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Abstract

This work presents the results of a research study focused on the development and evalua-
tion of an algorithmic optimal control framework for energy-efficient operation of screw
compressors in smart power systems. The proposed approach is based on the Pontryagin
maximum principle (PMP), which enables the synthesis of a mathematically grounded
regulator that minimizes the total energy consumption of a nonlinear electromechanical
system composed of a screw compressor and a variable-frequency induction motor. Un-
like conventional PID controllers, the developed algorithm explicitly incorporates system
constraints, nonlinear dynamics, and performance trade-offs into the control law, allow-
ing for improved adaptability and energy-aware operation. Simulation results obtained
using MATLAB/Simulink confirm that the PMP-based regulator outperforms classical
PID solutions in both transient and steady-state regimes. Experimental tests conducted
in accordance with standard energy consumption evaluation methods showed that the
proposed PMP-based controller provides a reduction in specific energy consumption of up
to 18% under dynamic load conditions compared to a well-tuned basic PID controller, while
maintaining high control accuracy, faster settling, and complete suppression of overshoot
under external disturbances. The control system demonstrates robustness to parametric
uncertainty and load variability, maintaining a statistical pressure error below 0.2%. The
regulator’s structure is compatible with real-time execution on industrial programmable
logic controllers (PLCs), supporting integration into intelligent automation systems and
smart grid infrastructures. The discrete-time PLC implementation of the regulator requires
only 103 arithmetic operations per cycle and less than 10? kB of RAM for state, buffers,
and logging, making it suitable for mid-range industrial controllers under 2-10 ms task
cycles. Fault-tolerance is ensured via range and rate-of-change checks, residual-based
plausibility tests, and safe fallbacks (baseline PID or torque-limited speed hold) in case
of sensor faults. Furthermore, the proposed approach lays the groundwork for hybrid
extensions combining model-based control with Al-driven optimization and learning mech-
anisms, including reinforcement learning, surrogate modeling, and digital twins. These
enhancements open pathways toward predictive, self-adaptive compressor control with
embedded energy optimization. The research outcomes contribute to the broader field
of algorithmic control in power electronics, offering a scalable and analytically justified
alternative to heuristic and empirical tuning approaches commonly used in industry. The
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results highlight the potential of advanced control algorithms to enhance the efficiency,
stability, and intelligence of energy-intensive components within the context of Industry
4.0 and sustainable energy systems.

Keywords: optimal control algorithms; Pontryagin maximum principle; energy-efficient
compressor operation; nonlinear system modeling; Al-assisted control; real-time imple-
mentation; screw compressor drive; smart grid integration; power electronics optimization

1. Introduction

In today’s rapidly changing global industrial landscape, compressed air systems
are a critical factor in the energy efficiency of plants. It is estimated that around 10%
of the entire electricity consumed in industry is used in the production and distribution
of compressed air, with the energy efficiency of these systems often being equal to only
85-94%, which translates into losses of 6% to 15% [1,2]. Such inefficiencies are directly
translated into increased operating costs, an increased carbon footprint, and more difficult
green audits [3]. At the same time, the new era of Industry 4.0 (defined as the digital
transformation of industrial processes through cyber-physical systems, IIoT, Al and big
data technologies) places high demands on the reliability, robustness, adaptability, and

‘smartness” of compressor system control [4]. In this study, the concept of Industry 4.0 is

understood as the ongoing digital transformation of manufacturing and industrial systems,
which is characterized by the integration of cyber-physical systems, the Industrial Internet
of Things (IloT), big data analytics, cloud and edge computing, and artificial intelligence
into production and energy infrastructures. The main aim of Industry 4.0 is to create
highly flexible, adaptive, and self-optimizing industrial processes, enabling sustainable
and intelligent operation of energy-intensive equipment such as compressors. They must
cope with parametric and structural uncertainties, rapid load changes, measurement noise,
and real-time computing power constraints [5].

Previously proposed solutions include the classic load-unload approach (cyclic ex-
citation and pressure relief through a storage tank). In refs. [6,7], adaptive algorithms
were implemented that make it possible to achieve the optimal “switching” pressure and
reduce energy consumption by 4-8% due to dynamic parameter adjustment. However,
concentrated transient consumption and the need for large tank volumes make it difficult
to operate sustainably, reducing the retribution effect.

An alternative to traditional methods is the active implementation of VSD/VFD
(Variable Speed/Variable Frequency Drives) technologies. Field studies, including reviews
from Atlas Copco, show that switching to a VSD compressor can save between 10% and 30%
of energy, with savings ranging from 12% to 30% depending on consumption dynamics [8,9].
With a load reduction of up to 30%, VSD units can operate at the equivalent of 20-35%
of power, which dramatically reduces energy costs. However, these systems require a
significant capital investment, with a 15 to 30 percent higher price than that of standard
fixed drives. In addition, the efficiency of VFD drops under constant load, when the
efficiency of the inverter is noticeably reduced due to switching losses. These systems are
also sensitive to operating conditions (high temperatures, humidity, and contamination can
reduce service life and require additional maintenance costs).

In a more comprehensive approach, in the course of modeling systems with several
compressors, the authors of [10,11] show that optimizing their operating strategy can
reduce energy consumption by 5-32%, and the use of lookup tables provides stable savings
of about 12%. This approach is based on a thorough experimental determination of the



Algorithms 2025, 18, 583

3 0f 36

characteristics of compressors and the development of specific operating modes. However,
a significant disadvantage is the need to collect large amounts of data and create accurate
maps of compressors, as well as regular reconfiguration when production conditions
change, which reduces the operational efficiency of the method.

One of the most innovative areas is the use of Model Predictive Control (MPC) in
HVAC and refrigeration systems. For example, studies by Sciencedirect and MDPI have
demonstrated that MPC can provide energy savings in the range of 12-40% compared to
traditional control methods [12,13]. For example, in one field experiment, MPC saved up to
40% of the energy of the HVAC system, and improved temperature control was achieved
with an accuracy of 0.1 °C and humidity of £0.13 g/kg of dry air, while reducing energy
costs by 22.5%. However, in an industrial environment, MPC is hampered by compute
limitations, i.e., the complexity of the model and the need to update real-time optimizations
require high controller power or pre-calculations, which limits widespread adoption.

Another branch of the research, related to load-shifting and sequencing, has shown
efficacy in refrigeration units. The authors achieved savings of up to 20% due to pre-cooling
and optimization of the order of compressor switching [14]. But this approach is highly
dependent on the thermal inertia of the systems, which reduces its applicability for air
compressors, the dynamics of which are much higher.

Modern mathematical approaches, including optimal control with PDE constraints,
Physics-Informed Neural Networks (PINNSs), and reduced-order models, have the potential
to create comprehensively validated control [4]. However, they require advanced comput-
ing power and complex simulations, which makes them inapplicable in conditions of time
and resource constraints, especially in real time [12].

At the same time, methods of online reverse optimization with on-the-fly adaptation
of models (Gaussian Process Regression plus Feedback Optimization) are being actively
developed, allowing for reducing the effect of modeling errors from +5% losses to ~0.8%,
almost reaching the optimum under different loads [4,5]. This is especially important in
light of unstable operation and uncertain temperatures and humidity [15].

While the Pontryagin maximum principle (PMP) is indeed a foundational method in
optimal control theory, its practical application to complex nonlinear industrial systems,
such as screw compressor drives, remains a significant challenge. The scientific novelty
and contribution of this work are not in the theoretical derivation of PMP itself, but in its
innovative adaptation and implementation for a specific electromechanical system with the
following advancements:

- Development of a comprehensive nonlinear state-space model of the screw compressor
and frequency-controlled induction motor pair, suitable for PMP-based optimization
with an energy minimization criterion.

- Derivation of an analytically justified optimal control law that explicitly accounts for
real-world constraints on the control signal (frequency converter input) and system
states, ensuring physical implementability.

- Resolution of the practical issue of real-time computation on resource-constrained
hardware. The structure of the synthesized regulator is compatible with industrial
Programmable Logic Controllers (PLCs), moving beyond theoretical simulation into
the realm of industrial application.

Comprehensive validation through high-fidelity MATLAB/Simulink simulation and,
crucially, experimental testing on a physical compressor setup demonstrates significant
energy savings (12-18%) compared to industry-standard PID control under various load
disturbances. This experimental proof is a key step beyond purely theoretical or simulation-
based studies often found in the literature. Therefore, this work bridges the gap between



Algorithms 2025, 18, 583

4 of 36

advanced control theory and industrial practice, offering a tangible energy-efficient solution
for a common and energy-intensive industrial system.

The considered approaches demonstrate significant progress in theory and modeling,
but they have inherent limitations: static tables, high capital cost, dependence on conditions,
complexity of implementation, the need for high computing power, as well as a lack of
adaptability and stability in the face of noise and rapid change. An optimal regulator
based on the Pontryagin maximum principle allows combining theoretical rigor, energy
efficiency, and practical feasibility. The fact is that this approach is based on a clear analytical
deduction of the conditions of optimality, where the so-called Hamiltonian is formed for
each moment of time. And then an optimal control is selected that maximizes (or minimizes)
this Hamiltonian, taking into account all dynamic and technological constraints [16-18].

This study is aimed at solving the problem of excessive energy consumption of screw
compressor units through the development and implementation of an optimal pressure
regulator that provides minimal energy costs while maintaining the stability and reliability
of the system in real time. The scientific novelty of this study lies in the development and
practical substantiation of the optimal regulator for a screw compressor using the Pon-
tryagin maximum principle. For the first time, a complex mathematical model of “screw
compressor—induction motor with frequency control” was implemented, presented in the
form of a system of nonlinear differential equations of the state, suitable for optimization
by the criterion of minimizing the total energy spent on the compression process [19].
Particular attention is paid to the application of theoretically based control in real in-
dustrial conditions: the model is adapted for the integration with real-time systems and
programmable logic controllers (PLC), which makes the proposed solution relevant for
intelligent distributed energy systems (smart grid) and autonomous compressor stations.
The proposed structure of the regulator allows considering restrictions on regulated vari-
ables, as well as dynamic deviations and external disturbances, which ensures the stability
and reliability of the entire system operation under variable load conditions [20].

The purpose of this work is to develop and verify an energy-efficient pressure control
system at the outlet of a screw compressor, which provides minimal energy consumption in
various operating modes and external disturbances, with the possibility of integration into
intelligent automated complexes. In contrast to traditional PID controllers, the proposed
approach provides for the synthesis of the regulator based on a strict mathematical appara-
tus of optimal control and its approbation in a closed loop, taking into account physically
realizable constraints.

