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Abstract 

The relevance of the study is associated with the transition from separate recording of individual transformer diagnostic 

parameters to an integrated damage assessment followed by operating-mode control. The aim was to develop and experimentally 

verify a diagnostic control approach for an oil-immersed power transformer based on the combined effects of switching-induced 

mechanical loading, vibration fatigue, and thermal insulation ageing. The study was carried out on a 20 MVA, 110/6 kV oil-

immersed transformer operating at a substation of a mining and metallurgical enterprise. Continuous monitoring of vibration 

acceleration, hottest-spot temperature, currents, and protection operation events was combined with cumulative-damage 

calculation, Fisher's adequacy criterion, and reliability indices. Diagnostic control reduced protection clearing time from 80 to 

50 ms, annual switching-related damage from 8.75 to 4.862%, vibration-related damage from 4.0 to 1.6%, and thermal 

degradation from 3.28 to 0.30%. Total annual cumulative damage decreased from 16.0 to 6.8%, the equivalent failure rate from 

0.16 to 0.068 year-1, while one-year reliability increased from 0.8521 to 0.9343. The results demonstrate that a physically 

interpretable combination of electrical, mechanical, and thermal degradation factors can provide a basis for real-time operating-

mode control and improved transformer reliability. 
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1. Introduction 

Power transformers are among the most capital-intensive 

and critical assets in electrical power systems. Modern diag-

nostics is developing toward continuous monitoring, multi-

factor technical-condition assessment, and remaining-life pre-

diction. Electrical methods, sensor systems, and intelligent 

data processing solve different parts of the same problem and 

therefore require coordination within a unified operational 

logic [1, 2]. 

Recent studies show that transformer health indices and ser-

vice-life forecasts are increasingly derived from multiparam-

eter data. Machine learning and digital twins expand predic-

tive capabilities [3, 4]; however, for real-time operating-mode 

control, not only classification accuracy but also the physical 

interpretability of damage mechanisms is important. This is 

especially relevant for industrial substations where current 

overloads, short-term electrodynamic forces, vibration, and 

accelerated thermal ageing of insulation act simultaneously. 
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The mechanical condition of transformer windings can be 

assessed from vibration responses, including transient events 

and short-circuit conditions [5, 6]. Hottest-spot temperature 

and relative ageing-rate models are widely used to evaluate 

paper-oil insulation degradation; the corresponding principles 

are included in loading guides for oil-immersed transformers 

[7, 8]. Nevertheless, using these indicators separately makes it 

difficult to obtain a unified quantitative estimate of opera-

tional risk. 

Previous author studies addressed remaining-life diagnos-

tics based on primary parameters, the influence of mechanical 

stress caused by differential protection, and transformer tem-

perature characteristics [9-11]. In the present work, these di-

rections are integrated into a unified approach in which total 

cumulative damage is treated as an integral condition indica-

tor, while the diagnostic system not only detects parameter de-

viations but also generates control actions that modify the 

transformer operating mode. 

The aim of this study is to develop and experimentally ver-

ify a diagnostic operating-mode control method for an oil-im-

mersed power transformer in which switching-related me-

chanical damage, vibration fatigue, and thermal insulation 

degradation are considered jointly and converted into reliabil-

ity indicators. The scientific novelty consists in integrating 

three physically different degradation mechanisms into a sin-

gle calculation-and-control framework and validating the 

framework using annual operating data. 

2. Materials and Methods 

The experimental study was carried out during 2025 at Sub-

station No. 7 of Hydrometallurgical Plant No. 1 of Navoi Min-

ing and Metallurgical Company JSC. The investigated object 

was a 20 MVA, 110/6 kV step-down oil-immersed power 

transformer. The calculations used the actual design parame-

ters of the transformer: short-circuit voltage of 11.6%, 220 

turns for the considered winding, a calculated winding radius 

of 0.25 m, and a winding height of 0.50 m. 

The diagnostic loop registered phase currents, voltage, 

loading factor, oil temperature and calculated hottest-spot 

temperature, vibration acceleration, and protection-operation 

events. Measured values were compared with predefined 

thresholds. The intervention threshold for vibration accelera-

tion was 1.5 m/s2. For thermal condition monitoring, a hottest-

spot temperature of 98°C was taken as the boundary of inten-

sified thermal control. When a parameter exceeded the corre-

sponding limit, partial damage was calculated and a control 

command was generated: load correction, intensified cooling, 

or a reduction in protection clearing time during an emergency 

event. 

For short-term electrodynamic impact, an equivalent short-

circuit current was determined from the squared phase cur-

rents. The resulting mechanical stress was compared with the 

mechanical strength limit of the winding material, while the 

effect of repeated protection operations was accumulated us-

ing the partial-damage summation principle. Five single-

phase short circuits that initiated protection operation were 

recorded during the experiment. 

