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Abstract— A brief short circuit is not sufficient to relax the 

entire spectrum of the stress accumulated in an insulator dur-

ing a long time polarization. Following neutralization, a return 

voltage appears. This phenomenon is used as a routine charac-

terization tool in some areas of electrical engineering. Several 

experimental results are detailed here supporting the interest 

of this electrostatic technique as a laboratory characterization 

tool. For instance, the sensitivity of this technique may be ap-

plied to follow the ageing of cables for the aircraft industry, as 

well as to monitor interfacial polarization build-up at high tem-

perature on polarized alumina plates. It has also been used to 

demonstrate a photoelectret effect on polyimide films, which is 

described.  

We analyze here the diverse physical processes that may be 

responsible for return voltage: slow dipolar relaxation pro-

cesses, interfacial polarization, heterogeneous conductivity and 

injected space charge motion.   

Index Terms—Dielectric measurement, surface potential, 

cable insulation, Electrostatics, photoconductivity, electrets  

 

I. INTRODUCTION 

Reporting his pioneering 1837 experiments, Faraday re-

marked: “if after having been charged for some time, as fif-

teen or twenty minutes, it [a spherical capacitor filled with a 

dielectric substance] was suddenly and perfectly discharged 

(…), then the apparatus being left to itself, would gradually 

recover a charge” [1]. This was the first reported observa-

tion of the return voltage. Forty years later, using the super-

position principle, Hopkinson established a model of this de-

layed dielectric response [2]. 

The “return voltage method” is nowadays in common use 

in industry to monitor the ageing of HV transformers and 

cables. The voltage signal may be correlated to water uptake 

and degradation of impregnated insulations [3-6]. Return 

voltage is also a laboratory tool, used as a complement to 

classical surface potential decay measurements for dielectric 

material characterization [7-9]. Charge, neutralization and 

measurement may be performed without any contact with 

the surface, using corona discharge and electrostatic probes.  

Return –or recovery- voltage is a consequence of internal 

constraints in the dielectric which cannot be removed by 

short-time neutralization. Several mechanisms involved in 

this process have been discussed in the scientific literature, 

but, to our knowledge, most of it is focused on modeling in-

dustrial machines insulation, using networks of capacitors 

and resistances. We try to present here a more complete 

physical description of the various processes which may ac-

count for the voltage return. 

We consider the typical laboratory experiment described 

figure 1. An insulating slab of permittivity 𝜀 and thickness L 

is deposited on a grounded electrode. Its top and bottom sur-

faces may be metallized or not. The voltage at the upper sur-

face is assumed to be measured by a feedback electrostatic 

voltmeter, or deduced from measurements performed by a 

grounded field meter located at a large distance from the slab 

(compared to its thickness), so that a zero-field boundary 

condition may be assumed in air above the insulator upper 

surface. The insulator is charged at a voltage V0 at t=- tn, 

then it is briefly short-circuited at t=0. Its surface return volt-

age will then be recorded in open circuit, during a much 

longer period of time.  

The duration of the charging or discharging processes may 

be assumed to be negligible compared to tn. This may be 

practically realized using a corona discharge with a point-to-

grid setup, the grid potential being set at the required charg-

ing voltage. It may also be done by a short-duration contact, 

especially if the upper surface is metallized. The charging 

phase may be implemented by maintaining a polarization at 

a constant voltage, or by leaving the insulator in open circuit. 

In this last case, potential decay may be recorded until neu-

tralization is performed for a surface voltage value Vn, ac-

cording to figure 2. 

 

 
 
Fig.1. Corona charge deposit and voltage measurement 
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Fig. 2.  Potential decay and return experiment. 

II. THEORY OF LINEAR RESPONSE 

Most disordered insulating materials exhibit a slow com-

ponent of their dielectric relaxation response, which may 

have several physical causes, as long-range molecular mo-

tions in polymers, or internal charge motion leading to inter-

facial polarization. Assuming these to be linear with the 

electric field, the insulator response may be described by a 

dielectric function [10]. The voltage at the upper surface de-

pends on the amount of charge density deposited on the sur-

face per unit area 𝑞(𝑡) from the beginning of the experiment 

as follows:   

 

𝑉(𝑡) =
𝐿

𝜀
∫ 𝑞(𝜏)Φ(𝑡 − 𝜏)𝑑𝜏

𝑡

−∞
      (1) 

 

The value of the permittivity 𝜀 considered here includes 

the fast polarization processes while the dielectric function 

includes the slow ones. This delimitation is arbitrary, and 

depends on the experimental parameters.  

