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Abstract: In this paper, a four-dimensional model of energy supply—demand with two-delay is
built. The interactions among energy demand of east China, energy supply of west China and the
utilization of renewable energy in east China are delayed in this model. We discuss stability of the
system affected by parameters and the existence of Hopf bifurcation at the equilibrium point from
two aspects: single delay and two-delay. The stability and complexity of the system are demonstrated
through bifurcation diagram, Poincare section plot, entropy diagram, etc. in numerical simulation.
The simulation results show that the parameters beyond the stable region will cause the system to be
unstable and increase the complexity of the system. At this point, because of energy supply—demand
system fluctuations, it is difficult to formulate energy policies. Finally, the bifurcation control is
realized successfully by the method of delayed feedback control. The results of bifurcation control
simulation indicate that the system can return to stable state by adjusting the control parameter.
In addition, we find that the bigger the value of the control parameter, the better the effect of the
bifurcation control. The results of this paper can provide help for maintaining the stability of the
system, which will be conducive to energy scheduling.

Keywords: energy supply-demand; Hopf bifurcation; entropy; stability; two-delay

1. Introduction

Energy is the foundation of the national economy. Because of the uneven distribution of natural
resources and the difference of economic development in China, the energy demand in east China
is relatively large. We generally take a variety of measures to meet the great demand for energy
in east China, such as the energy transportation project from west to east, energy imports and the
development of renewable energy. Many scholars have studied energy demand and supply and energy
sustainable development. They have obtained many valuable results. Wu et al. [1] studied energy
efficiency, environmental efficiency and the integration of energy and environmental measures. They
obtained some valuable results. For instance, the energy-saving and emission-reduction efficiency
in western and central China is worse than that in east China. Fang et al. [2] discussed the impact of
carbon tax on energy intensity and economic growth in energy-saving and emission-reduction system.
The dynamic characteristics of system are investigated on the basis of complexity theory and entropy
theory. Liu et al. [3] put forward a lot of suggestions about layout optimization, structure adjustment
and matching policy support. Their research results can provide theoretical reference and practical
guidance for the sustainable development of China’s energy. Zhang et al. [4] took oil, coal, electricity
and gas as the research object, and analyzed the energy supply—demand evolution process from 1997
to 2009. The results show that there is a huge difference in energy supply and energy demand in
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space. Their suggestions can promote the coordinated development of the region. Wang et al. [5]
focused on the analysis of energy strategy, energy development and energy consumption of China.
In addition, they also studied the Asia’s energy security project by the method of Long-range Energy
Alternatives Planning, which played an important role in the future of energy and environmental
policy. Zhang et al. [6] pointed out that China must implement energy-saving and emission-reduction
to reduce environmental pollution and insist on sustainable development. Moreover, China must
adhere to the development of renewable energy and clean energy, which is conducive to reducing the
consumption of non-renewable energy sources.

Jiang et al. [7] put forward that China should develop low carbon economy and develop clean
energy such as the renewable energy and new energy. Besides, China should increase publicity
and legislation to promote national awareness of energy conservation and emission reduction, and
protect the environment. Ma et al. [8] proposed a development strategy that can solve the energy
demand of China. The research results show that China must improve the efficiency of energy-saving
and emission-reduction, and give priority to the development of alternative energy sources. Li [9]
studied the quantitative problem of sustainable energy strategy in China using the econometric
method. Sun et al. [10] built a universal bipartite model based on an energy supply-demand network.
They empirically analyzed the production’s SPL (Service Parts Logistics) distribution of the US coal
companies from 1991 to 2009.

Sun et al. [11] the parameters of energy supply-demand system are determined through neural
network method. They analyzed the dynamic behavior of the energy supply-demand system.
The results show that the energy supply-demand system has the ability of self-regulation to ensure that
the unstable system returns to a steady state. Hacatoglu et al. [12] an evaluation method for sustainable
economic development by life-cycle emission factors and sustainability indicators is proposed. This
method can ensure the sustainable and healthy development of the economy. Pereira et al. [13]
discussed the development situation of the renewable energy market in Brazil and the theory of
overcoming the obstacles of market development. The conclusions of this paper can provide help
for the consolidation and development of renewable energy markets. Mulhall et al. [14] suggested
that fluctuations in energy prices may affect the stability of individual firms and their supply chains.
The extension of the time commitment of the energy supply contract entails the decrease can reduce
the flexibility of the enterprise in the management of price changes. Toan et al. [15] studied the current
status and trends of energy use in Vietnam, as well as the forecast of energy demand and supply in the
coming decades. Buscarino et al. [16] investigated the problem of the design and the implementation
of chaotic circuits with delay. The chaotic dynamic characteristics of the circuit are discussed.