The vibration component was evaluated only when the 

adopted threshold was exceeded. For each month, vibration-

acceleration amplitude and exposure duration were taken into 

account. In simplified form, the relation used in the study is 

written as: 

Dvib = Σ Kvib·Δtj· [max (0, aj − 1.5)]2,         (1) 

where Kvib = 0.03 is the normalization coefficient, Δtj is the 

duration of the operating condition in the j-th month, and aj is 

the measured vibration acceleration, m/s2. This expression 

prevents vibration damage from accumulating below the 

threshold and reflects the nonlinear increase in damage after 

the threshold is exceeded. 

The thermal component was determined from the hottest-

spot temperature represented as the sum of ambient tempera-

ture, maximum top-oil temperature rise, and winding temper-

ature rise. The relative ageing rate of insulation was calculated 

using an Arrhenius-type exponential dependence. An activa-

tion energy of 120 kJ/mol and a universal gas constant of 

8.314 J/(mol*K) were used. The approach is consistent with 

the general principle of estimating accelerated insulation age-

ing from hottest-spot temperature [7, 8]. 

The integral indicator was formed as the sum of the three 

components: 

DΣ = Dsw + Dvib + Dth,                (2) 

where Dsw is the accumulated switching-related mechani-

cal damage, Dvib is vibration-related damage, and Dth is ther-

mal insulation degradation. DΣ was used to derive an equiva-

lent annual failure rate λ and to estimate reliability using the 

exponential model: 

R(t) = exp(−λt), Q(t) = 1 - R(t).             (3) 

The adequacy of the integrated mathematical model was 

checked using 29 experimental observations that included 

monthly thermal-vibration changes and switching events. 

With three independent parameters, the number of degrees of 

freedom was 26 for the adequacy variance and 28 for the ex-

perimental variance. The obtained values were Sad2 = 12.45 

and Sexp2 = 5.12; the calculated Fisher criterion F = 2.4316 

was lower than the tabulated value F = 2.50 at P = 0.99 (α = 

0.01), satisfying the adopted model-adequacy condition. 

The experiment was organized as a comparison of two 

states of the same object: a baseline operating mode without 

diagnostic control action and an operating mode with diagnos-

tic control. This design makes it possible to compare changes 

in damage and reliability while retaining the same transformer 

construction; however, it does not fully eliminate the influ-

ence of seasonal and technological factors. This limitation is 
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considered in the discussion of applicability. 

Table 1. Main parameters of the experimental transformer. 

Parameter Value Meaning 

Rated power 20 MVA Investigated power transformer 

Voltage 110/6 kV High-voltage / low-voltage sides 

Short-circuit voltage 11.6% Transformer impedance parameter 

Vibration-acceleration threshold 1.5 m/s2 Condition for calculating Dvib 

Hottest-spot temperature threshold 98°C Condition for intensified thermal control 

Observation period 2025 Continuous operational observation 

 

3. Diagnostic Control Algorithm 

The algorithm operates cyclically. After initialization of the 

rated data, the system reads phase currents, voltage, hottest-

spot temperature, vibration acceleration, and loading factor. 

Before damage calculation, signal validity is checked: signal 

loss, values outside physically admissible limits, or incon-

sistency between related parameters are treated as diagnostic 

errors and block automatic control action. 

For valid data, the ratio of actual current to rated current is 

calculated and two principal operating boundaries are checked: 

the hottest-spot temperature should not enter the region of ac-

celerated ageing, and vibration acceleration should not exceed 

1.5 m/s2. Differential-protection operation is processed inde-

pendently because winding mechanical damage under short-

circuit conditions is impulsive and depends on the equivalent 

current and clearing time. 

If all parameters remain within the admissible region, the 

system stores the measurements and continues monitoring 

without changing the operating mode. If at least one condition 

is violated, Dsw, Dvib, and Dth are calculated and DΣ is up-

dated. The control action is selected according to the dominant 

factor: intensified cooling and/or load reduction for thermal 

limitation; load reduction and a maintenance signal for persis-

tent vibration exceedance; and the shortest permissible protec-

tion clearing time for a short circuit. 

After the control command is executed, the measurements 

are repeated. A control action is considered effective only if 

the controlled parameter returns to the admissible region and 

the calculated damage-accumulation rate decreases. This 

closed-loop procedure separates fault detection from con-

firmed operational effect and reduces the probability of acting 

on an isolated measurement outlier. 

Table 2. Diagnostic control logic. 

