then the closed-loop supply chain (8) can still be gradually stable through the supply volume

u(k) = YX tx(k), (10)
where
a=1+e¢,
i
(1+ 1+£ (1+e¢ =12 ... 1
;71 H( ) l+1) (l 74~y 7 )r (11)
a; = i—I
(L+e ) [T +m ) A+ mi), (=1+1,142,--- ).

j=1

Proof. The Lyapunov function is constructed as follows

V(k) = x" (k)Px(k) + i x'(k—i)Qix(k —1i), (12)
i=1

where P > 0,Q;(i = 1,2, -+ ,h) are determined later.
Considering that the interference input is w(k) = 0, the closed-loop supply chain (8) is
used to make difference to obtain:

AV(k) =V (x(k+1),k+1) — V(x(k),k)
=xT(k+1)Px(k+1) + ixT(k—kl —)Qix(k+1—1)
i=1

— ixT k—i Qz ) (13)
i=1
=xT(k+1)Px(k+1) + xT(k)(Q; — P)x(k)
h—1

+ ) xT (k= i)(Qiy1 — Q)x(k — i) — x" (k — B)Qux(k — h).
i-1

The following results can be obtained through simple calculation.
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xT(k4+1)Px(k+1) =

(A + BK)x(k) + Zl;(Ai + BiK)x(k — i)
i=1

h T
+ Y Aix(k— i)] P
i=1+1
+ i(Ai + BZ'K)X(k — l) + i Aix(k — l)‘|
i=1 i=1+1
<(1+¢)xT(k)(A + BK)TP(A + BK)x(k)

+(1+¢7)

l (14)
P|Y (A;i+ BiK)x(k—1i)+ ZAix(k—i)l

i=1 i=l+1

<(1+e1)x" (k) (A + BK)TP(A + BK)x(k)

I T
+(1+£1)1—|—171 Z%A—i—BK )]
1

P|Y (Ai+ BiK)x(k — i)
i=1

(A + BK)x(k)

!
Y (Ai+ BiK)x
i=1 i=l+1

I T
—i)+ Y Aix(k— i)]

I Troa
+ (1 + s;l) (1 + ;7;1) l Y Agx(k— i)] P l Y Ax(k— i)] :
i=l+1 i=l+1
Repeated use of Cauchy matrix inequality leads to
xT(k+1)Px(k+1)

<(1+e1)xT (k) (A + BK)TP(A + BK)x(k)

i—I

+2 1+m) li[(1+sj )(1+si+1)xT(k—i)(Al-+Bl-K)TP(A +BiK)x(k—1i) (15)
j=1
+ Z (14" ) T+ 7)) @+ mie)2T (k= AT PA(k — i)
i=l+1

j=1

Combining the above two expressions, we can obtain

AV (x(K), k) <xT(K) [(A + BK)TP(A + BK) — P+ Q1| x(k)
+Zx [ (A; + B:MK)"P(A; + BiK) + Qi1 — Ql] (k — 1)
(16)
Y (@ ATPA; + Qi1 — Qs x(k — i)
i=1+1
+xT(k—h) [ahA{PAh - Qh] x(k — h).
Let
Qu =apAj,PAy,
0 Qi1 +aj(A;i+ BK)'P(A; + BiK), i=1,2,---,1, (17)
" Qi + AT PA;, i=1+1,1+2-,h—1
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AV (k) <xT(k)| — P+ a(A + BK)TP(A + BK)
1 - h - (18)
+ Y 4j(Ai + BiK) P(Ai+ BiK) + ) a;Aj PA;| x(k)
i=1
2xT(k)¥x(k)
Let X = P~!,Y = KX, multiply the left and right sides by the matrix
diag{P,P,P,--- ,P,P,--- ,P}
at the same time the above inequality (9) can be converted into
I —P * * * i
P(A+BK) —a'P  x *
P(A; + BiK) 0 —a;'P
: : : * * * o (19
P(A +BiK) 0 0 a'P ok <0. (19
PA 4 0 0 0 —a P =« *
I : ; . : *
| PA, 0 0 0 0 —a;'P |

Through Schur-complement theorem [20], the above inequality can be converted into
the following inequality

Y <0.

Therefore, through some analysis, the following conclusion is drawn

AV (k) <O0.

The proof process of the theorem is completed. [

(20)

(21)

The result of Theorem 2 is ideal. It is often unavailable in the face of complex and
changeable market environment. Therefore, next we give a robust result of the closed-loop

supply chain (8) to cope with the complex and changing market environment.

