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The paper presents the results of a study on the metrological characteristics of a flow-type milk acidity
analyzer designed for integration into milking equipment to enable continuous real-time monitoring of raw
milk quality. The relevance of this research is driven by the needs of modern livestock farming for the
implementation of digital solutions within the framework of the Smart Farming concept. Milk acidity is a key
indicator reflecting the microbiological status, freshness, and suitability of milk for processing, and its timely
control allows for the prompt detection of hygienic violations during milking or early signs of animal diseases.

The proposed design of the flow analyzer is based on the ionometric method for measuring pH using
a glass pH-selective electrode, a reference electrode, and a DS18B20 digital temperature sensor. The
measuring unit is built on an ATMegal6 microcontroller, integrated with a TLO82 operational amplifier,
which ensures high-precision measurement of the electrode system potentials. Signal processing and
measurement control are implemented via PC software, which also provides electrode calibration, acidity
calculation in pH and °T units, and digital and graphical visualization of results.

To determine the metrological characteristics of the analyzer, comparative measurements were
carried out using a laboratory-grade pH meter S20 (Mettler Toledo) in buffer solutions with known pH values.
It was established that the electrode response is linear with a slope of 59.62 mV/pH (theoretical value —
59.16 mV/pH), the measurement range is 1.68-9.18 pH, the signal dispersion is 3.00 mV? resolution —

0.01 pH, and the signal stabilization time — up to 25 seconds. The average deviation of the results does not
exceed £0.03 pH, which confirms compliance with the requirements for operational acidity monitoring in flow
conditions.

The developed analyzer is competitive in terms of key metrological parameters and has strong
potential for industrial application. Further research will focus on the implementation of automatic
interpretation algorithms based on processing standards, as well as adaptation of the device to farms of
various scales.

Key words: milk, milk acidity, milking equipment, technical condition, pH meter, ionometric method,
flow analyzer, metrological characteristics, quality control, automation, measurement.

Eq. 5. Fig. 4. Table. 3. Ref. 15.

1. Problem formulation

Modern livestock farming is increasingly focused on implementing high-tech means of automation
and digitalization in the processes of monitoring the quality of raw milk. One of the key indicators of milk
quality is its acidity, which serves as an important marker of microbiological stability, freshness, and suitability
for further processing [1, 2]. Changes in acidity may result from sanitary violations in milking equipment, the
onset of product spoilage, or the presence of diseases in animals, particularly subclinical mastitis [3].

In traditional practice, milk acidity control is carried out using laboratory methods that require sample
collection and a certain analysis time. This approach does not allow for prompt response to changes in raw
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milk quality directly during milking. In modern dairy farming, especially on farms with robotic milking or
flow milk collection systems, this creates risks of losses and decreases overall production efficiency.

To implement the Smart Farming concept, it is necessary to introduce flow analyzers of acidity
integrated directly into milking equipment. Such systems enable real-time monitoring of milk quality
indicators, detection of pathological changes or microbiological spoilage, as well as automation of the milk
selection or rejection process [4, 5].

Recent studies confirm the feasibility of accurate measurement of milk acidity or pH in flow using
optical, electrochemical, or spectroscopic sensors that can be embedded in milking units [6, 7]. Furthermore,
the use of machine learning combined with in-line NIR analysis significantly improves the accuracy and
stability of results even under varying milking conditions [8].

At the same time, practical implementation of such systems requires metrological justification—
determining parameters of accuracy, sensitivity, reproducibility, stability, and measurement reliability. This is
critically important for the further standardization of devices, their certification, and integration into milking
equipment.

Thus, the development and determination of metrological characteristics of a flow milk acidity
analyzer, capable of operating as part of milking equipment, is a relevant scientific and practical task that will
contribute to improving milk quality, the efficiency of the technological process, and the introduction of
innovations in livestock farming.