Controlled event Criterion Control action Verification 

Overheating Ths >= 98°C Intensified cooling; load correction Repeated Ths measurement 

Elevated vibration a >= 1.5 m/s2 Load reduction; diagnostic warning Check a and Dvib trend 

Short circuit Protection operation; Ieq 
Reduce clearing time within permis-

sible limits 
Record clearing time and Dsw 

Sensor failure Missing / invalid signal Automatic control is blocked Operator warning; channel inspection 

 

4. Results 

At the first stage, the influence of repeated protection oper-

ations was evaluated. In the baseline mode, the clearing time 

was 80 ms. With five recorded single-phase short circuits, the 

total annual switching-related damage reached 8.75%. After 

implementation of diagnostic control, the clearing time was 

reduced to 50 ms and the calculated annual switching-related 

damage decreased to 4.862%. The absolute reduction for this 
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damage group was therefore 3.888 percentage points. 

Vibration monitoring showed that, under the baseline oper-

ating trajectory, vibration acceleration exceeded 1.5 m/s2 in 

several months. Calculation using the actual exposure dura-

tion for each operating state yielded 4.0% annual vibration-

related damage. After diagnostic load correction, this value 

decreased to 1.6%. In June-August, controlled vibration-ac-

celeration values were below or close to the threshold region, 

making the contribution of these months to cumulative vibra-

tion damage minimal. 

The most intensive thermal ageing in the baseline condition 

was observed during summer. Hottest-spot temperature 

reached 102.9°C in June, 112.1°C in July, and 106.0°C in Au-

gust. After intensified cooling and operating-mode correction, 

the corresponding values were reduced to 92.0, 100.0, and 

96.0°C. The annual estimate of thermal degradation conse-

quently decreased from 3.28 to 0.30%. 

The combined effect of the three control mechanisms re-

duced total annual cumulative damage from 16.0 to 6.8%, i.e., 

by 9.2 percentage points or 57.5% relative to the baseline level. 

The corresponding equivalent failure rate decreased from 0.16 

to 0.068 year-1. According to the exponential model, one-year 

reliability increased from 0.8521 to 0.9343, while the proba-

bility of failure decreased from approximately 0.148 to 0.0657. 

Table 3. Comparison of results before and after diagnostic control. 

Indicator Without control With diagnostic control Change 

Protection clearing time, ms 80 50 -37.5% 

Switching-related damage, % 8.75 4.862 -44.4% 

Vibration-related damage, % 4.00 1.60 -60.0% 

Thermal degradation, % 3.28 0.30 -90.9% 

Total cumulative damage, % 16.00 6.80 -57.5% 

Equivalent failure rate, year-1 0.160 0.068 -57.5% 

One-year reliability R (1) 0.8521 0.9343 +0.0822 

Technical condition index, % 84.0 93.2 +9.2 p.p. 

 
Figure 1. Annual cumulative-damage components before and after diagnostic control. 

For additional interpretation, the result was converted into 

a technical condition index using 100·(1 − DΣ): for DΣ = 0.16, 

the index equals 84%, whereas for DΣ = 0.068 it equals 93.2%. 

This transformation is convenient for operational visualization; 

however, it is not treated in this study as an independent diag-

nostic method. The primary quantities remain the physically 

based damage components and their measured variables. 

The techno-economic assessment was performed through 

the change in expected annual loss proportional to the equiv-

alent failure rate and transformer cost. At an adopted trans-

former cost of 2,380,425,000 UZS, the expected annual loss 
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decreased from 380,868,000 to 161,868,900 UZS. The differ-

ence was 218,999,100 UZS/year. The cost of the developed 

diagnostic-control device was estimated at 13,710,000 UZS; 

therefore, the calculated net first-year effect amounted to 

205,289,100 UZS, while the payback period was approxi-

mately 0.063 year, i.e., about one month. 

4.1. Seasonal Dynamics of the Thermal State 

A separate analysis of the thermal state showed that three 

summer months made the principal contribution to thermal 

degradation. In the baseline mode, the hottest-spot tempera-

ture exceeded 98°C in June, July, and August, with the maxi-

mum value of 112.1°C recorded in July. After diagnostic con-

trol was enabled, the temperature fell below the threshold in 

June and August and was reduced to 100.0°C in July. This 

substantially decreased the exponentially increasing contribu-

tion of high-temperature intervals to the integral insulation-

ageing rate. 

Importantly, the thermal effect was achieved not by chang-

ing the calculation model but by changing the actual operating 

condition of the transformer. The diagnostic loop detected en-

try into the critical temperature region, after which cooling 

was intensified and the load was corrected. Thus, the degrada-

tion function was used as a decision criterion rather than solely 

as a post-event analytical tool. 