The dielectric function Φ(𝑡) is a property of the material, 

which may be derived from the surface potential decay rate 

after deposition of a pulse of charge. Considering that the 

surface has been charged at 𝑡 = 0 by a deposit of charge 

density 𝑞0 inducing the surface potential 𝑉0, we may write 

that 𝑞(𝑡) = 𝑞0Γ0(𝑡), Γ0(𝑡) being the Heaviside function cen-

tered on 0.  Equation (2) may then be derived, for 𝑡 ≠ 0 from 

equation (1): 

 
𝑑𝑉(𝑡)

𝑑𝑡
=

𝐿𝑞0

𝜀
Φ(𝑡) = 𝑉0Φ(𝑡)      (2) 

 

The validity of equation (1) implies that  Φ(𝑡) incorpo-

rates a Dirac function δ0(𝑡) centered on 0, so that 

𝑉(𝑡 = 0+) = 𝐿𝑞0 𝜀⁄ . For 𝑡 > 0, Φ(𝑡) has to be negative. 

Charging the insulator at 𝑡 = −𝑡𝑛 and neutralizing at t=0 

the insulator surface at the potential Vn, the return voltage 

will be, using the superposition principle: 

 
𝑑𝑉(𝑡)

𝑑𝑡
= 𝑉0Φ(𝑡 + 𝑡𝑛) − 𝑉𝑛Φ(𝑡)          (3) 

 

Considering a homogeneous insulator described by a 

constant permittivity ε and a non-zero conductivity σ, it be-

haves as a simple parallel RC circuit and no return voltage 

will be observed. In this case Φ is a decreasing exponential 

function, and from (3) it may also be deduced that dV/dt=0. 

However, on most disordered materials, dielectric functions 

are following time power laws [11]: 

 

Φ(𝑡)

Φ(𝑡0)
=  (

𝑡

𝑡0
)

−𝑛

 for t≠0       (4) 

 
𝑡0 arbitrary time reference  

n characteristic exponent of the material (n<1) 

 

In this case, Φ(𝑡) decreases (in absolute terms) faster 

than an exponential at short times, and the second term of 

equation (3) predominates for small values of t, thus leading 

to a voltage return of the same sign than the initial potential. 

The assumption of linearity may be quite easily verified, 

since from the dielectric function deduced from the voltage 

decay measurement, it is easy to use equation (3) to predict 

the shape of the return voltage that should be obtained.  

It must be underlined that the return voltage, after a max-

imum value reached for 𝜙𝐸(𝑡) 𝜙𝐸(𝑡 − 𝑡𝑛)⁄ = 𝑉𝑛 𝑉0⁄ , will 

slowly decrease to zero. For large time values, the voltage 

decay will be the same than for an initial charge deposit in-

ducing the potential 𝑉0 − 𝑉𝑛. 

For a dielectric function following equation (4), the time 

to reach the maximum voltage may be computed: 

 

𝑡𝑚 =
𝑡𝑛

1−(
𝑉𝑛
𝑉0

)

1
𝑛

           (5) 

 

Many experiments at moderate fields (below 1 to 10 

kV/mm at ambient temperature, depending on the material 

and interface) on polar or composite insulating materials 

may be described by this linear model considering a dielec-

tric function (see for instance [12]). However, it is often 

more convenient to use of a discrete array of RC cells with 

different time constants accounting for the distribution of re-

laxation times included in the dielectric function. This kind 

of modelling has been in use for a long time to assess the 

ageing of power transformers or cables [3-6]. 

Both ways of modelling are equivalent and empirical, 

since they may incorporate a large variety of relaxation phe-

nomena. Among them, interfacial (or Maxwell-Wagner) po-

larization has a particular importance concerning return volt-

age measurements. For this reason, it will be treated in a sep-

arate section. 

