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Abstract

With the development of intelligent manufacturing, the coordination between production scheduling
and electrical equipment load control has become increasingly important. Traditional schedule-first
methods suffer from delayed load constraint handling, inaccurate load simulation, and insufficient
proactive coordination. This study proposes a hybrid event—state coupling simulation method for
coordinated production scheduling and electrical load management. A three-level process—equipment—
load association model and a forward-looking adaptive coordination mechanism are developed to
achieve bidirectional interaction between production events and load states. Multi-scenario simulation
experiments demonstrate that the proposed method effectively suppresses load peaks, reduces load
violation rates, and maintains production efficiency and system robustness. The proposed framework
provides a practical solution for load-coordinated optimization and simulation analysis in complex
manufacturing systems.
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1. INTRODUCTION

With the in-depth advancement of intelligent manufacturing [1, 2], the large-scale deployment
of electrical equipment in production workshops [3] and the increasing complexity of process
flows [4, 5], dynamic fluctuations in production rhythm [6] easily lead to superposition of
load peaks, which not only threatens the safe and stable operation of the power grid but also
limits the flexibility of production scheduling. The deep coordination between production
management and electrical load has become a key issue that urgently needs to be addressed.
In current academic research, production simulation and electrical load scheduling are mostly
in a fragmented state. The production simulation field focuses on the application of discrete
event simulation in process optimization and equipment scheduling [7, 8], while neglecting
the influence of load constraints; electrical load scheduling mostly adopts constant power
modelling and static constraint control [9, 10], and coordinated scheduling is mostly passive
response [11], which is difficult to adapt to the dynamic requirements of complex production
scenarios and cannot achieve coordinated optimization of production efficiency and load
safety. This study can not only improve the theoretical system of production simulation and
load coordination and enrich research results in related fields but also provide technical
support for peak shaving and valley filling, cost reduction and consumption reduction, and
ensuring production continuity in production workshops, thereby promoting the deep
integration of intelligent manufacturing and efficient energy utilization.

The production simulation field has formed a mature technical system. Discrete event
simulation is widely used in process sequencing and equipment resource allocation and plays
a significant role in improving production efficiency. However, there generally exists a
limitation of emphasizing production while neglecting load [12, 13], and load constraints have
not been effectively integrated into the entire process of production scheduling. Electrical load
scheduling research focuses on load modelling and scheduling strategies. Traditional constant
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power models cannot capture dynamic load variations caused by process fluctuations [14],
and static load limits and passive coordinated scheduling modes are difficult to avoid load
peak risks in advance [15,16], lacking a bidirectional interaction mechanism between
production and load. In summary, current studies present three core gaps: real-time
bidirectional coupling between discrete production events and continuous load states has not
been achieved, and load constraints are mostly handled afterward; load modelling does not
consider the dynamic association among processes, equipment, and loads, as well as the
segmented power characteristics of equipment, resulting in insufficient simulation accuracy;
coordinated scheduling lacks foresight and cannot balance production efficiency and load
safety. These gaps constitute the core entry point of this study.

This study aims to design a hybrid simulation engine that enables real-time coordination
between production scheduling and electrical load, thereby improving load simulation
accuracy and reliability; construct a refined production—load association model to accurately
capture the superposition phenomenon of load peaks caused by process fluctuations; propose
a forward-looking adaptive coordinated scheduling mechanism to achieve dynamic balance
between load safety and production efficiency; and verify the effectiveness and superiority of
the proposed method through multi-scenario simulation experiments, providing support for
engineering applications. The core academic contributions are reflected in three aspects: a
bidirectional coordinated simulation engine based on hybrid event—state coupling is proposed,
breaking the fragmented “schedule-first, verify-later” mode and solving the problem of
delayed load constraints; a process—equipment—load three-level association modelling method
is constructed, where a parameterized matrix is used to characterize the dynamic association
among the three, breaking the accuracy bottleneck of traditional constant power modelling; a
forward-looking adaptive coordinated scheduling mechanism based on Event—Condition—
Action (ECA) is designed, in which rolling load prediction and multi-rule coordination are
used to realize advance intervention of load violation, solving the defect of passive response
in traditional coordinated scheduling.

