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Abstract. This study presents the development and experimental validation of an intelligent vacuum
freeze-drying system operating from a single-phase 220 V power supply. The system was designed to improve
the energy efficiency and operational stability of freeze-drying processes for small and medium-scale food
production facilities under conditions of limited electrical infrastructure. The developed installation integrates
an inverter compressor and a sequential load control algorithm for energy-intensive components, including the
refrigeration system, vacuum pump, and heating system. Experimental investigations were carried out during
the freeze-drying of goat milk with a product load of up to 45-50 kg. Temperature, pressure, mass-transfer,
and energy-consumption parameters were monitored throughout the drying cycle. The obtained results
demonstrated stable maintenance of the vacuum regime within 45-55 Pa and condenser temperature within
-46 to0-48 °C during the primary sublimation stage. The implemented sequential control algorithm limited
peak electrical power consumption to 6.5 kW and ensured stable operation from a standard single-phase 220
V electrical network. Experimental drying of goat milk resulted in residual moisture content of 1.8-4.2 %
and moisture removal efficiency exceeding 95 %. Comparative analysis confirmed lower installed power and
reduced energy consumption compared with conventional three-phase freeze-drying systems. The obtained
results confirm the practical feasibility of applying the developed intelligent vacuum freeze-drying system in
farms and small food processing enterprises in Kazakhstan. Vacuum freeze-drying system.

Keywords: vacuum freeze-drying, inverter compressor, intelligent control system, sequential load
control, energy efficiency, goat milk, lyophilization, single-phase 220 V power supply, vacuum chamber
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AHHoTauus. byn sxymbicta Oip ¢azansl 220 B 31ekTp KOPEKTEHIPY KETICIHEH >KYMBIC 1CTEHTIH
MHTEJUIEKTYyalIbl BaKyyMJBIK CYONMMAIMSUIBIK KENTIpy JKYHECIHIH o3IpJieHyl >KOHE SKCIEPUMEHTTIK
TeKcepityl ycbiHbUIFaH. JKyle 3JekTpiik MH(paKyphUIbIMBI IIEKTEYJI Kafjaillap/ia IIaFrblH JKOHE opTa
TaFraM OHJIpiCI KOCIOPBIHAAPHl YIIIH CYOJMMAIMSIIBIK KEeNTipy YAEpICTEpiHIH SHEPrus THIMIALIIN MeH
naiiianany TYpaKTbUIBIFBIH apTThIPY MAaKCaThIH/A JKacallFaH. O31pJICHI€H KOHIBIPFbI KypaMblHa HHBEPTOPIIBIK
KOMIIPECCOp KaHE JHEPrUsiHbl KOIl TYTHIHATHIH KOMIIOHEHTTEpre, COHBIH IIIIHJE TOHA3BITY JKyiHeciHe,
BaKyyM/IBIK HAcOCKa OHE KbI3IBIPY OJKyieciHe apHanfaH >KYKTeMeH1 Ti30ekten Oackapy airopuTmi
SHII3UIreH. OKCHEpUMEHTTIK 3eprreyiep 45-50 Kr pediH eHIM O>KYKTEIreH JKaFjaija emki CyTiH
cyOnuMmanusiIblK, KenTipy OapbichiHaa kyprisuimi. Kenripy mwmkimi  Ooiibl  Temmeparypa, KbIChIM,
MaccaajaMacy jKOHE HEprusi TYThIHY MapaMeTpiiepi OakbplIaHbl. AJIBIHFAH HOTHIKENIEP HETri3ri cyOimmarus
KE3CHIHJe BaKyyMIbIK pexuMHiH 45-55 Ila apa-nmeifblHAa, ajl KOHJEHCATOpP TEeMIepaTypachlHbIH 46-1aH
48°C apanbifblHIa TYpPaKThl CaKTalFaHbIH KepceTTi. JKy3ere achlpbUIFaH >KYKTEMEH1 Ti30ekTen Oackapy
AJITOPUTMI JIEKTP KyaTbIHBIH IIEKTI TYTBIHYBIH 6,5 KBT feHreiinae mekren, cranaapTTsl 6ip ¢azansr 220
B anexTp KemiCiHEeH TypakThl KYMBIC ICTEyll KaMmTama-chl3 eTTi. EIKi CyTiH 3KCIEPUMEHTTIK KenTipy
HOTH)KECIHJIE OHIMHIH KaJIIBIK BUTFANIBLUIBIFGL 1,8 4,2 % apa-nblFblHIa OOJBII, BUTFAIIBI KO THIMALIIT 95
%-naH korapel Oonabl. CanbICTBIpMaibl Tangay JIOCTypii yil (aszanel CyOMUMalMsAIBIK KEnTipy
KyHelepiMeH CallbICTBIPFAaHAa OPHATBUIFAH KyaTThIH YKOHE SHEPIUs TYThI-HYJIbIH TOMEHAETCHIH PacTajbl.
AJIBIHFAH HOTWKENEp O3IPJIGHIeH HHTEUICKTYa bl BaKyyMJIbIK CyOJUMAalM-sUIBIK KENTipy JKyHeciH
Kazakcranmarsl (epMepilik IMIapyambUIbIKTap MEH INAFblH  TaraM ©HEepKaciOl  Kocimo-phIHIapbIHIA
KOJIJIaHyAbIH MPAaKTUKAIBIK MYMKIHIITIH JONEICH/I.