 

III. INTERFACIAL POLARIZATION  

Most insulating materials commonly used in modern 

systems are composites, designed to optimize mechanical, 

electrical, thermal properties. They may be organized as 

multilayered systems or as a dispersion of fillers in the ma-

terial bulk. A homogeneous material (at the macro scale) 

may also be organized at the microscale in domains, with 

different levels of crystallinity. Different values of conduc-

tivity may thus be found in these different phases. As a re-

sult, the capacitive potential distribution (involved at short 

times or high frequencies) may differ from the resistive one. 

In this case the material will exhibit a return voltage after a 

long-time polarization followed by a brief short-circuit. 

Since it may be related to long distance charge motion, 

the spectrum of interfacial polarization may have a broad ex-

tension in very low frequencies. That is the reason why this 
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phenomenon often prevails for time domain experiments 

like potential decay and return measurements. 

The success of the return voltage method (RVM) to 

monitor ageing in transformers is linked to the strong inter-

facial polarization that may appear in a layered insulation 

made of oil impregnated paper and paperboard [6].  

An elementary representation of interfacial polarization 

may be given using a two-cell RC model (figure 3).  

 

 
Fig. 3.  Two-cell RC model. 

It may be shown that, for a short-time neutralization after 

a long DC poling time at 𝑉0, a voltage return will appear on 

this circuit, with always the same sign as the poling voltage, 

according to equation (6). 

 

𝑉(𝑡)

𝑉0
=

𝑅2𝐶2−𝑅1𝐶1

(𝑅1+𝑅2)(𝐶1+𝐶2)
(𝑒

−
𝑡

𝑅2𝐶2 − 𝑒
−

𝑡

𝑅1𝐶1)      (6) 

 

If the time constant of one cell is much higher than the 

other, for instance 𝑅2𝐶2 >>𝑅1𝐶1, the return voltage will be 

high, and its maximum value is obtained assuming at the 

same time 𝑅2>>𝑅1 and 𝐶2>>𝐶1. In this case, it may even 

tend towards the poling value. 

To our knowledge, interfacial polarization is the physi-

cal phenomenon that leads to the highest return voltage sig-

nal. Therefore the return voltage method does not only con-

cern complex industrial installations but may also be used as 

a laboratory characterization tool since many small scale in-

sulations may exhibit interfacial polarization.  

For instance, we have found large values of return volt-

age, up to 20% of the applied polarization, using an electro-

static probe to characterize the ageing of short (10 cm) air-

craft cable samples, insulated with a polyimide/PFA/PTFE 

wrapped tape [13].  

We have reported [14] even larger return voltage, up to 

30 % of the applied polarization, on polycrystalline alumina 

plates (figure 4) polarized above 100°C, even though the ap-

plied field was moderate (figure 5). Space charge measure-

ments by thermal step method did not allow to measure any 

significant internal space charge for these combinations of 

temperature and fields.  

 

 

 
Fig. 4. SEM photograph of the alumina plates surface [14] 

A simulation has been done using the RC model given 

figure 3 to reproduce these return voltage measurements on 

alumina plates. The cell with a high RC value may in this 

case represent the grain boundaries, whereas the other rep-

resents the bulk. The high value of the return voltage may 

then be due to a temporary charge accumulation at the grain 

boundaries.  

Results are given figure 6, for two different values of R1. 

Simulation A may be assumed to represent the return voltage 

at 100°C, while simulation B represents the response at 

150°C. It is assumed that heating at 150°C reduces the value 

of R1 compared to its value at100°C, without affecting the 

other parameters. 
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Fig. 5. Return voltage measurements on 1mm-thick polycrystalline Al2O3 

slabs previously polarized at 2500V (during 1s, 10s, 100s). [14]. 

The increase of the voltage with the charging time is due 

to the time constant (64s in our simulation) necessary to 

switch from the initially mainly capacitive current to a 

purely resistive current.   

This model is too primitive to account precisely for the 

results, but it provides a good qualitative explanation. For a 

precise description, simulating the power law character of 

the dielectric response, which appears when the time de-

pendence of the decay/return is analyzed, a network of RC 

cells with different time constants may empirically fit the 

system behavior. A complete model should however incor-

porate field non-linearity, which is important in this system. 

This complexity is a quite common behavior of insulators, 

due to non-linear activation mechanisms, as Schottky or 

Poole-Frenkel, and to dynamical charge trapping and detrap-

ping phenomena.  

 

 

 

Fig. 6.  Simulated return voltage using the two-cell RC model. 

