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Renewable energy variability and unpredictability hinder supply chain coordination in grid-connected systems;
thus, a data-based control approach is designed. All-phase Fourier transform is applied to extract features of
renewable generation for enhanced decision making with supply chain data. The transportation, inventory, and
demand constraints are considered in a coordination model that is solved by an enhanced PSO incorporating
adaptive inertia weight, boundary control, and diversity preservation. Evaluated on IEEE 30-bus with 3000
samples, it achieves 98.2% reliability, 5.6% efficiency gain and 0.22s delay reduction.
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1. Introduction

Synergy in grids introduces ambiguities in new energy sys-
tems [1–3]; reference [4] reduces cost but has problem in
parameters, [5] oversimplifies coordination, [6] enhances
bargaining results but is difficult to apply, and [7] states
IT supply chain disruption and weak generalizability. Ref-
erence [8] suggests a data-driven 4PL supply chain col-
laboration; however, it not suited for renewable energy
grid systems. Problems are representativeness of cases,
heuristic bias & limited universality needing corroboration.
Fourier–EPSO model enhances stability and flexibility in
the presence of renewable uncertainty. This paper intro-
duces data-driven supply chain coordination for renewable
grid stability.

2. Data analysis of the grid-integrated renewable
energy power system

Renewable variability threatens grid stability [9, 10]; all-
phase Fourier analysis [11] improves spectral accuracy for
coordination control. EMD decomposes signals; wavelet

filtering eliminates noise.

x(t) =
K

∑
k=1

IMFk(t) + r(t) (1)

ŵi = sign(wi) · max(|wi| − θ, 0) (2)

x̂(t) =
K

∑
k=1

ÎMFk(t) + r(t) (3)

Therefore, the all-phase Fourier analysis technique [12]
is applicable to various complex power system data. By re-
ducing phase distortion, all-pass Fourier analysis enhances
the accuracy of the spectrum. The specific process is as
follows:

Step 1: Record the 2N − 1 sampling points of the grid-
integrated renewable energy power system in chronologi-
cal order as x(N), N = 0, 1, . . . , 2N − 2, and segment them
into N-dimensional sampling sequences, as shown in Equa-
tion (4).

XN−1 = {x(1), x(2), . . . , x(N)} (4)

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.6180/jase.202612_35.023


2 Anjiang Liu

Step 2: Extend the j-th sampling sequence periodically by
adding j, as shown in Equation (5).

XN−1 = {x(N), x(1), x(2), . . . , x(N − 2), x(N − 1)} (5)

Step 3: Sum and average each column of the periodically
extended sampling sequences to obtain the preprocessed N-
point sequence X = X0, X1, . . . , XN−1, as shown in Equa-
tion (6).

X = {X0, X1, . . . , XN−1},

ẊN−1 = (N − 1)× x(N − 1) + x(2N − 1) (6)

Step 4: Apply Fourier analysis to obtain spectrum results.

Applying four 5-order Nuttall windows prior to Fourier
transform enhances the accuracy of all-phase spectral esti-
mations. 5th-order Nuttall balances sidelobes; 6th reduces
resolution. Among them, the Nuttall window function is
expressed in the time domain as:

w(n) = m = 1M(−1)2bm sin 2πmnN − 1 (7)

Double-window APFA is more accurate and leakless. Nut-
tall window reduces leakage and improves Fourier fre-
quency resolution accuracy.

3. Design of supply chain coordination control al-
gorithm for the grid-integrated renewable energy
power systems

Renewable reveals time-varying power, voltage, and fre-
quency fluctuations. Coordination of supply chain en-
sures adaptive control under renewable uncertainty. A
constraints-based SC model treated by anenhanced PSO
for SC coordination.

3.1. Design of Model Constraints

The supply chain includes (1) the suppliers, (2) the genera-
tion units, (3) the distributors, and (4) the consumers, the
model assumes single-level in the echelons.
Constraint 1: Transportation-Demand Constraint

Transported products must not exceed demand across
supply chain stages. This constraint includes:

(1) Supplier-to-producer constraint:

∑
a

wabg pabg ≤ obg (8)

(2) Producer-to-distributor constraint:

∑
b

wbci pbci ≤ oci (9)

Constraint 2: Inventory and Production Capacity Con-
straint

The total production and inventory at each stage should
not exceed its capacity. This includes:

(1) Raw material suppliers:

nag + uag ≤ hag (10)

(2) Power generation units:

nbi + ubi ≤ hbi (11)

(3) Transmission distributors:

nci + uci ≤ hci (12)

Constraint 3: Output Satisfaction Constraint

(1) Raw material suppliers:

nag + uag ≥ ∑
b

wabg pabg (13)

(2) Power generation units:

nbi + ubi ≥ ∑
c

wbci pbci (14)

(3) Transmission distributors:

nci + uci ≥ ∑
d

wcdi pcdi (15)

The demand is modeled as a random variable expressed
as:

D = D̄ + ϵ (16)

