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Abstract: In order to reveal the inducing factors and safety dynamic evolution mechanism of frequent
personal injury accidents under a low carbon manufacturing process, a nonlinear safety dynamic
evolution model of a distributed low carbon manufacturing system with large time delay is estab-
lished. The established model is then verified by simulation results from mathematical analysis and
dynamic evolution. Moreover, qualitative analysis on nonlinear safety dynamic evolution and the
trend of human–machine safety under a low carbon manufacturing process is investigated. Finally,
an application case of the established model is studied. The key results are as follows: (1) There are
four dynamic regions, namely the safety area I, the deterioration area II, the asymptotically stable
safety area III, and the enhancement area IV of the safety ability in the interaction evolution model of
carelessness and safety levels; (2) There are two singularities in the dynamic evolution model of the
man–machine safety system with large time delay under a low carbon manufacturing process; (3) The
equilibrium points of the human–machine safety system are El = (0, 0) and E2 = (0.5333, 0.2489), while
changes in the carelessness level have a serious block effect on safety development with time; (4) For
the radial tire casing process, the low carbon development trend of the technological process of radial
tire casing is good, but low carbon structure and management have slightly lower low carbon levels.
This work provides a theoretical basis for the safety evaluation and control of the distributed low
carbon manufacturing human–machine safety system with large time delay.

Keywords: distributed low carbon manufacturing system; low carbon manufacturing process; safety;
dynamic evolution mechanism

1. Introduction

In recent years, green low carbon intelligent manufacturing has become the core tech-
nology to enhance the overall competitiveness of the global manufacturing industry [1].
Fundamentally, green and low carbon intelligent manufacturing aims to change each pro-
cess of traditional manufacturing with the help of constantly developing modern advanced
technology as well as create a new manufacturing form and mode. From the operating
level, a synergy of mechanical properties between humans and machines in the tradi-
tional manufacturing process is developed toward a higher level of synergy of intelligence
between human and machine intelligence, reducing the influence of human intelligence
defects on manufacturing, and taking full advantage of machine intelligence to compen-
sate for the lack of human intelligence. With the application of information technology
and intelligent technology, the traditional operation interface and its management mode
are changed, which will greatly increase the security risk of the future human–machine
manufacturing system, and even contain new possible social risks. In such low carbon
intelligent manufacturing systems, future security risks mainly exist at the human–machine
interface level. The disconnection or careless connection between human intelligence and
machine intelligence in any link may lead to the generation and spread of risks in the
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entire manufacturing system, leading to the collapse of the system. Therefore, a low carbon
intelligent manufacturing system is a highly complex human–machine cooperation system.
Cooperation and safety problems are the main problems faced by the system, with effective
human–machine cooperation an important guarantee to ensure the safety and efficiency of
the system [2]. It is necessary to investigate the human–machine safety system under a low
carbon manufacturing process.

Safety is regarded as a major obstacle for introducing human–robot collaboration in
industrial production. There are some studies that have contributed to human–machine
safety. For example, on the basis of Human Cyber Physical fusion intelligence, Liu et al. [3]
discussed the mechanism of an intelligent manufacturing system with HCP fusion and
collaboration, and explored the HCP data fusion mechanism, collaboration mechanism,
and interaction mechanism. For concurrent simultaneous consideration of the reliability
and safety of manufacturing systems, as well as flexibility and performance, a specialized
control architecture was proposed by Ding et al. [4]; they extended the architecture by a
specific technique for the strategic controller. For the case of an intelligent manufacturing
system which reacts adaptively to a human operator, control trajectories for a robot arm
are computed online such that collision with the operator is excluded. The computation is
based on solving a mixed-integer programming problem that takes a dynamic safety area
around the operator into account as a constraint. Human–machine interaction (HMI) safety
for cyber–physical systems is critical and its analysis is mandatory in many domains such
as SCADA, autonomous cars, and medical devices. The generation of dynamic accident
scenarios is the cornerstone of safety analysis. Fan et al. [5] presented a platform and
associated methodology to effectively generate accident scenarios by modeling HMI errors
using model-level fault injection, followed by simulation to produce dynamic evolutions of
accident scenarios. Results showed that human mode confusion triggered by false displays
may lead to severe accidents. In the study by Hanna et al. [6], the difference between
traditional collaborative robots and intelligent human–robot collaboration was analyzed
and a new safety approach, named Deliberative Safety, was suggested, allowing humans
and robots to switch between different safety measures based on the need for flexibility or
efficiency to reach production goals. While considering system performance, a taxonomy
was proposed to better support the design of deliberative safety. Five safety measures were
used in a deliberative safety approach, including perimeter safety, zone safety, reactive
safety, planned safety, and active safety, and when used together, they can enable intelligent
human–robot collaboration.

For safety studies under a low carbon manufacturing process from previous works,
the static safety evaluation method [7] was used to show that the safety index is in a certain
range, but it cannot be used to reveal the real dynamic evolution rule of safety under low
carbon manufacturing process. Obviously, the static safety evaluation method can easily
cause the inconsistent phenomena where static safety evaluation and safety trend do not
coincide with accident rate in the practical process. The dynamic evolution theory [8–10] is
a nonlinear, dynamic, and unbalanced evolution process theory [11] which is based on the
nonconstructive, nonhuman design principles of rational evolution [12,13] and applied in
vehicle road safety [14], reactor safety [15], lithium-ion pouch cells safety [16], automated
terminals safety [17], etc., but this theory has not been employed in safety evaluation
of the low carbon manufacturing system. In a low carbon intelligent manufacturing
system, there is a highly complex and dynamic human–machine cooperation in the human–
machine interface, though safety dynamic evolution of the inducing factors from human
and equipment can lead to the generation and spread of risks in the system. Therefore, it
is critical to effectively reveal the inducing factors of frequent personal injury accidents
resulting from mechanical equipment problems or human problems under a low carbon
manufacturing process. The human–machine safety engineering principle provides a very
good idea about knowing the frequent personal injury phenomenon from the viewpoint of
a system [18,19], effectively overcoming one-sidedness shortcomings [20,21] and putting
forward feasible safety countermeasures. In addition, human carelessness with time delays
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will have an effect on safety in the low carbon manufacturing process; namely the effects
on safety caused by human carelessness will be shown after a certain period of time.

Therefore, the large time delay must be considered when a dynamic evolution model of
human–machine safety is established by taking advantage of time delay differential formula
theory [22–25]. In this paper, human factors for safety accidents under the distributed low
carbon manufacturing process are firstly analyzed. A safety–careless dynamic evolution
model of a distributed low carbon manufacturing system with large time delay is then
established. Finally, low carbon level evaluation of a human–machine safety system under a
low carbon manufacturing process and an application case of this dynamic evolution model
are investigated. This work will provide a theoretical basis for the safety evaluation and
control of the human–machine safety system under a low carbon manufacturing process.

2. Theoretical Framework
2.1. Human Misjudgments Caused by Unidirectional Transmission of Information Channel

The information transmission of the man–machine safety system under a low carbon
manufacturing process is unidirectional so that there is no information feedback from ma-
chine subsystem to human subsystem when the orders are issued from human subsystem
to machine subsystem [26].