 

 

IV. INJECTED SPACE CHARGE  

The voltage decay due to the injection of a charge depos-

ited on an insulating surface has been extensively studied, 

with various hypotheses on the injection process, charge mo-

bility and trapping in the material [9]. Calculations of the 

voltage return after neutralization have been performed by 

Coelho in several works [7][8]. This section provides an ex-

tended view of these models, and a calculation for a unipolar 

space-charge limited current distribution which has never 

been published before. 

 

A. General theory 

Assuming a null field at the upper surface, using the Pois-

son equation, the surface potential due to the internal charge 

distribution with volume density 𝜌(𝑥) just before neutrali-

zation may be written: 

 

𝑉𝑛 =
1

𝜀
∫ 𝑥𝜌(𝑥)𝑑𝑥

𝐿

0
=

𝑞0𝑥̅

𝜀
       (7) 
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The surface potential is proportional to the integrated sur-

face charge density 𝑞0 multiplied by the mean distance 𝑥̅ of 

the charge to the ground. 

When the insulator surface is neutralized, the average field 

inside becomes zero. A zero-field plane appears in the bulk 

(shown as a dotted line figure 7). The charge injected beyond 

this plane continues its drift, whereas the rest comes back to 

the injecting surface. 
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Fig. 7. Charge distribution and field in the insulator after surface neutrali-
zation. 

The neutralization surface charge is 𝑞𝑛 = −𝑞0 𝑥̅ 𝐿⁄ . Using 

Gauss theorem between the zero-field plane and the upper 

surface, the surface density of the charge located in the re-

gion where the field has been inversed by the neutralization 

is then 𝑞0 𝑥̅ 𝐿⁄ , while the charge density beyond the zero-

field plane (including the charge already neutralized at the 

ground electrode) is 𝑞0 (1 − 𝑥̅) 𝐿⁄ .  

We may describe the charge motion by a mobility µ, 

which may be depending on field and time (to include pro-

gressive trapping). Then we may describe the charge 

transport on both sides of the zero-field plane as the motion 

of charged sheets, each of them having the same charge den-

sity (figure 8).  The amount of charge separating each of 

them from the zero-field plane remains constant during this 

motion, together with its driving field and its drift speed. The 

sheets speed increases however with their initial distance to 

the zero-field plane, as illustrated by figure 8.  

 

 

Fig. 8. Charge sheets motion on both sides of the zero-field plane (left and 
center of the figure) during the voltage return experiment (voltage shown 

on the right). Charge sheets are numbered according to the distance to the 

zero field plane (dotted line), N and N’ referring to charges subjected to the 
same absolute value of the field. 

 

For an homogeneous insulator, two charged sheets driven 

by the same field on both sides of the zero-field plane (for 

instance 3 and 3' on figure 8) have exact opposite influences 

on the surface voltage during their drift. The calculation of 

the return voltage may be done by only considering the 

charge sheets deprived from any counterpart on the other 

side of the insulator. 

In the example of figure 8, most of the injected space 

charge remained on the injecting surface (right) side of the 

zero-field plane. The charge sheets located on the right side 

with N>6 are initially moving with no counterparts on the 

left side. In this case, the sign of the return voltage is the 

same than the initial potential before neutralisation. 

However, after a given time 𝑡𝑚, more charge will be pre-

sent on the left part, because of the longest path available for 

their charges motion, and the return voltage will begin to de-

crease. The internal charge distribution will in the end van-

ish, and the return voltage tends asymptotically to zero, since 

the surface charge of the insulator will also tend to zero with 

the return of the whole charge distribution located right of 

the zero field plane to the surface.  

At 𝑡𝑚 the return voltage reaches its maximum value. A 

particular feature at this moment is that the value of the field 

𝐸𝑚 in the vicinity of the injecting surface is exactly opposite 

to its value near the ground electrode (𝐸𝑚 = 𝐸(𝐿−) =
−𝐸(0+)). All the charges still present in the distribution at 

𝑡𝑚 were initially located between 𝑥𝑚 and 𝐿 − 𝑥𝑚, with 

𝑥𝑚 = 𝐸𝑚𝜇𝑡𝑚 and were subjected to fields weaker than 𝐸𝑚, 

in absolute terms, while the other charges have been elimi-

nated by fields higher than 𝐸𝑚. 

