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Abstract: The aim of this document is to present how the interpretation of the RVM (Recovery 12 
Voltage Measurement) test can be improved through the use of a Debye equivalent circuit. As it is 13 
described in the literature the interpretation of the RVM test requires expertise and if the 14 
transformer presents a high interfacial polarization it is not possible to diagnose it in detail. Debye 15 
model is proposed in this work for enhancing RVM interpretation. This model is based on an 16 
electrical circuit that includes basic R-L-C components, that allows two interesting features: on one 17 
hand, isolation physical effects can be separately represented and, on the other, the values of the R-18 
C components can be calculated from the RVM response (L components are not used in this work 19 
as long as no magnetic field effects are taken into account). Thus, the different isolation effects that 20 
are indistinguishable merged in the RVM transient response can be split into different R-C branches, 21 
each one corresponding with a single (not merged) isolation effect. Finally, several case studies are 22 
presented, in which it is correlated a dielectric oil treatment carried out and the equivalent circuit 23 
changes. 24 

Keywords: Debye model, dielectric properties, power transformers, spectroscopy, recovery voltage 25 
measurement (RVM), oil-paper insulation. 26 

 27 

1. Introduction 28 
In terms of cost, simplicity, efficiency and durability, oil paper insulation has been the most 29 

popular insulation used by industry for decades and will continue to be so, although this kind of 30 
insulation for specific applications such as mobile transformers, safety-sensitive transformers, those 31 
transformers on which large overloads or high temperatures are expected, in which it may be more 32 
advantageous to use other dielectrics, both solid and liquid. 33 

For decades dielectric spectroscopy techniques (RVM, PDC and FDS) have assisted maintenance 34 
technicians to manage the transformers’ dielectric condition. In 2002, Technical Brochure 254 35 
"Dielectric Response Methods for Diagnostics of Power Transformers" [1] was published, focusing 36 
on the three spectroscopy methods mentioned above: RVM, PDC and FDS. It concluded that all three 37 
methods are sensitive to the same polarization and conduction phenomena in the transformers' 38 
dielectric, and that regardless of whether time or frequency domain measurements are used, 39 
mathematical modeling is necessary to understand the properties of an insulation system. The 40 
interpretation of the obtained results in these tests has been object of study being the FDS technique 41 
the one that has achieved the greater degree of development thanks to the development of its 42 
mathematical model. 43 
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The aim of this article is to explain the way to obtain a good interpretation of the RVM test results 44 
by applying a mathematical model. To model a dielectric, one of the most commonly used model is 45 
known as "Debye Extended Model" [2]-[5], the method used by each of the authors to determine the 46 
parameters of the model varies, authors like [3] use genetic algorithms (GA) or like [4], [5] Particle 47 
Swarm Optimization (PSO) both very similar to find the optimal solution, in other cases assumptions 48 
and simplifications are used to solve mathematically the system and define the parameters of the 49 
model [6]. These methods result in a different number of branches and different time constants of 50 
these in each test. 51 

Supported by a several case studies, it is shown how the different polarization branches of the 52 
equivalent Debye circuit vary, the transformers have been tested before and after carrying out an oil 53 
treatment, given that the effects of each treatment type on the dielectric are known, it is possible to 54 
correlate the change in the branches of the equivalent circuit with the removed contaminants in the 55 
dielectric. 56 

The use of a model that has a fixed number of branches (14) and these in turn have a fixed time 57 
constant (value of the charging time used by the RVM test equipment for each) cycle allows a 58 
methodical evaluation running on every time the same sweep. 59 

2. RVM Test Technique  60 
The RVM (Recovery Voltage Measurement) test consists of carrying out several polarization and 61 

depolarization cycles in order to obtain an oil paper insulation polarization spectrum. 62 

 63 

 
(a) 

 
(b) 

Figure 1. (a) Wiring diagram for the three steps that the RVM test is divided; (b) voltage at insulation 64 
terminals for each step. 65 

Each cycle consists of three steps: 66 
 67 
1st A DC voltage is applied to both terminals of the dielectric to be tested during a Tc time. 68 