2. Analysis of recent research and publications

Several methods are used to determine milk acidity, the main ones being titration, conductometric, and
pH-metric methods [9-12]. A comparative characterization of these methods is presented in Table 1.

Analysis of the acidity determination methods shown in Table 1 indicates that the ionometric method
is optimal for monitoring the acidity of milk and dairy products. Its advantages include relatively simple
equipment design, measurement duration of a few seconds, and the possibility of conducting measurements
both in samples and in flow. The main drawback of the ionometric method is the need for temperature
compensation when the milk temperature differs from 20 °C to ensure high measurement accuracy.

Table 1
Comparative characteristics of milk acidity determination methods
Method Principle Characteristics
Titration Quantitative analysis of acid in | Complex measurement equipment design;
milk by neutralization with | measurement duration of several minutes; unsuitable
alkaline solution to | for continuous acidity monitoring (e.g., in flow)

equivalence point
Conductometric | Determination of acid | Relatively simple measuring circuit and sensor design;
concentration in milk by its | capability to simultaneously monitor acidity and
electrical conductivity temperature with one device. The error of acidity
determination of fresh milk by this method is up to £3
°T, which does not meet technological requirements in
the dairy industry; seasonal changes in average milk
conductivity significantly affect measurement results.
pH-metric Determination of milk acidity | Measurement duration from a few seconds to several
by pH value tens of seconds; relatively simple measuring equipment
design; insignificant dependence of pH value on the
content of proteins, phosphates, citrates, etc. in milk;
applicable for both periodic and continuous acidity
monitoring. To ensure acidity measurement accuracy
that meets technological requirements, temperature
compensation is necessary.

The pH value of milk undergoing lactic acid fermentation is a function of several variables [13-15]:
pHM :f(pHoa B) 0", t), (1)
where pHo is the pH of fresh milk; a is the content of lactic acid in the milk; B is the coefficient
characterizing the buffering properties of milk; t is the temperature of the milk.
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In turn, the values of pHo and B depend on the content of proteins and salts of phosphoric and citric acids
in the milk. Thus, only the parameter o in expression (1) characterizes the influence of lactic acid content on the
pH of milk. That is, the pH of milk is not an unambiguous indicator of lactic acid concentration in milk because
milk is a complex polydisperse buffered medium. However, the influence of proteins and salts on the pH value
does not cause significant error in practice, and if the effect of temperature on acidity is compensated, then the
pH measurement method meets the specified technological requirements for monitoring the acidity of bulk milk.

The averaged relationship between the pH value and the titratable acidity A of bulk milk at 20 °C can
be expressed as follows [13-15]:

pH=pH

Oavg

%(A—AO),%O pH =6,69-0,056-(A-17), )
]

where ho is the regression coefficient, ho = 6.2 pH/% titratable acidity; Kr is the coefficient,
Kr = 111°T/% titratable acidity; Ao is the titratable acidity of fresh milk, Ao = 17 °T; pHoay IS the average
pH value of fresh milk, pHoavyg = 6.69 pH.

In practice, the ionometric method for determining acidity is implemented as follows. A pH-selective
measuring electrode (an electrode whose potential changes depending on the activity of hydrogen ions in the
solution) and a reference electrode, whose potential is considered constant under given conditions, are immersed
into the analyzed solution (milk). Then, using a measuring device (pH meter), the difference in electrode potentials
is determined, which is a function of the acidity of the solution [13-15]. Specifically, if a glass electrode is used as
the measuring electrode, this function is linear and described by the Nikolsky equation [13-15]:

E=E'+R—FT‘pH, 3)
where E is the electrode system potential, mV; E’ is the standard potential (electrode system potential
at pH =0), mV; R is the universal gas constant, J/(mol-K); T is the temperature, K; F is the Faraday constant, C/mol.

3. The purpose of the article

The aim of this work is to investigate the metrological characteristics of a flow acidity analyzer for
milk, designed for integration into milking equipment, to ensure reliable, prompt, and continuous monitoring
of acidity during the milking process.