Tyiiin ce3mep: BakyyMAbIK CyOIMMAIMSIIBIK KENTipY, HHBEPTOPIBIK KOMIIPECCOP, UHTEIIEKTYaJI bl
Oackapy xykeci, )KyKTeMeH1 Ti30ekTen Oackapy, SHeprHst THIMIUIIT, eIkl CYTi, Tuoduausanus, Oip ¢a3asl
220 B kopekTenaipy *yieci, BAKYyM/IbIK KaMepa
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AnHoTrauusi. B nmaHHO#l pabore mpencraBieHbl pa3paboTKa W AKCIEpPUMEHTalbHas MpOBEpKa
MHTEJJIEKTYyallbHOM BaKyyMHON CyOIMMAIMOHHON CYIIMIBHON CUCTEMBI, paboTarolieil oT oqHo(a3Hoi ceTn
nutanus 220 B. Cucrema pazpaboTraHa ¢ LeIbI0 TMOBBIIIEHUS YHEPTrod(PPEeKTUBHOCTU U IKCILTyaTalIHOHHOM
YCTOWYMBOCTU TPOIECCOB CYOIMMAIIMOHHOM CYIIKM JII MalbIX U CPEAHMX MNPEANPUATHN MHILIEBOI
MIPOMBIIIJICHHOCTH B YCIOBUSX OMPAaHUYEHHOM dNIeKTpuieckoi nHGpacTpyKTyphl. PaspaboranHas ycTaHOBKa
BKJIIOUAET HWHBEPTOPHBIA KOMIIPECCOpP M alFOPUTM TIOCIEI0BATENbHOIO YIpPaBIEHUS HArpy3KoW Ui
HHEPrOeMKHX KOMIIOHEHTOB, BKJIIOYas XOJOAWUJIBHYIO CHCTEMY, BaKyyMHBI HAcoc W CHUCTEMY Harpesa.
DKcrepuMEHTANIbHBIE HCCIIEIOBAaHUS MPOBOIMWINCH B Tpollecce CyOIMMAIIMOHHOM CYIIKH KO3bETO MOJIOKA
npu 3arpyske mpoaykra mo 45-50 kr. B TedyeHuwe Bcero HUKIA CYIIKH KOHTPOJIMPOBAIUCH IMapameTphl
TEMIIEpaTyphl, JaBJICHUSA, MaccolepeHoca u sHepromoTpelsieHus. llomyueHHBIE pe3ynbTaThl MOKAa3aIn
cTabuiIbHOE MOAIep KaHue BaKyyMHOTO pekuMa B mpezenax 45-55 Ila u remneparypsl KOHAEHCATOpa B JAH-
ana3zone ot 46 no 48 °C Ha OCHOBHOI cTaguu cyOnuManuu. Peann30BaHHBIN aNrOPUTM MOCIEI0BATENbHO-
ro yNpaBJeHHs] OTpaHUYMUBAIl TMKOBOE MOTpeOJIeHNEe ANIEKTPUIECKON MOIIHOCTH A0 6,5 KBT u obecneunBan
CTaOWJIBHYIO pabOTy OT CTaHAAPTHOM o/HO(a3HOM >nekTprueckoit cetu 220 B. DxcnepuMeHTanbHast CyIika
KO3bET0 MOJIOKa o0ecrednsia OCTaTOUHYI0 BIAXHOCTh MpoaykTa B mpenenax 1,8-4.2 % u sdpdexTuBHOCTD
yaaneHus Biaru cBeime 95 %. CpaBHUTENbHBINA aHAIN3 MOATBEPANI CHIKEHHUE YCTAaHOBIEHHON MOIIHOCTH
Y YMEHbIIIEHHUE SHEPTONOTPEOICHHS TI0 CPAaBHEHUIO C TPAJAULIMOHHBIMU TPEX(a3HBIMU cUCTEMaMH CyOIrMa-
IMOHHOM cymikH. [lomyueHHbIe pe3ynbTaThl HOATBEPKIAIOT MPAKTUYECKYIO BOZMOXKHOCTh TPUMEHEHHUS pa3-
paboTaHHON MHTEIUIEKTYaJIbHOW BaKyyMHON CyOJIMMAallMOHHON CYIIMJIBHOM CUCTEMBI B (PePMEPCKUX XO3SH-
CTBaxX W Ha MaJIbIX IPEINPUATUAX MHUILEBOM mpombiiuieHHocTH Ka3axcrana.
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Introduction.
At present, one of the most effective technologies for dehydrating food and biological products is
vacuum freeze-drying, which ensures the preservation of the original structure, organoleptic properties, and



biological value ot the product. This technology 1s in high demand due to its high etticiency in drying milk,
meat, berries, fruits, medicinal plant materials, and biological substances [Ruiz-Rodriguez et al., 2008].

In the Republic of Kazakhstan, the relevance of lyophilization is increasing due to the development
of the agro-industrial complex, the need for deep processing of agricultural raw materials, and requirements
for extending product shelf life while maintaining export potential. In recent years, the agro-industrial sec-
tor has been gradually expanding, which has created a growing demand for low-power and energy-efficient
freeze-drying systems primarily intended for small farms and processing enterprises.

In addition, many industrial freeze-drying systems require a three-phase 380 V power supply, which
is economically inefficient for small and medium-sized enterprises and rural areas. Under traditional control
systems, the simultaneous operation of energy-intensive components (compressor, vacuum pump, and tray
heaters) results in peak electrical loads, increasing the risk of emergency shutdowns when operating from
a single-phase power supply. Currently, the main direction of freeze-drying system development is focused
on intelligent and energy-saving solutions. To reduce starting currents in the refrigeration circuit, an inverter
compressor can be used, allowing smooth regulation of operating modes. When such compressors are applied,
electrical load control can be implemented in a sequential mode, where individual system components are
activated and regulated step by step while considering power-consumption limitations.

In the conditions of Kazakhstan, the implementation of these solutions creates opportunities for the
development of freeze-drying systems capable of operating efficiently from a standard single-phase 220 V
power supply. This, in turn, leads to an increased demand for such installations.

Literature review and problem statement

A number of studies have shown that it is one of the most effective methods for dehydrating food and biological
products in terms of preserving their physicochemical, structural, and biological properties. Many researchers report
that freeze-drying results in lower losses of vitamins, proteins, and bioactive components compared with spray drying,
while also ensuring high rehydration capacity of the final product. Studies confirm that the application of lyophilization
significantly reduces the loss of vitamins, proteins, and bioactive compounds compared with convective and spray dry-
ing methods and provides high reconstitution quality of the dried product [Ruiz-Rodriguez et al., 2008; Ciurzynska et
al., 2011; Chen et al., 2024; Lozano et al., 2014: 703—707; Buana et al., 2025: 106930; Ben et al., 2025: €70163; Ratti,
2001].