When a machine subsystem is used in case of failure, the single loop network structure
of the man–machine system will cause a human subsystem under low carbon manufactur-
ing process to experience adverse conditions:

(a) The speed of information processing will be greatly reduced; (b) There will be a loss
of ability to judge and process more than two malfunctions’ information simultaneously;
(c) Human subsystems will be so confused that the varieties of judgment in emergencies
cannot be handled; (d) The “software” of the human brain system in the human subsystem
under a low carbon manufacturing process naturally falls into “moronism” states when
suddenly encountering abnormal situations and danger anomalism.

Therefore, the human subsystem experiencing adverse conditions will result in se-
rious safety accidents [27] under low carbon manufacturing process. Most of the safety
accidents under low carbon manufacturing process are caused by unsafe behavior from the
human subsystem.

2.2. Loss of Human Alertness in Human–Machine Safety System

Obviously, thinking, judgment, and information processing must be matched with
specific human–machine safety conditions in the operation process of the human subsys-
tem under a low carbon manufacturing process. The so-called loss of human alertness
means that the specific environment of the human–machine safety system is forgotten
by the human subsystem. As for the production site, with the influence of noise without
governance, as well as hot and humid environment factors, operators who work 4~5 h con-
tinuously every day will inevitably experience monotony and be extremely vulnerable to
psychological and physical fatigue, with some phenomena being a decreased consciousness
level of the brain, lax operating attention, and frequent mis-operation.

According to an analysis of the human subsystem under a low carbon manufacturing
process, the human subsystem will generate simultaneous effects psychologically and
physically because of the continuous and monotonous noise, with almost the same fre-
quency vibration behavior under a low carbon manufacturing process. Once the machine
subsystem stops working, the psychology of the human subsystem will be in imbalance,
resulting in a loss of alertness of the human subsystems and leading to eventual mistakes
in the human subsystem.
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3. Safety–Careless Dynamic Evolution Model of a Distributed Low Carbon Manufacturing
System with Large Time Delay
3.1. Establishment of the Dynamic Evolution Model

When the operators of a human–machine safety system under low carbon manufac-
turing process feel high safety, they will tend to be relaxed and the safety of the human–
machine safety system under a low carbon manufacturing process will finally decrease. On
the contrary, when the operators of the man–machine system under low carbon manufactur-
ing process feel low safety, the tight nerve will reduce the carelessness of the man–machine
safety system. That is, the safety and carelessness of the human–machine safety system
under a low carbon manufacturing process are two nonlinear correlated variables which
are mutually affected.

In order to establish a dynamic evolution model of the human–machine safety system
with large time delay under a low carbon manufacturing process, the following assumptions
can be made.

(1) Based on the safety theory [28–30], the safety level and carelessness level of the human–
machine safety system under a low carbon manufacturing process are denoted as x(τ)
and y(τ), respectively, and also satisfy the following conditions:

(a) A higher value of x(τ) shows that the safety level of the human–machine safety
system under a low carbon manufacturing process is higher, while a lower x(τ)
shows a lower safety level of the human–machine safety system under a low
carbon manufacturing process.

(b) The higher the y(τ) value, the lower the alertness of the human–machine safety
system under a low carbon manufacturing process, resulting in higher thought
slackness and a higher degree of careless behavior; on the contrary, the lower
the value of y(τ), the higher the alertness of the human–machine safety system
under a low carbon manufacturing process, leading to lower thought slackness
and a lower degree of careless behavior.

(2) The intrinsic growth rates of the safety level and carelessness level of the human–machine
safety system under a low carbon manufacturing process are denoted as a1 (a1 > 0)
and b1 (b1 > 0), respectively.

(3) The threshold values of the safety level and carelessness level of the human–machine
safety system under a low carbon manufacturing process are M (M > 0) and m (m > 0),
respectively, with m < M.

Given that the influence of the carelessness level on safety level is of the time delay
τ0, the influence value of the carelessness level y(τ) on the safety level evolution speed
dx(τ)/dτ can be expressed as −a2y(τ − τ0) at time τ. At the same time, the safety state
evolution speed dx(τ)/dτ at time τ is affected by the safety level x(τ) and safety level
change trend [1 − x(τ)/M]; thus, the safety state evolution speed dx(τ)/dτ under a low
carbon manufacturing process can be expressed as:

dx(τ)
dτ

= a1 · x(τ)[1−
x(τ)

M
]− a2 · y(τ − τ0) (1)

where a2 is the influence coefficient of the carelessness level on the safety level and a2 > 0.
Formula (1) shows that the intrinsic growth a1 of the safety level can effectively

describe the linear relationship between growth speed of the safety level and the real-time
safety level as well as the change trend of the safety level; the greater the intrinsic growth a1
is, the greater the coupling influence of the safety level and the change trend of the safety
level on the growth speed of the safety level is. Moreover, the influence coefficient a2 of
the carelessness level on the safety level can better describe the linear relationship between
the growth rate of the carelessness level and the growth rate of the safety level, with the
greater the influence coefficient a2 is, the greater the influence of carelessness on safety is.

In addition, the influence of the carelessness level y(τ) on carelessness level evolution
speed dy(τ)/dτ at time τ can be expressed as−b2y(τ), while the influence of the safety level
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y(τ) on evolution speed dy(τ)/dτ of the carelessness level at time τ can also be expressed
as b1[m − x(τ)]x(τ). Therefore, the evolution speed dy(τ)/dτ of the careless state under a
low carbon manufacturing process can be expressed as:

dy(τ)
dτ

= b1 · x(τ)[m− x(τ)]− b2 · y(τ) (2)

where b2 is the resistance coefficient and b2 > 0.
Formula (2) show that the intrinsic growth b1 of the carelessness level can be used to

effectively describe the linear correlation between the growth speed of carelessness and
other factors such as the threshold value m of the carelessness level and the difference of
the safety level x(τ).

When x(τ) is less than m, the safety of the human–machine safety system under a low
carbon manufacturing process is insufficient, with the carelessness level increasing with
the growth of the safety level, x(τ). When x(τ) is greater than m, the safety of the human–
machine safety system under a low carbon manufacturing process is fully strengthened,
with the carelessness level decreasing with the growth of the safety level x(τ). In addition,
the resistance coefficient b2 can be used to effectively describe the negative linear relation-
ship between the growth speed of the carelessness and alertness level of the personnel;
namely the higher the carelessness, the slower the growth of the carelessness level.

The mathematical models shown in Formulas (1) and (2) can be used to effectively
describe the dynamic evolution relationship and rule between the safety and carelessness
levels under a low carbon manufacturing process.

Setting u(τ) = x(τ)/M, v(τ) = y(τ)/M, and a2·t = τ, Formulas (1) and (2) can be
reformulated as: { du(τ)

dτ = a1
a2
· u(τ)[1− u(τ)]− v(τ − τ0)

dv(τ)
dτ = b1 M

a2
· u(τ)[ m

M − u(τ)]− b2
a2
· v(τ)

(3)

Setting a = a1/a2, b = b2/a2, c = b1·M/a2, and d = m/M, changing τ into t, and making
u(τ) = u(t) and v(τ) = v(t), then the ordinary differential Formula (3) can be reformulated as:{

du(t)
dt = a · u(t)[1− u(t)]− v(t− t0)

dv(t)
dt = c · u(t)[d− u(t)]− b · v(t)

(4)

The ordinary differential formulas shown in Formula (4) are of the topology homeo-
morphism phase diagram with the ordinary differential Formulas (1) and (2).