4. Results and discussion

Let us define the basic technical requirements that must be met for a flow milk acidity analyzer using
a glass electrode:

1. The potential difference between the glass electrode and the reference electrode, according to
equation (3), is determined by the pH value and the temperature of the solution in which these electrodes are
immersed. The potential of the glass electrode can reach several hundred millivolts.

2. The glass electrode has a very high output resistance (ranging from tens to several hundreds of
megaohms and even higher). Therefore, measuring the potential difference between the glass electrode and the
reference electrode requires measuring devices with an input resistance of about 10'2 ohms [5]. Such a high
input resistance can be ensured by using operational amplifiers in the measuring circuit.

3. The time required for the potentials to stabilize to equilibrium ranges from several seconds to
several tens of seconds. Therefore, high-frequency interferences can be filtered out.

4. The pH value significantly depends on the temperature of the solution; hence, to improve the
accuracy of pH determination, measurement of the solution temperature is mandatory.

5. Characteristics of glass electrodes (such as the slope of the electrode characteristic and the position
of the isopotential point) change over time depending on storage and usage conditions. Therefore, to achieve
acceptable accuracy in pH measurements, effective and rapid calibration methods must be provided.

Considering these conditions, the proposed design of the laboratory flow milk acidity analyzer and its
prototype (Fig. 1) were created, consisting of the following components:

—an electrode system comprising a glass pH-selective electrode and a reference electrode;

— a temperature sensor;

— a measuring unit, which measures the potentials of the electrodes and temperature sensor, converts
them into digital form, and exchanges data with a personal computer;

—a personal computer for registering and processing signals sent by the measuring unit and controlling
the measurement process.
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Fig. 1. Measuring Unit of the Flow Milk Acidity Analyzer

The main component of the measuring unit is the ATMegal6 microcontroller with a built-in multi-channel
analog-to-digital converter (ADC). Signals from the electrodes and the temperature sensor are fed to the corresponding
microcontroller inputs; these signals are converted into digital form by the ADC and transmitted via a USB interface
to the computer for further processing and visualization. The USB protocol is implemented in software, without the
use of additional specialized chips, which significantly simplifies the circuit design and reduces the overall device cost.

To amplify the signal from the electrode system and to meet the requirement for high input impedance
of the measuring device, a dual operational amplifier based on the TL082 chip was additionally included in the
input stage of the measuring unit. This amplifier, on the one hand, has an input impedance of about 1-10'? ohms
and, on the other hand, is characterized by low cost.

The entire assembled flow milk acidity analyzer is shown in Fig. 2. For the device implementation, a
laboratory combined pH-selective electrode ESC-10605 was used, which consists of a glass measuring
electrode and a reference electrode housed in a single body, as well as a DS18B20 temperature sensor.

Fig. 2. Study of Metrological Characteristics of the Flow Milk Acidity Analyzer

The software of the developed flow milk acidity analyzer is divided into microcontroller software and
personal computer software. The computer software is designed to perform the following functions:

— configuration and start of the ADC;

— verification of connection of the measuring electrode and temperature sensor;

—reading data and interpreting them as electrode potential in millivolts and temperature in °C;

— calculation of the acidity of the analyzed solution in pH units and, upon operator command,
conversion of the obtained values into titratable acidity according to equation (2);

— storage and/or visualization of the measured acidity values in numerical and graphical forms (Fig. 3a);

— calibration of the electrode system (Fig. 3b).
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Fig. 3. Display of measurement results (a) and calibration of the electrode system (b) conducted using the

flow milk acidity analyzer

To verify the metrological performance of the developed flow analyzer, parallel measurements of the
pH of buffer solutions were conducted using this device and the laboratory pH meter S20 from Mettler Toledo,
the main parameters of which are listed in Table 2.