2. CORE METHOD

2.1 Design of hybrid event—state coupled bidirectional coordinated simulation engine

The hybrid event—state coupled bidirectional coordinated simulation engine aims to break the
separation limitation between traditional production simulation and load control and realize
real-time coordination between discrete production events and continuous electrical load
states. Its core innovation is reflected in the integrated design of the module collaborative
architecture, clock synchronization mechanism, and bidirectional coupling logic. The engine
consists of a discrete event production scheduling module, a continuous load state evolution
module, and a coordinated decision module. The three modules advance synchronously based
on a unified simulation clock, breaking the technical bottleneck of asynchronous discrete
events and continuous states in traditional simulation. The specific architecture is shown in
Fig. 1. The synchronization mechanism of the simulation clock adopts a dynamic step-size
matching strategy, and its advancement process can be described by: #+1 =min (fnext event, tk +
Atcs), where # is the current simulation time, fuexs evens 1S the triggering time of the next
production event, and At.s 1s the fixed step size of continuous load state evolution. This
formula ensures that the clock quickly jumps to the event time when a discrete event is
triggered, while during periods without events it advances with a fixed step size to capture
continuous load changes. The data interaction between modules adopts a low-latency
interface design, and the transmission delay of event signals and load data is controlled within
Ates through a preset data transmission protocol, providing a guarantee for the real-time
performance of bidirectional coupling.
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Figure 1: Hybrid event—state coupled bidirectional coordinated simulation engine architecture.

The bidirectional coupling mechanism is the core innovation of the engine, realizing
bidirectional real-time feedback between production and load, and completely solving the
defect of post-processing of load constraints in traditional methods. In the forward coupling
process, after the discrete event production scheduling module triggers production events such
as process start and equipment start—stop, the coordinated decision module immediately
extracts the corresponding equipment power sequence from the process—equipment—load
three-level association model, generates power change instructions containing equipment ID,
power value, and duration, and pushes them to the continuous load state evolution module.
The continuous load state evolution module updates the power of individual equipment and
the total workshop load in real time based on the instruction. The update process of the total
load is iteratively calculated by P,,.,/(t)= 2%, P; (f), where Pwi(?) is the total workshop load at
time ¢, n is the number of operating electrical equipment, and Pi(¢) is the instantaneous power
of the i™ equipment at time ¢. This formula accurately characterizes the power superposition
effect of multiple equipment, and can especially capture load peaks caused by process
fluctuations. The reverse coupling adopts a dual mode combining periodic triggering and
event triggering. Periodic triggering performs routine load monitoring according to a fixed
simulation cycle, while event triggering is immediately activated when the load approaches
the safety threshold or when equipment power changes abruptly. The coordinated decision
module generates load control signals such as process shifting and equipment speed
reduction, feeds them back to the discrete event production scheduling module, and adjusts
the event queue to realize dynamic adaptation of production scheduling to load changes.

Compared with traditional simulation engines, the innovative advantage of this engine is
also reflected in the quantitative description and precise control of the coupling logic. The
load constraint feedback coefficient is defined by the following equation:

Jl :Ptotal(t) 7Plimit
P limit

where, Piimi: 1s the workshop load safety threshold. When 4 > 0, a load control signal is
triggered. The larger the absolute value of A, the higher the control intensity. This coefficient
provides a quantitative basis for coordinated decision-making and ensures the accuracy and
rationality of load control. This integrated bidirectional coupling design enables closed-loop
coordination between production scheduling and load control, which not only ensures the
orderly advancement of production events, but also avoids the risk of load violation in real
time, significantly improving simulation realism and engineering practicality.