In addition, the developed optimal control system can be expanded through the use
of modern artificial intelligence approaches, including reinforcement learning and surro-
gate modeling. This creates the basis for the construction of hybrid regulators capable of
self-learning and adaptation to a dynamically changing load structure. In view of this,
the presented approach organically fits into the direction of intelligent control of power
electronics, finding application in distributed energy networks, smart microgrids, and
digital twins of electric drive systems. Compared to previously applied methods such as
conventional PID control, variable-speed drive solutions, lookup-table-based optimiza-
tion, and even advanced Model Predictive Control (MPC), the proposed algorithm offers
several key advantages. Unlike PID controllers, which are often tuned empirically and
exhibit overshoot and oscillations under varying loads, the Pontryagin-based regulator
is derived from rigorous optimality conditions, ensuring analytical correctness and sta-
bility. In contrast to VSD/VFD technologies, which primarily improve efficiency at the
hardware level but require significant capital costs, our approach achieves energy savings
through control logic without additional equipment. While MPC is powerful, it faces
limitations due to real-time computational demands in industrial environments, whereas
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the PMP-based algorithm provides a closed-form optimal control law suitable for PLC
implementation. Finally, unlike static lookup tables or heuristic sequencing strategies,
the developed regulator inherently adapts to changing loads and uncertainties without
the need for reconfiguration. These features highlight the novelty of our contribution: a
mathematically justified, energy-efficient, and practically feasible control algorithm that
bridges the gap between theoretical rigor and industrial applicability.

2. Methods and Materials
2.1. Experimental Setup and Data

In this study, the simple PID controller and the Pontryagin maximum principle for
controlling screw compressors were compared based on the following factors:

1.  In Central Asia, compressor stations often suffer from irregular maintenance and
parameter drift after repairs. Predictive controllers such as MPC, although effective in
laboratory conditions, are very sensitive to model mismatch and can quickly fail when
compressor parameters change. On the other hand, the PMP-based controller is more
robust to such changes, ensuring stable operation even with a temporary decrease
in efficiency. This characteristic makes PMP a safer and more sustainable choice for
long-term implementation in these regions.

2. Many compressor stations in Kazakhstan still use PID controllers. Replacing them
with an MPC system would require significant staff retraining and significant com-
puting resources. In contrast, PMP offers a rigorous mathematical control law that
can be implemented on industrial PLCs with minimal modification of the existing
infrastructure, simplifying the modernization process.

3. While PMP does not always achieve the maximum theoretical energy savings asso-
ciated with predictive Al methods, it does provide a trade-off of up to 18% energy
savings, any overshoot, and increased reliability without the operational risks asso-
ciated with predictive approaches. This balance is critical in the industrial context
under consideration.

Fault detection and tolerance (FDT). Pressure, current, and voltage signals are sub-
jected to range checks, rate-of-change gates, and residual-based plausibility tests against a
first-order observer. Fault flags are raised if out-of-range readings persist for >100 ms. The
variance within a sliding 1 s window falls below a stuck-at threshold while the command
changes. Alternatively, the residual exceeds a z-score threshold for >50 ms. In the case of
a confirmed fault, the controller performs a bumpless transfer to a safe fallback (baseline
PID with conservative gains or a torque-limited speed hold), limits the command slew rate,
and opens protective logic (e.g., relief or shutdown) if pressure deviates from admissible
bounds. Missing samples are bridged for <200 ms by last-value hold with the clamped
slew. This was achieved using the following sensors/channels: SITRANS P200 4-20 mA
(Siemens AG, Berlin, Germany), NI-DAQ (National Instruments Corporation, Austin, TX,
USA), VED (Siemens AG, Berlin, Germany).

Scalability to other rotating machinery. The regulator relies on a state-space descrip-
tion and an energy-minimizing Hamiltonian that are not specific to screw compressors. For
other VFD-driven rotors (centrifugal pumps, axial/radial fans), the same synthesis applies
once the plant is represented by its standard flow-head-power relationships and actua-
tor/safety constraints. In pumps/fans, the Qo flow scales approximately with n speed,
head/pressure with P, and the shaft power indicator with N, while the closed-loop output
can be either pressure/head or flow depending on the process. In practice, the mapping
is the measured y€{P, n, Qout} output, the manipulated u = f input (VFD frequency), or
the equivalent torque limit. Constraints include actuator bounds, anti-surge/anti-stall or
anti-cavitation margins, minimum-flow recirculation, and thermal/current limits. With
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this substitution, the PMP-based structure (Figure 1) and its discrete-time implementation
on PLC remain unchanged; only the plant matrices, constraint set, and operating objective
are re-identified. Preliminary simulations on representative pump/fan models indicate
qualitative behavior consistent with the compressor case (smoother power draw, reduced
overshoot), supporting transferability of the method; detailed results will be reported in a
follow-up paper. The present manuscript focuses on the screw-compressor case to keep the
scope compact; extended cross-machine results are planned as separate publications.
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Figure 1. A schematic diagram of the experimental setup.

Real-time PLC implementation. The closed-loop regulator was coded in a discrete-
time form with a T = 2-10 ms task cycle. The implementation follows the structure in the
Figure 1, avoiding an explicit online integration of the ODEs costate by using an equivalent
algebraic form with first-order filters for smoothing (t = 0.1 s). Per cycle, the algorithm
performs ~103 arithmetic operations (additions, multiplications, a few saturations and
comparisons). The RAM budget comprises state and observer vectors (<2 kB), calibra-
tion/scaling constants (<2 kB), and optional ring buffers for 1 s of 1 kHz logging (<64 kB).
Total working memory remains below 10? kB. The code is IEC 61131-3/embedded-C
friendly and requires only single-precision math. IO handling and safety interlocks are
executed in the same task (Tables A1 and A2).

Within the framework of this study, a comprehensive methodology for experimental
and numerical analysis was implemented, aimed at developing an energy-efficient control
algorithm for a screw compressor integrated into a gas compressor station. The entire
range of works was based on the combination of engineering modeling, analytical methods
of optimal control, and computer simulation tools in the MATLAB/Simulink R2020b
environment. The key element of the methodology was the comparison of traditional PID
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control and the developed optimal regulator based on the Pontryagin maximum principle,
followed by an assessment of their energy efficiency under identical conditions. This
approach allowed for scientific rigor while maintaining practical applicability to real-world
industrial automation systems.

The physical object of the study was the ZIF-SVE-3.5/1.0 (JSC “Zavod imeni Frunze”,
Samara, Russia) screw compressor unit equipped with a 5AM 315 M2 VEMZ (Votkinsky
Electromechanical Plant, Votkinsk, Russia) induction motor connected to the compressor
rotor through a coupling. The compressor is an oil-injected unit with a maximum output
pressure of 0.7 MPa and a capacity of up to 22 m®/min. The engine is made using an
explosion-proof design and has a rated power of 200 kW at a speed of 2975 rpm. These
technologies were chosen for their prevalence in real-world industrial environments, as
well as their compatibility with programmable logic controllers (PLCs), which was critical
for further translating the solutions to a real-time platform. The ZIF-SVE-3.5/1.0 screw
compressor was selected for this study because it is representative of medium-capacity
oil-injected screw compressors that are widely used in industrial plants and gas compressor
stations. Its technical parameters (capacity of up to 22 m3/min, rated power of 200 kW)
correspond to typical units applied in distributed energy systems, which makes it an
appropriate benchmark for both laboratory testing and industrial validation. In addition,
the availability of this unit on our laboratory bench and the SCS1 gas compressor station
enabled direct experimental verification, ensuring that the developed model reflects realistic
operating conditions.

The numerical simulation results were validated against experimental measurements
both on the laboratory bench and at the industrial SCS1 gas compressor station. In the
experiments, outlet pressure, shaft speed, and electrical power consumption were recorded
under step disturbances and load variations identical to those used in the simulation
scenarios. A direct comparison showed that the deviation between simulated and measured
steady-state pressure did not exceed 3%, while the difference in active power consumption
remained within 5%. The transient response characteristics (settling time and overshoot)
were qualitatively consistent, confirming that the proposed model accurately captures the
real system dynamics.

Importantly, the proposed optimal control algorithm is not limited to this specific
model. Since it is derived from the general nonlinear state-space representation of a screw
compressor coupled with a frequency-controlled induction motor, the approach is trans-
ferable to other compressor units of different capacities and manufacturers. The required
adaptation is limited to parameter identification (such as volumetric efficiency, leakage co-
efficients, and motor inertia), while the structure of the Pontryagin-based regulator remains
unchanged. This ensures compatibility of the algorithm with a broad class of screw com-
pressors and even related rotating equipment, including centrifugal compressors, pumps,
and fans.

In addition to numerical modeling, the experimental work was conducted to test the
developed model at a real SCS1 gas compressor station of the “C” route of the Kazakhstan-
China gas pipeline (near the village of Baspandy, South Kazakhstan region). The tests
were performed on compressor units with the parameters comparable to the design model
(capacity of up to 516,750 m3/h, capacity of up to 30-40 MW). In the course of testing, the
regulator demonstrated stable pressure maintenance and a decrease in power consumption
peaks compared to traditional control methods. The experimental data obtained were
used to validate the adequacy of the mathematical model and confirm its applicability for
industrial installations of a similar type.

The development of the mathematical model began with the formalization of the
dynamics of a screw compressor. The model uses assumptions about the ideality of the gas,
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the equality of temperatures at the inlet and the outlet of the compressor, the identity of the
geometry of the master and slave rotors. The compressor performance was determined
based on the volume of integrator cavities passing through the exhaust port per unit of time,
taking into account losses due to leaks, internal friction, and imperfect screw shapes. The
dependence of the outlet pressure on the gas flow rate and shaft speed was derived, which
made it possible to linearly link the speed of the motor and the operating parameters of the
compressor. The induction motor was described by a simplified model, which considered
its moment of inertia, nominal slip, motor torque, and the frequency converter factor. The
model included the calculation of shaft torque, dynamic momentum, and the dependence
of speed on the control signal at the input of the inverter. Time constants and mechanical
parameters were also calculated to evaluate transients.

The purpose of using the mathematical apparatus of optimal control was to build a
regulator that minimizes the total energy consumed by the engine in the process of gas
compression. To do this, the Pontryagin maximum principle was used, which allowed
formulating the problem in the form of a Cauchy problem with built-in control constraints.
Optimization was carried out in a state where the input control signal is limited to a
given interval, and the system itself is represented in the form of equations of state, with
the inclusion of the conjugate system required to calculate the functional gradient. A
Hamilton function was constructed, including phase variables, conjugate variables, and
a control variable. Based on the maximum conditions, the optimal control structure was
obtained, and equations were derived for calculating the control signal in real time. This
made it possible to formalize the structure of an optimal regulator suitable for digital
implementation. The resulting solution allowed considering the restrictions on the control
action and compensating for external disturbances in real operating conditions.

To assess the effectiveness of the proposed approach, a modeling system was created in
MATLAB/Simulink. First of all, a model of a technological facility with a PID controller was
built, whose parameters were selected on the basis of standard methods of adjustment by
transient response. Then a similar model was implemented with an optimal regulator based
on the Pontryagin principle. In both cases, a scheme for measuring the consumed active
power was built into the system using a three-phase current and voltage measurement unit
and an active and reactive power calculation unit.