A new four-dimensional energy supply—demand model was established in [17]. The model
revealed the complex relationship of mutual support and mutual constraints among energy demand,
energy imports and renewable energy utilization. The model in [17] is as follows:

& = ax(1 - 55) — axx(y +2) — dsw,
d
F = —b1y — byz + b3x[N — (x — 2)],
% = c1z(cax — ¢c3),

dw

T = dlx — dzw,

)

where x(t) is the energy demand in east China; y(t) is energy supply in west China; z(t) is the energy
imports in east China; w(t) is the utilization of renewable energy resources in east China; a; is the
elasticity coefficient of energy consumption in east China; a, is the coefficient of the impact of energy
supply in west China and energy imports on the energy demand in east China; b; is the influence
coefficient of energy supply in west China on supply speed; b, is coefficient of the impact of energy
imported in east China on the speed of energy supply; bs is the coefficient of the influence of energy
demand in east China on the speed of energy supply; c; is speed of energy imported in east China; ¢, is
income from unit energy imported; cs is the cost of energy imported; d; is the coefficient of the impact
of energy demand in east China on the utilization of renewable energy; d, is the coefficient of the
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impact of the utilization of renewable energy in east China on the ratio of renewable energy utilization;
d3 is the coefficient of the influence of the utilization of renewable energy on energy demand in east
China; M is the biggest energy demand in east China; N is the threshold of energy demand in east
China; and a;,b;,¢c;, M, N > 0, N < M, which are all constant.

However, it takes time to develop and utilize renewable energy in east China. This paper
considers only hydropower. China has an uneven distribution of hydropower resources. The available
water resources in the eastern areas accounts only for 6% of the total amount of the nation while the
southwestern areas have the lion share, taking up 67.8%. Meanwhile, the rainfall in east China tends
to be the greatest in summer but waning in other seasons. We know that hydropower station needs
to store water before they can generate electricity. Only when the water storage capacity exceeds the
threshold, the hydropower station can complete the power output to meet the energy demand of
economic development. We found that the power output lagged behind the storage capacity. In other
words, meeting energy demand x(t) also lagged behind the water storage capacity w(t). We define this
delay as 77. There is a significant impact of rainfall on water storage capacity. With different seasons,
71 changes significantly.

China has an uneven distribution of coal reserve: Xinjing, Inner Monglia, Shanxi and Shan’xi
account for 81.3% of the total reserve while the eastern provinces 6%. However, the demand in the
more developed eastern regions of China is much higher, as those 16 provinces and provincial cities
in 2015 alone accounted for 67% of the nation’s GDP. The regional discrepancy in coal resources
distribution and the gap in the demand and supply dictates the distinctive mode of “coal transporting
from west to east”, which relies heavily on the coordinated transportation of railway and seaway in
the coastal regions but is also supplemented with railway delivery, inland river and road transport.

In addition, since China is a large country geographically, it takes time for the energy sources
in west China to be transported to east China. In this paper, we only consider coal transportation.
That is to say, coal demand in east China x(t) will lag behind the coal supply in west China y(t).
We define the delay as T,. With the changes of coal mining in west China, conveyance and weather,
changes obviously.

Therefore, on the basis of Model (1), we study the following model with two-delay:

% — ayx(1 - ) — apx(y(t ) +2) - dao(t — ),

4 2)
% = c1z(cpx — ¢3),
%’ =dyx — dyw,

where the development speed of energy demand in east China dil—gt) is proportional to the current

demand for energy x(t) and the development potential for energy demand 1 — % ; —apy(t) stands
for supply with energy from China’s western areas to the eastern ones, while —a,z(t) represents
energy input by importing into China’s eastern areas reducing energy demand in east China; —b;y(t)
stands for the curb against energy supply to China’s eastern areas from the western ones because of
such factors as cost, ecological environment protection, etc.; —b,z(t) stands for reduction of energy
supply from China’s western areas because of the imported energy input in China’s eastern areas;
bsx(t)[N — x(t) — z(t)] indicates, when energy demand in China’s eastern areas is smaller than the
threshold value (x(t) —z(t) < N), the speed of energy supply of China’s eastern areas from China’s
western areas increases as x(t) increases; however, when energy demand in China’s eastern areas
is big enough (x(t) — z(t) > N), with the development of the regional economy in China’s west
areas, Chinese western areas’ energy demand is greatly improved, energy supply velocity in the east
will decrease as x(t) increases; c1z(t)(cox(t) — c3) shows that energy importing speed is restricted by
energy demand in China’s eastern regions, as well as the cost of imported energy; —dsw indicates that
the utility of renewable energy in eastern areas leads to decrease of the energy supply from China’s
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western regions; and dix — dyw symbolizes that the utility rate of renewable energy in China’s eastern
areas % increases as x(t) rises and decreases as w(t) goes up.

The rest of this paper is organized as follows. In Section 2, we build a four-dimensional energy
supply-demand model with two-delay and study the local stability and the existence of Hopf
bifurcation at the equilibrium point of Model (2). In Section 3, we discuss the impacts of parameters on
the stability and entropy of Model (2). In Section 4, bifurcation control is achieved successfully using

the method of delayed feedback control. Finally, conclusions are given in Section 5.

2. Local Stability and the Existence of Hopf Bifurcation

It is more difficult to get the equilibrium point directly in Model (2), so we assume that the
equilibrium point of Model (2) is E(x*,y*,z*,w*). We can obtain a specific equilibrium point of
Model (2) with given parameters. In this paper, we will study the impacts of 71,7 and other parameters
on the stability and entropy of Model (2) at the equilibrium point.