(1
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2.2 Process—equipment—load three-level association modelling method

The core innovation of the process—equipment—load three-level association modelling method
is to break the limitation of traditional constant power modelling. Through hierarchical
parameterized design and a dynamic association mechanism, the intrinsic relationship among
process fluctuations, equipment operating states, and load variations is accurately
characterized, realizing refinement and dynamic adaptation of load simulation. The process
layer serves as the modelling foundation, clarifying core process parameters and equipment
mapping relationships, and focusing on introducing a nonlinear description of the power
regulation mode. For variable-speed equipment, the power—time trade-off relationship during
reduced-speed operation is fitted by 7=To-k—a, where T is the processing duration after speed
reduction, 7o is the processing duration under rated power, k is the power derating coefficient,
and a is the fitting coefficient. This formula quantitatively characterizes the nonlinear
relationship between power and processing duration, providing a theoretical basis for
subsequent flexible regulation. The equipment layer focuses on segmented power
characteristics, dividing equipment operation into three stages: start-up impact, steady-state
operation, and shutdown buffer. The power value and duration of each stage are calibrated by
statistical fitting of multiple groups of measured data, and the fitting error is controlled within
5%. The segmented equipment power model Pi(f) is constructed, and its expression is as
follows:

Pi,start te[ti,09 ti,0+ ti,start]
Pi(t) = Pi,steady te(ti,0+ ti,starta ti,O + ti,start + ti,steady) (2)
Pi,stop te(ti,0+ ti,start+ ti,steadyo ti,0+ ti,total)

where, Pigsiart, Pisteady, and Pigp are the power values of equipment 7 in the start-up, steady-
state, and shutdown stages, respectively; #; s and fisweaqy are the durations of the start-up and
steady-state stages, respectively; and # 0 1S the total duration for equipment i to execute the
corresponding process. The load layer generates the total workshop load curve by superposing
the segmented equipment power data along the time axis, and defines the 15-minute sliding
average peak value Ppear,15 as the core evaluation indicator. Its calculation is as follows:

14
1
Prearas(0= Max =" Py 2+ M) )
A=0

where, Piwi(7) 1s the total load at time 7. This indicator sets thresholds in combination with
workshop transformer capacity and power grid safety specifications, providing a quantitative
standard for load constraint control.

The three-level association realizes dynamic coupling through a parameterized matrix,
which is the core technical innovation of the modelling method, enabling accurate mapping
and real-time updating of processes, equipment, and loads. The rows of the parameterized
matrix M correspond to process IDs, and the columns correspond to time segments consistent
with the simulation step size of the continuous load state evolution module. The matrix
element is a triple of “equipment ID-power value—duration”, i.e., M,, , = (i, P; ,, At,), where m
is the process ID, n is the time segment index, i is the corresponding equipment ID, P;, is the
power value of equipment i in the n™ time segment, and At, is the duration of this time
segment. Matrix initialization is based on measured equipment power data and process
parameters, which are recorded in a unified format to ensure data consistency and accuracy.
During dynamic invocation, when the discrete event production scheduling module starts a
process, the matrix is indexed by the process ID, the corresponding power sequence is
extracted and pushed to the continuous load state evolution module in chronological order as
load update events. When abnormal conditions such as process priority adjustment or
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equipment failure occur, the matrix elements can be updated in real time to ensure dynamic
adaptability of the modelling.

2.3 Forward-looking adaptive coordinated scheduling mechanism based on Event—
Condition—Action

The core of the forward-looking adaptive coordinated scheduling mechanism based on ECA
is to break the limitations of traditional static rules and passive scheduling. Through a
configurable rule library, adaptive triggering logic, and quantitative conflict resolution,
forward-looking coordination between production scheduling and load control is realized,
taking into account the dynamic balance between load safety and production efficiency. Fig. 2
shows the closed-loop flowchart of the forward-looking adaptive coordinated scheduling
based on ECA. The mechanism takes the ECA framework as the core and constructs a
configurable coordinated scheduling rule library, covering three types of rules: load
constraints, production priority, and flexible regulation. All rules adopt parameterized
quantitative design to adapt to complex production scenarios. In the load constraint rules, the
workshop load safety threshold is calibrated using a multi-objective optimization method, and
the objective function is minF = | Prax+ @2 gerqy, Where w1 and wz are the weight
coefficients of load safety and production delay, respectively, Puac i1s the maximum
instantaneous power of the workshop, and Tuew, is the average order delay duration. This
formula balances power grid specifications and production requirements and determines a
reasonable load threshold range. The production priority rule constructs a dynamic calculation
model as follows:

T remaining

Sj = w3 T wy Clevel + a)SCcomplex (4)

T, total
where, S; is the dynamic priority of process j, Tremaining and Trors are the remaining processing
duration and total duration of the process, respectively, Ciever 1s the customer level, and Ceomprex
is the process complexity. The weights are calibrated by the analytic hierarchy process to
realize real-time updating of priority. The flexible regulation rule is based on the equipment
power—time trade-off relationship, defining regulation triggering conditions and recovery
mechanisms. When the load falls below 90 % of the safety threshold, the equipment resumes
rated power operation, and the processing duration compensation is A7=7—Ty. Combined with
the previously fitted nonlinear relationship, production progress is ensured to be controllable.