Terminals 0-1 connected in Figure 1(a). 69 
2nd Both terminals of the dielectric are short-circuited during a time Td (usually this time is equal 70 

to Tc/2). Terminals 0-2 connected in Figure 1(a). 71 
3rd The two terminals of the dielectric being tested are opened, measuring the voltage between 72 

the two terminals, the highest voltage reached Vmax for that time Tc is recorded. Terminals 0-3 73 
connected in Figure 1(a). 74 

The measurement results are displayed by representing the maximum voltage obtained in each 75 
cycle with respect to the charging time of that cycle (Figure 2.). Depending on the equipment, the 76 
number of cycles to be carried out and the charging times may vary, the equipment used for this 77 
project uses 14 cycles with charging times between 0.1 and 819.2 seconds, each one being two times 78 
the previous one. 79 

 80 
Table 1. Charging time sequence used in the 14 test cycles 81 

Cycle 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
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Charging 

time [s] 
0.1 0.2 0.4 0.8 1.6 3.2 6.4 12.8 25.6 51.2 102.4 204.8 408.6 819.2 

 82 
The result obtained in the test is evaluated graphically, based on the morphology of the curve 83 

obtained. For both the RVM and FDS techniques, algorithms have been developed that summarize 84 
the test result in a numerical value that can be a percentage of moisture, a conductivity or a time 85 
constant [7], although an evaluation that only observes these values is partial and it is recommended 86 
to evaluate the whole response. 87 

 88 
Figure. 2. Example of a graphical representation of a RVM test  89 

In the case of RVM, different behaviors can be characterized. The traditional diagnostics has 90 
always been based on the value of the time constant [7], which is the charging time value for which 91 
the maximum recovery voltage value is reached and the decrease of the time constant value is 92 
interpreted as a degradation in the transformer condition, in the previous graph, the time constants 93 
would be (1)=3.2sg, (2)=40sg and (3)=204.8sg, although as indicated in CIGRÉ’s Technical Brochure 94 
254 [1]: "Intermediate time constant values may exclusively show interfacial polarization effects, hiding other 95 
insulation characteristics”, this fact can be considered an important factor that has penalized its 96 
acceptance in academic and industrial sectors. 97 

3. Dielectric condition management 98 
In terms of maintenance and transformer life management, monitoring and managing the liquid 99 

dielectric condition is the key factor. Transformer dielectric ageing causes the formation of paper and 100 
oil decomposition products and sub-products, these products and sub-products must be removed 101 
due to their presence catalyzes the ageing mechanisms themselves (Table 2). 102 

To manage the life of the transformer the sequence to be applied must to be: monitoring the 103 
aging products of the transformer, removing the decomposition products and testing the transformer 104 
to validate the treatments performed.   105 

3.1. Transformer aging, products and sub-products 106 
The oil paper combination offers synergies such as the increase in the dielectric breakdown 107 

voltage of the whole 12kV/mm_paper + 40kV/mm_oil = (52)64kV/mm in comparison to the sum of 108 
the individual properties, there are also negative synergies such as the ageing products catalyze the 109 
insulation decomposition or the degradation of its insulation characteristics. 110 

The main insulation decomposition products are Water, CO and CO2, acids, furanics 111 
compounds and sludge or x-wax, these decomposition products have to be studied and monitored 112 
for the following reasons: 113 

• They may affect the safe operation of the asset. 114 
• Act as catalyzers of aging processes 115 
• They are an indicator of the aging process and allow us to know the condition of the asset. 116 
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Table 2 lists the aging processes that occur in a transformer, these processes don't occur 117 
separately and depending on the condition the rate of aging of each process will vary, although as it 118 
is possible to observe, the sub-products of a process catalyze itself and/or others, which makes it 119 
possible to close a loop. 120 

Table 2. Paper ageing: processes, sub-products and catalysers 121 
Process Caused by Sub-product Catalyzed by 

Hydrolysis H2O H2O + acids + sludge acids 
Oxidation O2 CO/CO2 + H2O + acids + sludge Metals such as Cu and Fe ions 
Pyrolysis Temperature >140ºC CO/CO2 + H2O + acids + sludge sludge 