3.2. Construction of Supply Chain Coordination and
Control Model for the grid-integrated renewable en-
ergy power system

Model imitated under three goodwill supply chain con-
straints. Formulated supply chain optimization objective:

min f = w(n)

(
∑
g

∑
b

obg + ∑
i

∑
c

oci + ∑
i

∑
d

odi

)/
(

∑
g

∑
a

∑
b

wabg pabg + ∑
i

∑
b

∑
c

wbci pbci

+ ∑
i

∑
c

∑
d

wcdi pcdi

)
(17)
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min f = w(n)

(
∑
g

∑
b

obg + ∑
i

∑
c

oci + ∑
i

∑
d

odi

)/
(

∑
g

∑
a

∑
b

wabg pabg + ∑
i

∑
b

∑
c

wbci pbci

+ ∑
i

∑
c

∑
d

wcdi pcdi

)
(18)

Multi-objective optimization balance’s reliability & effi-
ciency in supply chain coordination:

min F(X) = { f1(X), f2(X)} (19)

3.3. Model solving based on enhanced PSO

EPSO improves PSO convergence for renewable supply
chain coordination control. Figure 1 illustrates the EPSO
execution stages from initialization to output.

Fig. 1. Model solving process based on enhanced PSO

Step 1: Initialization phase: arbitrarily set particle initial
position & velocity; set parameters k, µ, ω, r1, r2,
vmax and vmin.

Step 2: Evaluation Phase: Compute the fitness value (also
known as the objective function value) for each

particle, which is:

g(min f ) =

min f (L + tmax), λ = 0

min f (L + tmax) + Numvm·cap, λ ̸= 0
(20)

Update individual optimal solution Pbest and
global optimal solution gbest.

Step 3: Update speed and position: Assuming the time
interval for iterative updates is ∆t and the inertia
weight is ω, then use formulas (20) and (21).

xu+1
mD = xu

mD + ∆tvu+1
mD (21)

vu+1
mD = ωvu

mD + mink
xu

mD
∆t

(22)

Step 4: Enhance strategy: EPSO enhanced with strategies
for improved supply chain coordination perfor-
mance:

(1) Dynamic adjustment of inertia weight:

Adaptive inertia enables good convergence,
balance, accuracy and no stagnation. A sim-
ple linear decreasing strategy can be described
as:

ω̇ = ωmax −
µ(ωmax − ωmin)

µsam
(23)

(2) Boundary processing:

xi =

xmin if xi < xmin

xmax if xi ≥ xmin
(24)

(3) Balance between local and global optimal solu-
tions

(4) Maintaining Particle Diversity:

v̇i = vi + perturbation (25)

Step 5: Termination criteria for iterations

Step 6: Result output that output the global optimal so-
lution gbest and its associated fitness value.

Entropy-based diversity index guides particle distribu-
tion, ensuring consistent optimization:

H = −
K

∑
k=1

pk log(pk) (26)

The modified fitness function is expressed as:

F = f (x) + λ
n

∑
i=1

max(0, gi(x)) + µ
m

∑
j=1

|hj(x)| (27)
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Fig. 2. IEEE30 Node Network Architecture. Figure
displays 30 nodes, 12.66kV, 3715kW, 2700kvar, G1–G6

units.

4. Experiments and analysis

4.1. Introduction to experimental the grid-integrated re-
newable energy power system

IEEE30 node grid experiment evaluates coordination
method; Figure 2 shows network architecture.

4.2. Experimental parameter settings

The experiment parameters are set to the following for the
All phase Fourier analysis: f s = 1000 Hz, N = 5 s, w = 20,
FFT = 4096, resolution 0.244 Hz; for the Supply Chain
Coordination Control Model, suppliers = 3, producers
= 5, distributors = 4, inventory = 100 MWh, production
= 200 MWh, capacity = 0.8, demand = 1000 MWh; and
for the Enhanced PSO, swarm size = 50, iterations = 200,
inertia weight 0.9–0.4, acceleration = 2, neighborhood = 5,
velocity range = [−10, 10], updates every 10 iterations,
diversity reinitializes 1 particle when falls below 0.2.

Table 1 shows processing time increases with particles;
best parameters are 1350 particles, 220 iterations, inertia
weight 0–1.

4.3. Analysis of experimental results

(1) Energy supply reliability: Tests performance of the
grid in delivering reliable electricity. As shown in Fig-
ure 3. Figure 3 shows higher reliability than [4, 5].

Stable performance continued in Figure 3, confirming
strong supply assurance.

Fig. 3. Energy Supply Reliability Results

(2) System operating efficiency: The efficiency of the sys-
tem is assessed in Table 2. Table 2 shows higher effi-
ciency than [4, 5]. Correlation to the fluid efficiency
from the balance of Fourier analysis and EPSO opti-
mization.

(3) Response lag time: Measure system response delay
time in Table 3.

Proposed Fourier-EPSO outperforms [4, 5] in reliability,
efficiency, lag, flexibility, and robustness. Response
lag was decreased by Fourier analysis as presented in
Table 3.