For simplicity, the linear form of Model (2) at the equilibrium point E(x*, y*, z*, w*) through the
Jacobian matrix is as follows [18]:

‘Zl—’t‘ = (a1 — 2%‘* —ay* — apz*)x — apx*y(t — ) —apx*z —dsw(t — 1),
% = (b3N — 2b3x* + b3z*)x —by+ (b3x* - bz)Z,

3
% = 1002 x + (c100x* — c103)z, ®)
‘fj—?f =dix — dyw,
The determinant of Model (3) is:

A—(a; — 2‘%* —ay* —axz*) apxte ™ apx* dyeAT1

—(b3N — 2b3x* + b3z*) A+ by —(b3x* — by) 0 -0 4)

—c100z* 0 A — (c160x* — c1¢3) 0

—dq 0 0 A+dy

The characteristic equation of Model (3) is:
A A3 4 ApA? + AtA + Ag + (BoA2 + BiA + Byle ™ 4+ (CuA2 + CiA + Cole 2 =0 (5)

where

1
Az = M2a1x* — a1+ by +dy +cie3 + a2y +axz" — c10px”,

Ay = —aby —aydy + bydy + %Zalblx* + ﬁZrzldzx* — %Zalclczx*z — aqcic3
+bicics + c103dy + axbyy* + apbiz* + axday* + apdazt + 2a10105%F
+ajcicax™ — bycieax™® + apcrczy™ + axciczz® — cpcpdax™® — ageicox*y*

A1 = —aibidy + ﬁZalbldzx* — ﬁZalblclczx*z — ﬁ2a1c1c2d2x*2 —ai1bicic3 — apcicsds
+bicicady + axbidoy™ + axbydaz* + ﬁZalblcqu* + %2&11C1C3d2x* + ajbrcicox™
+aybiciczy® + ajcicadax™ + agbycic3z® — bicicadax™ + axcicaday™® + axciczdaz”
—aybic1cx*y* — apcicpdpx*y*

AO = 7%2ﬂ1b1C1C2d2x*2 — a1b161C3d2 + %2(11[710163(129(* + ﬂ1b1C1C2d2x*
+aybicyczday™ + apbiccadaz® — axbicicadyx*y* !
By = did3, By = bydydz + cic3dids — cicadidax™, By = bicicadids — bicicadidax™,
C = —2a2b3x*2 + Naybzx™ + apbzx*z”*,

C1 = —2012b3d29€*2 + Na2b3d2x* + a2b3d2x*z* + 2612173C1€2X*3 — 2a2b3c163x*2
+Naybzcicax* — apbacicox*z* + apbsciczx*z* — Nagbscqcox*?

7
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CO = 2a2b3c1c2d2x*3 — 2a2b3c1C3d2x*2 + Nllzbg,Cngdzx*
—aybycycadax*z* + apbscqcadax*z* — Nagbscicadax*2

21.Casel. 11 >0, =0

When 11 > 0, » = 0, the characteristic equation of Model (3) becomes as below:
A+ AA3 + (A + C)A? + (A1 + C1)A + Ag + Co + (BaA? + BiA + By)e ™ =0 (6)

Let A = iwq(wy > 0) be the root of Equation (6). Substituting A = iwj(w; > 0) into Equation (6)
and separating the real and imaginary parts, we can get:

(Bzw% — Bp)sinw 71 + Bywicosw Ty = Agw% + (A1 +C)wy @)
Biwisinwi Ty — (Byw? — Bp)coswi Ty = —wi + (Az + Co)w? — (Ag + Cp)

The following result can be obtained from Equation (7)

H6(U$ + H4CL)[1} + sz% + Hj

cosw 1 = (8)
B2w? + (Byw? — By)®
where
He = By, Hy = A3B1 — A2By — BoCy + By,
Hy = A1B1 + B1Cy + AgBa 4 BoCo + A2By + BoCa, Hy = *(AOBO + B()C()),
Adding up the squares of both equations given, we have
W + hew? + hywt + hpw? +hg = 0 )
where
he = A3 —2A; —2Cy, hy = 2A1 A3 +2A3C] +2Ag +2Cy — B3 + A3+ C3 +2A,C,,
hy = A7 4+ C} +2A1C; — 2AgAs — 2AgCo — 2A2Cy — 2CoCa + 2By B, — BE,
ho = (Ao + Co)* — B},
Let s; = w?, Equation (9) is simplified as follows:
s+ hés% + hys? 4 hysy 4+ hg =0 (10)

According to Lemmas 2.1 and 2.2 in [19], we denote h(s1) = s} + hes5 + has? + hpsy + ho. Thus,
we can obtain that (Hj): if iy < 0, Equation (10) has at least one positive root; (H): if hyp > 0 and
D > 0, Equation (10) has positive roots if and only if s11 > 0and h (s11) < 0; (H3): hp > 0and D < 0,
Equation (10) has positive roots if and only if there exists at least one sj € {s11,512,513}, such that
s; > 0and h(s]) < 0. Where

q1 2 P1 3 h4 3 2 hg h6h4 —1—|—\/§1
D= (%) + (% =2 22 (Hy)g =20 -0y o= VT
(2) (3)/P1 2 16 » (Ho)q 32 8 27 2 !

y={-%+vVD+i~% VD, y2a= % +vDo+{/-% VD2
y3= /- % +VDo*+ /-4 —/Do, s1; =y — Yo, i=1,2,3

Suppose that Equation (10) has positive roots. Without loss of generality, we suppose that
it has four positive roots, defined by sy, k = 1,2,3,4. Then, Equation (9) also has four positive
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roots; that is, wyy = /s1x, k = 1,2,3,4. For every fixed wyi (k = 1,2,3,4), there exists a sequence
{Tl(l]() k=1,2,3,4,7=0,1,2,.. } From Equation (8), we have:

() _ 1 Hew$ +Hywl +Hywd+Hy | 2jm
Tk = Ty ATCCOS— 5 > o
e B2w?, +(Byw3, —By) (11)
k=1,2,3,4j=0,1,2,..