3.2. Mathematical Analysis of the Dynamic Evolution Model with Large Time Delay

Assuming that (a1 + b2)2/(4a2b1) < m < M (namely (a + b)2/(4c) < d < 1) is always
correct, the dynamic evolution model of the human–machine safety system with large time
delay under a low carbon manufacturing process can be analyzed by the mathematical
method shown in Formula (4).

Lemma 1. If there is a ≤ b in ordinary differential Formula (4), then there is not closed rail in
ordinary differential Formula (4); that is, ordinary differential Formula (4) is not of periodic solution.

Lemma 2. Ordinary differential Formula (4) has two finite singular points, namely (0, 0) and
(u0, v0) (including u0 = (ab − cd)/(ab − c) and v0 = cu0(d − u0)/b); (u0, v0) belongs to the first
quadrant and is a saddle point, while (0, 0) is stable course focusing (a < b − t0cd).

Based on Lemma 2, the ordinary differential formula shown in Formula (4) is of two fi-
nite singular points, namely E1 = (0, 0) and E2 = (u0, v0) (including u0 = [(ab − cd)/(ab − c)] > 0
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and v0 = [cu0(d − u0)/b] > 0), so the first approximation system of the ordinary differential
Formula (4) at stable points E1 and E2 can be expressed as follows:{

du(t)
dt = a · u(t)− v(t− t0)

dv(t)
dt = c · d · u(t)− b · v(t)

(5)

{
du(t)

dt = a(1− 2u0)u(t)− v(t− t0)
dv(t)

dt = c(d− 2u0)u(t)− bv(t)
(6)

The characteristic equations of Formulas (5) and (6) are described by Formulas (7) and (8),
respectively. ∣∣∣∣λ− a −exp(−λt0)

cd λ− (−b)

∣∣∣∣ = 0 (7)∣∣∣∣λ− a(1− 2u0) −exp(−λt0)
c(d− 2u0) λ− (−b)

∣∣∣∣ = 0 (8)

The solutions of the characteristic equations shown in Formulas (7) and (8) can be
expressed as follows:

λ2 + (b − a)λ − ab + cdexp(−λt0) = 0 (9)

λ2 + [b − a(1 − 2u0)]λ − ab(1 − 2u0) + c(d − 2u0)exp(−λt0) = 0 (10)

Theorem 1.

(a) When t0 = tc1, characteristic Equation (9) is of two pure imaginary roots: ±ωc1i, including:

ωc1 =

√
− a2 + b2

2
+

1
2

√
(a2 + b2)2 − 4(a2b2 − c2d2)

tc1 = 1
ωc1

(arccos ω2
c1+ab
cd + 2πj), j = 0, 1, . . .

(b) When 2cd > c + ab and t0 = tc2, characteristic Equation (10) is of two pure imaginary roots:
±ωc2i, including:

ωc2 =

√
− a2(1− 2u0)

2 + b2

2
+

1
2

√
[a2(1− 2u0)

2 + b2]
2
− 4[a2(1− 2u0)

2b2 − c2(d− 2u0)
2]

tc2 = 1
ωc2

[arccos ω2
c2+a(1−2u0)b

c(d−2u0)
+ 2πj], j = 0, 1, . . .

Proof.

(a) Assume that ωi (including ω > 0) is a root of characteristic Equation (9), then,

−ω2 + (b − a)ωi − ab + cd(cosωt0 − isinωt0) = 0 (11)

The real part and imaginary part of Formula (11) can be separated as Formulas (12) and (13).

−ω2 − ab + cdcosωt0 = 0 (12)

(b − a)ω − cdsinωt0 = 0 (13)

Because cos2ωt0 + sin2ωt0 = 1, Formulas (12) and (13) can then be reformulated as
Formula (14).

ω4 + (a2 + b2)ω2 + a2b2 − c2d2 (14)
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The root ω2 < 0 for Formula (14) should be rejected according to the practical
meaning, then:

ω2 = − a2 + b2

2
+

1
2

√
(a2 + b2)2 − 4(a2b2 − c2d2) (15)

Obviously, if Formula (15) is correct, then an inequality such as
1
2

√
(a2 + b2)2 − 4(a2b2 − c2d2)− a2+b2

2 > 0 is also correct. Therefore, the proof problem of
Formula (15) can be transformed as the proof problem of Formula (16).√

(a2 + b2)2 − 4(a2b2 − c2d2) > a2 + b2 (16)

Formula (16) can be reformulated as follows:

(a2 + b2)
2 − 4(a2b2 − c2d2) > (a2 + b2)

2⇔ 4(c2d2 − a2b2) > 0⇔ cd > ab

Based on known condition that u0 = [(ab − cd)/(ab − c)] is greater than 0, then an in-

equality such as cd > ab is concluded, so an inequality such as 1
2

√
(a2 + b2)2 − 4(a2b2 − c2d2)−

a2+b2

2 > 0 is correct, meaning that the correct root ωc1 can be obtained as follows:

ωc1 =

√
− a2 + b2

2
+

1
2

√
(a2 + b2)2 − 4(a2b2 − c2d2)

Therefore, tc1 can be expressed as follows:

tc1 = 1
ωc1

(arccos ω2
c1+ab
cd + 2πj1), j1 = 0, 1, . . .

Defining tj1 = tc1 + 2πj/ωc1 (j1 = 0, 1, 2, . . . ), then (tj1, ωc1) is the root of characteristic
Equation (9).

(b) Similarly, assuming that ωi (including ω > 0) is a root of characteristic Equation (10),
when the characteristic root ωi is substituted in characteristic Equation (10), it can be
expressed by Formula (17).

−ω2 + [b − a(1 − 2u0)]ωi + c(d − 2u0)(cosωt0 − isinωt0) − a(1 − 2u0)b = 0 (17)

The real part and imaginary part of Formula (17) can be separated as Formulas (18) and (19).

−ω2 − a(1 − 2u0)b + c(d − 2u0)cosωt0 = 0 (18)

[b − a(1 − 2u0)]ω − c(d − 2u0)sinωt0 = 0 (19)

Because cos2ωt0+ sin2ωt0 = 1, Formulas (18) and (19) can then be reformulated
as follows:

ω4 + [a2(1 − 2u0)2 + b2]ω2 + a2(1 − 2u0)2b2 − c2(d − 2u0)2 = 0 (20)

The root ω2 < 0 for Formula (20) should be rejected according to the practical
meaning, then:

ω2 = − a2(1− 2u0)
2 + b2

2
+

1
2

√
[a2(1− 2u0)

2 + b2]
2
− 4[a2(1− 2u0)

2b2 − c2(d− 2u0)
2] (21)

Obviously, if Formula (21) is correct, then an inequality such as
1
2

√
[a2(1− 2u0)

2 + b2]
2
− 4[a2(1− 2u0)

2b2 − c2(d− 2u0)
2]− a2(1−2u0)

2+b2

2 > 0 is also cor-
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rect. Therefore, the proof problem of Formula (21) can be transformed as the proof problem
of Formula (22).