Table 2
Metrological parameters of the S20 pH meter
Measured Quantity Parameter Value
Measurement range 0...14
pH Resolution 0.01
Measurement accuracy +0.01
Measurement range —1999...1999
Electrode potential, mV Resolution 1
Measurement accuracy +1
o Measurement range —5...105
Temperature, °C Resolution 0.1

Measurements were conducted in the following sequence:
— Prior to measurements, the combined electrode was kept in distilled water for 24 hours;

— The electrode and temperature sensor were connected to the measuring unit of the flow analyzer;

— The electrode and temperature sensor were immersed in a container holding 30 ml of solution with

pH =9.18. After stabilization of the electrode potential, the result was recorded;
— The electrode and temperature sensor were rinsed with distilled water;

— Measurements were sequentially performed in solutions with pH values of 6.86, 4.01, and 1.68. Each
measurement was repeated three times in each solution;

— The electrode and temperature sensor were connected to the S20 pH meter and the above

measurements were repeated again.

The measurement results obtained using both devices are presented in Table 3 and in Figure 4. The
time required to reach a stable electrode potential when using both devices was 10 to 25 seconds, which is
typical for such measurement systems.

Statistical processing of the measurement results showed that in both cases the dependence of the
electrode system potential on the pH value is linear and is described by the equations:

— for measurements using the flow acidity analyzer:

E=126,38-57,52-pH,

— for measurements using the pH meter:

E =55,86—59,22-pH.
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Table 3
Measurement results of electrode potentials in solutions with different pH values
Solution Acidity, pH units
Measuring Device Measurement Ne | 168 | 401 | 686 | 9.8
Electrode Potential, mV
1 29 —101 - 270 — 400
Flow Milk Acidity Analyzer 2 27 - 104 - 270 — 404
3 30 —102 — 267 —401
1 —44 —182 — 349 — 487
pH Meter S20 2 —45 - 182 —349 — 489
3 —42 —181 — 349 — 489

The discrepancy in the constant terms in equations (4) and (5) does not affect the accuracy of pH
determination, since this parameter is compensated during measurements. The obtained slope values in both
equations are close to the theoretical value of 59.16 mV/pH.

E, mV

- 100

-200

-300

-400 |

-500 L
Fig. 4. Calibration characteristics of the electrode system obtained using the flow milk acidity

analyzer and the reference device: 1 — data from the flow milk acidity analyzer; 2 — data from the pH
meter S20

The variance of measurements conducted using the flow acidity analyzer is so> = 3.00 mV?, while for
the pH meter it is so* = 1.42 mV2.

