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The aim of this study is to present an optimal demand response (DR) program using the
IEC '60076-7 standard thermal model in order to simultaneously determine the effect of
operating conditions and loading on the thermal status and failure rate of power
transformers, as well as to determine the optimal point for changing the operating mode
(single or parallel) based on economic criteria including the Expected Energy Not Supplied
(EENS) and power losses. None of the previous references have considered basic reliability
indices (such as the failure rate) as the main criterion for decision-making regarding
transformer replacement. Furthermore, the effect of loading on the failure rate, as well as
the effect of specific operating conditions in which the hot-spot temperature exceeds the
permissible limit, have not been taken into account in previous models.Presenting a new
mathematical relationship to model the effect of loading on the transformer failure rate,
completing the mathematical model of the failure rate by incorporating the effect of loading
on the hot-spot temperature, and formulating a linear optimization problem (utilizing
piecewise linearization of nonlinear thermal functions) that simultaneously optimizes the
volume and management of demand response over a specified time horizon while
considering thermal constraints (hot-spot and oil temperatures), maximum current (1.5 per
unit), and insulation aging (AEQ < 1) are among the most important innovations of this
paper.The achievable reserve margin through applying DR is up to 240 kVA, which is
equivalent to 3.4 times the traditional reserve (70 k\VVA), without violating the thermal limit
of 120 °C. In the "energy shift" mode, only 64% of the estimated DR capacity is utilized.
The DR volume can reach up to 30% of the peak load, but this is only required under N-1
conditions and for a few hours per year. Under normal (N) conditions, no demand response
is required, and no thermal stress is observed for the transformer, even with a high reserve
margin. However, the IEC? 60076-7 standard thermal model, due to its high temporal
resolution (1 minute), causes a dramatic increase in variables and constraints over long-
term horizons, rendering the optimization problem unsolvable. Piecewise linearization of
the nonlinear thermal functions significantly reduces computation time compared to
nonlinear models, but it remains challenging for long time periods (several days to a year).
The proposed method effectively balances loading and thermal constraints, freeing up
reserve capacity that was previously inaccessible; however, further research is required for
long-term horizons.
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Introduction

As a transformer ages, its internal condition deteriorates insulation and oil become weaker, increasing
the risk of failure. While a new transformer exhibits high resistance to transient overvoltages, lightning
strikes, short circuits, and other disturbances, aging gradually reduces the quality and dielectric
strength of its insulation. Until the transformer reaches its average service life, only random
component failures affect reliability. However, once it enters the wear-out phase, aging significantly
influences reliability, with the hot-spot temperature (and consequently loading) being the key factor.
Proper life assessment and periodic maintenance such as winding repairs and oil purification can
extend useful life. Various health indices have been proposed to evaluate transformer condition, based
on insulation resistance, tand, moisture content, dissolved gases, furanic compounds, load patterns,
service history, and thermography. Despite these efforts, none of the existing approaches explicitly
incorporate the effect of loading on the failure rate or consider the specific operating condition where
hot-spot temperature exceeds permissible limits. Moreover, the fundamental reliability indices have
not been directly used as the main criterion for replacement decisions. Therefore, this work addresses
these gaps by developing an optimal demand response program that accounts for loading, thermal
constraints, and aging effects to reduce failure rate and extend transformer life.

Method and Results

The proposed framework models transformer reliability using Markov state spaces for subsystems
(core, windings, oil, cooling, tap changer, bushings), reduced to a two-state (up/down) model.
Economic assessment combines expected energy not supplied (EENS) and total losses (no-load +
load-dependent) to determine the optimal switching point between single and parallel transformer
operation. Loading effects on aging are incorporated via hot-spot temperature and the cumulative
acceleration factor (Faacu), which modifies the mean life.

A case study considers two 500kVA ONAN transformers with a peak load of 430kVA.
Traditional reserve is 70 kVA (14% of rating). Using the IEC 60076-7 thermal model (oil temperature
0 _t"0, hot-spot 6_t"h, and aging equivalent AEQ), a demand response (DR) optimization is formulated
to minimize DR power and energy capacity subject to constraints: 6 _t*h < 120 °C, current < 1.5 p.u.,
and AEQ < 1. The nonlinear thermal functions are linearized piecewise.

Results show that a reserve of 240 kVA (3.4 times the traditional value) is achievable without
thermal violations when DR is applied. Two DR modes are tested: “energy shift” (load shifting) and
“energy shed” (load reduction). In shift mode, 64% of the estimated DR capacity is used. In shed
mode without aging constraints, curtailed energy is 377 kWh; adding the aging constraint (AEQ < 1)
increases curtailed energy to 637 kWh — more than double — because stricter hot-spot limits are
enforced to preserve insulation life. No thermal stress occurs under normal (N) conditions, and DR is
only required for N-1 contingencies or high reserve margins.

Conclusion

The objective of this paper is to present an optimal demand response (DR) program using the IEC
60076-7 standard thermal model, aimed at increasing the reserve margin, reducing the failure rate, and
extending the lifespan of power transformers, while simultaneously accounting for thermal constraints
(hot-spot and oil temperatures) and current limitations.