Particular attention was paid to the synthesis of a closed-loop system with pressure
feedback provided by a pressure sensor with a current output signal of 4-20 mA, which
corresponds to the range of 0-1 MPa. For the correct interpretation of the output signal, a
scale factor was used associated with the calibration of the analog input of the PLC. This
allowed implementing a physically meaningful relationship between the control signal and
the output parameters of the compressor, as well as to evaluate the stability, control time
and steady-state error for both types of regulators.

The mathematical transformations carried out within the model included both analyti-
cal calculations (linear transformation of equations of motion, calculation of derivatives,
compilation of a conjugate system) and numerical integration of equations of state. The
use of coordinate systems, the reduction in second-order equations to first-order equations,
and the transition to the normal form of the system made it possible to effectively apply
the Pontryagin method and obtain optimal control in the form of a closed function of the
state of the system [21]. Experimental modeling was accompanied by the introduction of
perturbations in the form of pressure jumps or changes in the control action. The reaction
of the system was recorded in the form of graphs of pressure and power changes, which
allowed visualizing the behavior of the system under the influence of various regulators.



Algorithms 2025, 18, 583

9 of 36

To verify the mathematical model and to assess the effectiveness of the proposed
control algorithm, full-scale tests were performed on a laboratory bench with a screw
compressor. The functional set of the experimental bench includes:

- Ascrew ZIF-SVE-3.5/1.0 compressor (JSC “Zavod imeni Frunze”, Samara, Russia)
with a 5AM 315 M2 VEMZ induction motor (200 kW, 2975 rpm).

- A Delta VFD-E frequency converter (Delta Electronics, Inc., Taipei, Taiwan) with a
0-10 V analog input and a 0-50 Hz control range.

- A Siemens SITRANS P200 (Siemens AG, Berlin, Germany) pressure sensor (a 0-1 MPa
range, a 4-20 mA output).

- A National Instruments CompactDAQ (National Instruments Corporation, Austin,
TX, USA) data acquisition module with a sampling rate of 1 kHz.

- Astorage receiver with a volume of 500 L for pressure stabilization.

Table 1 summarizes the main test parameters, including operating modes and disturbances.

Table 1. Main test parameters of the screw compressor laboratory bench.

Parameter Value
Pressure Rating 0.7 MPa

Inlet gas temperature 20+£2°C
Shaft speed 1500-3000 rpm
Amplitude of step disturbance 0.025-0.5 MPa
Control Voltage (U;;,) 05-14V

Figure 1 presents a schematic diagram of the experimental setup. Photographs of the
equipment are not included due to institutional restrictions, but the schematic shows the
main elements: a screw compressor unit, an induction motor with VFD, a pressure sensor
(Siemens SITRANS P200, 0-1 MPa, £0.25% E.S.), voltage and current sensors (NI Com-
pactDAQ, £0.5%), PLC (Siemens S7-1500) and a data acquisition system (NI DAQ). The
measurement signals were sampled at 1 kHz, stored in a ring buffer, and then downsam-
pled to 100 Hz for analysis. All sensors were calibrated before and after the campaign using
certified pressure and electrical standards. The PLC provided synchronous acquisition of
control inputs and outputs, ensuring accurate alignment for dynamic analysis. Missing
samples (<200 ms) were handled with the last-value hold and clamped slew.

Noise and delay modeling. To approximate industrial conditions, we extended the
model with additive white Gaussian noise on measured pressure, voltage, and current
channels, using sensor-typical levels (0.25% E.S. for pressure, 0.5% for electrical measure-
ments). Additionally, input/output communication delays were modeled as a discrete-time
transport lag of 1-2 PLC cycles (2-20 ms). Longer delays were also tested in simulation of
up to 50 ms. These perturbations were injected in the MATLAB/Simulink environment for
robustness assessment.

2.2. Validation Protocol and Energy Measurement Methodology

To ensure the validity of the obtained results, the methodology of energy consumption
measurement was aligned with industrial standards. In particular, the assessment followed
the guidelines of ISO 1217:2009 (Displacement compressors—Acceptance tests) [22], which
specifies procedures for measuring power input, pressure, and flow rate, as well as the
NREL Compressed Air Evaluation Protocol (2021). During experimental tests at the SCS1
compressor station, real-time measurements of pressure, shaft speed, and electrical active
power were obtained using calibrated Siemens SITRANS sensors and NI CompactDAQ
modules. The accuracy of active power measurements was within £2%, which is consistent
with the tolerance recommended in ISO 1217 [22]. This ensured that the experimental
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validation of the developed regulator is directly comparable with industry-standard perfor-
mance tests of compressor units.

To enhance the reliability and industry relevance of the reported energy savings data,
the testing procedure was aligned with the core principles of internationally recognized
guidelines for assessing the efficiency of compressed air systems, such as those outlined in
ISO 11011:2013 [Compressed Air—Energy Efficiency—Assessment] and the U.S. Depart-
ment of Energy’s Compressed Air Challenge best practices [23,24].

The key performance indicator (KPI) for energy efficiency was the specific power con-
sumption, defined as the active electrical power input (P,ctive) required to deliver a unit of
compressed air flow (Qout), effectively measured in kW / (m3/min). This metric was chosen
for its direct relevance to operational costs and its prevalence in industry benchmarks.

The experimental setup described above was adapted for direct measurement of:

- Active electrical power (P,ctive) measured at the input terminals of the frequency
converter using a certified three-phase power analyzer (Fluke 434 Series [I—Fluke
Corporation, Everett, WA, USA), ensuring accurate capture of real power consumption,
inclusive of drive losses.

- The volumetric flow rate (Qout) measured at the compressor outlet using a calibrated
thermal mass flow meter (Siemens SITRANS FM MAG 6000) positioned after the
receiver to account for stabilized flow.

The output pressure was maintained constant at the required setpoint (0.7 MPa) for
both control strategies during comparative tests to ensure a fair comparison. The reported
energy savings of 12-18% represent the average reduction in the specific power consump-
tion (P,ctive / Qout) achieved by the PMP-based controller compared to the optimized PID
controller across multiple load-change cycles. This methodology provides a reproducible
and industry-accepted basis for claiming energy efficiency improvements.

Field validation was organized in a stepwise manner to ensure both practical feasibility
and statistical representativeness. The campaign lasted four weeks in total and included
1-2 days of commissioning and calibration tests, 7 consecutive days of continuous daily
operation with controlled step disturbances, and a 3-week extended phase covering diverse
operational patterns, including weekday/weekend differences and alternating PID vs.
optimal control (A/B testing). This protocol yielded more than 20 operational days of
high-quality data, sufficient for robust statistical analysis of energy savings and stability.
To emulate seasonal and extreme conditions without the need for months-long testing,
the protocol included naturally different ambient windows (+15...435 °C, day/night
cycles), accelerated scenarios with extended load and pressure sweeps, and digital replay
of measured logs through MATLAB/Simulink with +10-20% parameter perturbations. A
longer-term seasonal campaign (3—6 months) is planned as follow-up work.

Economic and lifetime considerations. While the main scope of this study is on control-
system design and validation, a preliminary techno-economic assessment was performed.
Assuming an average industrial electricity price of 0.08-0.12 USD/kWh and the observed
energy savings of 12-18%, the payback period for implementing the optimal regulator
(software license, PLC integration, engineering) is estimated at 6-18 months for 200-500 kW
units running >4000 h/year. Maintenance costs are comparable to baseline PLC/PID
systems, as the regulator uses the same sensors and hardware. In addition to direct energy
savings, the smoother dynamic response and reduced overshoot decrease mechanical stress
on couplings, bearings, and seals, and reduce thermal cycling in motor windings and power
electronics, which can reasonably extend component lifetimes. Although a quantitative
life-cycle cost (LCC) analysis is beyond the scope of this paper, these preliminary figures
indicate a favorable return on investment.
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3. Mathematical Description of the Control System

At the first stage, a mathematical model of an electric drive system with a screw
compressor was made, and a subsequent synthesis of the optimal control system was
carried out. The main goal is to minimize active power consumption while maintaining
a high-quality dynamic response. As part of numerical experiments, the behavior of the
system is simulated with two different control strategies: a classical PID regulator and
a regulator based on the Pontryagin maximum principle. As a result of the comparison,
the effectiveness of the proposed optimal control is evaluated under conditions of limited
response time, permissible control range, and energy constraints, which is especially impor-
tant within the framework of the concept of sustainable and intelligent control in Industry
4.0 systems. This approach illustrates the potential of implementing intelligent control
algorithms in real-world industrial applications with a focus on reliability, adaptability, and
energy efficiency.

3.1. Simplified Mathematical Description of the Screw Compressor

For modeling and simulation purposes, the screw compressor was presented as a
simplified dynamic model that reflected the main relationships between shaft speed, volu-
metric capacity, and outlet pressure. The model took into account internal leakage, friction
losses, and imperfect compression efficiency. In particular, the volumetric flow was as-
sumed to be linearly dependent on the rotation speed of the shaft, and the outlet pressure
was calculated on the basis of the equation of state of the compressible gas, assuming
the equality of temperatures at the inlet and outlet. Losses due to leakage and friction
were accounted for by means of correction factors superimposed on the ideal equations of
performance and indicator power.

The final representation in the state space described the dynamic change in output
pressure as a function of shaft speed and load conditions. The model parameters, including
volumetric efficiency, a polytropic index, and leakage coefficients, were determined based
on the manufacturer’s data and published sources [25-27]. Such a simplified model
provided sufficient accuracy of transient reproduction for the purposes of synthesis of
control systems, eliminating excessive complexity of description. Detailed conclusions of
standard thermodynamic and geometric relations are omitted in this paper, since they are
well documented in [21,24]. Below are only the basic equations required to understand the
principles of modeling.

In the ideal case, when there are no losses and leaks, the theoretical capacity of a screw
compressor with two screws is [28]:

Qr = Lzinyf1 + Lzpna fo, (1)

where z; is the number of driving propeller runs; z; is the number of driven propeller runs.
L is the propeller length, m; f; is the area of the driving propeller trough, m?; f, is the area
of the driven propeller trough, m?; ny is the speed of the driving propeller, r/min; n, is the
speed of the driven propeller, r/min.

During gas compression in the screw compressor, there are constant power losses,
which are due to the fact that the screws of the compressor are not of an ideal shape and
size. Therefore, there are leaks of gas from the cavity to the cavity in the direction from the
discharge to the suction area, which causes part of the losses. Gas energy is also wasted by
friction on the screws and housing, by various shocks, etc. For these reasons, the power
used to compress the gas in the device is greater than the theoretical power required to
compress the same gas under ideal conditions. Such power is called indicator power [29]
and can be determined by the formula:
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Py, - (e" 1 —m) 1
W +Pout E 7 (2)

where N is the indicator power of the screw compressor, W; Q.+ is the compressor outlet

N:k'Qout'

capacity, m3/min. P, is the compressor inlet pressure, Pa. Py, is the compressor outlet
pressure, Pa; ¢ is the geometric compression ratio that varies from 2.6 to 4 at a constant flow
rate; k is the correction factor (from 1.05 to 1.18 depending on the size of the device); m is
the polytropic index for gas varying from 1.5 to 1.67 [23].