Theorem 2. When there is external disturbance, i.e., w(k) # 0, if there is any normal number
nq, &, 3. Any positive definite symmetric matrix X,Y and any matrix Z make inequality
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i —-X * * * * * * * * * * * * * * * * * ]
CX+DiY Oy * * * * * * * * * * * * * * * *
AX + BY O, O3 * * * * * * * * * * * * * * *
CiX+DpY Q4 Q5 Qf = * * * * * * * * * * * * *
: : : : * * * * * * * * * * * * *
CiX+DnYy Qp Qg Oy * * * * * * * * * * * *
A1 X+B1Y O Qp QO3 Oy Q5 % * * * * * * * * * *
E E E : : : * * %
AX+BY e 7 g M9 (oo Oy * * 0 -
CGpuX 0 0 0 0 0 0 bl < (22)
I : E : E E E : * * % * *
CrX 0 0 0 0 0 0 0 —b, '« x * *
ApaX 0 0 0 0 0 0 0 0 ah X ox x x x *
: : : : : : : : S : * * - *
ApX 0 0 0 0 0 0 0 0 0 —a,'X % x *
0 0 0 0 0 0 0 0 0 0 0 W * *
0 0 0 0 0 0 0 0 0 0 0 D —a'X =«
L JY?y 0 0 0 0 0 0 0 0 0 0 0 0 —BI |
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hold, then it can ensure that the closed-loop supply chain (8) is still gradually stable with the H*

performance index <y through the supply volume

u(k) = zX x(k),

where

(1+p)(1+p),
(+p)(14p7),
(1+e1)(1+e),
(1 —i—s])(l +£71).

i

a; =(1+1m) H(l +s]f1)(1 Ven)i=12-,

j=1
i—1

:<1+811> <1+77, ) T+ i) =1+1,1+42,--

j=1

i

b= 4+q) [T(1+p) A+ P =12,

j=1
i—1
_ -1
b =(1+p; )j_l
Oy =—a; '+ pDy D],
=BBD],
Q3 = —a; ' X + BBBT,
Q4 =D DY,
Qs =pDy BT,
Q¢ = —b; '+ BD11 DY,
Q7 =Dy, D],
Qg =pDy, B,

Qo =Dy, Dy,

Q9 =—b; "1+ BDy DYy,

Qq, =BB,D],

Qqp =B, BT,

3 =B D,

4 =pB1D;,,

015 = — (x;lX + IBB]BT,

e =BB,D],

Q7 =BBBT,

(s =BB;DY;,

09 =BB,D],

(0 =BB,B],

Qz] = — Déle + ‘BB[BT,
W = — %I +a,DID,.

(14 ) A+ gp) =141, 42,

(23)
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Proof. The difference of Lyapunov function (12) along the closed-loop supply chain (8) is
AV(k) =V (k+1)—V(k). (24)
At the same time, through simple calculation, yields

!

2" (k)z(k) =|(A+BK)x(k) + }_(A; + BiK)x(k — i) + f Aix(k — i)
i=1 i=1+1
.
+ Djw(k)| |(A+ BK)x(k) + Zl;(Ai + BiK)x(k — i) (25)
i=1

h
+ Y Aix(k—i)+ Dw(k)
i=1+1

In the next place, assume the zero initial condition and let us introduce

[0 9)

J = Y [20)2(0) = () Tw(k)|. 26)

k=0
Then, for any nonzero w(k) € 1[0, ), yields

[e9)

J< Y |20 2(k) = v2w() w(k) + AV (k)] (27)
k=0

If the condition
J<0 (28)

is to be met, then the condition
z(k)Tz(k) — y?w(k)Tw(k) + AV (k) <0 (29)

must be met.
The inequality (22) is calculated by Shure complement theorem. The treatment of the
remaining part is similar to that of Theorem 1, so this paper will not repeat the burden. [

Through the conclusions of Theorem 1 and Theorem 2, we can achieve hierarchical
scheduling of complex dynamic supply chain, ensure the stability of closed-loop dynamic
supply chain, and make the closed-loop supply chain have strong robustness.

Remark 5. This paper implements the hierarchical scheduling of complex dynamic supply chain (5)
through H* control theory. This paper does not use operational research to achieve the desired
results. Therefore, it is unnecessary for us to do sensitivity analysis. No matter how the parameters
in a complex dynamic supply chain change, inequality (9) in Theorem 1 and inequality (22) in
Theorem 2 can be solved through the LMI toolbox of MATLAB software. We can calculate the stable
supply volume of the closed-loop supply chain (8).