3.1. Dielectric fluids treatments 122 
As a function of the substance or substances to be removed there is a series of treatments that 123 

can be applied, in this article we will limit ourselves exclusively to the treatments used on site, 124 
omitting the treatments that can be carried out in the factory with other techniques. 125 

Basically it is possible to differentiate between two dehydration and/or drying and regeneration 126 
processes, the first dedicated to removing moisture from oil or from oil and paper and the second 127 
according to the IEC definition are focused on "removing or reducing soluble and insoluble polar 128 
contaminants from dielectric oil through chemical and physical processes". 129 

3.1. Dielectric fluid treatment assessment 130 

Oil physicochemical tests are usually used both to evaluate the oil condition and to evaluate the 131 
treatment quality, although it must be taken into account that only the condition of the dielectric fluid 132 
is being evaluated. Therefore, there are parameters such as the moisture in the paper or the interfacial 133 
polarization that cannot be evaluated, being later when the transformer returns to service when an 134 
abrupt increase in the value of dielectric losses of the oil or moisture contained in the oil can be 135 
observed. 136 

 137 
Figure 3. In FDS tests, the areas of influence of the different insulation parameters are well defined. 138 

Dielectric spectroscopy techniques are complementary to physical-chemical tests and are 139 
capable of carrying out a full assessment of the condition of the paper and the oil paper interface 140 
(Figure 3.), FDS in the frequency domain and PDC and RVM in the time domain. Currently, the most 141 
well established technique is the FDS which, based on adjusting the response obtained to responses 142 
obtained using models, is able to carry out dielectric condition estimations with a high degree of 143 
precision. 144 

4. Deriving Debye equivalent circuit from RVM test result 145 
An algorithm developed in Octave has been used to calculate the value of the different 146 

components of the Debye equivalent circuit (Figure 4.), this circuit is composed of parallel branches 147 
which correspond to a physical meaning, Rg represents the conduction resistance of the dielectric, Cg 148 
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represents the geometric capacity of the insulation system, and the successive RC branches, represent 149 
the different dielectric polarization mechanisms, the Rn*Cn is equivalent to the branch τ called time 150 
constant [2]. 151 

The parameters Cg and Rg are obtained from electrical tests such as conventional capacitance 152 
measurement techniques at power frequency and insulation resistance measurement at larger values 153 
of time. [2], [8] 154 

The used model consists of 14 branches, with time constants τ similar to the charging times used 155 
by the RVM test equipment employed (Table 1). The capacitance of each of the 14 Cn branches 156 
represents the energy stored due to the different dielectric polarization mechanisms for each time 157 
constant. Rn is obtained by dividing τ of the corresponding branch (it is a prefixed value for each 158 
branch) by the value obtained of Cn for the corresponding branch, Rn=τn/Cn. Other authors prefer to 159 
explain the variations in polarization mechanisms based on the variation of the resistance R of each 160 
polarization branch [9]. 161 

 162 
Figure 4. Debye equivalent circuit  163 

The algorithm developed use as baseline data Vmax value obtained in the RVM test for each of 164 
the 14 cycles and Cg, Rg obtained from conventional electrical tests. Using this initial data, it calculates 165 
a first vector with 14 Cn, the particularity of this vector is that it is composed of the values of Cn for 166 
which a Debye equivalent circuit of a single branch of polarization (time constant τn) fits with the 167 
Vmaxn value of the corresponding cycle. The following steps form a loop in which the response is 168 
simulated, the error is calculated with respect to the measured value and if any one of the branches 169 
error is greater than 0.5%, the vector value of each component of the Cn vector is recalculated 170 
proportionally to its error (Figure 5.). 171 