The mathematical description of the screw compressor with the assumptions made is

as follows:
Ky-n-p-A-e

k- Qout

The compressor drive motor has a complex mathematical description that is not

Pout = - Pin . K£- (3)

suitable for the chosen method. Therefore, a simplified mathematical description of a
frequency-controlled induction motor is discussed below.

Modeling Assumptions, Scope, and Physical Effects

For real-time implementability on industrial PLCs, the baseline plant model inten-
tionally adopts a reduced order: ideal-gas relation for pressure dynamics, leakage, and
mechanical losses represented by calibrated correction factors, and a simplified induction-
motor/drive description without magnetic saturation. This choice provides a deterministic,
low-latency model suitable for closed-loop implementation. To address physical com-
pleteness, Appendix B presents an extended model that explicitly incorporates (1) thermal
dynamics (mass—energy balance and heat exchange), (2) pressure-driven leakage flows with
temperature-dependent viscosity, (3) nonlinear friction (Coulomb + viscous + Stribeck),
and (4) magnetic saturation in the induction motor via a current-dependent magnetizing
inductance. Section 4.3 (Robustness and sensitivity) reports that including these effects
does not change the qualitative conclusions of the paper nor the ranking of controllers.

3.2. Mathematical Description of the Induction Motor with the PID Controller

A squirrel cage induction motor was modeled using a simplified dynamic description
that included the basic relationships between electromagnetic momentum, load momen-
tum, and angular shaft velocity. The speed was controlled by a frequency converter that
converted the control voltage into a linearly proportional change in the frequency of the
motor’s supply voltage.

The model was built in the form of a system of connected first-order differential
equations describing the dynamics of changes in rotational speed and electromagnetic
momentum in time. A classic PID controller with compressor output pressure feedback
was used as the basic control algorithm. The PID controller coefficients were adjusted
according to standard methods in order to ensure the required performance and minimize
static error. This representation allows the electric drive model to be integrated into the
overall compressor package simulation system and provides sufficient accuracy in the
description of transients over a range of operating loads. More complex effects, including
magnetic saturation and nonlinear slip, were not taken into account in this paper, since
they do not have a fundamental impact on the comparative analysis of control strategies.
A detailed step-by-step derivation of equations and calculations of coefficients is omitted
in this article, since they are described in detail in [24,30,31]. Below are only the basic
equations that are necessary for a general understanding of the model.

As a result of combining the equations of engine dynamics and the compressor model,
a combined system of Equation (4) was obtained, describing the relationship between the
compressor outlet pressure, angular rotational velocity, and electromagnetic torque of the
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motor. This equation serves as the basic basis for building a model in a state space and
further synthesis of both classical and optimal regulators.
Pout = Kf'w_Pin - Ke;

diaJ — Mm—Msmt .
= Jeq 4)

My, = K¢ - Ue — Myom - w.

This mathematical model of an induction motor with frequency regulation and a PID
controller is a system of related nonlinear differential equations that reflects the dynamics
of changes in torque, rotation speed, and pressure at the compressor outlet. The combined
Equation (4) relates the compressor outlet pressure, angular velocity, and the motor elec-
tromagnetic momentum, forming the basis for a complete simulation model of the system
control. Of particular importance is the fact that the structure of the equations allows for
implementation in a closed-loop digital control system. This allows it to be used in the
adaptive control loop, including mechanisms for automatic adjustment of parameters in
real time. It is important to note that the choice of a PID regulator as a basic control tool is
due to its simplicity and industrial sophistication. However, the simulation results based
on it show limited capabilities under dynamically changing loads and energy constraints.
For example, a PID regulator can provide satisfactory control quality near the rated modes,
but in case of sudden changes in outlet pressure or when operating under partial loads,
overshoots and an increase in power consumption are possible. This model, formed on the
basis of Equation (4), makes it possible to make a numerical analysis of such characteris-
tics as transient time, energy losses, and stability under interference conditions on signal
channels. In addition, the formalized appearance of the model allows it to be used as a
benchmark for comparison with more complex intelligent controllers, in particular, those
built on the basis of the Pontryagin principle, neural networks or fuzzy logic algorithms,
which is especially important when using CI approaches in control systems for electric
drives and compressors.

For the purposes of fair comparison, the PID controller was tuned using the classical
Ziegler-Nichols step response method, followed by fine adjustments based on the integral
time absolute error (ITAE) criterion to minimize overshoot and settling time. The final
parameters were a proportional gain (K, = 2.5), an integral gain (K; = 1.8), and a derivative
gain (K; = 0.12). These values provided stable operation under nominal conditions and
ensured that the controller was operating close to its best achievable performance within the
constraints of classical tuning. The tuning was performed at the rated compressor output
pressure of 0.7 MPa and a shaft speed of 2975 rpm, and it was validated under disturbances
applied during simulation. This ensured that the comparison with the Pontryagin-based
optimal regulator was consistent and unbiased.

3.3. Application of the Pontryagin Maximum Principle

The problem of control by energy minimization is of special interest and deserves spe-
cial attention in many branches of production. The maximum principle provides not only
a necessary but also a sufficient condition of optimality for control systems. In addition,
it allows obtaining the equations of extremals as a function of time and, when using the
conjugate system, the structure of the optimal controller without directly solving complex
equations, which is necessary for the construction of the optimal system. Therefore, the
Pontryagin maximum principle is the basis for solving the problem of obtaining the optimal
system of minimum energy consumption. The maximum principle provides necessary
and sufficient conditions for optimal control if the process is linear and obeys an additive
control function [32]. In addition, the use of the Pontryagin approach opens up opportu-
nities for the theoretical synthesis of optimal control and for the integration of modern
computational techniques, such as deep learning, stochastic algorithms, and adaptive
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approximation methods, which makes it possible to develop an approach towards hybrid

neuro-fuzzy controllers [33]. Such a synthesis meets the challenges of digitalization of

energy systems, in particular, when controlling in conditions of structural disturbances and

failures of components and fluctuating loads, where a fast system response is required, tak-

ing into account power consumption constraints. Considering the above, the mathematical

description of a control object with a regulator can be represented in the Cauchy form:
APyt

L :Mdt MKf ’
dC;J — m stat (5)

dl(;\l/lm Kc dLIC Mnom ‘ 7-

Using the Pontryagin maximum method, which allows us to design an optimal regu-
lator and determine its parameters, we can formulate the optimality criterion [34]:

I= / Uy (t)dt — min. (6)

Mathematical Statement of the Optimal Control Problem with the Pontryagin Maxi-
mum Principle:

Let the control object be described by the system (4). Under the optimality criterion
(5), the control action is subject to the constraint:

/Uﬁdt < a = const. )
t
It is necessary to determine the structure and parameters of the optimal regulator
using the following solution:
For reasons of generality, we will introduce the following notations:
- x1(t) = Pout;
- xnb=w
- x3(t) = M.

We will include a new coordinate:

xa(t) =1 = /ug(t)dt
t

Then the system of Equation (5) will take the following form:
Xl(t) = X2( ) Kf/

X(t) = g+ (Ko Ue = @ - Muom — Mstat); ®)
X3(t) K- ( ) Miom - Xz(t),'
Ty4(t) = UZ(H).

Let us compose the Pontryagin function of p = Z bix;, where b; is some known
i=1
constants included in the Pontryagin function (vector-column elements depending on the

coordinates, whose maximum or minimum conditions must be found).

When by =0and b, =1
p = x4 (b). )

We compose the Hamilton function (Hamiltonian):
H = Z pi(t) - fily,m,1),

where y is the state vector of phase coordinates; t is the control vector (U,):

H:Pp'xl()‘FKf‘i‘Pw'( (KC u. — W'Mnom_Mstat)>+

(10
+Pm'<Kc‘uc()_Mnom'x2( ))+Pl'uc2r )
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where py, pw, pm, p1 are auxiliary functions.
Next, it is necessary to determine the value of U, maximizing the H function:

dH  puw-Ke
duc ]red

+pm~KC-Uc(t)+2-p1~UC=O.

Using the condition of py, (t) = —1, under boundary conditions, the optimal control
action will be

1 pw-K%) .
Uy = N + Ky, - Uy (t). 11
0= ( ity v Uy(t) (11)

We can make equations to determine the auxiliary functions:

dp _ _dH
t T dy’
dpp _  dH _ . .
o = —qp = %) -Kg
d
ﬁ:_%:_]}m'(KC'uc_w'Mnom_Mstut);
pPmM _ __dH _ ' : .
s — )~ Re-1et) = Mo (0
dpi _ _dH _ .
= —ar = 2 Ue

Given the condition is p;(t) = C; — pj(t) = —1, the optimal control action is as follows:

pw * Kc Kc N UC(t)
Uy = - . (12)
‘ 2Jred 2

From the system of Equation (11), given the condition is p;; (t) = —1 and dgt*” =0, the
control derivative can be expressed as

_ Mnom ' 5(2(1‘.)

() = M

(13)

Based on Equations (11)—(13), one can make a structural diagram of the optimal
controller (Figure 2).

dPp
dt © doy [|®
’ . JdPo p dt
¢ + P — _
2 P E M
— pr J pr =+ __
M
Klll -M: Ki’[’l
dPy
Klll dt 1 UC
2 7

Figure 2. The structure diagram of the optimal regulator for screw compressor control.

Although the solution of the coupled system is possible within the framework of
ODE45/Simulink for implementation in PLCs or FPGAs, a promising direction is the use
of surrogate models that approximate the behavior of conjugate variables using trainable
neural network structures. Such approaches as PINNs or Koopman operators allow the
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model to be implemented in digital environments with limited resources, providing a
trade-off between accuracy and speed of calculation.

Therefore, the proposed regulator structure demonstrates not only compliance with the
fundamental requirements of optimality but also the potential for further integration into
broader Cl-oriented management frameworks. In particular, it can be used as part of digital
twins, CI-IoT systems, and adaptive control platforms based on FPGA /DSP, which makes
the presented approach promising for real industrial applications as part of the transition
to Smart Grid and Smart Drive Architecture. To evaluate the effectiveness of the optimal
controller, it is necessary to develop a model of the system with the optimal controller and
find a way to measure the energy consumed by the motor from the network [35]. Further, it
is supposed to make a comparative analysis of optimal and non-optimal systems in terms
of active power consumed from the network [36].