4. Numerical Verification

Combined with the survey and statistics of the operation of a household appliance
enterprise in China, the simulation calculation is carried out. The relevant cost matrix
parameters are set as follows: The order price of the distributor through the field channel is
3. The ordering cost through e-commerce is 3. The possibility for customers to directly pur-
chase household appliances from household appliance manufacturers through e-commerce
channels is 0.4. The remanufacturing rate of recycled products is 0.6, the probability of
waste products being directly discarded by customers is 0.1, and the inventory holding cost
is ¢, = 0.2. Discard processing cost ¢, = 0.1,¢, = 0.1, remanufacturing cost of recycled
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waste ¢, = 1.5, new material manufacturing cost ¢, = 1 (unit: 1000 yuan/set). Here, Let
h =2and ! = 1. The system matrice of the complex dynamic supply chain (5) are set as

follows:
10 0 08 1 -1 -1 0 7 1 -1 0 0
01 0 0 01 1 o0 0 1 0 0
A=10006 0 ['B=]0o 0 o o |'B"=]0 0 0 0]
00 0 02 00 0 -1 ] 0 0 0 0 (30)
10 0 07 10 0 0617
01 0 0 01 0 0
A=10009 0" 00 08 0
00 0 03 00 0 04

In order to verify the effectiveness of algorithm in this paper, we use MATLAB software
to calculate the specific parameters of supply, and use SIMULINK software to draw the
dynamic response curve of inventory of the closed-loop supply chain (8). The Feasp solver
in the LMI toolbox of Matlab software is used to solve Theorem 2. The calculation result of
LMI (22) can be obtained through 29 iterations. Finally, the supply relationship is written

as follows:
—1.9624 09494 —0.2395 1.4785

—0.2486 —1.7894 —0.4857 —0.8954 x(k) (31)
—0.6253 —0.4571 —-1.9758 —0.5251 ’
0.1241 0.4525 04171 —1.4543

u(k) =

At this time, the inhibition rate of closed-loop supply chain to uncertain disturbances and
factorsis y = 1.

The potential demand of customers is subject to a normal distribution with a mean
value of 10. The mean value is normal distribution of 2. According to the transportation
situation of the household appliance enterprise, the delay is set to be 5 days. The control
result of closed-loop supply chain under the action of robust H* control can be obtained.
The simulation results are shown in the follows Figures 2-5.
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Figure 2. The manufacturer’s actual inventory.
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Figure 3. The 1th distributor’s actual inventory.

60 T T T T T T T T T

50 7

40 - i

x3(K)
30

20

10 ¢

Figure 4. The 2th distributor’s actual inventory.
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Figure 5. The 3th distributor’s actual inventory.

We give detailed data, and the relevant simulation is calculated in MATLAB software.
The dynamic response curve of complex dynamic supply chain is drawn by SIMULINK
software. From the simulation results, it can be seen that with the increase of time k,
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the production and distributor ordering of household appliances enterprises and the
waste control of recyclers will become very stable. The inventory status of the closed-
loop supply chain also tends to be stable, and the total operating cost of the closed-loop
supply chain also eventually reaches stability. That is, the production, distribution and
waste control 1 (k) based on the robust H* control strategy can suppress normal demand
and recovery disturbances, sinusoidal demand and recovery disturbances, and uncertain
parameters, make closed-loop supply chain operate stably. The experimental data in this
paper come from Chinese household appliance enterprises, but for the requirement of data
confidentiality, we extract part of the data in proportion to do numerical simulation, which
shows the effectiveness and feasibility of this work.

Remark 6. This paper uses the original data of household appliance enterprises, which is similar
to Ref. [16]. The parameter matrice of dynamic supply chain are shown in formula (30). We give
the optimal numerical results through LMI toolbox of MATLAB. The inventories of manufacturer
and distributors at all levels are shown in Figures 2-5. From the simulation results, we can see that
the inventories will stabilize at our expected level on the 8th day. The numerical examples perfectly
match the feasibility and effectiveness of our proposed algorithm.

5. Conclusions

Aiming to resolve the problems of production delay, electronic distribution delay, and
uncertainty of external input of demand and recovery in closed-loop supply chain, this
paper establishes a dynamic system model of complex dynamic supply chain including
multi-level distributor/retailer, multi-delay inventory and multi-lead time. The robust H>
control strategy of hierarchical scheduling of complex dynamic supply chain is given, and
the simulation analysis is carried out for household appliance enterprises. The simulation
results show that the robust H* control strategy can effectively suppress the uncertainty
disturbance in the closed-loop supply chain, and make the operation of complex dynamic
supply chain reach the ideal total cost, which conforms to the operation law of the house-
hold appliance enterprise, and has a good reference value and reference function for the
actual operation of the enterprise supply chain. The work of this paper provides production
basis of manufacturers and ordering basis of distributors for household appliances industry.
The limitation of this work lies in the need to accurately model the complex dynamic supply
chain. Fuzzy control is a kind of control based on fuzzy set theory, fuzzy language and
fuzzy logic. It is the application of fuzzy mathematics in the control system and is a kind
of nonlinear intelligent control. Fuzzy control is a method of using human knowledge to
control objects. Therefore, fuzzy control is the method of fuzzy system control using human
intelligence [21]. In the future, we will establish a more general complex dynamic supply
chain model with the help of fuzzy system theory, and study its hierarchical scheduling
problem.
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