 172 
Imput data:

Cg Rg
RVM Test result 

1st Cn Vector Calculation

RVM response calculation

Calculation of ε for each branch

εn<0.5%END Yes

Recalculate Cn proportionally to its error

No

 173 
Figure 5. Flowchart of the algorithm for determination on Cn vector parameters 174 
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It is proposed to establish that only certain branches are sensitive to the removal of specific 175 
compounds present in the oil (moisture, X-wax, polar compounds). Using tests carried out before and 176 
after dielectric oil treatment, and based on the knowledge of the removed compounds from the oil, it 177 
is possible to correlate the compounds with those polarization branches that are sensitive to their 178 
presence. 179 

5. Equivalent circuit model interpretation 180 
When in a transformer there is only one dominant polarization mechanism, such as in the case 181 

of a new transformer, where in theory the time constant is only a function of the quality of the drying 182 
process, only a single maximum is observed. In cases in which the mechanisms of polarization are 183 
several but their dielectric response is sufficiently spaced in time, two or more maximums are 184 
observed in the response without a strong interaction between them. However, there are many cases 185 
in which the time constants of the different polarization branches are close to each other, and it is in 186 
these cases in which one effect overlaps the other and therefore the interpretation of the RVM test 187 
results is more difficult. 188 

The following simulation will simulate a RVM spectrum composed by three polarization 189 
branches in which the values of Ci and Ri of the intermediate branch will be varied in all but in the 190 
fourth simulation. In the intermediate regions from 30 to 300 seconds the effects of oil-paper 191 
interfacial polarization [10] can be observed. In the fourth simulation (RVM4), an important variation 192 
of the value of the third polarization branch will be carried out to show the low sensitivity of the 193 
system when the interfacial polarization is predominant. 194 

 195 
Table 3. Parameters used for simulation (colored parameters are those which vary) 196 

Parameter RVM 1 RVM 2 RVM 3 RVM 4 Branch time 
constant τ [s] 

Cg [F] 2.6e-09 2.6e-09 2.6e-09 2.6e-09 NA 

Rg [Ω] 22e6 22e6 22e6 22e6 

C1 [F] 1.e-08 1.e-08 1.e-08 1.e-08 τ1=1.6 s 

R1 [Ω] 1.6e8 1.6e8 1.6e8 1.6e8 

C2 [F] 1.e-06 2.e-07 5.e-06 5.e-06 τ2=80 s 

R2 [Ω] 8e7 4e8 1.6e7 1.6e7 

C3 [F] 1.e-06 1.e-06 1.e-06 5.e-06 τ3=400 s 

R3 [Ω] 4e8 4e8 4e8 8e7 

 197 

 198 
Figure 6. RVM1 C2=C2 R2=R2; RVM2 C2=C2/5 R2=R2*5; RVM3 C2=C2*5 R2=R2/5; RVM4 C2=C2*5 R2=R2/5 199 
C3=C3*5 R3=R3/5 200 
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The authors of Task Force 15.01.09 of CIGRE concluded in their article that: an absolute maximum 201 
in the mid spectrum range indicates a high influence of "interfacial polarization" between oil and paper or 202 
between oil and pressboard in the ducts. 203 

As shown in figure 6, both absolute and relative maximums of the RVM2 spectrum are affected 204 
by changes in C2 and R2 until no relative maximums can be differentiated. As it has been mentioned, 205 
this change in the branches corresponding to intermediate times can be attributed to the "interfacial 206 
polarization" of a composed insulation. 207 

For the interpretation of the results it is important to observe that the effects of the interfacial 208 
polarization are much more important on the branches with high times, because even when the value 209 
of C2 is not very high, the peak of branch 3, that would have been expected to be located in the area 210 
around 400 seconds, is displaced to 100 seconds. 211 

It can also be inferred that the interpretation of a RVM curve in cases where interfacial 212 
polarization phenomena exists should be limited to evaluating this polarization, the time constant 213 
not corresponding either to the oil or the paper condition value. 214 

6. Case studies 215 
Over the last few years, many tests have been carried out on real transformers before and after 216 

the different oil treatments, so it has been possible to correlate the different treatments and the 217 
compounds they remove from the oil with the change in the value of the capacitance of each of the 218 
14 branches of the equivalent circuit. 219 