Let g = min{7)|[k=1234j=012.} = min{r{|[k=1234} = 7y, then
w1y = wik,-Thus, we get 119 as follows:

1 H6(,U$0 + H4w‘110 + sz%o + Hp
Tjg = ——arccos

2,2 2 2 (12)
w10 Blww + (Bzww — Bo)
Based on the analysis above, we can obtain the following main results [20]:

Lemma 1. If conditions (Hy) — (Hg3) have at least one hold, Equation (6) has a pair of purely imaginary roots
j:iww when T1 = T10-

Next, take the derivative with Ty in Equation (6), we have:

A 1T (A +3AM 4 2(A+ C)A + A1+ Gt +2BA+ B T 13)
dn N /\(Bz/\z + B1A + Bo) A
dA(Ty) -1 RiRy + L1 I
2707 === (14)
dTl )\:iwlo Rl + 11

where
2 3
Ry = —Biw7iy, I1 = Bowig — Bawy,

R, = 460%0811‘1(,0101’10 — 3A3w%0cosw10'(10 — 2(Az + Cy)wipsinwigtio + (A1 + C1)coswygTig + Bio,

L = —4(4)%0COSOJ10T10 — 3A3w%osinw101’1o + 2(As + Cy)wygcoswigTig + (Al + Cq)sinw1gTyg + 2Bowip-
Lemma 2. If RiRy + 1 I, # O, then dRe;‘T(TIO) = Re {d’\gw)} N # 0. Thus, it satisfies the
1 /\:iwlo 1 /\:iwlo

transversal condition.

According to Lemmas 1 and 2 and the Hopf bifurcation theorem in [21], we obtain the
following results:

Theorem 1. The equilibrium point E(x*,y*, z*, u*) of Model (2) is asymptotically stable for Ty € [0, T19) and
unstable for Ty > T19. Model (2) has a Hopf bifurcation when 11 = 1y9.

22.Case2. 11 >0, >0

When 11 > 0, 7o > 0, the characteristic equation of Model (2) is still Equation (5). In this case, we
consider the characteristic Equation (5) with 7y in its stable intervals, i.e., 71 € [0, Ty9) [22]. We study
the impact of 7, on the stability of Model (2) when 7 unchanged.

Let A = iwy(wy > 0) be a root of Equation (5). Similar to casel, we have:

{ (Czw% — Co)sil’lwz’fz 4+ Ciwrcoswr ) = A3w§ — Ajwy — Bzw%SianTl — Bywycoswy Ty + Bosinwy 1y (15)
Ciwosinwy Ty — (Czw% — Cp)coswrty = —w‘zl + Azw% — Ao+ nggcoswzﬁ — Biwssinwy Ty — Bocoswy Ty
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From Equation (15), we obtain:

A
2
C%w% + (Czw% —Cp)

COSWr Ty = (16)

where

_ 3 2a: : 6
A= A3Ciw; — A1Ciwy — ByCiwssinwy Ty — B1Ciwacosw) 1y + BoCrsinw, 11 + Cowy
—AyCows + AgCow3 — ByCowicoswr Ty + By Cowssinw, Ty + ByCow3coswrty — Cows
+A2C0w% — A()CO + BzCo(&J%COSOJle — 31Cowzsina}2‘[1 — B()COCOSCL)le

From Equation (15), we further get:
8 7 6 5 4 3 2 —
Wy + Nyws + newy + Nsw; + nawy + n3w; + npws +nyjwy +ng =0 (17)

where
ny =0, ng = A% —2Ay — 2Bycoswy Ty, s = —2A3Bysinwy Ty + 2Bisinwy 1,

ng = —2A1A3 — C% + B% — 2A3Bjcoswr Ty + A% +2Ag 4+ 2A,Bycoswy T + 2Bgcoswy T,
n3 = 2A1 Bysinwy Ty 4+ 2A3Bpsinw, Ty — 2ABysinw, 1,
ny = A2 — C? +2CoCy + 2A1Bycoswyty — 2ByBy — 2AgAy — 2A¢Bacoswyy + BF — 2A;Bocoswa Ty,
ny = 2AgBisinwy Ty — 2A1 Bosinw, T, 1y = Bg + A% + 2A0Bpcoswr T — Cg,

Denote
h(wz) = wg + 1’17605 + néwg’ + 715603 + 7”14(,0[2L + 11360% + n2w§ + nywy + Ny

Because wlign h(wy) = oo, we conclude that if g < 0, then Equation (17) has at least one positive
vl (e9)
root [19]. Without loss of generality, we assume that Equation (17) has a finite number of positive
roots defined by wa1, wa, w3, ..., wy, respectively. Fix each wy;, (i = 1,2,..., k), and there is a series
{Tz(l] ) li=1,2.,kj=0,12,.. } which satisfies Equation (17). From Equation (16), we can obtain:

y1 A 2j
o) = —arccos A+ =12,k =0,1,2,.. (18)
Wi C2w3. + (Cowi, — Cp)~  Wai
Let g = min{t\/|i = 1,2,..,k;j = 0,1,2,..} = ie{qazin k}{Tz(?)} = Tigs W20 = Wajy- Then 1y is:
1 A
Trg = ——arccos > 19)
w20 Clw3y + (Cow3y — Co)