To ensure the reproducibility of the calculations, we will present the numerical values
used in solving the conjugate system and calculating the optimal control. The vector
of Lagrange factors (conjugate variables) at the initial moment of time had the values
of p1(0) = —0.015, p2(0) = —0.012; p3(0) = —0.008. When solving conjugate equations, the
integration constant was chosen to be equal to C = —1 to normalize the scale of the conjugate
system. The conditions of terminal constraints were determined based on the problem of
achieving a given pressure (Py,s = 0.7 MPa), and the zero moment of control error by the
final simulation time (T = 10 s) was equal to x1(T) = 0.7 MPa; x(T) = 0; x3(T) = 0.

To control the correctness of the integration, the conjugation conditions were checked
for the fulfillment of transversality relations and Hamiltonian preservation on the simula-
tion interval with a maximum deviation of no more than 1 x 10~%. These values were used
in the Simulink model to calculate the optimal control in the dynamic mode.

Impact on the controller design. The PMP synthesis depends on the plant dynamics of
x = f(x,u) and cost, not on a specific reduction. When thermal /leakage/ friction/saturation
effects are included (Appendix B), f(x, u) is updated accordingly. The Hamiltonian, co-state
equations, and the saturated-affine optimal law preserve their structure. Hence, extended
physics changes parameterization and numerical values, but not the controller architecture,
nor the real-time feasibility arguments.

For clarity, all modeling parameters used in Sections 3.1 and 3.2 are summarized in
Table 2. Where applicable, values are taken from manufacturer data sheets or standard
references, and sensitivity ranges are indicated as in Section 4.3.

Table 2. Modeling parameters of the screw compressor and induction motor.

Value

Parameter Symbol (Nominal) Units Source/Note

C . 3, . Manufacturer
ompressor outlet capacity = Qou 22 m°/min data

Rated discharge pressure Pout 0.7 MPa Datasheet
Polytropic index m 1.5-1.67 - [37]
Correction coefficient k 1.05-1.18 - [37]

. . Manufacturer
Volumetric efficiency Mp 0.85 - data
Gas inlet temperature To 293(20+£2°C) K Test condition
Leakage coefficient Closs 0.02-0.05 - Calibrated
Motor inertia Ja 3.66 kg-m? Calculated
Converter coefficient Kre 1.0 - Calibration
Nominal slip Su 0.05 - Datasheet

Electromechanical time

constant Tm 0.25 ) Datasheet
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Table 2. Cont.
Value .
Parameter Symbol . Units Source/Note
(Nominal)

Pressure sensor range - 0-1 MPa SITRANS P200
Pressure sensor accuracy - +0.25% FS. - Datasheet
Current/voltage B 105% _ NI DAQ

sensor accuracy

The sensitivity analysis (Table 2) was performed by varying the parameters summa-
rized in Table 3 within +10% of their nominal values.

Table 3. Key numerical values used in the Pontryagin-based model.

Parameter Value Description

An initial value of the conjugate variable

pi(0) —0.015 for pressure

An initial value of the conjugate variable
p2(0) 0012 for velocity
13(0) _0.008 ;An initial value of the conjugate variable

or torque

C -1 An integration constant for conjugate equations
Pout(T) 0.7 MPa Terminal pressure condition
x2(T), x3(T) 0 Terminal state conditions for velocity and torque
T 10s A time horizon of optimization

Integration step  times 1 x 1073s  Maximum step size of the ODE solver

To ensure transparency and reproducibility of the results, the key numerical values
used in solving the conjugate system and calculating the optimal control are summarized
in Table 3. These parameters were applied in all simulations presented in this study.

These values reflect the nominal conditions of the compressor unit under study and
were validated both in simulation and in experimental verification.

4. Modeling the Systems with Different Types of Regulators

In this section, a comprehensive simulation of an electric drive system with a screw
compressor equipped with various types of regulators is conducted to assess their effec-
tiveness under conditions of typical process disturbances [37]. The focus is on the analysis
of dynamic response and active power consumption, which is critical in the context of
improving the energy efficiency and reliability of industrial drive systems in the context of
digital transformation [38].

Standard MATLAB/Simulink solvers [39] were used for numerical integration of the
system of nonlinear differential equations of state and conjugate equations arising from the
application of the Pontryagin maximum principle. The main integration algorithm is the
Runge-Kutta variation (ODE45) with an adaptive time step and a relative error of 1 x 107°.
To verify the correctness of the solution, a comparison of the results with a narrowing of
the integration step and a comparison with reference solutions obtained using the ODE15s
(stiff/NDF) method was used. PID models similarly used ODE45 with identical accuracy
settings, which allowed for comparability of dynamic characteristics. The convergence
of the calculations was evaluated according to the criteria of integrator stability and the
maximum deviation of phase variables (no more than 0.01% of the nominal values). To
calculate the active power and generate graphs, a built-in Powergui (discrete) block with a
sampling step of 1 x 10~* s was used, which ensured the correct reproduction of transients
and the accuracy of energy performance integration.
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Modern electric drive systems, especially as part of energy infrastructure and industrial
plants, must meet a range of requirements, starting from stability and speed and ending
with the ability to adapt to external and internal uncertainties. Taking into account the
trends of Industry 4.0 and the integration of intelligent regulators, especially those based on
computational intelligence (CI) methods, the need for modeling and comparative analysis
of various approaches to management is increasing.

Within the framework of this study, two models were constructed. The first imple-
ments the classical approach using a PID controller; the second is based on the Pontryagin
maximum principle, providing optimal control in terms of minimizing energy consumption.
Both models are implemented in the MATLAB/Simulink environment using the SimPow-
erSystems library, which allows reproducing the behavior of the system in conditions close
to real life and additionally integrating active and reactive power measurement units.

4.1. Modeling a System with PID Control

Using the Matlab programming environment, a control system with a PID controller
is modeled to maintain pressure in the system. Figure 3 shows the mathematical model of
the system with the PID controller.
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Figure 3. The mathematical model of the system with the PID controller.

The result of modeling is presented in the form of graphs when the controlling and
perturbing influence on the system is given. This graphical result provides a comprehensive
insight into the dynamic behavior of the pressure control system under different external
disturbances and variations appearing in the input voltage. The analysis of the obtained
data presented in the graphs shown below allows evaluating the transient characteristics
of the system, including the tuning time and statistical error, and the adaptability and
stability of the PID controller under changing operating conditions. Each graph displays
a specific configuration of input signals and system disturbances, which allows us to
interpret the control characteristics in detail, which is extremely important for developing
energy-efficient and intelligent control strategies for modern industrial applications.

Figure 4 shows the response of the screw compressor control system to an external step
disturbance introduced at the 6th second of the simulation. This perturbation simulates a
sudden change in load resulting in a sudden downward pressure spike. In response to this
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impact, both management strategies seek to restore pressure to a given level, but the nature
of their response is different.

I [ I I I I I
2 3 4 5 6 7 8
t, sec

Figure 4. Control system response to step pressure disturbance: comparison of the PID regulator
(red curve) and the regulator based on the Pontryagin principle (blue curve) (reset at 0.5 MPa at 6 s,
U, =1).

The red curve reflecting the operation of the system with a classic PID regulator
shows a pressure drop of about 0.5 MPa at the time of disturbance, followed by a sharp
control effect, leading to a pronounced overshoot, exceeding the setpoint by 0.15 MPa. The
transient process is accompanied by oscillations and lasts about 0.8 s before entering the
stationary mode. The steady-state pressure error after stabilization is about 0.3%.

Conversely, the red curve corresponding to the control based on the Pontryagin
maximum principle shows a more controlled response to the same disturbance. The
pressure surge is also about 0.5 MPa, but the system reacts quickly with an optimal control
action without excessive pressure build-up. The transient is completed in 0.7 s without
overshooting, and the achieved pressure value is almost the same as the setpoint. At the
same time, the statistical error of stabilization does not exceed 0.4%.

Figure 5 illustrates a similar situation with the same input voltage parameters and
perturbation amplitude, but the change is introduced at the fifth second. A system with a
classic PID (red curve) control shows a compensating effect that results in a pronounced
overshoot, i.e., the maximum excess of the target pressure is about 0.03 MPa. Pressure
recovery to the setpoint is accompanied by an oscillatory transient of up to 1.0 s. At the
same time, there is a residual steady-state error of the order of 0.5-0.6%, which can be
critical in tasks that require high stabilization accuracy.

To the contrary, the regulator based on the Pontryagin maximum principle (red curve)
provides a response that is much more balanced. With a similar pressure surge, the system
generates an optimal control action, whereby the pressure is restored without going beyond
the setpoint. The transient time does not exceed 0.7 s, and the statistical error of stabilization
is less than 0.2%. The absence of over-regulation and over-control is particularly important
for improving reliability and energy savings in industrial applications. The specificity of
PID control can be explained by the dynamic characteristics of the model or the presence
of residual noise. In an applied sense, this level of error may be acceptable, but when
using PID control in precision-critical applications (e.g., medical pumps or microdrives),
it will require additional measures to reduce errors. This result highlights the need to
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implement more intelligent methods for adapting parameters, in particular, CI algorithms
with deviation learning.

P, MPa

I I I I I
4 5 6 7 8
1, sec

Figure 5. Control system response to step pressure disturbance: comparison of the PID regulator
(Red Curve) and the Pontryagin principle regulator (Blue Curve) (0.5 MPa at5s, U;, = 1).

When exposed to a disturbance, the PID system again exhibits a noticeable overshoot,
i.e., the overpressure reaches ~0.035 MPa above the set point of 8.5 MPa, and the transient
process is accompanied by damped oscillations for about 1.0 s (Figure 6). There is also
a residual steady error of about 0.5%, which can be critical for applications with high
requirements for stabilization accuracy. In contrast, a system with an optimal regulator
reacts in a much more balanced way: owing to the correct evaluation of the associated
variables and constraints, the pressure is stabilized without going beyond the setpoint, and
the transient time is reduced to ~0.8 s. The steady-state error does not exceed 0.2%, and
there is no oscillation. This response is especially valuable in industrial applications, as
it helps to reduce heat loads, improve reliability, and save energy. This result once again
confirms the advantage of the regulators built on analytically based principles of optimal
control compared to classical empirically tuned PID systems.

With identical input signal parameters, including a different disturbance input moment
(5 s), there is a slightly longer pressure recovery for the PID regulator (up to 1.1 s (Figure 7)).
The value of the statistical error is preserved. The system with an optimal Pontryagin
regulator again shows high resistance to delayed disturbances. The reaction is formed
taking into account the accumulated dynamics, which allows minimizing overcontrol: the
pressure smoothly returns to the setpoint in ~0.9 s without going beyond the permissible
range. Compared to the results in Figure 6, where the response of the optimal regulator was
slightly faster, there is a slight increase in settling time, but the overall quality of stabilization
remains high. This underlines the ability of the regulator, built on the Pontryagin principle,
to adapt to different scenarios and maintain energy efficiency and accuracy even with
disturbances introduced into the established mode of operation.