It solves the problem of the results interpretation expressed in the already mentioned Technical 220 
Brochure 254 of Cigre [1]: "Intermediate time constant values may exclusively show interfacial polarization effects, 221 
hiding other insulation characteristics”. It can be observed in case 3 in particular, that it is much more accurate 222 
to interpret a Debye equivalent circuit than to use the RVM test response.   223 

6.1. Case 1: Transformer on which a drying process has been carried out 224 

Table 4. Transformer characteristics. 225 
Characteristic Value 
Year of manufacture: 1986 
Voltage [kV] 132/21.5 
Power [MVA] 40 
Dielectric fluid Mineral oil uninhibited 
Oil mass [Kg] 13000 

 226 
The transformer contains an important amount of water (Table5), so it is necessary to apply a 227 

procedure of reconditioning and active part drying, It consists of heating the oil by circulating it 228 
through the treatment equipment so that the hot oil heats the active part, once the active part is heated 229 
the oil is drained and vacuum is applied to the tank, the combination of vacuum and a 80ºC 230 
temperature causes that the water contained in the paper evaporates, this evaporation causes the 231 
cooling of the active part so it is a process that requires several cycles. 232 

Table 5. Oil physicochemical parameters 233 
 234 

 235 
 236 

 237 

 Water [ppm] DF @90ºC [%] 
Interfacial 

Tension [mN/m] 
Colour 

After 2 5.1 20.2 4 
Before 11 4.6 19.5 4 
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 238 
Figure 7. RVM test result 239 

RVM test results (Figure 7.) can be interpreted as a positive treatment, slight displacement of the 240 
time constant, (absolute maximum of the curve) indicates an improvement and an increase of the 241 
maximum voltage indicates a higher insulation resistance [2], [7]. 242 

 243 
Figure 8. Cn values obtained in the simulated model 244 

In the case of using the equivalent circuit’s 14 branches condensers capacitance, it can be 245 
appreciated (Figure 8.) how before and after the treatment the branches beyond the nº 5 have not 246 
changed, this means that all those mechanisms of polarization with time constant higher than 1.6 247 
seconds (branch 5 and above) are not modified after a drying, it being inferred that the time constant 248 
of the water is around 0.2 seconds (branch 2). 249 

6.2. Case 2: Transformer on which a regeneration process has been carried out (without drying it) 250 

Table 5. Transformer characteristics. 251 
Characteristic Value 
Year of manufacture: 1970 
Voltage [kV] 45/15.75 
Power [MVA] 12 
Dielectric fluid Mineral oil uninhibited 
Oil mass [Kg] 7800 

In this case the transformer oil showed a dielectric loss factor of 13% and a water content of 7 252 
ppm before the treatment. For this reason, only an oil regeneration process was carried out without 253 
drying the oil, which means that polar compounds and particles were removed, but no drying 254 
procedure was carried out. The process was carried out while the transformer was in service in order 255 
to maximize its effectiveness. The oil is pumped several times through Fullers earth which absorb the 256 
polar compounds. The last step is to add inhibitor compounds to the oil. 257 
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Table 6. Oil physicochemical parameters 258 
 259 
 260 
 261 

 262 
In this case it is possible to evaluate the results of the RVM test according to the traditional 263 

interpretation and infer that the polar compounds which causes interfacial polarization have been 264 
eliminated, [2], [7], [11]. The removal of polar compounds is deduced based on the decrease of the 265 
dissipation factor, the increase of the interfacial tension value, and in a smaller degree the decrease 266 
of the colour value (The decrease in color is due to the elimination of polar and non-polar particles). 267 
Nevertheless, as it is described in the literature, the response of an insulation affected by a strong 268 
interfacial polarization mechanism will overlap the rest of the polarization mechanisms, and the 269 
diagnosis should be limited to reflect the presence of this component. 270 

 271 

 272 
Figure 9. RVM test result, the pre-treatment test curve shows the typical pattern of a dielectric affected by 273 
interfacial polarization. 274 

Once the extended Debye model is applied, it can be observed (Figure 10) how the branches 275 
between 1 and 5 show only a slight variation in the same way as the branches from 12 to 14, so it can 276 
be concluded that the polar products and contaminants extracted during regeneration respond to the 277 
time constants of the branches between 6 and 11. 278 