The adaptive triggering and conflict resolution mechanism is the core technical support
for achieving forward-looking coordination. A closed-loop process of “prediction—judgment—
resolution—execution” is constructed, completely solving the defect of passive response in
traditional scheduling. The triggering logic adopts a dual-trigger mode of coordination cycle
and production events. After each coordination cycle and production event occurs, the current
load data and rolling prediction value of load in the next L minutes are first read. The
prediction model is based on the power sequence of scheduled processes, and prediction
accuracy is quantified by mean absolute error and root mean square error. Conflict resolution
adopts quantitative decision logic, and the priority follows load safety > non-interruptible
orders > ordinary orders. The decision function is as follows:

P 7 Smin
f=Am e (1-2) 5
P limit Smax ( )
where, 4 is the load safety weight, P,v.- is the load violation magnitude, and Syi» and Sy are
the minimum and maximum priorities of the processes to be scheduled, respectively. The
smaller the value of f, the better the corresponding scheduling scheme. After precise conflict
resolution through this logic, adjustment instructions such as process shifting and equipment
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speed reduction are generated, and the event queue of the discrete event production
scheduling module is updated in real time to realize advance intervention of load violation.
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Figure 2: Closed-loop flowchart of forward-looking adaptive coordinated scheduling based on Event—
Condition—Action (ECA).

2.4 Execution procedure of the hybrid simulation algorithm

The hybrid simulation algorithm deeply integrates the three core innovations to form a closed-
loop coordinated simulation logic. The key steps focus on initialization, event advancement,
and coordination check. In the initialization stage, the process—equipment—load three-level
association matrix, production orders, equipment parameters, and coordinated rule library are
loaded. Key parameters such as the coordination cycle A7¢, and prediction window length L
are set, the simulation clock is reset to zero, and the event queue is initialized. The three-level
association matrix is loaded through a standardized interface to ensure unified data format
with each module, providing support for accurate load updating. During event advancement,
the earliest triggered production event in the event queue is extracted, the simulation clock is
advanced, and the total load is updated by indexing the equipment power sequence through
the association matrix. Real-time interaction between production events and load states is
realized based on the bidirectional coupling mechanism. The coordination check stage
embeds the ECA forward-looking mechanism. After each coordination cycle or when a load
mutation occurs, rolling prediction of the load in the next L minutes is started, rule
verification and conflict resolution are executed, and adjustment instructions are generated to
update the event queue, realizing advance intervention of load violation. The algorithm
pseudocode is as follows:

Algorithm: Hybrid event-state coordinated simulation algorithm

Input: process—equipment—load three-level association matrix M, production order dataset,
equipment operating parameters, ECA coordinated scheduling rule library
Output: workshop electrical load curve, production scheduling execution record, comprehensive
performance evaluation indicators
Initialization:

Simulation clock 7 « 0

Coordination decision cycle AT, load prediction window length L

Production event queue Q «—initial production event set

Workshop total load Py« 0
Loop execution: when ¢ < total simulation duration and event queue Q is not empty

1. Extract event: obtain the earliest triggered production event e from queue Q, and advance the

simulation clock to the triggering time of event e
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2. Update production module: update equipment operating state, and index the matched equipment
power sequence Ps., through matrix M
3. Update load module: calculate total load P = sum of all equipment power, and store real-
time load data
4. Coordinated scheduling judgment:
If the current time is a coordination cycle node or equipment power mutation is detected
Based on power sequence Pi.,, predict the load curve Ppr.q in the next L minutes
Execute ECA rules: complete load safety verification and scheduling conflict resolution
Generate production adjustment instructions and update event queue Q
End if
5. Simulation step advancement: ¢ «<— ¢ + continuous state evolution step Aty
End loop
Output all simulation results

The key parameters AT., and L are optimized through pre-experimental sensitivity
analysis. The sensitivity coefficient is calculated as follows:

AY/Y,
T AXIX, ©

0
where, X is the parameter to be optimized, and Y is the load violation rate or production delay
rate. After multiple experiments, the optimal configuration is determined as AT, = 1-2
minutes and L = 20-30 minutes. At this time, the sensitivity coefficient is lower than 0.15,

and the simulation performance reaches the optimum, balancing accuracy and computational
efficiency, verifying the engineering feasibility of the algorithm.