The design of industrial freeze-drying systems is comprehensively examined, including their cooling
systems and tray-heating systems. It is noted that maintaining temperature-vacuum regimes requires the use of
high-power compressors and pumps, leading to increased energy consumption and the need for a three-phase
power supply [Ben et al., 2025: €70163; Ratti, 2001; Chupawa et al., 2021: 1738]. However, issues related
to adapting vacuum freeze-drying systems to conditions of limited electrical power and single-phase 220 V
supply remain unresolved. Most existing technical solutions are oriented toward large industrial enterprises,
whereas installations of such capacity are economically impractical for small and medium-sized production
facilities and farms. The main reasons include compressor equipment with high starting currents and systems
maintaining vacuum and temperature regimes operating simultaneously. High-power installations with this
type of control operate exclusively from a three-phase electrical network, whereas single-phase systems are
more appropriate for small farms and autonomous facilities [Chupawa et al., 2021: 1738; Fang et al., 2026:
131545; Jameel et al., et al., 2021; Nikiforidis et al., 2019].

Several studies propose the use of inverter compressors in refrigeration systems, which reduces starting
currents, enables smooth regulation of cooling capacity, and improves energy efficiency. It has been shown that
inverter control contributes to more accurate temperature regulation and reduced specific energy consumption.
Another possible approach to overcoming these difficultiesis the application of intelligent control systems with
sequential activation and regulation of electrical loads [Bano et al., 2020: 5056-5071; Abascal et al., 2005;
Liu et al., 2024: 884; Lazarin et al., 2023: 565-575]. This approach is considered in several studies, where
the possibility of redistributing load over time and reducing maximum power consumption is demonstrated.
However, in existing research, such solutions are typically considered fragmentarily and are not adapted to the
specific features of vacuum freeze-drying systems or to operation under a 220 V power supply. Furthermore, the
available literature provides limited discussion on the integrated implementation of inverter compressors and
sequential load-control algorithms within a unified intelligent control system for freeze-drying installations. A
systematic analysis of the influence of these solutions on process stability, energy efficiency, and operational
reliability is still lacking [Ruiz-Rodriguez et al., 2008; Li et al., 2023: 01004; Ili¢ et al., 2005: 1920-1940;
Wang et al., 2023; Nst et al., 2025: 178-183].
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lhese considerations indicate the relevance ot research tocused on the development and analysis of an intelli-
gent vacuum freeze-drying system with an inverter compressor and sequential electrical load control capable of efficient
operation from a single-phase 220 V power supply without compromising freeze-drying quality [Stetzer et al., 2008:
64—74; Oztuna Taner, 2024: 38573-38584; Sapakov et al., 2024: 414-422, Liliana et al., 2015: 442—-450].

The objective of this study is to develop, experimentally validate, and scientifically substantiate an intelligent
vacuum freeze-drying system with an inverter compressor and a sequential load-control algorithm that ensures ener-
gy-efficient freeze-drying of food products when powered by a single-phase 220 V electrical network and operating with
an increased product load of up to 45-50 kg [Stetzer et al., 2008: 64—74; Alfat et al., 2017; Sun Z. et al., 2025: €70238;
Morikawa et al., 2017: 831-838; Prosapio et al., 2017: 1171-1179; Zhang et al., 2022: 1267—127; Bayana et al., 2024:
5000-5022].

To achieve this objective, the following tasks are addressed in this work: development of a functional and
physical model of a compact freeze-drying system with an inverter compressor and an intelligent control system; im-
plementation of a sequential control algorithm for energy-intensive units (refrigeration system, vacuum pump, and
heating system) to limit peak electrical loads under single-phase 220 V power supply, experimental investigation of the
influence of increased product loading on the temperature and vacuum operating modes of the cooling system and con-
denser; determination of the main thermal, vacuum, mass-transfer, and energy parameters of the vacuum freeze-drying
process under different operating modes; evaluation of the efficiency of vacuum freeze-drying of goat milk based on
moisture removal depth and the dynamics of temperature, pressure, and moisture-content changes; comparative analysis
of the energy and operational characteristics of the developed system with traditional three-phase vacuum freeze-drying
systems; justification of stable and energy-efficient operation of the intelligent vacuum freeze-drying system under con-
ditions of limited electrical infrastructure and single-phase power supply [Zhang et al., 2023: 2679-2687; Wang et al.,
2026: 108279; Jameel et al., et al., 2021; Abascal et al., 2005].

The scientific novelty of this study lies in the development of an intelligent vacuum freeze-drying system with
an inverter compressor and a sequential load-control algorithm, capable of stable operation from a standard single-phase
220 V electrical network with a product load of up to 45-50 kg. Unlike conventional freeze-drying systems requiring
a three-phase power supply, the proposed system implements sequential control of the compressor, vacuum pump, and
heating elements, which limits peak power consumption to 6.5 kW while maintaining stable technological parameters
of the drying process. The scientific contribution of the study consists of the development and experimental validation
of a sequential load-control algorithm integrated with an inverter compressor, enabling stable operation of a 45-50 kg
vacuum freeze-drying system from a single-phase 220 V power supply.

Materials and Methods.

In the laboratory of the Department of Energy and Electrical Engineering of the Kazakh National
Agrarian Research University, a simplified physical model of a compact vacuum freeze-drying system was
installed, as shown in Figure 1.

Description of the Experimental Setup

The experimental vacuum freeze-drying system consisted of a vacuum chamber, a refrigeration
system with an inverter compressor, a condenser, a vacuum pump, electric heating elements, a control valve,
temperature and pressure sensors, and a Siemens S7-1200 programmable logic controller (PLC), as shown
in Figure 1. The product was placed on trays equipped with electric heating elements installed beneath them.