[a2(1− 2u0)
2 + b2]

2
− 4[a2(1− 2u0)

2b2 − c2(d− 2u0)
2] > [a2(1− 2u0)

2 + b2]
2

(22)

After Formula (22) is reformulated, it is equivalent to Formula (23).

c2(d− 2u0)
2 > a2(1− 2u0)

2b2 (23)

Based on known conditions such as (a + b)2/(4c) < d < 1, then inequalities such as
2cd > c + ab and 2u0 > 1 are concluded; therefore, Formula (23) is equivalent to
c(2u0 − d) > ab(2u0 − 1), meaning that an inequality such as c(2u0 − d) > ab(2u0 − 1)
is equivalent to an inequality such as cd − ab > 0. Therefore, an inequality such as
1
2

√
[a2(1− 2u0)

2 + b2]
2
− 4[a2(1− 2u0)

2b2 − c2(d− 2u0)
2] − a2(1−2u0)

2+b2

2 > 0 is correct,
meaning that the correct root ωc2 can be obtained as follows:

ωc2 =

√
− a2(1− 2u0)

2 + b2

2
+

1
2

√
[a2(1− 2u0)

2 + b2]
2
− 4[a2(1− 2u0)

2b2 − c2(d− 2u0)
2]

Then tc2 can be expressed by Formula (24):

tc2 = 1
ωc2

[arccos ω2
c2+a(1−2u0)b

c(d−2u0)
+ 2πj2], j2 = 0, 1, . . . (24)

Defining tj2 = tc2 + 2πj/ωc2(j2 = 0, 1, 2, . . . ), then (tj2, ωc2) is the root of characteristic
Equation (10).

The proof of Theorem 1 is complete. �

Theorem 2. Supposing that λ(t0) = r(t0) + iω(t0) is the characteristic root of characteristic
Equation (9) and characteristic Equation (10) meets r(tj1)= 0, ω(tj1) = ωc1(j1 = 0, 1, . . . ),
r(tj2) = 0, and ω(tj2) = ωc2(j2 = 0, 1, . . . ), then the following conclusions can be made: (a) For
the real part of the characteristic root of characteristic Equation (9) in tj1, its derivative dr(t0)/dt0
is positive; (b) When inequalities such as 2cd > c + ab are correct, and for the real part of the
characteristic root of characteristic Equation (10) in tj2, its derivative dr(t0)/dt0 is positive.

Proof.

(a) Simultaneous derivations on both sides of characteristic Equation (9) are calculated
based on variable t0, and it can be expressed as follows:

2λ(t0)
dλ(t0)

dt0
+ (b− a)

dλ(t0)

dt0
− cdt0e−t0λ(t0)

dλ(t0)

dt0
− cdλ(t0)e−t0λ(t0) = 0 (25)

After Formula (25) is rearranged, Formula (26) is obtained.

dλ(t0)

dt0
=

cdλ(t0)e−t0λ(t0)

2λ(t0) + (b− a)− cdt0e−t0λ(t0)
(26)

After λ(t0) = r(t0) + iw(t0) is put into Formula (26), Formula (27) is obtained.

d[Re λ(t0)]

dt0

∣∣∣∣λ(tj1)=iωc1

t0=tj1

=
ω2

c1(2ω2
c1 + a2 + b2)

[b− a− tj1ω2
c1 − tj1ab]2 + [2ωc1 + (b− a)tj1ωc1]

2
> 0 (27)

(b) When inequalities such as 2cd > c + ab are correct, the derivative dr(t0)/dt0 of the
real part of the characteristic root of characteristic Equation (10) in tj2 is positive and
Formula (28) is obtained.
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d[Re λ(t0)]

dt0

∣∣∣∣λ(tj2)=iωc2

t0=tj2

=
ω2

c2[2ω2
c2 + a2(1− 2u0)

2 + b2]

[b− a + 2au0 − tj2ω2
c2 − tj2a(1− 2u0)b]

2
+ [2ωc2 + (b− a + 2au0)tj2ωc2]

2
> 0 (28)

Based on Theorem 1, it can be concluded that characteristic Equation (9) in the balance
point E1 can produce Hopf bifurcation when t0 = tc1 and characteristic Equation (10) in the
balance point E2 can produce Hopf bifurcation when t0 = tc2.

The proof of Theorem 2 is complete. �

Theorem 3.

(a) If b is greater than a and t0 belongs to closed interval [0, tc1], then all characteristic roots of
characteristic Equation (9) are of strictly negative real parts and E1 is asymptotically stable.

(b) If b is greater than a and t0 is greater than tc1, then at least one characteristic root of character-
istic Equation (9) is of a positive real part and E1 is not stable.

(c) If b is not greater than a, then E1 will be not stable when t0 is greater than 0.

Proof.

(a) When t0 is equal to 0, characteristic Equation (9) can be changed into λ2 + (b − a)λ
− ab + cd = 0. Given that b is greater than a, then all characteristic roots of the
new characteristic equation such as λ2 + (b − a)λ − ab + cd = 0 are of strictly neg-
ative real part. That is, the multiplicity sum of the root which is located in the
right half-plane is zero. When t0 belongs to closed interval [0, tc1], characteris-
tic Equation (9) is not of pure virtual root and zero root, and the zero points lo-
cated in the right half-plane for the characteristic equation are uniformly bounded
(when |λ|≥ N (N is a positive number), λ2 + (b − a)λ − ab + cdexp(−λt0) = 0, and
|λ| = [(b − a)λ − ab + cdexp(−λt0)]/|λ| ≤ N0 (N0 is a positive number)); therefore,
all characteristic roots of characteristic Equation (9) are of strictly negative real parts
when t0 belongs to closed interval [0, tc1] and E1 is asymptotically stable.

(b) If b is greater than a and t0 is greater than tc1, then, according to Theorem 2, it is known
that at least one characteristic root of characteristic Equation (9) is of a positive real
part and E1 is not stable.

(c) If b is not greater than a, when t0 is greater than 0, making f (λ) = λ2 + (b − a)λ −
ab + cdexp(−λt0) and λ = α + ωi, then the imaginary part of f (λ) can be expressed
as follows:

2αω + (b − a)ω − cd exp(−αt0)sinωt0 = 0

Given that the imaginary part of the equation f (λ) is an odd function about parameter ω,
then only the situations that ω is greater than or equal to 0 need be considered.

(1) If ω is greater than 0, then α will be greater than 0.

Proving the reverse is useful for solving the problem. Assuming that a is not greater
than 0 and t0 is greater than 0, the function sinωt0 can be expanded by Taylor’s formula
as follows:

α = [cdexp(−αt0)sinωt0 − (b − a)ω]/2ω
=ω[cdt0exp(−αt0)(sinωt0)/ωt0 + (a − b)]/2ω

=[cdt0exp(−αt0){{[ωt0 − (ωt0)3/3! + (ωt0)5/5! − (ωt0)7/7! + . . . ]/ωt0} + (a − b)}/2
=[cdt0exp(−αt0){[1 − (ωt0)2/3! + (ωt0)4/5! − (ωt0)6/7! + . . . ] +(a − b)}/2 > 0

Reversing the above proves the result and the assumption is contradictory; therefore,
Reλ = α is certainly greater than 0.

(2) If ω is equal to 0, then α will be greater than 0.