3. PERFORMANCE EVALUATION OF COORDINATED SCHEDULING
STRATEGY

3.1 Experimental environment and parameter settings

The experiments are completed on a joint simulation platform of MATLAB R2024b and
AnyLogic 2024. The hardware configuration is an Intel Core 19-13900HX processor and
64 GB memory, which can support parallel computation of discrete production event
advancement and continuous load state evolution, and can still maintain stable computation
speed under complex order scenarios. The experimental input data are taken from actual
operation records of a construction machinery machining workshop, including 12 variable-
frequency driven production equipment and 30 batches of production orders. Each order
contains 2—-5 processing operations. The adjustable power range of equipment is 50 %—100 %
of the rated value, and the rated capacity of the workshop distribution transformer is
1200 kW. All equipment power segmentation parameters, process processing durations, and
order delivery deadlines are collected on site and statistically calibrated, which can reflect
load fluctuations and scheduling characteristics of real production. According to the previous
parameter sensitivity test, the coordination check cycle in this experiment is set to 1 min, the
load rolling prediction window length is set to 25 min, and equipment power reduction
regulation is executed at two levels of 70% and 50%. While ensuring the real-time
performance of coordinated decision-making, additional computational overhead caused by
too short step size is avoided.

3.2 Experimental design

The experiment adopts three groups of progressive schemes to verify the effectiveness of the
method from three aspects: overall performance, operating condition adaptability, and module
contribution. The first group is the baseline comparison, setting two types of comparison
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methods. One is a scheduling method completely aiming at production delivery without load
coordination, and the other is a static limit method commonly used in industry, which
performs production scheduling first and verification later, followed by manual adjustment
after limit violation. The improvement effect of the proposed method is reflected through
multi-dimensional indicator comparison. The second group conducts robustness tests under
different production load intensities, including a low-load condition with average equipment
utilization of 60 %, a near full-load condition with 85 % utilization, and a high-fluctuation
condition with random order arrivals and frequent equipment start—stop, to observe the
stability of the method under extreme and conventional scenarios. The third group is a single-
variable sensitivity experiment. By removing the bidirectional coupling mechanism, the three-
level association power modelling, and the forward-looking load prediction module in
sequence, three comparison schemes are constructed to quantify the influence degree of each
core design on the final scheduling and simulation results. All experiments adopt the same
order sequence and random initial conditions. The evaluation indicators cover four categories:
distribution safety, production performance, energy consumption cost, and simulation
accuracy, ensuring that the results are comparable and have engineering reference value.

3.3 Experimental results and analysis

The baseline comparison experimental results are shown in Table I. The scheme that only
pursues production priority almost does not consider distribution constraints. The maximum
load peak reaches 1428.6 kW, which has obviously exceeded the transformer safety capacity,
and the proportion of load violation time is close to 29 %. Although delay control is relatively
good, it is not executable in actual production. The static load limit method truncates load
peaks afterward and controls the violation rate to 12.35 %, but passive adjustment directly
disrupts the original production schedule, and the average order delay rate increases to
9.72 %, resulting in unsatisfactory economy and production continuity. The method proposed
in this paper realizes synchronous iteration of production and load within a unified simulation
framework. The peak power is controlled at 1172.3 kW, the load violation rate is reduced to
4.16 %, and the maximum order delay is only 1.2 days, with an average delay rate of 3.24 %.
The total electricity cost is reduced by 18.64 % compared with the static method, and the
mean absolute error of load simulation is further reduced, indicating that coordinated
scheduling can match the workshop distribution capacity constraints more smoothly while
ensuring production.