The refrigeration system employed an inverter-driven compressor providing smooth cooling-capacity
regulation, reduced starting current, and improved energy efficiency.

The condenser temperature was maintained within the range from —46 to —48 °C, while the vacuum
pump generated and maintained the operating pressure in the range of 45-55 Pa. Moisture removed from the
product during sublimation was deposited on the cooled condenser surface in the form of ice. The pressure
inside the chamber was measured using a vacuum sensor, and all measured signals were transmitted to the
PLC-based control system. A control valve was used to regulate and release the vacuum inside the chamber.

The Siemens S7-1200 PLC monitored temperature and pressure parameters and coordinated the
operation of the inverter compressor, vacuum pump, heating elements, and control valve according to the
developed sequential load-control algorithm. This control strategy enabled stable operation of the freeze-
drying system from a standard single-phase 220 V power supply while limiting peak power consumption.
The structural configuration of the experimental setup is presented in Figure 1, whereas the flowchart of the
sequential load-control algorithm is shown in Figure 4.
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Fig. 1. Functional diagram of the vacuum freeze-drying system with tray-heating control, condenser cooling, and vacuum supply, where: 1- trays
for product placement; 2-electric heating elements of the trays in the cooling system and condenser of the freeze-drying unit

The freeze-drying process included the following stages: product preparation and loading into the
vacuum chamber (up to 45-50 kg), preliminary cooling and freezing, vacuum generation, primary sublimation
drying, sequential control of electrical loads, secondary drying for the removal of residual moisture, and
completion of the drying process. The mass of the product was measured at different stages of the process
using laboratory scales, where mi is the product mass before freeze-drying (kg), and m: is the product mass
after completion of the primary sublimation stage (kg). These values were used to determine the amount
of removed moisture and to evaluate the performance of the freeze-drying system under increased product
loading conditions.

Freeze-drying under increased product load in laboratory conditions

Considering the objective of the research task, the development, design justification, and experimental valida-
tion of a freeze-drying unit with a capacity of 45-50 kg powered by a single-phase electrical network, the experiment
was aimed at evaluating the operational performance of the unit and optimizing the freeze-drying process under in-
creased product load. Based on the above-mentioned model of the freeze-drying unit, experimental measurements were
carried out at different product load levels according to the following variables: p -pressure in the vacuum chamber at
the initial stage of sublimation, Pa; p_-pressure in the vacuum chamber during the period of intensive moisture release
from the product, Pa; t - change in product temperature during sublimation, °C; t_- temperature of the inner surface of
the condenser, °C; m_ - mass flow rate of sublimated moisture entering the condenser at different product load levels,
kg/s; t_- duration of the sublimation drying process, h; N-energy consumption of the unit under sequential control, kWh.

Using the freeze-drying unit, 14 measurements of goat milk samples were carried out. Measurements No. 1-9
were conducted in February 2022, while measurements No. 10-14 were performed in April 2022. The results of the
experiments conducted under different operating modes are presented in Table 1. During the measurement process, the
moisture content of the goat milk samples was determined: w, initial moisture content of the product before the start of
freeze-drying; w_- moisture content after completion of the primary sublimation stage and removal of the sample from
the vacuum chamber.

The moisture content was determined using a Class I laboratory hygrometer. Prior to the experiment, a metro-
logical verification of the measurement accuracy of the instruments was performed. During measurements No. 9—14,
the moisture content of the goat milk sample reached 6.7 %. The measurement conditions and the parameters used are
presented in Table 2. The obtained results were used to analyze the performance of the freeze-drying unit.

Table 1 — Values of Measured Variables During Freeze-Drying of Goat Milk

p1 - product temperature in the vacuum chamber, °C; t maximum milk temperature, °C; b max change in
product temperature when the heating system is switched on, °C; t - average milk temperature during the freeze-dry-
ing process, °C; p, - average pressure in the vacuum chamber during the freeze-drying process, Pa; t - temperature of
the heated shelf in the vacuum chamber, °C; 72 - duration of the primary sublimation stage, h; m , - mass of the loaded
product at the beginning of sublimation, kg; m,, - mass of the product after completion of sublimation, kg.
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p1, Pa tp1,max, tp2,max, Pmax> Pa | th,avg, °C | (t2—tp1), | T2, homin | mLi, g ml:, g
°C °C min
100.76 55.2 5.82 45.6 38.8 1.9 1:06 1300.00 1293.78
102.77 50.9 591 43.9 389 2.1 0:45 1300.00 1295.00
102.45 52.7 6.62 44.9 39.1 2.3 0:54 1300.00 1294.80
101.95 60.3 9.19 52.4 46.9 1.7 0:37 1300.00 1292.82
101.66 60.6 9.81 53.8 48.4 0.6 0:34 1300.00 1292.00
101.28 59.8 9.51 53.8 48.8 3.0 0:33 1300.00 1291.49
102.06 61.6 9.35 61.6 62.7 17.6 0:57 1300.00 1294.20
8 101.95 62.6 9.26 61.5 60.2 15.6 0:56 1300.00 1290.36
9 (2 cycles) 101.93 60.5 8.66 54.1 48.6 4.6 1:26 1300.00 1282.93
9 (1 cycle) 101.93 60.5 9.02 54.0 48.7 3.6 0:40 1300.00 1289.80
9 (2 cycles) 101.69 60.4 8.31 54.1 48.6 5.5 0:46 1289.80 1282.86
10 100.74 60.0 9.74 54.2 48.7 2.6 0:48 1300.00 1295.00
11 99.90 61.4 9.70 55.2 48.5 22 1:29 1300.00 1297.11
12 102.08 60.0 8.41 59.5 59.5 16.9 0:28 1300.00 1296.86
13 101.95 60.5 9.42 60.7 59.6 14.2 0:42 1300.00 1295.80
14 100.00 60.1 8.73 61.0 62.8 18.2 0:58 1300.00 1295.90
Table 2 — Laboratory Conditions for Determining the Moisture Content of Goat Milk
Parameter Value
Pre-drying temperature, °C 60+1
Pre-drying time, min 360
Sample mass before drying, g 10
Physical state of the product Liquid (goat milk)
Main (reference) drying temperature, °C 13041
Main drying time, min 240
Sample mass after pre-drying, g 5
Sample condition during main drying Dried residue (ground)

The initial moisture content wel of representative goat milk samples under two experimental condi-
tions was determined using the gravimetric method and had the values presented in Table 3: w_=10.487 %
for measurements performed in February 2022; w_=8.858 % for measurements performed in April 2022. The
initial moisture content was determined using representative milk samples with masses of g (February 2022)

and =9.996 g (April 2022).