I _ 3 2 o3 : 6
A = A3Ciwyy — A1Crwyg — BoCrwsysinwyot — By Crwypcoswao Ty + BoCisinwyot + Cowy
—AQCQ(U%O + AQCZCU%O — BzCz(U%OCOS(UzQT] + By CQwSOSinwonl + BOCZCU%OCOSCUZOT‘I - Co(d%o .
+A2C0w%0 — A()C() + BzCow%OCOS(Uonl - Bl COaJZQSiI‘la}mTl — B()COCOSCUZ()’Q

In the basis of the above analysis, we can obtain the following conclusion:

Lemma 3. If ny < 0, the Liwsg is a pair of purely imaginary roots of Equation (5) when T, = T and
7 € [0, 710)-

Next, we take the derivative of A with respect to T, in Equation (5), we can obtain:
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AT NG N3+ N+ Ny 0)
de o NO A
where
Ny = (4A°% +3A3A2 42451 + A1)e’2, N3 = (2BoA + By )eM 2,
Np = =71 (BoA? + ByA + By)e ™), Ny = 2CoA + Cy, Ny = A(C2A2 + CiA + Cp),
Taking A = iwyg (wap > 0) into Equation (20), we get:
dA (1) -1 R3R4 + 314
o) — et 21)
T A=iwnyg R3 + 13
where
Rz = —Ciw?y, Iz = Cowag — Cowsy,

Ry = 4(0%05111(0201'20 — 3A3(U%OCOS(020T20 — 2A2(U205i1’1(4]201'20 + A1COSUJ20T20 - ZBzwzosinwzo(Tzo — T])
2 : ’
+ Bycoswyo (20 — T1) + Bz‘l’lwzocoswzo(‘l’zo — T1) + Bimywypsinwyg (T — 1) — BoTicoswag (0 — 1) + C1

Iy = 74ngCOSCU20T20 — 3A3w%0sinw20'r20 + 2 ApwrpcoswygTag + A1Sinwog g + 2Bzw20cosw20(720 -7)
. 2 . . 7
+Blsll‘l(u20(”[20 — ’['1) + Ble(/JZOSlnwzo(Tzo — Tl) — B1T1(U20COSCU20(T20 — Tl) — BQTlsll’l(Uzo(Tzo — ’['1) + 2Chwoy

Owing to
. d(Re)\(Tzo)) o d)\(TZO) -
sign [de = signRe i
Lemma 4. If R3Rqy + I3y # 0, then [%:220)]; . 0. Therefore, Model (2) satisfies the
=lwyg

transversal condition.

On the basis of Lemmas 3 and 4 and the Hopf bifurcation theorem in [21], we obtain the
following results:

Theorem 2. For 7y € [0,T19), Tio is defined by Equation (12). The equilibrium point E(x*,y*,z*,u*) of
Model (2) is asymptotically stable for Ty € [0, Tag) and unstable when T, > Tp9. Model (2) undergoes a Hopf
bifurcation at T, = Ty.

3. Numerical Simulation and Analysis

In this section, we verify the correctness of the theoretical analysis and discuss the effect of the
parameters on the stability of the system by numerical simulation. Leta; = 1; 4 = 0.6; b = 1;
by =12,b3=15,c1=11,¢c, =0.7,c3=0.6; M =3.8;, N =1.2;d, =0.1;d, = 0.7, d3 = 0.8, x(0) = 1;
y(0) = 0.8;z(0) = 0.6; w(0) = 0.4. Thus, we consider the following model:

= x(1— %) — 0.6x(y(t — ©) +2z) — 0.8w(t — ),
Wy 12z+15x[1.2 — (x —2)],

92 — 112(0.7x — 0.6),

@ = 0.1x — 0.7w,

(22)

It is easy to get the equilibrium point of Model (22). However, only E(0.8572,0.4929, 0.6088, 0.1225)
conforms to the economic significance. It means that x(t), y(t), z(t) and u(t) will converge to the
equilibrium point E through the game.

For case 1, when 1y > 0,72 = 0, we get 119 = 0.2208,w19 = 3.5247 by Equations (10) and (12).
In addition, we can obtain R1Ry + 1 I, = 86.8936 # 0, hp = —36.4229 < 0. According to Theorem 1,
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we obtain that the equilibrium point E of Model (22) is asymptotically stable when 7; € [0,0.2208) and
unstable when 7y > 0.2208. It has a Hopf bifurcation at 71 = 0.2208.

For case 2, when 1y > 0,7 > 0,let 7y = 0.1 € [0,0.2208), we can obtain Ty = 0.1429, wyy = 5.4496
through Equations (17) and (19). Besides, we get R3Ry + I314 = 67.3428 # 0, nyp = —47.6814 < 0.
According to Theorem 2, we can obtain that the equilibrium point E of Model (22) is asymptotically
stable when 1, € [0,0.1429) for 7y = 0.1 and unstable when 1, > 0.1429 for 73 = 0.1. It undergoes a
Hopf bifurcation when 1, = 0.1429 for 7y = 0.1.