 279 
 Figure 10. Cn values obtained in the simulated model 280 

6.3. Case 3: Transformer affected by interfacial polarization on which a drying process has been carried out 281 

Table 7. Transformer characteristics. 282 
Characteristic Value 
Year of manufacture: 1978 
Voltage [kV] 132/21.5 
Power [MVA] 40 
Dielectric fluid Mineral oil uninhibited 
Oil mass [Kg] 20000 

 Water [ppm] DF @90ºC [%] 
Interfacial 

Tension [mN/m] 
Colour 

After 5 1.8 31.8 4 
Before 7 13.3 14.5 5.5 
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 283 
In this case, the results obtained in the transformer showed a high water content of 26 ppm, and 284 

the dielectric loss factor is not very high 3.3% so the most appropriate treatment is the drying of the 285 
transformer.  286 

Table 8. Oil physicochemical parameters 287 
 288 
 289 
 290 
 291 
 292 
The transformer contains an important amount of water, so it is necessary to apply a procedure 293 

of reconditioning and active part drying, It consists of heating the oil by circulating it through the 294 
treatment equipment so that the hot oil heats the active part, once the active part is heated the oil is 295 
drained and vacuum is applied to the tank, the combination of vacuum and a 80ºC temperature 296 
causes that the water contained in the paper evaporates, this evaporation causes the cooling of the 297 
active part so it is a process that requires several cycles. 298 

 299 

 300 
Figure 11. RVM test result. Both tests show interfacial polarization, the effect of removed moisture is not possible 301 
to appreciate. 302 

It can be appreciated that, although the oil did not have a high dielectric loss factor, the diagnosis 303 
both before and after the treatment (Figure 10.) must be, and only can be, that the transformer is 304 
affected by interfacial polarization. The surface of the coils is probably heavily contaminated with 305 
adhering particles, particles that have not been suspended in the oil, therefore the dielectric losses of 306 
the oil are not high. This situation, given that the treatment carried out was not designed to remedy 307 
it, has been maintained in both tests, with the problem that it is not possible to determine whether 308 
the water has been eliminated or not. 309 

 310 
Figure 12. Cn values obtained in the simulated model 311 

 312 
In the case that the Debye equivalent circuit is used, it can be observed parallelisms with the 313 

exposed in the cases one and two presented. It can be seen (Figure 11.)  that as a result of the drying 314 
treatment carried out, the capacitance of the condensers of branches 1 to 4 has decreased, while the 315 

 Water [ppm] DF @90ºC [%] 
Interfacial 

Tension [mN/m] 
Colour 

After 9 4.1 22.9 4 
Before 26 3.3 21.8 4 
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rest of the branches remain unchanged. Attention should be paid to branches 6 to 11, which have not 316 
changed as the compounds responsible for interfacial polarization have not been removed 317 

This case is representative of the improvement in diagnostics resulting from the use of the Debye 318 
equivalent circuit, in this case the use of the traditional representation of the RVM test shows that it 319 
has no sensitivity to variations in moisture content as there is an overlapping effect of interfacial 320 
polarization. 321 

7. Conclusions 322 
In this document it has been described the different compounds that can contaminate the 323 

transformer's oil-paper insulation system, and how the correct evaluation of the contents of these 324 
contaminating substances allows to determine in a much more efficient way the treatment to be 325 
carried out. 326 

The literature [1] shows that, although all the methods commonly used to evaluate the condition 327 
of transformers are capable of identifying the same polarization mechanisms, each technique has its 328 
own weaknesses, in the case of the RVM technique, shows insensitivity to all polarization 329 
mechanisms in the case of very strong interfacial polarization. Using a Debye equivalent circuit to 330 
model the dielectric according to the different polarization branches, it showed a higher sensitivity. 331 

The use of a Debye equivalent circuit to characterize the different species present in the dielectric 332 
system has been shown to be a useful tool, the effects of the different species can be delimited 333 
allowing to carry out an individualized assessment. 334 
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