The mass of the goat milk sample was defined as follows: - at the beginning of the experiment, g; -
after completion of vacuum freeze-drying (lyophilization), g. Based on the initial moisture content we, the
dry matter mass ma, and the moisture content after drying were calculated. The obtained values were used to

evaluate the efficiency of the vacuum freeze-drying process.
Table 3 — Results of determining the dry matter mass and moisture content we in the milk sample

Period of goat milk moisture content February April

measurement 2024 2024

Mass of goat milk sample, m, g 10.000 9.996

Mass of the sample after preliminary 9.800 9,866

freezing and vacuuming, g

Mass of the sample before primary 5.000 5.002
freeze-drying, g

Mass of the sample after primary 4.567 4.619
freeze-drying, g

Dry matter mass in the sample, ma, g 8.951 9.111

Moisture content of the goat milk sam- 10.487 8.858

ple, w, %

The mass of dry matter ma in goat milk is determined by the following equation:

My = My (1—%), r

(1)
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where: ™11 mass of the goat milk sample at the initial stage of the experiment, g; We1 - initial moisture content
of goat milk, %.

The process of vacuum freeze-drying of goat milk is shown in Figure 2. Figure 2a presents the placement of
trays with product samples inside the vacuum chamber of the freeze-drying unit. Figure 2b shows the preparation and
placement of frozen goat milk samples on trays before sublimation. Figure 3¢ illustrates the deposition and accumulation
of ice on the condenser surface during the freeze-drying process. Figure 2d shows the freeze-dried goat milk obtained
after the process.

The relative moisture content of the goat milk sample (mass fraction of moisture) is defined as the ratio of the

moisture mass "Ttwi to the sample mass "'L1 and is calculated using the following expression:

Wﬂf:iﬂﬂ.m:'lﬂﬂ.uz 1(](].(1_’”'1)%
mpy mpy My (2)
where: ™wi - mass of moisture contained in the goat milk sample, g.
E R T T o7
Fig.2. Vacuum freeze-drying process of goat milk
The moisture content of the goat milk sample after completion of the primary sublimation stage, Wez, is

determined by the gravimetric method based on the calculated dry matter mass "4 and the experimentally measured
sample masses L2 and ™13, respectively, in accordance with the data presented in Table 1. Measurements of milk
samples performed during freeze-drying under specified operating conditions can be compared using the following
parameters.

The difference in moisture content 2We of the milk sample between the initial moisture content We1 at the

beginning of the experiment and the moisture content We2 after completion of the secondary drying stage, which ensures

the removal of residual bound moisture. is determined bv the following exnression:
'&wﬂ' = Wy T Wea {%] [3)

The relative moisture content difference 2*essl of the goat milk sample is defined as the ratio of the

moisture content difference 2We to the initial moisture content of the product e

following formula:

1 and is calculated using the

AWy = 100- “L—2 () @
Wey

These indicators make it possible to quantitatively evaluate the efficiency of the vacuum freeze-drying
process. Leaks in the vacuum system lead to an increase in chamber pressure pi. The pressure during the heat-
ing and sublimation stages was characterized by its average value pi,avg. It was recorded that the maximum

product temperature under all operating modes reached tp1,max =60+3°C.
During the heating stage, the chamber pressure pl remained within the range of 99.90-102.77 Pa. At
the beginning of the sublimation stage, the temperature tp1, max coincided with b omax: During freeze-drying
of milk, according to measurements No. 1-3, the average chamber pressure pavg was in the range of 43.9-45.6
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Pa. During these measurements, the maximum product temperature tpl, max increased to 50.9-55.2 ~C.

Measurements No. 4-14 were carried out at an average chamber pressure pavg in the range of 52.4-61.6 Pa,
while the maximum product temperature at the end of the heating stage was within 59.8-62.6 °C. During the freeze-
drying process, heat was removed from the dry portion of the product, resulting in a decrease in product temperature
from totot,

The decrease in temperature t, was determined by the magnitude of the thermal power supplied by the heating
system. The value of the temperature t1 max during the heating stage was selected so that, at the end of the sublimation

process, the minimum product temperature L min remained higher than the saturation temperature of water vapor t.(p,)

at the corresponding pressure Pz In experiments No. 1-6 and no. 9-11, a reduction in the thermal power supplied by the

heating system was carried out. Sublimation was completed when the minimum temperature difference (tuz smin s ) min
reached a range of 0.6-5.5 °C. In experiments No. 7, No. 8, and No. 12—14, the thermal power supplied by the heating
system was entirely consumed for the sublimation of moisture removed from the product. The temperature difference
during sublimation drying between the initial value L and the final value b min ranged from -2.7 to 2.4 °C. Upon
completion of the sublimation process, the value (tp2,m — t) in was 14.2—18.2 °C. After completion of the sublimation
process, the product was removed from the vacuum chamber and weighed. During sublimation, the product mass
decreased to the value mp. At the final drying stage, residual moisture was removed from the milk by additional heat

supply, after which its final mass 23 was determined.