Lowering the input voltage to U;;, = 0.5 and decreasing the amplitude of the distur-
bance to 0.025 results in the transient time of up to 1.4 s for the PID regulator (Figure 8).
Despite the small amplitude of the input exposure, the system responds slowly, indicating
that the PID regulator is not sensitive enough at low input levels (=0.2), which indicates the
stability of the system even with low energy “feeding”. This behavior is acceptable for the
tasks that do not require performance, but can be critical in conditions with limited stabi-
lization time. In industrial realities, this may be important for low-power or energy-saving
modes of operation. But it requires the implementation of adaptive algorithms that can
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speed up the response without increasing power consumption, which is directly related to
the tasks of Cl-optimization of management in systems with limited resources. The optimal
regulator demonstrates the best dynamics: the pressure is stabilized in ~0.9 s without
pronounced overshoots or oscillating processes. Such a reaction is due to the ability of the
algorithm to take into account not only current deviations but also the trajectory of the
evolution of the system state, providing targeted control even at a low level of energy input.
At the same time, high stabilization accuracy is maintained (the error is less than 0.2%).

I I I I
5 6 7 8
1, sec
Figure 6. Control response to step pressure disturbance: comparison of the PID regulator (red curve)
and the regulator based on the Pontryagin principle (blue curve) (reset at 0.5 MPa at 6 s, U;;, = 1.4).

I | I [ [
4 5 6 7 8
1, sec

Figure 7. Control system response to step pressure disturbance: comparison of the PID regulator (red
curve) and the Pontryagin principal regulator (blue curve) (0.5 MPa at 5s, U;;, = 1.4).
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Figure 8. Control system response to step pressure disturbance: comparison of the PID regulator (red
curve) and the Pontryagin principle regulator (blue curve) (reset at 0.025 at 6 s, U;;, = 0.5).

A similar situation with early disturbance input (at the 5th second) shows a similar
behavior: the settling time for the PID controller remains at 1.4 s (Figure 9). A small error
value and high control accuracy (Est: = 0.2%) are also preserved. The optimal regulator
shows a clear and predictable response similar to Figure 8. The transient is completed in
~0.9 s without going beyond the setpoint and without hesitation. At the same time, the
system generates a control action in advance, based on the dynamics forecast, which allows
minimizing reaction time and maintaining accuracy even with extremely low signal power.
The steady error is less than 0.15%, which confirms the high sensitivity and accuracy of the
proposed algorithm.

P, MPa
0.35

(R ST Tupu R [SSRSRTRPEE, Sy ——— T e __ A[vx_____ _______

0.25 7
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0.15 7
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Figure 9. Control system response to step pressure disturbance: comparison of the PID regulator (red
curve) and the Pontryagin principle regulator (blue curve) (0.025 surge at 5 s, U;;, = 0.5).

The comparison with the previous scenarios (Figures 6 and 7) shows that the Pontrya-
gin regulator retains its advantages even in conditions of limited supply, demonstrating
versatility and reliability regardless of external conditions. This underscores its applica-
bility in resource-constrained Cl-oriented systems that require a balance between power
consumption, performance, and control precision.

The data obtained show that when the input control signal is increased to U;;,, = 1.4, the
system with the PID controller demonstrates a pronounced overshoot and an increase in
the transient time. For example, with a pressure surge at the 6th second (Figure 6), the PID
controller exceeds the setpoint by 0.035 MPa, accompanied by damped oscillations lasting
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up to 1 s. Pontryagin is provided by pressure recovery without going beyond the setpoint,
with a response time of ~0.8 s and an error of less than 0.2%. This behavior persists when
the moment of exposure is changed by the 5th second (Figure 10). The PID system becomes
even more unstable, while the optimal regulator continues to show a balanced response
with high accuracy.

P, KW
10,000 1

80007
6000 1
4000

2000+

-2000

—4000 T T T T T T T T T T
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

1, hour
Figure 10. The graph of active power consumed by the motor from the network (blue is the PID
controller, orange is regulation using the Pontryagin principle).

Lowering the control signal to Uj, = 1.0 (Figures 8 and 9) results in shorter transient
times and less overshooting, but the effect of the disturbance is still significant. At the
6th second (Figure 4), the PID controller reacts with a pronounced oscillatory process and
a stabilization error of up to 0.3%, while the optimal regulator stabilizes the pressure in
0.7 s without oscillations. When the disturbance is transferred to the 5th second (Figure 5),
there is an increase in dynamic distortion on the part of the PID controller. Overshoots
reach 0.03 MPa and steady-state error rises to 0.6%, while the optimal regulator once
again demonstrates fast and accurate pressure recovery, with minimal error and without
exceeding the setpoint.

Of particular interest is the behavior of the system at a minimum control effect of
U;,, = 0.5 and a small amplitude of disturbance of 0.025 MPa, simulated in Figures 8 and 9.
In this mode, the PID controller demonstrates a noticeable slowdown in the reaction: the
transient time increases to 1.4 s, despite the fact that the stabilization error remains at an
acceptable level (~0.2%). Conversely, the Pontryagin regulator provides pressure recovery
in 0.9 s, with high accuracy (the error is less than 0.15%) and no signs of oscillation. This
result confirms the ability of the optimal regulator to form a control action ahead of time,
based on the dynamics of the system state, which is especially important when operating
in energy-limited modes. At the same time, the transfer of the disturbance moment from
the 6th to the 5th second practically does not affect the efficiency of the optimal controller,
unlike the PID controller, which is sensitive to the moment of external influence.

Summarizing the results, it can be concluded that the regulator built on the principle of
the Pontryagin maximum demonstrates stability, accuracy, and rapid recovery of the target
pressure in all simulation scenarios. It is superior to PID in all key features: no overshoot,
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reduced transient time, and minimized steady error. This makes it particularly attractive
for industrial applications where stability, energy efficiency, reliability, and the ability to
adapt to external disturbances and changing operating modes are required. Against the
background of the limitations of the PID regulator, in particular, inertia at high input
signals, reduced sensitivity at low signals, and unstable response at the time of disturbance
application, the Pontryagin regulator demonstrates versatility and purposeful adaptation.
This confirms its potential as a basic element for CI-oriented intelligent control systems
within the framework of Industry 4.0.

4.2. An Approach to Comparative Analysis of Modeled Systems

After building mathematical models of control systems based on the PID controller
(Section 4.1) and the optimal controller based on the Pontryagin maximum principle
(Appendix A), there is a need to compare them from the standpoint of operational effi-
ciency. The classical approach to assessing the quality of regulators involves the analysis
of transients such as settling time, the presence of overshoot, and the magnitude of the
steady-state error. However, in today’s environment, when electric power and drive sys-
tems operate within the paradigm of sustainable development and digitalization, these
parameters are not enough.

Next, a quantitative comparative analysis of two previously developed systems (with
a PID controller and with an optimal regulator) is conducted based on the calculation of
the active power consumed by the electric motor in the control process. For this purpose,
specialized measuring units were integrated into the model, which makes it possible to
assess the energy behavior of the system in dynamics and form reasonable conclusions
about the advantage of a particular control strategy. The three-phase V-1 measurement
unit is used to collect real-time current and voltage signals from the three-phase motor,
while the active and reactive power unit calculates the respective active and reactive power
consumption based on the averaged power over the full fundamental frequency cycle.
This setting allows seeing exactly how each control approach affects energy consumption
during operation.

The result of the measurement is the active power, the measurement graph of which
is shown in Figure 10. The active power graph (Figure 10) allows visually assessing the
differences in the energy behavior of two models: with a classical PID regulator and
with an optimal regulator implemented based on the Pontryagin maximum principle.
Figure 10 clearly shows the graphs of the active power consumed by the motor from the
grid, compared with the PID controller (blue) and the PMP controller (orange). The energy
savings were calculated by integrating the area under the power curve over identical duty
cycles for both controllers and comparing the total energy consumption (kWh). The specific
energy savings were then calculated based on the constant output flow maintained during
the test. A detailed model of the system with the optimal regulator based on the Pontryagin
principle is presented in Appendix A. In the PID model, pronounced peaks of active power
are observed at the moments of transient processes, especially when external disturbances
arise or the task changes. Such energy bursts are due to the regulator’s desire to quickly
compensate for pressure deviations during the operation of the screw compressor and its
pressure build-up to the operating level, which results in short-term, but intense control
effects on the drive. In contrast, the model with an optimal regulator shows a smoother
power consumption profile. Even when performing similar pressure stabilization tasks, the
distribution of energy expenditure over time is more even. This indicates that a regulator
built on the principles of optimal control is able to achieve the control goal with less energy
loss, reducing the load on the system and minimizing the thermal impact on the electric
drive elements. In addition, the optimal regulator provides better transient damping,
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eliminating overcontrol or prolonged oscillations. This effect is especially valuable in
intelligent control systems focused on the economical and stable operation of equipment in
the face of variable or uncertain external influences.

Importantly, the smoother active power profile predicted by the simulation was also
observed in experimental measurements on the laboratory bench. While absolute power
values differed slightly due to efficiency variations and measurement noise, the relative
reduction in power peaks achieved by the Pontryagin-based regulator closely matched the
simulation, with experimental savings in the range of 11-16% compared to PID, which is
consistent with the predicted 12-18%.

Therefore, the optimal regulator based on the Pontryagin principle can be used as a
benchmark for training Al systems, including reinforcement learning (RL) and imitation
learning algorithms. Its structural predictability and analytical correctness make it possible
to form trajectories of ideal behavior. Using them, neural network controllers can be trained
for applications where the calculation of conjugate equations is difficult. The introduction
of online-learned surrogate approaches is promising, which make it possible to form a
control action based on state deviation and predicted disturbance.

The presented comparative analysis shows that the inclusion of energy consumption as
a criterion of management efficiency allows for a deeper assessment of the real advantages
of modern approaches. The optimal regulator, developed on the basis of the Pontryagin
principle, demonstrates a decrease in energy peaks, more stable behavior of the system,
and the preservation of high control quality. This makes it a future-proof solution for use in
intelligent and energy-efficient control systems.

The observed energy savings of 12-18% with the PMP-based regulator were confirmed
by both simulation and experimental tests. In the numerical experiments, the active power
profile was consistently smoother and demonstrated reduced peaks compared to PID con-
trol. In the experimental setup, measurements were carried out under steady and transient
conditions following the ISO 1217 testing principles. The results confirmed that, even
when accounting for measurement uncertainty (+£2%), the reduction in active power con-
sumption remained statistically significant. Moreover, the smoother energy consumption
profile of the PMP-based regulator reduced thermal load on drive components, which
further contributes to equipment reliability. In view of this, the reported savings are not
limited to theoretical simulation but have been validated in real compressor operation
under industry-comparable testing procedures.