Only the real roots of f (λ) = 0 are considered. Obviously, λ = 0 is not the real root of
f (λ) = 0 because f (0) = cd − ab > 0.
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Assuming that equation f (λ) = 0 is of a real root, then λ will be greater than 0.
Proving the reverse is useful for solving the problem. Assuming that λ is less than

0, for an inequality such as t0 > 0, the characteristic root of the equation f (λ) = 0 can be
expressed as λ2 + (b − a)λ − ab + cdexp(−λt0) = 0 > λ2 + (b − a)λ − ab + cd. In addition, an
inequality such as λ2 + (b − a)λ − ab + cd > 0 is known, so reversing the above proves the
result and the assumption is contradictory; therefore, λ must be greater than 0 when the
equation f (λ) = 0 is of a real root.

Therefore, if b is not greater than a, then E1 is not stable when t0 is greater than 0.
The proof of Theorem 3 is complete. �

Theorem 4. If 2cd > c + ab, ab + bc > c + a2b, then E2 is unstable when t0 is greater than 0.

Proof. Make f (λ) = λ2 + [b − a(1 − 2u0)]λ − ab(1 − 2u0) + c(d − 2u0)exp(−λt0); moreover,
assuming that equations such as p = b − a(1 − 2u0), s = −ab(1 − 2u0), q = c(d − 2u0) and
λ = α + ωi are established, equations such as f (λ) = λ2 + pλ + s + qexp(−λt0) can be
easily derived.

Therefore, the imaginary part of the equation f (λ) is expressed as follows:

2αω + pω − qexp(−αt0)sinωt0 = 0

Given that the imaginary part of the equation f (λ) is an odd function about ω, then
only the situation that ω is not less than 0 must be considered.

(1) If ω is greater than 0, then α will be greater than 0.

Proving the reverse is useful for solving the problem. Assuming that a is not greater
than 0 and t0 is greater than 0, then the Taylor expanded formula of sinωt0 can be expressed
as follows:

α = [qexp(−αt0)sinωt0 − pω]/2ω
=ω[qt0exp(−αt0)(sinωt0)/ωt0 − p]/2ω

=[qt0exp(−αt0){{[ωt0 − (ωt0)3/3! + (ωt0)5/5! − (ωt0)7/7! + . . . ]/ωt0} − p}/2
=[qt0exp(−αt0){[1 − (ωt0)2/3! + (ωt0)4/5! − (ωt0)6/7! + . . . ] − p}/2

An inequality such as q < 0 can be concluded based on an inequality such as
2cd > c + ab; moreover, an inequality such as p > 1 can also be concluded based on an
inequality such as ab + bc > c + a2

; therefore, the following inequality can also be concluded:

α = [qt0exp(−αt0){[1 − (ωt0)2/3! + (ωt0)4/5! − (ωt0)6/7! + . . . ] − p}/2 > 0

Obviously, reversing the above proves the result and the assumption is contradictory;
therefore, an inequality such as Reλ = α > 0 is correct.

(2) If ω is equal to 0, then α will be greater than 0.

Because λ = 0 is not the real root of the characteristic equation f (λ) = 0, only the real
roots of the characteristic equation f (λ) = 0 are considered.

Consider that the characteristic equation f (0) = q + s = c(d − 2u0) − ab(1 − 2u0) = cd −
ab + 2u0(ab − c) = cd − ab + 2(ab − c)·(ab − cd)/(ab − c) = ab − cd is less than 0 when λ is
equal to 0. In addition, assuming that the characteristic equation f (λ) = 0 is of the real root,
then λ will be greater than 0.

Proving the reverse is used to solve the problem. Assuming that λ is less than 0 when
t0 is greater than 0, then the characteristic root of the characteristic equation f (λ) = 0 is
concluded as an inequality such as λ2 + pλ + s+qexp(−λt0) = 0 < λ2 + pλ + s+q. When the
characteristic root λ is less than 0, two inequalities such as λ2 + pλ + s+q < 0 and λ2 + pλ +
s+q > 0 and an equality such as λ2 + pλ + s+q = 0 are correct. Therefore, the hypothesis is
incorrect; that is, when the characteristic equation f (λ) = 0 is of a real root, then λ must be
greater than 0.
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Therefore, if two inequalities such as 2cd > c + ab and ab + bc > c + a2b are correct, then
E2 is not stable when t0 is greater than 0.

The proof of Theorem 4 is complete. �

3.3. Analysis of the Nonlinear Dynamic Evolution of Human–Machine Safety System under a Low
Carbon Manufacturing Process

According to the established nonlinear dynamic evolution mathematical model of
human–machine safety system with large time delay under a low carbon manufacturing
process, the interactive evolution model between alertness and safety can be analyzed
qualitatively through the phase diagram analysis, with the analysis results providing a
basis for the safety assessment and control.

According to Theorems 1–4, the phase diagrams as Figures 1–3 of the nonlinear
dynamic evolution for the human–machine safety system with large time delay under a
low carbon manufacturing process can be drawn out.
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Figure 1. Asymptotically stable situation of the odd point E1(0, 0). Figure 1. Asymptotically stable situation of the odd point E1(0, 0).
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As shown in Figure 1, the curved trapezoid DBGHD is the development area of the
human–machine safety system with large time delay under a low carbon manufacturing
process, the shaded part area is the instability area of the man–machine safety system
with large time delay under low carbon manufacturing process, and the rest area is the
collapse area of the human–machine safety system with large time delay under a low
carbon manufacturing process. Moreover, the EFGH area can also be divided into four
dynamic areas: the safety area I, the deterioration area II, the asymptotically stable safety
area III, and the enhancement area IV of the safety ability.

(1) Asymptotically stable situation of the odd point E1 (0, 0)

Based on the dynamic evolution model of the man–machine safety system with large
time delay, formulas such as a = a1/a2 and b = b2/a2 can be concluded.

When b is greater than a and t0 belongs to closed interval [0, tc1] is correct, it means
that a1 is less than b2 and τ0 belongs to closed interval [0, τc1/a2] is also correct. Given that
the equivalent time delay τ0/a2 and the safety level intrinsic growth a1 of the man–machine
safety system with large time delay under a low carbon manufacturing process is less than
the comprehensive effects of the carelessness resistance coefficient b2, then the dynamic
evolution model of the man–machine safety system with large time delay under a low
carbon manufacturing process is of two singularities, such as E1(0, 0) and E2(u0, v0). As
shown in Figure 1, E1(0, 0) is an asymptotically stable point without a closed rail.

When τ0 belongs to closed interval [0, τc1/a2], based on the phase diagram analysis
from Figure 1, some qualitative analysis results about the nonlinear dynamic evolution of
the man–machine safety system with large time delay under a low carbon manufacturing
process can be obtained as follows:

(a) In area I: The carelessness level of the man–machine safety system with large
time delay is relatively low, the influence of equivalent time delay τ0/a2 is small,
and the safety level of the man–machine safety system with large time delay is
quite stable; therefore, the safety development trend is very good.

(b) In area II: The influence of equivalent time delay τ0/a2 is still not big, but the
carelessness level of the man–machine safety system with large time delay is
increasingly higher, while the safety level of the man–machine safety system will
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deteriorate continuously, eventually causing the man–machine safety system
to collapse.