Sequential Load-Control Algorithm of the Intelligent Vacuum Freeze-Drying System

To ensure stable operation of the developed vacuum freeze-drying unit operating from a single-phase power
supply, a sequential load-control algorithm was developed. The proposed control strategy coordinates the operation of
the compressor, vacuum pump, and heating elements in order to limit peak power consumption while maintaining the
required technological parameters of the freeze-drying process. The control sequence begins with loading the product
into the vacuum chamber, followed by PLC initialization and verification of all temperature, pressure, and system-status
sensors. If a fault is detected during the diagnostic procedure, the system enters an emergency shutdown mode, activates
an alarm signal, and initiates troubleshooting procedures before returning to system verification. After successful
diagnostics, the product undergoes preliminary cooling and freezing. Subsequently, a vacuum is generated inside the
drying chamber. The chamber pressure is continuously monitored, and the process proceeds only after the operating
pressure range of 45-55 Pa has been achieved. If the required pressure level is not reached, vacuum generation and
leak monitoring continue until stable operating conditions are established. Once the target pressure has been achieved,
the major electrical loads are activated sequentially in the following order: compressor, vacuum pump, and heating
elements. This operating strategy reduces peak electrical demand, prevents excessive loading of the single-phase power
supply, and improves the overall energy efficiency of the freeze-drying system.

The primary sublimation drying stage is then initiated. During operation, the control system continuously
monitors instantaneous power consumption and residual moisture content. If the instantaneous power consumption
exceeds 6.5 kW, the control algorithm adjusts the load activation sequence and limits power demand to maintain
stable operation. Similarly, if the residual moisture content remains above 6.7 %, the system continues the primary
sublimation stage until the target moisture level is achieved. After reaching the required residual moisture content,
the process proceeds to the secondary drying stage, where bound moisture is removed from the product. The drying
cycle is completed by pressure equalization inside the chamber and unloading of the dried product. The flowchart of
the proposed sequential load-control algorithm is presented in Figure 4. The algorithm ensures stable operation of the
vacuum freeze-drying unit while limiting peak power consumption t kW and maintaining the required product moisture
content throughout the drying process.
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Fig.3. Flowchart of the Sequential Load-Control Algorithm for the Intelligent Vacuum Freeze-Drying System

Results.

All experimental studies were carried out with the same initial sample mass m;=100 g. Based on Equations (1-
4), the dry matter mass m, was determined. On this basis, the relative moisture content difference Aw__ was calculated.

The values of moisture content w
marized and presented in Table 4.

cl’

w

c3?

as well as the absolute moisture content difference AW =w_—Ww,

arc sum-

c3?

Table 4 — Results of the calculation of the moisture parameters of goat milk samples

Measurement No. mLby, g w, % m, 8 W, % w, % Aw, % Aw_, %
1 100.0 87.0 13.0 12.0 4.0 75.0 95.4
2 100.0 86.5 135 11.5 3.8 75.0 95.6
3 100.0 87.2 12.8 12.3 4.2 74.9 95.2
4 100.0 86.8 13.2 11.8 4.0 75.0 95.4
5 100.0 87.0 13.0 121 4.1 74.9 95.3

The results presented in the table indicate high drying efficiency
Change in Product Temperature Over Time During Vacuum Freeze-Drying
Based on the data presented in Table 1, the change in product temperature over time is shown in Di-

agram 5. The diagram presents three main temperature dependencies: t, product temperature in the vacuum
chamber, °C; tx - temperature of the heating elements, °C; t_ - temperature of the inner surface of the condenser,
°C. In the time interval of 0—1.5 hours, the product undergoes freezing. During this period, the product tem-
perature decreases and moisture transitions into a solid state. In the interval of 1.5-3.0 hours, deep freezing
is carried out. The product temperature decreases to -30 °C. The main sublimation process occurs within the
interval of 3.0—6.0 hours.
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Temperature regimes during vacuum freeze-drying process
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Fig. 5. Change in Product Temperature Over Time During Vacuum Freeze-Drying

The temperature of the heat carrier is approximately 35 °C, while the temperature of the condenser
surface is -46...-48 °C. After 6.0 hours, the secondary drying stage begins. The temperature of the heat carrier
increases to 50 °C. The temperature diagram demonstrates the correctness of the sublimation drying process
and the stable operation of the unit powered by a single-phase 220 V electrical supply.

Influence of condenser temperature on sublimation intensity during freeze-drying

As shown by the temperature variation in the condenser, during the sublimation process within the in-
terval of approximately 1.5-5.5 hours, the condenser temperature remained within the range of -46... -48 °C,
indicating stable operation of the inverter compressor (Figure 6).
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Fig.6. Dependence of condenser temperature and sublimation intensity on time during vacuum freeze-drying

Change in Pressure in the Vacuum Chamber

During the interval of 0-1.5 hours, the freezing process was carried out, and the pressure in the cham-
ber remained at the atmospheric level (Figure 7).

100 4

Pressure (kPa)

Time (h)
Fig.7. Change in Pressure in the Vacuum Chamber
In the interval of 1.5-3.0 hours, the vacuum mode was established. During the interval of 3.0-6.0
hours, the main stage of sublimation took place, while the pressure stabilized at approximately 45-50 Pa. Af-

ter 6.0 hours, the pressure in the chamber gradually increased to the atmospheric level, indicating the correct



AKALEMUSACHI

completion ot the technological cycle.

Relationship between pressure and product temperature

The relationship between pressure and product temperature is shown in Figure 7. As the product tem-
perature varied within the range of -35...-20 °C, the pressure in the vacuum chamber was maintained at 45-55
Pa. The correspondence between pressure and temperature indicates the correct selection of vacuum regime
parameters and thermal control.

The presented diagram reflects the physical relationship between the pressure in the vacuum chamber
and the product temperature. The obtained relationship can be used to optimize freeze-drying operating con-
ditions.