None of the previous studies have explicitly modeled the effect of loading on the transformer
failure rate, nor the specific conditions under which the hot-spot temperature exceeds the permissible
limit. Moreover, basic reliability indices have not been considered as the primary criterion for
decision-making regarding transformer replacement, an issue that this paper investigates. This study
introduces several key innovations. First, it proposes a new mathematical relationship to model the
effect of loading on the transformer failure rate. Second, it completes the mathematical failure-rate
model by incorporating the effect of loading on the hot-spot temperature. Third, it formulates a linear
optimization problem (using piecewise linearization of nonlinear thermal functions) that
simultaneously optimizes the volume and management of demand response over a specified time
horizon. Fourth, it concurrently takes into account thermal constraints, current limits, insulation aging,
and the N-1 contingency condition in the DR design.
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The most significant results of this study are as follows. The achievable reserve margin through
applying DR reaches up to 240 kVA, equivalent to 3.4 times the traditional reserve of 70 kVA,
without violating the thermal constraints. A second key finding is that in the "energy shift" mode, only
64% of the estimated DR capacity is utilized. The DR volume can reach up to 30% of the peak load;
however, this is only required under N-1 conditions and for a few hours per year. Furthermore, the
maximum allowable current in the model is set at 1.5 per unit, and the hot-spot temperature limit is set
at 120 °C. Under normal (N) operating conditions, no demand response is required, and no thermal
stress is observed for the transformer, even with a high reserve margin. However, the IEC 60076-7
standard thermal model, due to its high temporal resolution (1 minute), causes a dramatic increase in
variables and constraints over long-term horizons, rendering the optimization problem unsolvable. The
proposed method effectively strikes a balance between loading and thermal constraints, unlocking
reserve capacity that was previously inaccessible; nevertheless, further research is required for long-
term horizons.
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2. IEC = International Electrotechnical Commission



» 09)'1.0 ()MT ;,J59L5 Do ){‘){ p.u '/\cq) ).».A] ;,J99L5 v¥. ol )L JL&J‘ ul&o‘ ABY o uL»J L?’)‘P 44.]9‘ Oldlao
V¥ 0,8 ol (i 1y ) dla) 0> 3959 31,5 il do )0 WYr slod 3 )l clacudgiome (AS (9l g0 B puas
s9leyginsl 5 (b olgp gim = Gl (Jgene gy b odd dnmlme (el ool V) 08D Sl it plp VIF el cgols
o3lisol dx (ST .l (o dlads )3 . 'PU. /¥R (ppol CgolS VFD) 5,5 ko Ao )3 WA b (slod wlul 5y DTR (ol
Le(JOu\MJ Xy d).uspu.{u.o sdalino b cbywuﬁ leal o ) )] d)j9l> Lﬁ'])" L,‘.LC‘ DTR 0 u_‘>‘).|o ,JL:.) )1
[VF] 595 48,5 Jlai )3 colpody (6 pm do 551 29 03 gz 2Lk clod 5 b O 2>

s9leysiusl i a1y (g yda Jb e oo S o (655l Lod slacudgazme aw il cuslie DR (sladely 4SSl (15,8 L
L Eoys bV JSi3 50 el ol YO+ )3 Y dlak) sy PUV/D 13 bjs do im (cdm do 4 a8 Slej 3,8 fuate
Aoy 4 Y Al oplpl a8 oslizul by g 0 lacudgioe S jl spSsls slp ‘DR Iyl DSO lais
S Egps (Ve S o 1y ¥ dbas) ol iolisl com Jlyoo dais 4 iy B ysel gl Y0 4 YV 5l g g0 |y 003D
S i 1y O oS el p3Y gyp) 5Bl Heileysanily yes GV b Slal 1 VL conl Soe AEQ o Alais
Conl gumdg (el gglS Y5O 0,53) Kb 55 ¢ Jlymo a3 bl V5l 26 AEQ U pud ialS o s 5l j2e8
do b 21 o 5 S caslio Sl (oSl S Caled > A5 o A |y 355 2 ylesgiadl 5 g, csled o
= Gl g ok o (O 50)) splossindl i S)lp slacadgioe = WS Bl lojen sk 4 1) Cudgis
W s @ cwl (Sen Slawbre jb K &5 il aldly ds g .l (gdm LiSu 43 ol Byme (¢ ilwdigg Aliue Ban
O Ld g )b sl Ldgy oloj als e (sl |y old Gl a8 54 syl IEC 60076-7 L sllas 5yl (g5l Jde
e Sloj Sl 5SesS pln 9> Jihe wl Sloj z9oy & WS e Sloml [VF] IEC 5jlubil aly )5 a8 o
2 ey Cwod Sl oone Ol cwl (See )l Slasle «ygocpl pe 53 ol 4ddd ¥V dgus \JW & b
Gl (San o by 25 33l 4653 0 B Y Sl ylaygiacls (sl il Joo (gl doye o5 ol o pifie ) s oe

0a 1y Gl lacusgie ygileyghuils oS olajsy lp L DR copte g (phb & cul gyl 5
Jo JB e iludingg dlias So s se) Sl egycnl Sl 2gd dgeyd (slad sk 4 Wlgige Jlo S (lp 4 5 S (o
Sl iz ol pl WSS gl o) il Alols (5 GYsb ST @S o Yl Lo el b oS o0 Sl S5
Lol I b e 4 1y DR (silodingy dlis > 08B, 5 0505 5l (385 b eil (Vb 1) S bl
SRl gaelad &g ojl (p SV sk & i oo V) JSB 53 amd oo (LS (X) seee 59y 0aBASLE] ol 5L 0
S¥oleo el 0300 &) oddgilodnnd Jlo Sl jg) 2 a5l Gl Slo)S e & Sidga i VoY 083 Jlade (sl b oo
ol Jad Gl cam sl iy eplply Dad o e (gilwdige diue uis s 4 IEC 60076-7° b s
ol 04 Sy yoiloystuily Iyl Jde Jad e SVolee (gl Jos

Olsebol (gly 5L 5590 DR and oo Sl bo &y &S dd o L 1) jols dlde jo (oolpiuiin o yoS) )lagld VY S5
S dwlone ) 035 I inne s

1. p.u. = per unit

2. p.u. = per unit
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5. IEC = International Electrotechnical Commission
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1. DR = Demand Response
2. virtual state of charge
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