3.1. The Influence of Ty on the Stability of Equation (22)

Model (22) shifts from stable to unstable with the increase of 77, and it has a Hopf bifurcation at
71 = 0.2208 when 1, = 0. Figure 1a shows the dynamic evolution process of Model (22). We can see
clearly that energy demand x(t) and energy imports z(t) in east China show an obvious bifurcation.
The largest Lyapunov exponent (LLE) judges whether the system is stable depending on the exponent
value. If it is less than 0, the system is stable. If it is more than 0, the system is unstable. If it is equal to
0, the system appears bifurcation. In this paper, we calculate the LLE by using the method of Wolf
reconstruction [23]. We find that the value of the LLE is equal to 0 when 71 = 0.2208 in Figure 1b.
That is to say, Model (22) appears bifurcation at 7y = 0.2208. This is consistent with the conclusion of
theoretical analysis. Figure 1b also verifies the correctness of evolution process in Figure 1a.

According to the above analysis, we can conclude that if time interval between storage of water
and power output in hydroelectric power is greater than the bifurcation value in Model (22), it will
cause the energy demand x(t) and energy imports z(t) to be unstable and fluctuant. The unstable
energy supply—demand system is not conducive to the determination of energy demand and
energy allocation.

|
0.7 — =+ x0228 — + 4 — 4 — - — — gl LIS
2 I vio6082 | | i ' |
Y o.6f ‘. SR e e
Z L | i 1 \ |
oL - L __L__ 1 ! ! )
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| | | | | | ] |
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| | W | | | |
02— —+——+—— - —H - - — - —
| | | | | | | |
0.1
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 1. The impact of 7y on the stability of Model (22) when 7» = 0: (a) bifurcation diagram;
and (b) the largest Lyapunov exponent plot.

According to Theorem 1, Model (22) is stable when 77 = 0.1 < 139 = 0.2208, 7, = 0. These
properties are shown in Figures 2 and 3. As the time variable increases, Model (22) tends to be stable
as is shown in Figure 2a, which means that the energy supply-demand system has self-repair ability
to return to a steady state when 77 < 119, T2 = 0. Moreover, Poincare section is an effective tool to
judge the state of the system. There are four discrete points in Figure 2b, which shows that the system
is stable.

Attractor indicates the final state of the system runs. It can be seen that the system tends to
equilibrium point E(0.8572,0.4929,0.6088,0.1225) finally. That means each participant in the energy
supply-demand system has obtained the best strategy through the game and that the whole system is
in a stable state. It will contribute to the formulation of energy supply and demand policy. Figure 3
shows the dynamic evolution of the attractor.
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Poincare

2(t)

Figure 3. The attractor of Model (22) when 73 = 0.1 < 19 = 0.2208, ©» = 0: (a) x(¢),y(t),z(t);
and (b) x(t),z(t), w(t).

From Theorem 1, we also know that Model (22) is unstable when 71 = 0.4 > 179 = 0.2208, » = 0.
At this time, Poincare section turns into a semi-circle, which means that the system has periodic
solution. That is to say, x(f), y(t), z(t) and w(t) will converge to the basin of attraction through the
game. These analyses can be seen in Figures 4 and 5. We conclude that energy demand and energy
imports in east China, energy supply in west China and the use of renewable energy is cyclical, which
is not conducive to the formulation of long-term energy policy.

Poincare

2.5 . ; ; . 0.56 .
! ! ! X ! ! ! ! l 1

| | | y(® 054 - - - - - - - - =
TR T =8 e
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05 1R HHE R HHH PR LY N e e R A
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t x

@) (b)

Figure 4. (a) Time-domain plot; and (b) Poincare section when 17 = 0.4 > 179 = 0.2208, 7» = 0.
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Figure 5. The attractor when 7y = 0.4 > 199 = 0.2208, 7» = 0: (a) x(¢), y(¢), z(t); and (b) x(t), z(£), w(t).

Based on the above analysis, we know that system stability must be 71 < 779. In other words,
hydroelectric power stations must shorten the time of water storage. Therefore, we can take the
following measures: on the one hand, we can increase the capacity for water storage in rainy seasons;
and, on the other hand, the excess energy should be converted to water storage.

3.2. The Influence of Ty on the Entropy of Model (22)

Entropy is a measure of the complexity of the system. The greater entropy represents the more
complex system. Let the entropy value be k. If the system is stable and in regular motion, then the
value of k is equal to 0. Otherwise, it is greater than 0. Based on the analysis in Section 3.1, we know
that k = 0 when 7y < 779 = 0.2208 or k > 0 when 71 > 119 = 0.2208. Entropy becomes bigger with the
increase of 1 when 11 > 119 = 0.2208. Namely, the system becomes more and more complex. In this
complex system, energy supply and coordination will be even more difficult. At this point, it will take
longer or be more difficult for the system to return to the stable state. The change trend of entropy is
displayed in Figure 6.

0.5
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U e e
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Entropic

0.051 — — ~ &~ x 02208

LYo
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Figure 6. The entropy plot respect to 7y when 1, = 0.

3.3. The Influence of 11, a1, d3 on the Stability of Model (22)

In Figure 7, it can be found that the impact of ajon x is relatively obvious. However, the impact
of 71 on x is weak. There is an obvious fluctuation of x with the increase of 4;. In this process,
the minimum value of x is —1.573 x 10'3 for (11,41) = (1,0.05), and the maximum value of x is
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8.701 x 10" for (7y,a1) = (0.25,0.65). The analysis shows that the energy consumption coefficient
a1 has the greatest impact on the energy demand when other parameters are fixed. Therefore, the
unscientific energy consumption coefficient will affect the accuracy of the energy demand forecast and
further impact the social and economic development.