Change in product mass over time

Figure 8 shows three stages of freeze-drying: pre-cooling (0—1.5 h), primary sublimation (1.5-5.5 h),
and secondary drying (after 5.5 h). The greatest reduction in product mass is observed during the primary sub-
limation stage, whereas during the secondary drying stage, the change in product mass slows down.
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Fig. 8. Relationship Between Pressure in the Vacuum Chamber and Product Temperature During Vacuum Freeze-Drying

Change in product mass over time

Figure 9 shows three stages of freeze-drying: pre-cooling (0—1.5 h), primary sublimation (1.5-5.5 h),
and secondary drying (after 5.5 h). The greatest reduction in product mass is observed during the primary sub-
limation stage, whereas during the secondary drying stage, the change in product mass slows down.

Product mass (g)
F

10 1 2 3 l; 5 é 7
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Fig.9. Change in Product Mass Over Time (Product Mass vs Time)

The obtained relationship describing the change in product mass over time confirms the correctness of
the selected operating modes of vacuum freeze-drying.

Change in product moisture content

The diagram presented in Figure 9 shows the variation of the product moisture content during the pro-
cess. The diagram indicates that at the initial stage (0—1.5 h), preliminary cooling takes place, while the mois-
ture content changes only slightly from approximately 10.5 % to about 10.2 %, since the moisture remains in
a solid state.

In the interval of 1.5-3.0 h, a decrease in product moisture content to approximately 6 % is observed.
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During this period, moisture transitions from the solid phase to the vapor phase, accompanied by moisture
removal from the product.
In the following interval (3.0-5.5 h), the moisture content continues to decrease to approximately 2.8
%, indicating the completion of the primary sublimation stage and the removal of most of the free moisture.
At the final stage of the process (5.5-7.0 h), corresponding to the secondary drying stage, the reduction
in moisture content occurs more slowly, reaching a final value of approximately 1.8 %.

Moisture content vs Time during vacuum freeze-drying

Moisture content, %
(-]

0 1 2 3 4 5 ] 7
Time, h

Fig. 10. Change in Product Moisture Content Over Time During Vacuum Freeze-Drying

The obtained relationship confirms the correctness of the selected temperature-vacuum operating con-
ditions.

Comparison of the Proposed Unit with Conventional Solutions

The diagram presents a comparative analysis of the proposed unit and conventional vacuum drying
systems based on the main technical and energy performance indicators. These include installed electrical
power, specific energy consumption per drying cycle, productivity, and the duration of the technological cycle
(Figure 11).

The presented comparative diagram clearly demonstrates the advantages of the developed unit com-
pared with traditional technical solutions. It is shown that the proposed unit is characterized by a significantly
lower installed electrical power of up to 6.5 kW, which enables its operation from a single-phase 220 V elec-
trical network without the need for connection to industrial three-phase power sources.

Comparison of proposed freeze-drying unit with conventional systems

B Proposed intelligent unit (220 V)
601 B Conventional vacuum system

Fig.11. Comparison of the proposed intelligent vacuum freeze-drying unit (single-phase 220 V power supply) and a conventional industrial
vacuum drying system based on the main technical and energy performance indicators

It is shown that, with a product load of 45-50 kg, a reduction in energy consumption per drying cycle
is observed. The shortening of the technological cycle duration confirms the effectiveness of the implemented
algorithm for sequential control of the main system units.

Time diagram of sequential load control
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The presented diagram (Figure 12) shows the sequence ot control of the compressor, cooling system,
vacuum pump, and heating system. The color coding reflects the operating modes of individual units at differ-
ent stages of the drying process. The bottom row of the diagram represents the compressor of the refrigeration
system. The blue color (0—1.5 h) corresponds to the stage of preliminary cooling and product freezing. The
orange color (1.5-3.0 h) characterizes compressor operation during the formation of the vacuum regime. The
green color (3.0-5.5 h) indicates the maintenance of a stable condenser temperature during the main stage of
vacuum freeze-drying.

Load sequencing timeline of the intelligent control algorithm

Heater -

Vacuum pump A

Compressor

-~

0 1 2 3 4 5 6
Time, h
Fig. 12. Time Diagram of Sequential Load Control of the Intelligent Vacuum Freeze-Drying Unit

The middle row of the diagram corresponds to the vacuum pump. The red color (1.5-3.0 h) indicates
the stage of vacuum creation in the chamber, while the purple color (3.0-5.5 h) represents maintaining stable
pressure during the main sublimation process. The upper row shows the heating system. The brown color
(3.0-5.5 h) corresponds to heat supply to the product during the main stage of vacuum freeze-drying, while the
pink color (5.5-7.0 h) reflects the final drying stage. The diagram demonstrates the step-by-step activation of
actuating mechanisms in accordance with the PLC algorithm logic 0—1.5 h-the refrigeration system operates;
1.5-3.0 h-the compressor and vacuum pump operate simultaneously, 3.0-5.5 h-the heating system is addition-
ally activated; 5.5—7.0 h-final drying is performed with the vacuum pump switched off.

The presented time diagram confirms the correct implementation of the sequential load control princi-
ple, which ensures limitation of electrical power consumption and stable operation of the vacuum freeze-dry-
ing unit powered from a single-phase 220 V supply network.

Discussion of Results.

The results of vacuum freeze-drying of goat milk obtained during experimental studies on a unit
equipped with an inverter compressor and sequential control of electrical loads are explained by the influ-
ence of the selected temperature-vacuum operating modes and the design features of the installation. The
temperature and vacuum parameters at the main sublimation stage remain stable due to the implementation of
a sequential load control algorithm. Maintaining the condenser surface temperature within the range of —46
to —48 °C ensured efficient vapor capture and prevented pressure increase in the vacuum chamber. High val-
ues of the relative moisture content difference Aw_ >95 % indicate deep dehydration of the product. Unlike
conventional systems requiring a three-phase 380 V power supply, the proposed unit ensures stable operation
from a single phase 220 V network due to the integration of an inverter compressor and a sequential control
algorithm for energy-intensive units.