From an economic perspective, the energy savings of 12-18% translate into 50-90
MWh/year for a 200 kW machine operating for 4000-5000 h annually. According to typical
tariffs, this corresponds to 4-9 kUSD/year, outweighing the incremental implementation
cost within 1-2 years. The regulator does not require special sensors beyond standard
pressure and V-I measurements, so the incremental O&M cost is negligible. Furthermore,
by avoiding overshoot and oscillatory torque transients, the regulator reduces mechanical
wear (bearings, couplings, seals) and thermal stress on motor windings and VFD switches.
Literature suggests that reducing torque ripple and thermal cycling can extend mean time
between failures by 10-20%, which indirectly improves ROI. Detailed LCC/ROI analysis
will be reported in a separate study.

4.3. Numerical Implementation Details, Stability and Sensitivity Analysis

To ensure transparency and reproducibility of the results, this study presents the
numerical values of the conjugate variables and the conditions of terminal constraints used
in the synthesis of optimal control. At the initial time interval (¢ = 0), the values of the
conjugate variables were set as follows: p(0) = —1.20, p,;,(0) = —0.85, p;(0) = —0.65.
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The terminal condition was to achieve the required pressure at the compressor outlet,
which is Pyy(T) = 0.7 MPa, with an optimization time horizon of T = 10 s. The employed
sensors had the following accuracies: pressure (Siemens SITRANS P200, £0.25% ES.), cur-
rent and voltage (NI CompactDAQ, +0.5%), and shaft speed (<0.1%). These uncertainties
correspond to <0.002 MPa in pressure and <0.5% in power measurements, which is negligi-
ble compared to the observed savings of 12-18%. We emulated representative sensor faults
(stuck-at, dropout, bias) by injecting synthetic anomalies into the measured pressure and
V-I channels. The FDT logic detected faults within 50-150 ms in simulation and triggered
graceful fallback; pressure remained within admissible bounds without overshoot.

The numerical solution of the system of equations of state and conjugate equations
was in the MATLAB/Simulink environment using the built-in solver (ode45), which cor-
responds to the explicit Runge-Kutta method of 4-5th order of accuracy. The maximum
size of the integration step was limited to 1 x 1073 in order to ensure the stability and
convergence of the calculations. To smooth out the control signal and prevent the “bounce”
effect, an exponential moving average filter with a time constant of 0.1 s was used.

In order to assess the robustness of the obtained control law in relation to the variations
in the model parameters, sensitivity analysis was performed. The main parameters of the
system varied in the range of £10% of the nominal values: the moment of inertia of the
motor (J4), the frequency converter coefficient (K¢), and the efficiency of the compressor (77).
The results showed that the pressure setup time varied from 2.0 to 2.8 s, and the steady-state
pressure error did not exceed 0.3%, which indicates a high stability of the solution and its
resistance to model uncertainties. Table 4 shows a summary of the analysis results.

Table 4. Influence of model parameter variation on the dynamic characteristics of the compressor
control system (setup time and steady-state pressure error).

Parameter Rating Variable Value Installation Steady-State

Time, s Error, %
Moment of Inertia, J4 3.66 >
Motor kg-m2 4.0 kg'm 2.8 0.3
Compressor efficiency, 17, 0.85 0.90 2.2 0.2
Converter Ratio, Kfc 1.0 0.95 24 0.25

The data obtained confirm that the proposed optimal regulator maintains a high qual-
ity of control even with deviations in the mechanical and electrical parameters of the system.
In addition, the results demonstrate the possibility of practical implementation of this reg-
ulator structure as part of industrial platforms of programmable logic controllers (PLCs),
provided that there are sufficient computational resources to solve the associated system of
equations in real time. The structure of the proposed PMP-based regulator is not only suit-
able for standalone implementation but also serves as a robust baseline for hybrid control
systems. For instance, it can be combined with reinforcement learning for online adaptation
or with surrogate models to approximate conjugate variables in real-time, thereby bridging
classical optimal control with modern computational intelligence methods.

In addition to parameter sensitivity, fault-injection simulations were performed to test
the controller’s behavior under sensor anomalies. Three scenarios were considered: a stuck-
at pressure signal, intermittent dropout, and a constant bias. The embedded fault detection
and tolerance (FDT) logic detected anomalies within 50-150 ms and triggered a bumpless
transfer to a safe fallback. As a result, system pressure stayed within £0.05 MPa of the
setpoint without overshoot. Detailed results and timelines are provided in Appendix B.

Robustness can be against noise and delays. With realistic sensor noise levels, the
regulator maintained stable pressure control; overshoot and settling time were unaffected
within statistical variation. A £0.25% ES. noise on the pressure sensor translated into
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<0.02 MPa fluctuation at the output, which was negligible compared to setpoint changes
(0.2-0.5 MPa). Communication delays of 1-2 cycles (2-20 ms), typical of industrial PLCs
and fieldbuses, did not degrade stability. Simulations with larger delays (up to 50 ms)
showed increased settling time and minor oscillations, without loss of stability. These
results indicate that the regulator tolerates realistic levels of measurement noise and latency
in industrial environments.

In addition to the numerical sensitivity table (Table 2), Figure 11 visualizes the effect
of £10% parameter variations. Figure 11 presents a bar chart of the normalized impact of
each parameter on pressure tracking error and energy consumption.

 Installation time (s)
e Steady-state emar (%)

Figure 11. Sensitivity of performance of up to +10% parameter variations (AKPI (%) from parameters).

Figure 12 shows a contour surface of energy savings versus simultaneous variation in
compressor efficiency and the leakage coefficient. These plots confirm the tabulated results
and make the relative influence of parameters easier to interpret: leakage and efficiency
exert the strongest effect, while inertia and converter coefficient have a marginal role.
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Robustness to Thermal, Leakage, Friction, and Magnetic Saturation

We extended the sensitivity analysis to the parameters introduced in Appendix B:
heat-transfer (hA), a leakage coefficient ( Cj.;;) and an exponent (1), a friction triplet
(1., B, 15), and a motor-saturation factor («). Across +(10-20)% variations around the
identified values, the PMP-based regulator consistently retained lower active energy, zero
overshoot, and faster settling than the tuned PID baseline did. While extreme leakage and
strong saturation increase absolute energy consumption, the relative advantage of PMP
over PID persisted.

Limitations and future work. The baseline plant used a reduced-order model for PLC
real-time implementation. We provided an extended model (Appendix B) and sensitivity
evidence that our conclusions hold when thermal, leakage, nonlinear friction, and mag-
netic saturation are explicitly included. Future work will incorporate online parameter
adaptation for hA, Cj.u, and saturation-aware drive maps to further harden the controller
against long-term drift and maintenance events. The regulator’s computational footprint is
modest ~210% operations per cycle; <102 kB RAM is compatible with mid-range industrial
PLCs under 2-10 ms task cycles. The embedded FDT layer ensures safe operation under
sensor faults via rapid detection and bumpless fallbacks. These properties, together with
the reported energy savings, support industrial deployment.

Preliminary cross-machine tests (simulation only). To assess the generalizability
beyond screw compressors, we compared the controller performance with simplified
models of an ISO centrifugal pump and an industrial axial fan under the variable load
profile. Without retuning the control logic, the PMP-based controller retained the same
quality benefits: overshoot suppression, faster settling, and smoother input power change.
Since this paper is already extensive, the full conclusions, parameter sets, and figures are
not presented in this work and will be presented in a separate follow-up research paper.

Integration limitations in existing industrial systems. While the computational foot-
print and PLC compatibility are modest in our implementation, several non-trivial con-
straints can limit direct rollout. Process constraints are minimum-flow recirculation for
pumps, an anti-cavitation/NPSH margin, surge/stall margins, and duct static for fans. In-
strumentation is reliable flow / pressure sensing, re-calibration of analog inputs, and sensor
redundancy for fault tolerance. Actuation is VFD availability and sizing, torque/power
limits, ramp-rate constraints, and interactions with existing dampers/valves. Controls
integration is DCS/SCADA interfacing, scan-time budgets, bumpless transfer with the
incumbent PID, alarm/HMI changes. Safety and compliance are interlock layers, functional
safety targets, change management, and cybersecurity of the PLC network. Operating
regimes are benefits that are lower near fixed-demand operation or close to pump/fan
BEP when head—flow trade-offs are tight. These aspects must be addressed during site
engineering and acceptance testing; they do not invalidate the method but determine the
achievable savings envelope and commissioning effort. Our PLC-oriented structure and
sensor set described in Methods, remained applicable in our experiments, which supports
feasibility under typical industrial conditions.

5. Conclusions

The results presented in this work confirm the effectiveness and relevance of the
application of an algorithmic approach to the control of electromechanical systems in
the new generation of power engineering, in particular, screw compressors operating as
part of intelligent distributed networks. Being developed on the basis of the Pontryagin
maximum principle, the optimal regulator provides not only a mathematically substanti-
ated solution to the problem of minimizing energy consumption but also demonstrates
superiority in a number of critical performance characteristics compared to traditional
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PID systems. The PMP-based structure is readily transferable to other VFD-driven rotors
(centrifugal pumps, axial/radial fans) by re-identifying the plant and constraint set, which
can be illustrated via preliminary simulations. Practical deployment is bounded by pro-
cess/actuation/instrumentation constraints and site integration requirements. Nonetheless,
the PLC-friendly footprint and the observed robustness suggest a clear path to industrial
rollout beyond compressors. Experimental testing, conducted in accordance with standard
energy assessment practices, confirmed that the proposed PMP-based regulator achieved a
reduction in specific energy consumption of up to 18% under dynamic loading conditions
compared to a well-tuned PID baseline. In the process of numerical simulation, it was
established that the proposed regulator allows achieving savings in active power within
the range of 12-18%, depending on the steam meters of control action and the dynamics
of external disturbances, while maintaining the accuracy of pressure stabilization at a
level not worse than 0.2%. The regulator proved robust against sensor noise and typical
PLC communication delays (<20 ms), which supports its feasibility in industrial deploy-
ment. Only under exaggerated delays (>50 ms) did performance begin to degrade. It is
important to emphasize that the reported 12-18% reduction in active power consumption
has been validated not only through MATLAB/Simulink simulations, but also through
industrial-scale experiments at a real compressor station, using measurement protocols
consistent with ISO 1217 and the NREL Compressed Air Evaluation Protocol. The com-
bined simulation-experiment framework confirms the practical feasibility of the proposed
approach and provides a high degree of confidence in the energy savings. Future research
will include extended testing campaigns with full ISO 1217 /ISO 5389 [22,40] compliance
to establish certified benchmarks for energy efficiency in screw compressor systems. The
absence of overregulation, reduction in the transient process time, and smoothness of the
energy consumption profile create conditions for reducing thermal loads on drive elements,
increasing equipment life, and improving the overall reliability of the system. The sensi-
tivity analysis showed the stability of the proposed algorithm to variations in the model
parameters, which indicates its robustness and suitability for real industrial applications.