Figure 7. The influence of 7; and a1 on x when 7, = 0.

In Figure 8, we can see that x is stable in most region of 7y and d3. In this unstable region,
the minimum value of x is —3.387 x 10'? for (1;,d3) = (0.85,1), and the maximum value of x
is 4.387 x 10! for (11,d3) = (1,1). The x is approximately 0.85 in stable regions. If the other
parameters are unchanged, we must ensure 7y < 0.5 or d3 < 0.85 in order to maintain the stability of
energy demand.

Figure 8. The influence of 71 and d3 on x when 17, = 0.

When d3 < 0.5, 7y has little effect on x, and the value of x shifts from small to large with the
increase of a1. When d3 > 0.5, x shifts from large to small with the increase of 77 and there is larger
fluctuation with the increase of a1. In order to maintain the stability of energy supply-demand system,

we must ensure d3 < 0.5, a1 close to 1 or 0 and 7 > 0. The game relationship among three parties can
be observed in Figure 9.
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o 0

Figure 9. The influence of 71,41 and d3 on x when 1, = 0.

3.4. The Influence of T, on the Stability of Model (22)

Let 1 = 0.1 € [0,70), we study the impact of T, on the stability of the system. Model (22)
will become unstable with the increase of 75. Figure 10a displays the dynamic evolution process
of Model (22). Similar to Section 3.1, Figure 10b shows that Model (22) undergoes bifurcation at
T = 0.1429 for 7y = 0.1. Therefore, the simulation results are in agreement with the theoretical
analysis. From the above analysis we can find that the energy demand and energy imports show
fluctuations when 7, > 0.1429, so we must shorten the time of energy supply in west China. Comparing
Figures 1 and 2, we find that the change of 7y or 7, would cause x(t) and z(t) fluctuations. Therefore,
we should focus on energy imports strategy.

Figure 10. The influence of 1, on the stability of Model (22) when 7 = 0.1: (a) bifurcation diagram;
and (b) the largest Lyapunov exponent plot.

According to Theorem 2, Model (22) is stable when 71 = 0.1, » = 0.05 < o9 = 0.1429. Figure 11a
shows that each participant of the system has taken the best strategy through game. Finally, the
system will be in a stable state. Hence, x(t), y(t), z(t) and w(t) will converge to the equilibrium point
E(0.8572,0.4929,0.6088,0.1225). These properties are shown in Figure 11b,c. If the system is stable, it
means that energy demand and energy imports are invariable when other parameters are fixed. It is
beneficial to formulation and implementation of the energy policy.
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X(0)y(t),2(t),w(t)

(©)

Figure 11. The influence of 1> on the stability of Model (22) when 71 = 0.1, = 0.05 < T =
0.1429: (a) Time-domain plot; (b) energy supply—demand attractor (x(t),y(t),z(¢)); and (c) energy
supply-demand attractor (x(t),z(t), w(t)).

Based on Theorem 2, Model (22) is unstable when 71 = 0.1, 7 = 0.35 > 159 = 0.1429. Figure 12a
shows the dynamic game process of each participant in the system. The energy demand and energy
imports continue to be in a state of volatility as time goes by, but the fluctuation amplitude decreases.
The x(t), y(t), z(t) and w(t) will converge to the basin of attraction through the game. They are in
a state of periodic. These characteristics are shown in Figure 12b,c. In this case, it will increase the
complexity of energy supply—demand system.

X(),y()2(),w(t)
z(t)

Figure 12. Cont.
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(c)

Figure 12. The influence of 7, on the stability of Model (22) when 17 = 0.1, = 0.35 > Ty =
0.1429: (a) Time-domain plot; (b) energy supply—demand attractor (x(t),y(t),z(¢)); and (c) energy
supply—-demand attractor (x(t),z(t), w(t)).

3.5. The Influence of Ty, bs, by on the Stability of Model (22)

In Figure 13, we find that by has an obvious impact on , which causes the system to be unstable,
but 7, has no effects on x. x suddenly changes from small to large with the increase of by, and it tends
to be stable through slight fluctuations. Finally, x is stable at around 0.8. In the whole evolution process,
the maximum value of x is 0.9542 for (1, b;) = (0.01,0.5) and the minimum value of x is 0.0857 for
(T2,b1) = (0.1,0.1). There are no great ups and downs of x when b; > 0.5. In other words, the impact
of the speed of energy supply in west China on the energy demand in east China is small.

x(t)

Figure 13. The influence of 1, and b; on x when 7y = 0.1.

The impact of by on x is larger, which causes large x fluctuations. Although the influence of
T, on x is smaller, it also leads the instability of x. The maximum value of x is 9.558 x 10! for
(T2, b2) = (0.09,0.2) and the minimum value of x is —6.97 x 10'2 for (12, b,) = (0.04,0.2). Most regions
of (12, by) plane are stable at approximately 6 x 10!2. The above features are shown in Figure 14.
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Figure 14. The influence of 7, and b, on x when 7y = 0.1.

When b; < 0.5, by has no effect on x. When by > 0.5 and 7, > 0.5, the value of x becomes larger
with the increase of b,. However, b, has no impact on x when by > 0.5 and 7» < 0.5. When b, < 0.6,
T> has no impact on x and the x moves from small to large and again to small with the increase of
b1.When by > 0.6, x shifts from small to large with the increase of 1, and there is fluctuation with the
increase of by. These properties can be seen in Figure 15.