(c) In area III: The influence of the equivalent time delay is not big, and the man–
machine safety system with large time delay is in a weakened oscillation state;
therefore, the oscillation amplitudes of the carelessness level and the safety level
are also weakened and they ultimately tend to the balance point E1(0, 0).

(d) In area IV: The influence of equivalent time delay τ0/a2 is not big, and the
intrinsic growth a1 of the safety level is less than the comprehensive function of
the carelessness resistance coefficient b2, which will continuously improve the
safety capacity of the man–machine safety system with large time delay. Finally,
the safety level can be closed to the threshold value M of the man–machine safety
system with large time delay.

(2) Unstable situation of the odd point E1(0, 0)

Based on the dynamic evolution model of the human–machine safety system, if b is
greater than a and t0 is greater than tc1, it means that a1 is less than b2 and τ0 is greater than
τc1/a2. Therefore, it can be concluded that the intrinsic growth a1 of the safety level of the
man–machine safety system is less than the carelessness resistance coefficient b2 due to the
influence of the larger equivalent time delay τc1/a2, while the singular point E1(0, 0) in
the dynamic evolution model of the man–machine safety is an unstable point. As shown
in Figure 2, when b is not greater than a and t0 is greater than 0 (namely b2 is less than
a1 and τ0 is greater than 0), the intrinsic growth a1 of the safety level is greater than the
carelessness resistance coefficient b2 and the singularity E1(0, 0) is an unstable point as long
as there is an effect from the equivalent time delay.

Based on the compared results between Figures 1 and 2, it is known that area I, area II,
and area IV have basically the same evolution patterns, but area III is in a different evolution
state. The main reasons are: due to the influence of larger equivalent time delay τc1/a2,
when the intrinsic growth a1 of the safety level of the man–machine safety system is less
than the carelessness resistance coefficient b2 or the intrinsic growth a1 of the safety level
is greater than the carelessness resistance coefficient b2, the intrinsic growth rate of the
safety level of the man–machine safety system is greatly suppressed and the carelessness
level is greatly enhanced, which can lead to the small degree divergent oscillation of the
safety level and carelessness level in the areas (for example, the singular point E1(0, 0) is
an unstable focus). With the passing of time, the safety level of the man–machine safety
system will eventually tend to collapse after a certain divergent oscillation.

(3) Unstable situation of the odd point E2(u0, v0)

Based on the dynamic evolution model of the man–machine safety system, if 2cd is
greater than c + ab, ab + bc is greater than c + a2b, and t0 is greater than 0 (namely 2a2b1m is
greater than a2b1M + a1b2, a1a2b2 + a2b1b2M is greater than b1a2

2M + b2a1
2, and τ0 is greater

than 0), then the difference between the intrinsic growth b1 of the carelessness level and
the intrinsic growth rate a1 of the safety level, respectively, may consist of three kinds of
spiral oscillations, namely the difference b1 − a1 may be greater than zero, the difference
b1 − a1 may be equal to zero, or the difference b1 − a1 may be less than zero, while the
coefficient a2 for the effect of the carelessness on safety and the carelessness resistance
coefficient b2 are basically equal. As shown in Figure 3, the dynamic evolution model of the
human–machine safety system has another unstable point E2(u0, v0), but it is not of a limit
ring. Moreover, the intrinsic growth rate a1 of the safety level (or the intrinsic growth rate b1
of the carelessness level) is of a large degree spiral oscillation suppression, which will lead
to divergent oscillation (such as singular point E2(u0, v0) for an unstable point) in area I,
area II, area III, and area IV. With the passing of time, the safety level of the man–machine
safety system will also eventually tend to collapse after a certain divergent oscillation.
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3.4. Qualitative Analysis of the Nonlinear Dynamic Evolution Trend of the Human–Machine
Safety System

As shown in Figure 4, due to the nonlinear dynamic evolution phase diagram of the
human–machine safety system, the nonlinear dynamic evolution trend of the man–machine
safety system can also be qualitatively analyzed.
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(1) When the safety level is a fixed value

Figure 4 shows that when the safety level of the man–machine safety system is
x = u1 and the line x = u1 is of two intersection points E and F in the phase diagram
with the curve AC and the curve BD, there are three possibilities for the corresponding
safety areas, namely the line segments EF, FP1, and EQ1 represent the safety oscillation
area, the safety deterioration area, and the safety enhancement area, respectively.

When line x = u1 moves to the right, the safety oscillation area will decrease, while the
safety enhancement area and the safety deterioration area will increase. When line x = u1
moves to the left, the safety oscillation area will increase, while the safety enhancement
area and the safety deterioration area will decrease. Given that the line x = u2 is of one
intersection point E2(u0, v0) in the phase diagram with the curve AC and the curve BD,
there are therefore two possibilities for the corresponding safety area, namely the line
segments E2P1 and E2Q1 represent the safety deterioration area and the safety enhancement
area, respectively.

When the deterioration degree of the carelessness level is still under the line DR, if the
carelessness level is no longer increased, then the state of the safety level can be returned to
the development area of the human–machine safety system as long as the operation level
and rapid strain ability need to be improved.

(2) When the carelessness level is a fixed value

Figure 4 shows that when the carelessness level of the human–machine safety system
is y = v1 and the line y = v1 is of two intersection points J and K in the phase diagram with
the curve AC and the curve BD, there are three possibilities for the corresponding safety
areas, namely the line segments I1J, JK, and KN1 represent the safety oscillation area, the
safety deterioration area, and the safety enhancement area, respectively.



Processes 2022, 10, 1707 15 of 22

When the carelessness level decreases, the line y = v1 will move down and the safety
deterioration area will decrease, but the safety oscillation area and the safety area will
increase; therefore, the possibility of safety deterioration will also decrease. Given that the
line y = v2 is of one intersection point E2(u0,v0) in the phase diagram with the curve AC
and the curve BD, there are therefore two possibilities for the corresponding safety area,
namely the line segments E2I2 and E2N2 represent the safety oscillation area and the safety
enhancement area, respectively.

When the safety state of the man–machine safety system is beyond the development
area of the man–machine safety system, if the operation level and rapid strain ability is no
longer increased, then the state of the safety level can be returned to the development area
of the human–machine safety system as long as the carelessness level can be overcome.

4. Empirical Analysis
4.1. Low Carbon Level Evaluation of Human–Machine Safety System under a Low Carbon
Manufacturing Process

The technological process of radial tire casing can be expressed as Figure 5.
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Figure 5. Technological process of radial tire casing. 

According to the evaluation system shown in Figure 5, the low carbon level evalua-
tion value CL of the radial tire casing process mainly includes three aspects: low carbon 
structure, low carbon technology, and low carbon management. 
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According to the evaluation system shown in Figure 5, the low carbon level evaluation
value CL of the radial tire casing process mainly includes three aspects: low carbon structure,
low carbon technology, and low carbon management.

The evaluation value CL1 of the low carbon structure includes: raw rubber grade CL11,
proportion CL12 of electric energy consumption, and degree CL13 of automation.

The evaluation value CL2 of the low carbon technology includes: unit consumption
CL21 of tire manufacturing, recovery rate CL22 of waste rubber, and operation rate CL23.

The evaluation value CL2 of the low carbon management includes: labor productivity
CL31, allocation rate CL32 of measuring instruments, and energy management level CL33.