Table I: Baseline method comparison experimental results.

Evaluation indicator Production—Priority without | Schedule-First Proposed
coordination scheme static scheme | coordinated method
Maximum load peak / kW 1428.6 1257.2 1172.3
Load violation rate / % 28.72 12.35 4.16
Cumulati.ve Viol.ation 2815 1183 237
duration / min
Load fluctuation coefficient 0.342 0.246 0.189
Maximum order delay /d 0.8 3.6 1.2
Average order delay rate / % 1.15 9.72 3.24
Total electricity cost of 9864.5 87213 7092.7
simulation period / yuan
Load simulation MAE / kW 87.6 42.3 19.4

The operating results under different load scenarios are shown in Table II. Under the low-
load condition, the overall equipment operation density is low. The load violation rate of the
proposed method is only 0.08 %, and the production delay is controlled at 1.52 %. The system
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operates smoothly overall, and active regulation is hardly required. The critical load condition
is close to the transformer upper limit. Slightly dense production scheduling will trigger peak
violations. The method can still control the violation rate at 4.83 %, with cumulative violation
duration of 24.6 min, and the increase in delay rate is limited. Under the high-fluctuation
condition, order arrivals and equipment start—stop show strong randomness, load shocks are
frequent, and the fluctuation coefficient rises to 0.317, but the violation rate is still controlled
at about 5.02 %, and no concentrated production delay occurs. These results indicate that the
method has good adaptability to production intensity changes and can still maintain stable
coordinated effects under conditions close to capacity boundary and strong disturbance
environments.

Table II: Multi-scenario robustness experimental results.

. Load Cu‘mulz.ltlve Production Load Total . Loaq
Experimental | . . violation . . . simulation
. violation . delay rate | fluctuation | electricity
scenario duration . mean absolute
rate /% . /% coefficient | cost/yuan
/min error / kW
Low-load 0.08 12 152 0.124 62143 12.7
scenario
Critical load 483 24.6 411 0.206 7126.5 18.9
scenario
High-fluctuation | g 28.9 437 0317 7243 .8 213
load scenario

To further clarify the actual contribution of each core design, a single-variable removal
experiment is conducted on the model structure, and the results are shown in Table III. After
removing the bidirectional coupling mechanism, production events and load states can only
be transmitted in one direction, and scheduling decisions lag behind load changes. The
violation rate increases to 9.64 %, and the simulation error also expands significantly. After
replacing the three-level segmented modelling with traditional constant power, the system
cannot identify equipment start-up impact and multi-process superposition peaks, the load
characterization accuracy decreases, and the violation control effect becomes worse. When
forward-looking prediction is cancelled and only passive response after violation occurs is
adopted, scheduling lacks predictability, peak suppression capability decreases significantly,
the violation rate reaches 11.73 %, and the delay rate increases simultaneously. The three
comparison groups show that bidirectional coupling, three-level association modelling, and
forward-looking scheduling do not act independently, but support each other and jointly
constitute the performance foundation of the overall method. The absence of any single
module will significantly weaken the reliability of coordinated scheduling and simulation.

Table III: Sensitivity analysis results of core innovation modules.

. Load | Maximum Cu.mulz.ltlve Load . Loaq Average
Experimental S . violation . simulation
violation | load peak . fluctuation delay
scheme duration . mean absolute
rate / % kW . coefficient rate /%
/min error / kW
Proposed complete | 4 ¢ 1172.3 23.7 0.189 19.4 3.24
method
Remove bidirectional | 1268.5 76.4 0.253 38.6 6.15
coupling mechanism
Remove three-level | ¢ 57 1294.1 65.2 0.271 67.2 5.83
association modelling
Remove forward-
looking prediction 11.73 1312.8 92.8 0.296 41.9 7.96
mechanism
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Figure 3: Production scheduling Gantt chart and workshop total load curve overlay under critical load
scenario.