Table 4. Summer hottest-spot temperature. 

Month 
Without con-

trol,°C 

With con-

trol,°C 

Reduc-

tion,°C 

June 102.9 92.0 10.9 

July 112.1 100.0 12.1 

August 106.0 96.0 10.0 

4.2. Verification of Control Responses 

Functional verification covered normal operation, vibration 

exceedance, overheating, short-circuit conditions, and loss of 

a sensor signal. At a vibration acceleration of 1.9 m/s2, the 

loading factor was reduced from 0.95 to 0.86; at a temperature 

of 112°C, additional cooling was activated and the tempera-

ture decreased to 100°C; at an equivalent short-circuit current 

of 16 kA, the protection clearing time was reduced from 80 to 

50 ms. When a sensor signal was lost, the system generated a 

diagnostic warning instead of automatic control action. This 

logic limits the risk of inappropriate control when source data 

are unreliable. 

5. Discussion 

The results confirm the feasibility of combining physical 

degradation mechanisms that are usually considered sepa-

rately in transformer diagnostic systems. Modern reviews of 

electrical diagnostic methods and sensor technologies empha-

size the need for multi-source monitoring and reliable inter-

pretation of measured signals [1, 2]. The proposed approach 

extends this logic by converting parameter deviations into a 

common cumulative-damage measure and then using that 

measure to initiate targeted operating-mode control. 

The vibration component differs fundamentally from a sim-

ple amplitude-threshold alarm. Studies of transient trans-

former vibration indicate that winding mechanical changes are 

reflected in the dynamics of spectral and modal characteristics 

and are particularly informative during short circuits and 

switching processes [5, 6]. In the present study, this concept 

is adapted to operational use by accounting for both threshold 

exceedance and exposure duration; therefore, a short peak and 

a long-duration event of the same amplitude are not treated as 

equivalent. 

The thermal component is associated with the exponential 

nature of cellulose-insulation ageing. Unlike a linear temper-

ature indicator, an Arrhenius-type dependence gives substan-

tially greater weight to high-temperature episodes. The reduc-

tion in summer hottest-spot temperature after the control ac-

tion explains the decrease in calculated thermal degradation 

from 3.28 to 0.30%. This is consistent with the principles of 

current transformer-loading guides, in which hottest-spot tem-

perature is a key parameter for estimating loss of insulation 

life [7, 8]. 

Compared with approaches based mainly on machine learn-

ing or digital twins [3, 4], an advantage of the developed 

method is the transparent cause-and-effect relationship be-

tween the measured degradation factor and the control action. 

This does not exclude future use of artificial intelligence but 

makes the model applicable even when the training dataset is 

limited, which is typical for a single industrial transformer. 

The numerical effects should be interpreted within the lim-

itations of the study. The experiment was performed on one 

20 MVA transformer over one calendar year; therefore, the 

obtained damage coefficients cannot be transferred automati-

cally to transformers of other designs, cooling systems, and 

load profiles. Inter-object application requires recalibration of 

thresholds and coefficients using the historical data of each 

transformer and validation over a longer failure-history period. 

In addition, the annual equivalent failure rate used in this 

model is a calculated integral risk indicator rather than a sta-

tistical failure frequency derived from a large population. 

The practical value of the approach is that it can be placed 

between the monitoring level and the operational-control level. 

Under normal conditions, the system performs observation; 

when a threshold is exceeded, it calculates partial and total cu-

mulative damage and then forms a limited action affecting 

load, cooling, or protection clearing time. This principle re-

duces the gap between condition monitoring and an actual op-

erational decision. 
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6. Conclusion 

1. A physically interpretable diagnostic-control framework 

was developed that integrates switching-related mechanical 

damage, vibration fatigue, and thermal degradation of paper-

oil insulation into a single cumulative-damage indicator. 

2. A one-year industrial experiment on a 20 MVA, 110/6 

kV transformer showed a decrease in switching-related dam-

age from 8.75 to 4.862%, vibration-related damage from 4.0 

to 1.6%, and thermal degradation from 3.28 to 0.30%. Total 

cumulative damage decreased from 16.0 to 6.8%, correspond-

ing to a 57.5% reduction. 

3. The equivalent failure rate decreased from 0.16 to 0.068 

year-1, while the calculated one-year reliability increased from 

0.8521 to 0.9343. Model verification using Fisher's criterion 

yielded Fcalc = 2.4316 < Ftab = 2.50 at a confidence level of 

0.99. 

4. Broader applicability requires validation on transformers 

of other ratings and designs with recalibration of model coef-

ficients. A promising further direction is to combine the pro-

posed physical model with time-series forecasting while pre-

serving physically interpretable decision criteria. 
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