The selection of the number of evaluation criteria should be appropriate. In general,
choose t = 5; that is, the rating mode is set as excellent, good, medium, poor, and worse.
Therefore, the evaluation scale set for low carbon level of the radial tire casing process can
be expressed as:

V = (v1, v2, v3, v4, v5) (29)

where v1, v2, v3, v4, and v5 represents the rating mode of excellent, good, medium, poor,
and worse, respectively, and V = (0.9, 0.7, 0.5, 0.3, 0.1).

When calculating the membership degree of each index, the method of “ideal value
proximity” is used in combination with expert scoring. The ideal value is the highest or
lowest value of each index (the benefit index and the cost index are the highest value
and the lowest value, respectively). Combined with the relevant data of radial tire casing
manufacturing, the calculated membership degree of each index relative to the evaluation
scale set is shown in Table 1.

Table 1. Membership degree of each index relative to evaluation scale set V .

Index
Membership Degree

Excellent Good Medium Poor Worse

CL11 0.66 0.13 0.07 0.10 0.04
CL12 0.26 0.11 0.26 0.23 0.14
CL13 0.48 0.23 0.13 0.10 0.06
CL21 0.52 0.27 0.11 0.07 0.03
CL22 0.71 0.16 0.10 0.03 0.00
CL23 0.64 0.19 0.07 0.03 0.07
CL31 0.44 0.17 0.22 0.10 0.07
CL32 0.36 0.26 0.10 0.14 0.14
CL33 0.39 0.30 0.13 0.08 0.10

According to the membership degree of the influencing factors relative to the evalua-
tion scale set V shown in Table 1, the single factor fuzzy relationship matrix of each influenc-
ing factor relative to the corresponding evaluation index can be calculated
as follows:

E1 =

0.66 0.13 0.07 0.10 0.04
0.26 0.11 0.26 0.23 0.14
0.48 0.23 0.13 0.10 0.06



E2 =

0.52 0.27 0.11 0.07 0.03
0.71 0.16 0.10 0.03 0
0.64 0.19 0.07 0.03 0.07



B =

C1
C2
C3

 =

 0.5186 0.1886 0.1218 0.1107 0.0603
0.5768 0.2362 0.1040 0.0567 0.0262
0.3859 0.2763 0.1296 0.0994 0.1089


Based on the analytic hierarchy process, weight coefficient matrix W of the low carbon

level evaluation value CL, weight coefficient matrix W1 of the low carbon level evaluation
value CL1, weight coefficient matrix W2 of the low carbon level evaluation value CL2, and
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weight coefficient matrix W3 of the low carbon level evaluation value CL3 can be calculated
as: W = (0.2299, 0.6479, 0.1222), W1 = (0.3151, 0.0824, 0.6025), W2 = (0.6687, 0.2431, 0.0882),
and W3 = (0.0926, 0.2924, 0.6150), respectively.

Therefore, the single factor fuzzy relationship matrix of each influencing factor relative
to the corresponding evaluation index can be calculated as follows:

C1 = W1 × E1 =
[
0.3151 0.0824 0.6025

]0.66 0.13 0.07 0.10 0.04
0.26 0.11 0.26 0.23 0.14
0.48 0.23 0.13 0.10 0.06


= (0.5186, 0.1886, 0.1218, 0.1107, 0.0603)

C2 = W2 × E2 =
[
0.6687 0.2431 0.0882

]0.52 0.27 0.11 0.07 0.03
0.71 0.16 0.10 0.03 0
0.64 0.19 0.07 0.03 0.07


= (0.5768, 0.2362, 0.1040, 0.0567, 0.0262)

C3 = W3 × E3 =
[
0.0926 0.2924 0.6150

]0.44 0.17 0.22 0.10 0.07
0.36 0.26 0.10 0.14 0.14
0.39 0.30 0.13 0.08 0.10


= (0.3859, 0.2763, 0.1296, 0.0994, 0.1089)

The fuzzy evaluation matrix B of each influencing factor relative to the evaluation
index can be obtained as follows:

B =

C1
C2
C3

 =

 0.5186 0.1886 0.1218 0.1107 0.0603
0.5768 0.2362 0.1040 0.0567 0.0262
0.3859 0.2763 0.1296 0.0994 0.1089


Thus, the single factor fuzzy relationship matrix C of each influencing factor relative

to the evaluation index can be calculated as follows:

C = Q× B =
[
0.2299 0.6479 0.1222

] 0.5186 0.1886 0.1218 0.1107 0.0603
0.5768 0.2362 0.1040 0.0567 0.0262
0.3859 0.2763 0.1296 0.0994 0.1089


= (0.5401, 0.2302, 0.1112, 0.0744, 0.0442)

According to the established evaluation scale set V = (V1, V2, V3, V4, V5) = (0.9, 0.7,
0.5, 0.3, 0.1), the evaluation value G of the low carbon level in the technological process of
radial tire casing can be calculated as follows:

G = C× VT = [0.5401 0.2302 0.1112 0.0744 0.0442][ 0.9 0.7 0.5 0.3 0.1 ]
T

= 0.7295

Comparing the value of G = 0.7295 with V = (0.9, 0.7, 0.5, 0.3, 0.1), the evaluation result
is good. It can be determined that the low carbon level in the technological process of radial
tire casing is good.

Similarly, the low carbon level evaluation value G1 of the low carbon structure, the
low carbon level evaluation value G2 of the low carbon technology, and the low carbon
level evaluation value G3 of the low carbon management in the technological process of
radial tire casing can be calculated, respectively, as follows:

G1 = C1 × VT = [0.5186 0.1886 0.1218 0.1107 0.0603][0.9 0.7 0.5 0.3 0.1]T = 0.6989

G2 = C2 × VT = [0.5768 0.2362 0.1040 0.0567 0.0262][0.9 0.7 0.5 0.3 0.1]T = 0.7561

G3 = C3 × VT = [0.3859 0.2763 0.1296 0.0994 0.1089][0.9 0.7 0.5 0.3 0.1]T = 0.6462

The calculated low carbon levels in the technological process of radial tire casing are
shown in Table 2.
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Table 2. Low carbon level evaluation values in the technological process of radial tire casing.

Item Low Carbon Structure Low Carbon Technology Low Carbon Management Radial Tire
Casing Process

Evaluation value 0.6989 0.7561 0.6462 0.7295
Evaluation grade Medium Good Medium Good

It can be seen that the low carbon development trend of the technological process of
radial tire casing is “good”, while the overall evaluation grade is “good”. Among them,
the low carbon level in process technology is good, which promotes the improvement of
the low carbon level of technological process of radial tire casing. However, low carbon
structure and low carbon management have slightly lower low carbon levels, which need
to be optimized in these links.