From the situation at 𝑡𝑚, the space charge may  be divided 

into three components: 

a) the charge remaining in the volume at 𝑡𝑚, that was 

located initially at an abscissa 𝑥𝑚 < 𝑥 < 𝐿 − 𝑥𝑚, has 

not contributed to the return voltage buildup until its 

maximum, since the motion before tm of each sheet 

has been compensated by the motion of another one 

on the other side of the zero-field plan. 

b) the charge returned to the ground, that was located in-

itially at an abscissa 𝑥 < 𝑥𝑚  

c) the charge returned to the injecting surface, that was 

located initially at an abscissa 𝑥 > 𝐿 − 𝑥𝑚.  

The maximum return voltage 𝑉𝑟𝑚 at 𝑡𝑚 is then equal to the 

voltage return due to the motion of the charge returned to the 

injecting surface at tm, minus the voltage drop due to the mo-

tion of the charge returned to the ground:   

 

𝑉𝑟𝑚 =
1

𝜀
∫ (𝐿 − 𝑥)𝜌(𝑥)𝑑𝑥

𝐿

𝐿−𝑥𝑚
−

1

𝜀
∫ 𝑥𝜌(𝑥)𝑑𝑥

𝑥𝑚

0
  (8) 

 

Changing the variable in the first term: 

   

𝑉𝑟𝑚 =
1

𝜀
∫ 𝑥[𝜌(𝐿 − 𝑥) − 𝜌(𝑥)]𝑑𝑥

𝑥𝑚

0
  (9) 

 

Considering  𝐿 − 𝑥𝑟
̅̅ ̅̅ ̅̅ ̅̅  the mean distance to the surface of 

the charges returned to the surface and 𝑥𝑔̅̅ ̅  the mean distance 

to the ground of the charges returned to the ground at 𝑡𝑚 : 

 

 𝑉𝑟𝑚 =
𝑞𝑟𝐿−𝑥𝑟̅̅ ̅̅ ̅̅ ̅

𝜀
−

𝑞𝑔𝑥𝑔̅̅ ̅̅

𝜀
       (10) 

 

A space charge in a briefly neutralized insulator may in-

duce a return voltage only if its distribution is asymmetric. 

An anomalous return voltage may appear if 𝑞𝑔𝑥𝑔̅̅ ̅ >

𝑞𝑟𝐿 − 𝑥𝑟
̅̅ ̅̅ ̅̅ ̅̅  , which means that most of the charges of the initial 

distribution are closer to the ground electrode. 
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It must be underlined that the return voltage due to space 

charge motion has quite different features than what has 

been described in the previous sections. This phenomenon is 

strongly nonlinear, the possibility of an anomalous voltage 

being one feature of this nonlinearity. However, the compe-

tition between both sides of the zero-field plane will greatly 

reduce the maximum possible return voltage. This will be 

shown in next section for a particular charge distribution. 

 

B. Exact calculation for unipolar space-charge limited 

current (SCLC) charge distribution  

We assume unipolar injection of the maximum possible 

charge (from the surface, in the steady state regime) in a 

trap-free insulator. This occurs when the internal space 

charge reduces the field at the injecting surface to zero. This 

configuration corresponds to the well-known space-charge 

limited current [15].  

Assuming a steady state regime to be reached, a uniform 

current density flows in the insulator: 

 

 𝑗 = 𝜇𝜌𝐸 = 𝜇𝜀𝐸
𝑑𝐸

𝑑𝑥
=

1

2
𝜇𝜀

𝑑𝐸2

𝑑𝑥
    (11) 

 

This implies that the spatial dependence of the field fol-

lows a square root law, and taking into account the boundary 

condition 𝐸(𝐿) = 0:    

𝐸 = − (
2𝑗

𝜇𝜀
(𝐿 − 𝑥))

1

2

         (12) 

 

The negative solution of (12) has been chosen, corre-

sponding to the case of a positive injected charge. The inter-

nal charge distribution is then: 

 

 𝜌 = 𝜀
𝑑𝐸

𝑑𝑥
= (

2𝜇

𝑗𝜀
(𝐿 − 𝑥))

−
1

2

      (13) 

 

It may be related to the applied voltage by considering that: 

 

 𝑉0 = − ∫ 𝐸𝑑𝑥
𝐿

0
= (−

8𝑗

9𝜇𝜀
)