Prospects for further research are associated with expanding the experimental database, developing a mathemat-
ical model of the process, and adapting the control algorithm to various types of food raw materials. Overall, the results
confirm the scientific validity and practical feasibility of the proposed freeze-drying (lyophilization) unit. Explanation of
the obtained results. The stability of temperature and vacuum parameters during the primary sublimation stage (Figures
4-7, Table 1) is ensured by the coordinated operation of the refrigeration system, vacuum pump, and heating system,
implemented through a sequential load control algorithm (Figure 11). Maintaining the condenser surface temperature
within the range of —46 to —48 °C (Figure 5) ensured effective capture of sublimated moisture vapors and prevented
pressure increase in the vacuum chamber, which is confirmed by the pressure data p, presented in Table 1 and Figure 6.
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I'he mtensive reduction 1 product mass and moisture content during the primary sublimation stage (Figures 8 and Y) 1S
explained by the realization of the direct phase transition “ice-vapor” while maintaining the product temperature below
the ice melting point and pressure corresponding to the stable sublimation region. During the secondary drying stage,
the decrease in moisture content slows down, which is associated with the removal of bound moisture and a reduction
in mass transfer intensity, consistent with classical concepts of vacuum freeze-drying kinetics.

High values of the relative moisture content difference Aw,_, (Table 4), exceeding 95 %, indicate deep dehy-
dration of the product while maintaining the stability of the technological regime, which confirms the correctness of
the selected parameters for controlling thermal and vacuum flows. Comparison with existing studies and features of the
proposed approach. The obtained results are consistent with the data presented in studies, which demonstrate the high
efficiency of vacuum freeze-drying in terms of preserving food product quality. At the same time, most known studies
employ installations with high installed power and three-phase 380 V power supply, which significantly limits their
application in small and medium-scale production conditions.

In contrast to the solutions described in studies [Chen et al., 2024], where inverter compressors are
mainly considered as components of refrigeration systems without accounting for the overall energy structure
of the installation, the present study implements an integrated approach combining an inverter compressor with
a sequential control algorithm for all energy-intensive units. This made it possible to ensure stable operation
of the installation when powered from a single-phase 220 V electrical network without the occurrence of peak
loads, which fundamentally distinguishes the proposed technical solution from conventional vacuum freeze-
drying systems.

Additionally, unlike certain studies [Lozano et al., 2014: 703—707], where sequential load control is
analyzed in a fragmented manner, this work demonstrates its systemic influence on the thermal, vacuum, and
energy balance of the installation under increased product loading up to 45-50 kg.

Research Limitations. It should be noted that the results of this study were obtained using a laboratory-scale
installation and during the drying of only one type of product-goat milk. The applicability range of the obtained data
is limited by a loading capacity of up to 45-50 kg, a heating temperature range of up to 60 °C, and operating condi-
tions powered by a single-phase 220 V electrical supply. In addition, the experimental studies were conducted under
controlled laboratory conditions, which ensured high reproducibility of the results; however, they do not account for
possible fluctuations in environmental parameters and power supply quality that are typical of real industrial facilities.

Study limitations and ways to overcome them. The shortcomings of the present study include the limited num-
ber of experimental series and the absence of an analysis of the influence of the composition and structure of other types
of food raw materials on the efficiency of the freeze-drying process. Furthermore, the study did not address issues related
to system scaling or the long-term reliability of the installation during continuous operation.

The identified limitations can be overcome by expanding the experimental database, incorporating various types
of products (meat, berries, and plant-based raw materials) into the research, and conducting long-term endurance testing
of the installation under conditions close to industrial operation.

Future research development is associated with the creation of a mathematical model of the vacuum freeze-dry-
ing process that considers the dynamic redistribution of electrical loads and heat flows. Particular interest lies in adapt-
ing the control algorithm to different product types and drying modes, as well as implementing predictive and adaptive
control elements based on machine learning methods. Potential challenges in further studies include the complexity of
heat and mass transfer processes under varying vacuum conditions, as well as the increasing volume of experimental
data requiring statistical processing and validation.

Overall, the obtained results confirm the scientific validity and practical potential of the proposed intelligent
vacuum freeze-drying installation, especially for applications in conditions of limited electrical infrastructure and sin-
gle-phase 220 V power supply.

Use of Artificial Intelligence Tools

During the preparation of this manuscript, the authors used the ChatGPT language model (OpenAl, USA) to
assist in language editing, text structuring, and improvement of academic style. The artificial intelligence tool was used
only to support the writing process and did not participate in the research design, data collection, experimental proce-
dures, data analysis, or interpretation of results. All scientific content, experimental data, analysis, and conclusions were
developed and verified by the authors. The authors take full responsibility for the accuracy, originality, and integrity of
the manuscript.

Conclusion.

An intelligent freeze-drying installation with an inverter compressor has been developed and experimentally
validated. The installation provides drying of products with a mass of up to 45-50 kg and ensures stable tempera-
ture-vacuum operating conditions when powered from a single-phase 220 V electrical network.

A sequential control algorithm for energy-intensive system components has been implemented, allowing the
peak power consumption to be limited to 6.5 kW, which has been experimentally confirmed.
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It has been established that, with increased product loading during the primary sublimation stage, the pressure
in the vacuum chamber stabilizes within the range of 45-55 Pa, while the condenser temperature is maintained at 46 to
48 °C.

The main thermal, vacuum, and mass transfer parameters of the vacuum freeze-drying process, ensuring stable
realization of the direct phase transition “ice-vapor” have been determined.

Experimental drying of goat milk demonstrated a final moisture content of 1.8—4.2 % and a relative moisture
removal efficiency exceeding 95 %, confirming the high efficiency of the process.

Comparative analysis showed that the developed installation has lower installed power and energy consumption
compared to conventional three-phase systems and can operate from a single-phase 220 V power supply.

The obtained results confirm the feasibility of applying the intelligent vacuum freeze-drying installation under
conditions of limited electrical infrastructure typical for small and medium-scale production facilities.
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