(4) Supply chain flexibility: Assesses flexibility under
uncertainty conditions. Satisfaction rate equals fulfilled
demand over total demand. The findings are depicted
in Figure 4.

Figure 4 illustrates that the proposed approach achieves
higher satisfaction rate and flexibility than [4, 5].

Figure 5 illustrates spatial fluctuations driven by renew-
ables, Fourier and EPSO

Figure 6 shows AHP, Entropy, CRITIC, game-theory
weights (B 49.56%, C 27.73%, A 11.56%, D 11.15%). Integra-
tion of AHP, entropy CRITIC provides a more robust and
unbiased supply chain weight values.

Figure 7 shows higher reliability with 3–12h storage
and 1.5× generation. Compared with [4, 5], Fourier-EPSO
method outperforms all metrics.
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Table 1. Performance Analysis of EPSO Algorithm Under Varying Nodes and Particle Sizes.

Number of
Nodes

Number of
Particles

Fitness Function
Value

Time
(ms) Iterations

300 150–1050 165.7–167.3 107–149 89–99
600 300–1200 185.8–189.4 124–165 118–155
900 450–1350 201.2–207.1 145–177 223–242

Table 2. Comparison results of system operating efficiency using different methods

Method Energy Conversion
Efficiency (%)

Transmission
Efficiency (%)

Allocation
Efficiency (%)

Proposed
Method 89.7 – 91.2 91.6 – 93.2 93.1 – 94.2

Reference
[4] 87.7 – 89.5 90.0 – 91.7 90.5 – 92.2

Reference
[5] 88.2 – 90.2 88.9 – 90.8 89.5 – 91.2

Fig. 4. Experimental results of comparing supply chain
flexibility using different methods

The performance comparison illustrates that the pro-
posed method can achieve Energy Supply Reliability of
97.6%, System Efficiency of 93.4%, Response Lag Time of
1.07 s, and Supply Chain Flexibility of 94.8%, with while
Reference [4] achieves 91.2%, 90.5%, 2.78 s, and 88.6% and
Reference [5] 89.8%, 89.3%, 3.51 s, and 87.4%. One can
see that our method achieves the largest value on all mea-
surements and hence is more reliable, efficient, and flexible
with the smallest response lag time among all the com-
peting methods. Reference [4] reaches Mean Reliability of
90.8% (Std Dev 1.42), Mean Efficiency of 90.2% (Std Dev
1.36), Mean Response Lag of 2.85 s (Std Dev 0.31), and
Mean Flexibility of 88.9% (Std Dev 1.28), whereas Refer-
ence [5] logs Mean Reliability of 89.5% (Std Dev 1.67), Mean
Efficiency of 89.0% (Std Dev 1.58), Mean Response Lag of

Fig. 5. Provinces standardized indicator score distribution

3.40 s (Std Dev 0.42), and Mean Flexibility of 87.6% (Std
Dev 1.45).

The Proposed Method achieves Mean Reliability 97.2%
(Std Dev 0.62), Mean Efficiency 93.6% (Std Dev 0.55), Mean
Response Lag 1.12 s (Std Dev 0.18), and Mean Flexibility
95.1% (Std Dev 0.49), indicating that EPSO performs better
than APSO and QPSO with Fourier stability.

The comparative results of the performance evaluation
for EPSO, APSO and QPSO with respect to the optimization
measures are presented in Table 4.

5. Conclusion

The data-driven coordination approach based on Fourier
analysis and EPSO is proved to enhance the stability, re-
liability and power quality of the grid efficiently. Study
constrained by assumptions and modeled scenarios; does
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Table 3. Comparison results of response lag time for different methods

Sampling Data Volume
(×103)

Proposed
Method (s)

Ref [4] Method
(s)

Ref [5] Method
(s)

1–2 0.22 – 0.33 0.59 – 0.88 0.85 – 1.46
3–4 0.55 – 0.72 1.35 – 1.73 1.97 – 2.42
5–6 1.07 – 1.28 2.27 – 2.78 2.96 – 3.51
7–8 1.45 – 1.71 3.23 – 3.62 4.08 – 4.43

Table 4. Comparative performance evaluation of EPSO, APSO, and QPSO algorithms

Method Best
Fitness

Mean
Fitness

Convergence
Iterations

Computation
Time (ms)

Std.
Deviation

Convergence
Rate

Stability
Level

EPSO
(Proposed) 162.8 164.1 85 118 0.72 Fast High

APSO 168.5 170.2 102 126 1.15 Moderate Moderate
QPSO 165.3 167.0 91 134 0.89 Fast High

Fig. 6. Weight Distribution of Supply Chain Coordination
Control Indicators

not capture entire complexity of full renewable system.
Future work investigates more sophisticated techniques,
scaling, and dynamic coordination strategies. Future work
includes real-world validation, robustness quantification,
and adaptive hybrid metaheuristics.
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