The design of the optimal regulator allows for process constraints, compressed gas
parameters, motor inertia, and frequency converter response, which is especially im-
portant when integrated into control systems with stringent response time and stability
requirements. The possibility of implementing programmable logic controllers and digital
controllers on the platforms confirms the compatibility of the proposed solution with
the existing industrial infrastructure. The obtained data are verified both in the MAT-
LAB/Simulink environment and at a real compressor station, which provides a high degree
of confidence in the obtained results and emphasizes the applied nature of the study.

The use of an analytically derived optimal regulator capable of operating under
conditions of nonlinear dynamics and parametric uncertainty is a logical step towards the
synthesis of hybrid control architectures that combine optimal control methods and artificial
intelligence algorithms. In particular, the structure of the regulator can be expanded using
reinforcement learning methods, adaptive models, digital twins, and online identification,
which makes it possible to form self-learning control systems with elements of predictive
regulation and real-time optimization.

Therefore, the developed regulator is not only a highly specialized solution to the
problem of energy saving in compressor units, but also a universal basis for the further
development of intelligent control systems in the field of power electronics. This is espe-
cially true for applications in smart grids, microgrids, EV charging systems, and distributed
generation, where highly adaptive, reliable, and energy-efficient control algorithms are
required. The results of the study demonstrate the potential for integrating optimal control
methods with Al architectures, paving the way for a new class of digital regulators that
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meet the requirements of Industry 4.0 and sustainable development. Taking into account
the growing role of computational intelligence in the control of power drives, the pre-
sented regulator meets the key requirements of CI systems: energy optimality, resistance
to uncertainties, structural flexibility, and the possibility of digital implementation. Its
architecture can be scaled to control other types of drives (e.g., centrifugal compressors,
pumps, fans) and used in hybrid control systems, where it acts as the core of an intelligent
regulator with adaptation and predictive functions. This direction corresponds to the vector
of development of power electronics within the framework of the Industry 4.0 paradigm
and sustainable energy systems of the future.

The real-site campaign (4 weeks extended up to 6 weeks with accelerated seasonal
emulation) demonstrated the stability and robustness of the regulator under diverse oper-
ating conditions. The influence of sensor uncertainties (<0.5%) was found to be negligible
relative to the achieved energy savings. A full seasonal validation (3-6 months) is envis-
aged as the next stage of the study. The study demonstrates that the Pontryagin maximum
principle, when carefully adapted to the specific dynamics and constraints of a screw
compressor drive system, transits from a theoretical tool to a practical and highly effec-
tive control strategy, yielding verifiable energy savings and outperforming conventional
industrial regulators. While modern methods such as Model Predictive Control (MPC)
or neural network-based controllers offer advanced capabilities, they often require sub-
stantial computational resources and precise system models, which can be prohibitive in
resource-constrained industrial environments. The PMP-based regulator developed in this
work provides a computationally efficient and analytically rigorous alternative, achieving
high performance without requiring online optimization or extensive training data. This
makes it particularly suitable for deployment on standard industrial PLCs and embedded
systems, while also serving as a foundation for hybrid architectures that combine optimal
control with Al techniques. Besides direct energy savings, the regulator improves dynamic
smoothness, which is expected to extend mechanical and electrical component lifetimes.
Preliminary ROI estimates suggest a payback of less than two years in typical industrial
duty; a full life-cycle cost analysis will be the subject of future work. For clarity, a concrete
technology transfer plan with stages and technical prerequisites is provided in Appendix C.
The close agreement between simulation and experimental results confirms the validity
of the proposed model and demonstrates that the algorithm can be reliably transferred to
industrial practice.
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List of Abbreviations and Symbols

Qu theoretical capacity of a screw compressor, m/ min?
Qr real capacity of a screw compressor, m/min>
Qlos productivity losses due to leakage through seals
z1 number of driving propeller runs

Zn number of driven screw runs

L screw length, m

f1 trough area of the driving propeller, m?

fa trough area of the driven screw, m?

nq speed of the driving propeller, rpm

) speed of the driven screw, rpm

p efficiency of the gas compression process

P pressure at the inlet (outlet) of AC, Pa
14 volume at the inlet (outlet) of AC, m®
T temperature at the inlet (outlet) of the AC, K
w rotor speed, rpm
N
Qout

indicator power of AC, W
compressor outlet capacity, m/min3
Qin compressor inlet capacity, m/min>
e geometric compression ratio
k correction factor
m polytropy exponent for the gas
A specific theoretical work of compression
o specific density of the gas, kg/m?3
Ky frequency converter coefficient
f frequency, Hz
Uecont  control input influence, V
Sy nominal slip, %
T electromechanical time constant
] motor moment of inertia, kg - m?
M moment, N - m
CS compressor station

GCS  head compressor station

GPA  gas compressor units

vC sCrew compressor

DCS  booster compressor station

VKM  oil-injected screw compressor

Other catch notations are explained in the text.

Appendix A. The Model of the System with the Optimal Regulator Based
on the Pontryagin Principle

In order to optimize the system of the pressure control system at the system outlet, it is
necessary to produce a model with an optimal regulator. The selected part of the structural
diagram is the optimal regulator based on the Pontryagin maximum principle (Figure Al).
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Figure A2. The mathematical model of the system with the PID controller and energy measurement units.



Algorithms 2025, 18, 583 33 of 36

A

i)

SP

PQ Motor P motor  ia »
*_ I E"T ;d Stator current o
m spel |
F { —1 | |Active & Reactive @ Conv. wiConv. Rotor speed -
A A Power2 Stepl —a(A Electromagnetic Torque
Iabc ctr p(Ctrl  v_dc »
| 8 B a 8 AC4 DC bus voltage
b demux
c c c =[c Y
480V 60Hz Three-Phase DTC Induction Motor Crive
V-1 Measurement —DEI
i Sco|
Discrete, 2 III pe2
=2x107%g
Th 2x10%s Machine terminal
The T parameter used in this model Gains voltages
is set to 2x10 ¢ by Model Properties Callbacks |
1.63 |<
il l l Integrator1
1
-420 | - e
Gain2 5 r L,
Gain1
Integrator3
\:/,q 10,095.1/2°5.856
h 4
-843/10,095.1

Figure A3. The mathematical model of the system with the optimal controller and energy measure-
ment units.

Appendix B. Extended Plant Model with Thermal, Leakage, Nonlinear
Friction, and Magnetic Saturation

Appendix B.1. Mass and Energy Balance in the Receiver/Compression Volume

Let m be the gas mass, T is temperature, P is pressure, V is the effective volume, R is
the gas constant, ¢, is specific heat.
. : : mRT
meT = Qin - Qout - hA(T - Tamb)/ pP= T
The thermal balance (lumped):
m= min - mout - mleak/
where Q;, accounts for compression power and oil-gas heat exchange (Qout
oyt Cp A(T — Tp f)), and hA is an effective heat-transfer coefficient.

Appendix B.2. Leakage Model. Pressure-Driven Internal Leakage Is Modeled as:

n

. AP
Mgk = Cleukm/ ne [0-5;1-0]
where u(T) is the temperature-dependent viscosity; clearances are embedded in Cjgg.

Appendix B.3. Nonlinear Mechanical Friction (Compressor Train)
Tt (w) = Tesgn(w) + Bw + Tcexp(—(|w|/ws)2>

where 7. is Coulomb friction, B is the viscous coefficient, and the last term captures Stribeck-
type behavior.
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Appendix B.4. Induction Motor with Magnetic Saturation

A d; reduced model uses a current-dependent magnetizing inductance (Ly,{in}) or a
lookup table:

. L 2 . ) N
Lm(lm) == 1—’—%, Te = gp/\dlq (wlth /\d (08 Lm(lm)lq)
m

which effectively reduces torque per ampere under high flux. For deployments that rely on
slip-based torque maps, saturation can be captured by a gain (ksq: (i) t € (0,1]).

Appendix B.5. Parameterization and Identification

The parameters (1A, Ciea, 11, Te, B, Ts, ws, &, L) are identified from step-tests (ISO-
1217-style) using measured P, T, w, P,,.. Identified values and bounds are summarized in
Table Al.

Appendix B.6. Real-Time Computational Profile and Fault Tolerance

Table A1l. Per-cycle operation count for the PLC implementation.

Operation Group Approx. Count (ops) Notes
State update and filters ~150 1st-order low-pass, scaling
Regulator algebra (Hamiltonian) ~400 multiplications, additions
Constraint handling /saturation ~200 limiters, anti-windup
Fault detection and plausibility ~200 range checks, residual calc.
Total ~1000 compatible with a 2-10 ms cycle

Table A2. Memory budget estimate.

Item Size Estimate
State and observer vectors <2 kB (single-precision floats)
Calibration and constants <2 kB
Fault detection buffers ~8 kB (for 1 s at 1 kHz, optional)
Logging ring buffer (1 s) <64 kB (optional)
Total (without logging) <10 kB
Total (with logging) <100 kB

Fault-injection results. To evaluate robustness, representative sensor faults were
emulated in simulation: stuck-at pressure (constant of 0.6 MPa), dropout (50% of missing
samples), and additive bias (+0.05 MPa). The fault detection and tolerance (FDT) logic
flagged anomalies within 50-150 ms. Upon confirmation, the controller switched smoothly
to a fallback mode (baseline PID or torque-limited hold). In all cases, pressure remained
bounded within +0.05 MPa of the setpoint, and overshoot was avoided.

Appendix C. The Technology Transfer Plan for Industrial Deployment

The practical rollout of the proposed regulator can be structured in four stages:

Stage 1—Laboratory validation. The controller was synthesized and tested in MAT-
LAB/Simulink and Hardware-in-the-Loop (HIL) environments. Technical prerequisites
are a compressor/motor test rig, PLC or an embedded controller, calibrated sensors, and
data acquisition.

Stage 2—Pilot-scale demonstration. Deployment on one industrial compressor with
parallel PID fallback and detailed logging. Prerequisites are access to VFD with an open
control interface, PLC with a 2-10 ms scan cycle, pressure, and electrical measurements
integrated into the DCS.
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Stage 3—Site-wide pilot. Extension to several units in one station or workshop, with
operator training and SCADA /DCS integration. Prerequisites are validated communication
protocols, alarm handling, safety interlocks, an HMI operator, and acceptance criteria
(energy savings are >10%, stability indices).

Stage 4—Full industrial rollout. Scaling to fleets of compressors, pumps, or fans.
Prerequisites are corporate change management, cybersecurity hardening, predictive main-
tenance integration, and formal certification if required.

At each stage, KPIs include energy savings (% and kWh), dynamic performance
(overshoot, settling, variance), reliability (fault-free operation hours), and maintainability
(operator acceptance, downtime for integration).

This staged approach ensures that technology transfer proceeds from controlled envi-
ronments to broad industrial deployment in a structured and low-risk manner.
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