To verify the coordinated optimization effect of coordinated scheduling on production
scheduling and load control under the critical load scenario, a comparative experiment is
conducted. Fig. 3 shows the production scheduling Gantt chart of the proposed method. It can
be seen that for the load peak risk around 60 minutes, the system triggers two types of
regulation actions through forward-looking scheduling, reducing the execution power of
process E to 70 % and shifting process B backward, completing load intervention without
disrupting the core production rhythm. The load curve in Fig.3 shows that without
coordinated scheduling, the workshop peak load reaches 1340 kW, which significantly
exceeds the transformer safety threshold of 1200 kW. The proposed method reduces the peak
to 1185 kW through coordinated scheduling, completely controlling it within the safety range.
At the same time, the overall load curve fluctuation is smoother, and no concentrated
violation occurs. The experimental results indicate that the proposed method can effectively
suppress load peaks under the critical load condition through coordinated regulation of
process shifting and equipment speed reduction while ensuring production continuity,
realizing deep coordination between production management and electrical load, and
providing reliable support for safe and stable production under high-load workshop operation
scenarios.

From the overall results, the hybrid simulation framework proposed in this paper can
synchronously advance production scheduling and load evolution under a unified clock,
avoiding constraint delay and scheduling conflicts caused by traditional stepwise processing.
The three-level association modelling is closer to the actual power variation law of equipment
operation, improving the accuracy of load prediction and state tracking. The forward-looking
decision based on ECA can adjust process sequence or equipment power before peak
formation, reducing violation risk at the source rather than passively cutting load. Compared
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with existing commonly used industrial methods, the proposed scheme achieves more
balanced optimization among distribution safety, production fulfilment, and operational
economy. The results are more consistent with actual production conditions and can provide
implementable decision support for workshop-level production—load coordinated scheduling.

4. CONCLUSION

This paper addressed the engineering requirements of coordinated control between production
management and electrical equipment load, constructed a hybrid event—state coupled
coordinated simulation framework, proposed a process—equipment—load three-level
association modelling method, and designed a forward-looking adaptive coordinated
scheduling mechanism based on event—condition—action logic, forming a complete
production—load coordinated scheduling technical system covering modelling, simulation, and
decision-making. Experimental results show that the proposed method controlled the
workshop load violation rate at 4.16 %, and only 5.02 % under high-fluctuation production
scenarios. It can effectively suppress load peaks and smooth load fluctuations, while
maintaining the average production delay rate at a low level of 3.24 %. Compared with the
schedule-first static method commonly used in industrial practice, the total electricity cost
was reduced by 18.64 %, and the load simulation mean absolute error was reduced from
423 kW to 19.4 kW, with accuracy improved by more than 50%. Stable regulation
performance can be maintained under both critical full-load and strong fluctuation production
conditions.

This study breaks through the technical limitation that traditional production scheduling
and electrical load control are separated, realizing real-time bidirectional interaction between
discrete production events and continuous load states, and providing a more refined load
dynamic characterization method and proactive coordinated decision paradigm for the
production simulation field. The proposed method can complete parameter calibration and
model deployment based on on-site measured data and can be directly adapted to the actual
operation scenarios of machining workshops. It can provide technical support for load peak
shaving and valley filling and distribution safety control in intelligent manufacturing
workshops and can also achieve energy consumption cost optimization while ensuring
production efficiency. At the same time, it provides a reference research idea for simulation
and optimization of complex production systems with multi-physical process coupling and
multi-resource coordination.
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  S =   ΔY/  Y 0  ΔX/  X 0


  f = λ    P  over   P  limit + (1 – λ)    S  min   S  max


   S  j  =   ω 3    T  remaining   T  total  +   ω 4  C  level  +    ω 5  C  complex


    min ⁡  F  =   ω 1  P  max   +   ω 2  T  delay


   M  m,n  = (i,   P  i,n , Δ  t n )


   P  peak,15 (t)=     max  t-15≤τ≤t ⁡   1  15   ∑  Δτ=0  14   P  total (τ + Δτ)


   P i (t) =  {     P  i,start  t∈[  t  i,0 ,   t  i,0 +   t  i,start ]    P  i,steady  t∈(  t  i,0 +   t  i,start ,   t  i,0  +   t  i,start  +   t  i,steady )    P  i,stop  t∈(  t  i,0 +   t  i,start +   t  i,steady ,   t  i,0 +   t  i,total )


  λ =    P  total (t) –   P  limit   P  limit


   P  total (t)=   ∑  i=1 n   P i (t)