4.2. Application of the Dynamic Evolution Model of Human–Machine Safety System under a Low
Carbon Manufacturing Process

During the past 10 years, low carbon manufacturing equipment have been largely
used under a low carbon manufacturing process, with the development including large
scale, automated, and intelligent production. It is well known that the overall level of
enhancement of the human–machine safety systems under a low carbon manufacturing
process is a practical method for improving production, reducing production costs, and im-
proving the conditions of the manufacturing safety. Figure 6 shows that the man–machine
safety system under a low carbon manufacturing process mainly includes a man–drilling
subsystem, a man–squeezing steel wire subsystem, a man–tread squeezing subsystem, a
man–forklift subsystem, a man–steel cord calendaring subsystem, a man–rubber cutting
subsystem, a man–steel cord cutting subsystem, a man–isolating agent baking subsystem,
and a man–radial tire curing subsystem. These operations from the human–machine system
can also be divided into checking activities, starting and stopping activities, maintenance
activities, driving operation activities, and mining operation activities.
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dynamic evolution status (x(τ) = u, y(τ) = v) of the human–machine safety system un-
der a low carbon manufacturing process, the parameter set (a1, a2, b1, b2, m, M) of the
human–machine safety system under a low carbon manufacturing process must firstly
be determined.

Let x1(τ) = the safety level of the man–drill subsystem, x2(τ) = the safety level of the
man–squeezing steel wire subsystem, x3(τ) = the safety level of the man–tread squeezing
subsystem, x4(τ) = the safety level of the man–forklift subsystem, x5(τ) = the safety level of
the man–steel cord calendaring subsystem, x6(τ) = the safety level of the man–steel cord
cutting subsystem, x7(τ) = the safety level of the man–rubber cutting subsystem, x8(τ) = the
safety level of the man–isolating agent baking subsystem, and x9(τ) = the safety level of the
man–radial tire curing subsystem. Equation (30) can then be obtained.

x(τ) =
9

∑
i=1

αixi(τ) (30)

where αi is the weight coefficient of the ith safety level.
Similarly, let y1(τ) = the carelessness level of the man–drill subsystem, y2(τ) = the

carelessness level of the man–squeezing steel wire subsystem, y3(τ) = the carelessness level
of the man–tread squeezing subsystem, y4(τ) = the carelessness level of the man–forklift
subsystem, y5(τ) = the carelessness level of the man–steel cord calendaring subsystem,
y6(τ) = the carelessness level of the man–steel cord cutting subsystem, y7(τ) = the care-
lessness level of the man–rubber cutting subsystem, y8(τ) = the carelessness level of the
man–isolating agent baking subsystem, and y9(τ) = the carelessness level of the man–radial
tire curing subsystem. Equation (31) can then be obtained.

y(τ) =
9

∑
i=1

βiyi(τ) (31)

where βi is the weight coefficient of the ith carelessness level.
Defining time delay as time interval, the ith safety level value xi(τ) and the ith care-

lessness level value yi(τ) in history can be determined by using a questionnaire survey
and the expert evaluation method. Moreover, the analytic hierarchy method [31] is used to
determine the weight coefficient αi of the ith safety level and the weight coefficient βi of the
ith carelessness level.

Defining time delay as the time interval, the delay difference equations about
Formulas (1) and (2) can be expressed as follows:

x(τ)− x(τ − τ0)

τ0
= a1 · x(τ)[1−

x(τ)
M

]− a2 · y(τ − τ0) (32)

y(τ)− y(τ − τ0)

τ0
= b1 · x(τ)[m− x(τ)]− b2 · y(τ) (33)

After the obtained historical level values (x(τ) and y(τ)) are substituted into
Formulas (32) and (33), the corresponding parameter set (a1, a2, b1, b2, m, M) of the human–
computer safety system under a low carbon manufacturing process can be obtained.

According to above method, the parameter set (a1, a2, b1, b2, m, M) = (0.20, 0.20, 0.7, 0.4,
0.80, 1.00) of the man–machine safety system under a low carbon manufacturing process
can be obtained; therefore, results such as a = a1/a2 = 1.0, b = b2/a2 = 2.0, c = b1M/a2 = 3.5,
and d = m/M = 0.8 can be concluded. It is obvious that inequalities such as 2cd > c + ab
and cd > ab are correct, while the equilibrium points of the human–machine safety system
under a low carbon manufacturing process are El = (0, 0) and E2 = (0.5333, 0.2489).

Based on Theorem 1, results such as ωc1 = 0.8225, tc1 = 0.2981, ωc2= 0.4504, and
tc2 = 2.3955 can be obtained.

Based on Theorem 3 and calculated results such as b = 2.0 > a = 1.0 and a1 < b2, the
stable states of the equilibrium points have two possibilities: (a) As shown in Figure 1,
when t0 belongs to closed interval [0, tc1], the changes in the carelessness level will affect
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the development trend of the safety level and the equilibrium point E1 is asymptotically
stable; that is, with the passing of time, the carelessness phenomenon will tend to zero
and the safety level will also tend to zero (x = 0); (b) As shown in Figure 2, when t0 is
greater than tc1, the equilibrium point E1 is not stable; that is, as time passes, changes in the
carelessness level will have a serious block effect on safety development.

Based on Theorem 4 and calculated results such as ab + bc – c − a2b = 3.5 > 0 (namely
ab + bc > c + a2b), the equilibrium point E2 is not stable when t0 is greater than 0; that is,
with the passing of time, changes in the carelessness level will have a serious block effect
on safety development, as shown in Figure 3.

The above results reveal that the established nonlinear dynamic evolution model of the
human–machine safety system with large time delay under a low carbon manufacturing
process can highlight the nonlinear dynamic evolution law of the human–machine safety
system with large time delay.

5. Conclusions

(1) The dynamic evolution simulation results based on the mathematical analysis of the
nonlinear dynamic evolution model demonstrate the validity and correctness of the
nonlinear dynamic evolution model of the human–machine safety system.

(2) The qualitative analysis of the nonlinear dynamic evolution and the trend of the
human–machine safety system with the large time delay reveals that there are four
dynamic areas, namely the safety area I, the deterioration area II, the asymptotically
stable safety area III, and the enhancement area IV of the safety ability based on the
dynamic evolution model with large time delay between the carelessness level and
the safety level.

(3) There are two singularities, E1(0, 0) and E2(u0, v0), in the dynamic evolution model of
the man–machine safety system with large time delay under a low carbon manufac-
turing process. When the singularity E1(0, 0) is an asymptotically stable point and
unstable point, respectively, area I, area II, and area IV have very similar evolution
patterns, but area III has a different evolution state. In addition, another unstable
point E2(u0, v0) can lead to divergent oscillation in area I, area II, area III, and area IV,
where the safety level of the man–machine safety system with large time delay under
a low carbon manufacturing process will eventually tend to collapse with time.

(4) For qualitative analysis of the nonlinear safety dynamic evolution trend, consider
when the deterioration degree of the carelessness level is below the line DR in Figure 4.
If the carelessness level no longer increases and the safety level is a fixed value, then
the state of the safety level can be returned to the development area as long as the
operation level and rapid strain ability is improved. When the safety state of the
human–machine safety system is beyond the development area of the man–machine
safety system, if the operation level and rapid strain ability are no longer increasing
and the carelessness level is a fixed value, then the state of the safety level can be
returned to the development area as long as the carelessness level can be overcome.

(5) Application case results of the radial tire casing process show that the overall evalu-
ation grade of the low carbon development trend is “good”. However, low carbon
structure and management need to be optimized, and with the equilibrium points of
the human–machine safety system under a low carbon manufacturing process being
El = (0, 0) and E2 = (0.5333, 0.2489), changes in the carelessness level have a serious
block effect on safety development over time.
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