1

2
𝐿

3

2    (14) 

 

so that, eliminating 𝑗 between (13) and (14): 

 

𝜌 =
3𝜀

4𝐿2 𝑉0 (1 −
𝑥

𝐿
)

−
1

2
        (15) 

 

This equation is the charge distribution corresponding to 

the classical SCLC problem in a trap-free insulator [15]. Let 

us now assume that the neutralization occurs immediately 

after the charging period (𝑉𝑛 = 𝑉0). The field inside the in-

sulator immediately after neutralization  is given by adding 

the field 𝑉0 𝐿⁄  produced by the neutralization charge to the 

integration of (15):  

 

𝐸(𝑥) = −
1

𝜀
∫ 𝜌𝑑𝑥

𝐿

𝑥
+

𝑉0

𝐿
=

𝑉0

𝐿
[

3

2
(1 −

𝑥

𝐿
)

1

2
− 1]  (16) 

 

The abscissa of the zero-field plane is thus  𝑥0 = 5𝐿 9⁄ .  

The demarcation abscissa 𝑥𝑚 defined above is a solution 

of the equation 𝐸(𝑥) = −𝐸(𝐿 − 𝑥): 

(1 −
𝑥𝑚

𝐿
)

1

2
+ (

𝑥𝑚

𝐿
)

1

2
=

4

3
     (17) 

 
𝑥𝑚

𝐿
=

1

2
−

4

9√2
        (18) 

 

The maximum of the return voltage may be found by com-

bining (9) and (15): 

 

𝑉𝑟𝑚 =
3

4𝐿2 𝑉0 ∫ 𝑥 [(
𝑥

𝐿
)

−
1

2
− (1 −

𝑥

𝐿
)

−
1

2
] 𝑑𝑥

𝑥𝑚

0
  (19) 

 

An integration by parts leads to: 

 

𝑉𝑟𝑚

𝑉0

=
3

2
[
𝑥

𝐿
((

𝑥

𝐿
)

1
2

+ (1 −
𝑥

𝐿
)

1
2

)]

0

𝑥𝑚

 

−
3

2𝐿
∫ [(

𝑥

𝐿
)

1

2
+ (1 −

𝑥

𝐿
)

1

2
] 𝑑𝑥

𝑥𝑚

0
    (20) 

 

Taking into account (17): 

 

𝑉𝑟𝑚

𝑉0
= 2

𝑥𝑚

𝐿
− [(

𝑥𝑚

𝐿
)

3

2
− (1 −

𝑥𝑚

𝐿
)

3

2
+ 1]  (21) 

 

Which may be slightly simplified in: 

𝑉𝑟𝑚

𝑉0
=

2

3

𝑥𝑚

𝐿
− (

𝑥𝑚

𝐿
)

1

2
+

1

3
     (22) 

 

The numerical value of the relative maximum return volt-

age deduced from (21) is then: 

 

𝑉𝑟𝑚

𝑉0

=
2

3
(1 −

4

9√2
) − (

1

2
−

4

9√2
)

1
2

≈ 0,026 

 

The interest of this result is to show that the return voltage 

value is quite low, less than 3% for the maximum possible 

injected charge in steady state, compared to what is possible 

to obtain in a heterogeneous insulator by interfacial polari-

zation, or by heterogeneous conductivity (see below). More-

over, concerning neutralization after a delay allowing sur-

face potential decay, the return voltage will be less im-

portant, because the space charge density will tend towards 

a larger uniformity during the decay than the SCLC profile.  

That may explain why it is difficult to present experi-

mental results showing clear evidence of a return voltage 

due to an injected space charge only.  The signal due to this 

component is usually quite faint, and often appears at high 

field as a transient and irregular phenomenon. For most ma-

terials, it should be hidden behind the higher value of the 

dipolar or Maxwell-Wagner component. 

Anomalous return voltage would be a valuable signal for 

strong space charge effects, and prebreakdown events. How-

ever, it requires a charge distribution centroid closer to the 

ground electrode than to the injecting electrode, which is 
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rare, and may be produced by a non-equilibrium situation 

rather than DC poling in quasi state. Some interesting results 

of anomalous voltage return on polyethylene films were pre-

sented by Coelho a long time ago [7], but not reported else-

where since (figure 9).  