[

Figure 15. The influence of 1y, by and by on x when 71 = 0.1.

3.6. The Influence of Ty, Tp on the Stability of Model (22)

When 71 > 0.4, the amplitude of fluctuation of x is larger. If the 7y and 1 are smaller, x is
more stable, and it is stable at about 0.47. In unstable region, the maximum value of x is 1.179 for
(11, 2) = (0.86,0.31) and the minimum value of x is 0.5637 for (11, 2) = (0.96,0.26). The change
trends are shown in Figure 16. If you want to get the energy demand accurately, you must make sure
that 77 and 1; are in a smaller region. Otherwise, the system will be unstable.
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Figure 16. The influence of 7; and 1, on x.

4. Bifurcation Control

According to the above analysis, we know that if the system is unstable, it will lead to fluctuations
of the system and increase the complexity of the system. Thus, it is necessary to take measures to
ensure the system is in a stable state. In this paper, we implement bifurcation control by using the
method of delayed feedback control [24]. Thus, we study the following bifurcation control system:

2 = x(1— 5) — 0.6x(y(t — ») +2) — 0.8w(t — 1) + k(w(t — 1) — w),
&= 122+ 15212 — (x —2)),

% = 112(0.7x — 0.6),

dw — 0.1x — 0.7w,

(23)

We realize the effective bifurcation control by adjusting the control parameter k. Referring to the
conclusion in Section 3.1, we know that if 77 = 0.4, o = 0 Model (22) is unstable and becomes more
complex with the increase of 77. It can be seen in Figures 4-6.

4.1. Bifurcation Value

Figure 17a shows that the dynamic evolution process of Model (23) for 11 = 0.4, 7 = 0. According
to Figure 17b, we obtain that Model (23) has a bifurcation at k = 0.7013. That is to say, Model (23) is
unstable when k < 0.7013 and it is stable when k > 0.7013, which means that the control parameter k
can affect the stability of the system. In Figure 17a, we find that the greater control parameter k is, the
better control effect is. Otherwise, it is the other way around.
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Figure 17. The influence of k on the stability of Model (23) when 7y = 0.4, = 0: (a) bifurcation
diagram; and (b) the largest Lyapunov exponent plot.
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4.2. Model (23) Is Unstable

Let k = 0.6 < 0.7013, the time-domain plot and attractor of Model (23) are displayed in Figure 18.
We find that Model (23) is still unstable and it has a basin of attractor. This is consistent with the above
analysis. That is, the control parameter does not play any role in bifurcation control.

Figure 18. Model (23) is unstable when k = 0.6 < 0.7013 for 7y = 0.4, » = 0: (a) time-domain
plot; (b) energy supply—demand attractor (x(t), y(t),z(t)); and (c) energy supply—demand attractor

(x(#), 2(t),w(t)).

4.3. Model (23) Is Stable

Let k = 0.8 > 0.7013, the time-domain plot and attractor of Model (23) are shown in Figure 19.
We can see that Model (23) returns to a steady state. Therefore, bifurcation control is successful as
k > 0.7013.

()

Figure 19. Cont.
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(0)

Figure 19. Model (23) is stable when k = 0.8 > 0.7013 for 7 = 04,7, = 0: (a) time-domain
plot; (b) energy supply—demand attractor (x(f), y(t),z(t)); and (c) energy supply—demand attractor

(x(£), 2(), w(t)).

4.4. The Influence of Control Parameter k on Entropy

When k < 0.7013 the system is unstable, entropy is more than 0. If k > 0.7013, the system is stable,
then entropy is equal to 0. This phenomenon is shown in Figure 20. Thus, it can reduce the complexity
of the system by adjusting the control parameter k, which indicates that the system will get rid of the
unstable state and return to the stable state.

0.7

0.6

0.5

0.4

Entropic

0.3

0.2

0.1

Figure 20. The entropy plot about k when 7y = 0.4, 7 = 0.

We conclude that the energy supply-demand system will be unstable if these uncertain factors
are added, but it will regain the stable state if delay feedback control method is administered.

5. Conclusions

In this paper, a four-dimensional energy supply—demand model with two-delay is built. We study
the impacts of delays and other parameters on the stability of the system. The change of parameters
will result in the system switching between stability and instability. In order to keep the stability of the
system, we must ensure that the value of delays is less than the bifurcation value or the combination
of delays and other parameters in the stable region. Otherwise, the system will go through huge
fluctuations. It will be difficult to formulate energy scheduling policy. Therefore, we can carry out
bifurcation control by the delayed feedback control method for the unstable system. The system
returns to a stable state by adjusting control parameters.
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The research results show that the delays play an important role in the stability of the system.
With other conditions unchanged, we must take steps to minimize the time delay. For example, to
improve the storage capacity of hydropower stations to ensure sustained and stable power output;
if there is interruption, there should be timely replenishment to restore power generation, so it must
be ensured that 7y < 0.2208. In addition, to improve the transport capacity of coal resources in west
China to shorten the transport time and to avoid excessive delay-caused supply interruption for the
eastern coal demand, it must be ensured that 7, < 0.1429. According to the research presented in this
paper, we conclude that d3 < 0.85fory > 0, 7, = 0 and by > 0.5 for y = 0.1, 7 > 0 can keep the
system in stable state other parameters being unchanged.
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