5. Conclusion

A prototype of a flow acidity analyzer for milk intended for dairy milking equipment has been
developed and created. The measurement results obtained using this device indicate that the metrological
characteristics of this flow analyzer are comparable to those of existing pH meters. The next step is to improve
the analyzer’s software to implement the function of assessing the milk’s suitability for processing based on
its acidity in the flow.
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JOCITIAKEHHSA METPOJIOTTYHUX XAPAKTEPUCTUK ITOTOKOBOI'O AHAJII3BATOPA
KHACJIOTHOCTI MOJIOKA JJIs1 MOJIOYHO-AO1JIbHOI'O OBJIATHAHHSA
Y pobomi npedcmagieno pesyromamu OOCHONCEHHS MEMPOIOSTUHUX XAPAKMEPUCTHUK NOTOKOBO2O
aHanizamopa KUCIOMHOCHE MOJIOKA, NPUHAYEH020 05l inmespayii y MOIOUHO-00IbHe 00NAOHAKHS 3 MEMOI0
3a0e3neueHHss 6e3nepeperHoco0 MOHIMOPUHSY SAKOCMI MOJIOYHOI CUPOBUHU 8 PEealbHOMY 4dci. AxmyanbHicmy
00CTIONCEHHST 3YMOGIEHA NOMPeOaMU CYHUACHO20 MBAPUHHUYMEA Y 6NPOBAONCEHHI YUPPOsUX piuieHb O
peanizayii konyenyii «pos3ymnoi hepmuy. Kuciomuicms MONOKA € KIOUOBUM NOKAZHUKOM, WO 8i000padicac
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MIKpOOIONI02IUHUIL CIAH, CBINCICMb I NPUOAMHICIb MOSIOKA 00 NepepoOKU, d il CB0EUACHUIL KOHMPOILb 003805€
ONepamuHO BUABTIAMU NOPYULEHHS 2I2IEHIYHUX YMO8 OO0IHHA AO0 NOYAMKOBI O3HAKU 3AX80PIO8AHD ) MEAPUH.
3anpononosana KOHCMpPYKYIs NOMOK0B020 AHAMIZAMOPA OA3YEMbCA HA  IOHOMEMPUYHOMY MemOoOi
sumiprosanns pH i3 euxopucmanusm cxusanoco pH-cenexmugnoeo enexmpooda, enekmpooa nopieHsHHs ma
yughposozo memnepamyprozco oamyuxa DSI8B20. Bumiprosanvuuii 010Kk noOyoosaHo Ha MIKPOKOHMpOiepi
ATMegal6, y cxemy sixoeo inmeeposano onepayiunuil niocumoeay TLOS2, wo 3abesneuye 6ucokomouHe
BUMIDIOBAHHSL NOMERYIANiE enekmpooHoi cucmemuy. OOpobKa CcueHaie ma YnpasiiHHs NPoOYecoMm GUMIPIOBAHHS
peanizogani uepes npospamie 3abesneuerns o 11K, sxe maxooic 3abesneuye KaniopyeanHs enekmpoois, po3paxyHoK
Kucromuocmi 6 oounuysix pH i °T, a makooic sizyanizayiio pe3yivmamis y yughposiii i epagiuniti popmax.

s susnauenus MemponoSiuHUX XapaKkmepucmux ananizamopa npogeoeno NopieHANbHI GUMIPIOGAHHS
3 nabopamoprum pH-mempom S20 (Mettler Toledo) y 6ypeprux posuunax iz eidomumu 3nauenHamu pH.
Bcmanosneno, wo enexmpoona xapaxmepucmuka mac piHitiHul xapakmep i3 Kkymom naxuny 59,62 mB/pH
(meopemuyne 3nauenns — 59,16 mB/pH), oianazon eumiprosanus — 1,68...9,18 pH, oucnepcis pe3yromamis —
3,00 mB? po3zdinena 30amuicme — 0,01 pH, uac ecmanosnenus cmabineroz2o cuenany — 0o 25 c¢. Cepedre
gioxunenns pesyromamie He nepesuwye +0,03 pH, wo niomeepdicye 6ionogioHicmes eumo2am 00
ONepamuBHO20 MOHIMOPUHEY KUCTOMHOCI 8 NOMOY.

Pospobnenuti  ananizamop €  KOHKYDEHMOCNPOMONCHUM — 3d  OCHOGHUMU — MEMPOL0IUHUMU
Xapakxmepucmukamy i mae nomenyian Oisi NPOMUCTIO08020 3ACMOCYBAHHA. Y NOOANbUUX OO0CTIONCEHHAX
NAAHYEMbCA peanizayia aizopummie asmomMamudHol inmepnpemayii pe3yibmamie 3 ypaxy8aHHAM HOPM
nepepooKU, a MaxKodlc a0anmayis npuIady 00 ymos GepmepcoKux 20Cno0apcme pisHo2o Macutmady.

Knwuogi cnosa: monoxo, Kucromuicms MOJIOYHO-00iIbHE 001A0HAHNSA, meXHIuHuli cmaH, pH-wemp,
ioHOMempuyHULL MemoO0, NOMOKOBUI AHANI3AMOp, MEMpPOJIO2iUHI XAPAKMEPUCMUKY, KOHMPOIb AKOCHII,
asmomamu3ayis, GUMIPIOGAHHSL.

@. 5. Puc. 4. Taon. 3. Jlim. 15.
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