 

 
 

Fig. 9. Anomalous return voltage on polyethylene [7]. 

V. HETEROGENEOUS CONDUCTIVITY 

A homogeneous insulator may be subjected to a gradient 

of temperature, light, humidity, or any other parameter able 

to activate charge carriers motion and thus lead to a hetero-

geneous conductivity in the bulk of the material. This phe-

nomenon has been studied in the past with a special focus on 

HVDC cables [16], where the inner conductor may be heated 

at a much higher temperature than the ambient. A strong 

temperature gradient appears in high field areas of the cable, 

which produces a high conductivity gradient.  

As a result, an inner space charge distribution may build 

up, which will not be neutralized instantly when the insula-

tor is short-circuited and may therefore induce a return volt-

age.  

We describe here another experiment, which has been per-

formed in our laboratory, involving a gradient of photocon-

ductivity [17]. Polyimide films were positively charged by 

corona, and then exposed to two circular light dots coming 

from pipes canalizing the light emitted by a blue and a white 

LED (figure 10a). This exposure led to a decrease in poten-

tial in the corresponding areas (figure 10b), due to the pho-

toconductivity of the films when irradiated with wave-

lengths below 550 nm.  

The central area of the film surface was then neutralized 

using a negative corona charge deposit. In the darkness, the 

potential in this area remains steadily close to zero (figure 

10c), while exposure to sunlight or to a white lamp illumi-

nation progressively leads to a significant voltage return in 

the areas illuminated before neutralization (figure 10d).  

This is a consequence of the absorption of the wavelengths 

responsible for polyimide photoconductivity, which leads to 

a conductivity gradient, and consequently to an inner space 

charge. Switching off the illumination freezes charge mo-

tion. Neutralizing the surface will then provide the necessary 

negative surface charge density to bring back the surface 

voltage to zero, but does not neutralize the inner charge dis-

tribution. It will be split by a zero-field plane above which 

the field is inverted. However, is assumed to remain steadily 

trapped. As long as the sample is kept in the dark, this pho-

toelectret may last during a quite long time (days) without 

vanishing. Applying another illumination of the surface then 

induces a larger conductivity in the inverted field zone than 

in the lower part of the sample, due to light absorption. As a 

result, a return voltage appears, due to the progressive com-

pensation of the negative surface charge by a fraction of the 

internal positive charge. 

 

 
(a)            (b) 

 
(c)            (d) 

Fig. 10. Voltage return on a photoelectret induced in polyimide [17].   

(a) Experimental setup applying light dots from white and blue LED   

(b) Potential mapping with an electrostatic feedback probe after 2000V 
charging and 120s exposure to white (left) and blue (right) LED light 

(c) Surface neutralization of the main central area of the sample 

(d) Return voltage after an additional 1h lamp illumination.  
   Potential maps are 16mm x 16mm. Unit for the color scale is Volt. 

 

The internal distribution of the charge may be adjusted by 

choosing the experimental parameters, its mean depth in-

creasing with the exposure time, and its broadness depend-

ing on the light color, the absorption in the material   being 

higher, and hence the photoconductivity gradient steeper for 

the blue light than for the white. 

The use of light to produce a photoelectret has been known 

since a long time [18][19]. However, to our knowledge, the 

link between this space charge buildup due to heterogeneous 

conductivity and voltage return has not been reported else-

where than in [17], where more details on this experiment 

and models may be found.  
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VI. CONCLUSION 

Field or potential measurements are sensitive to the geo-

metrical distribution of the charge, rather to its motion. This 

feature is the strong point of this kind of measurements in 

the field of electrostatics, providing a better sensitivity as 

well as a greater noise immunity than measurements based 

on current intensity measurements. This is the main reason 

why, in addition to their important practical industrial inter-

est to monitor ageing in transformers and cables, return volt-

age measurements may provide an interesting laboratory 

characterization tool.  

 

A general conclusion that may be drawn from the different 

configurations and mechanisms examined here is that the 

measurement of high values of the return voltage signal re-

quires a situation where the insulator may be divided in lay-

ers with quite different conductivities. This may be a conse-

quence of the composite character of the material, inducing 

interfacial polarization or, in a homogeneous material, of a 

gradient of an activation parameter, as temperature, or light 

for a photoconductive material.  

The signal produced by space charge motion away from 

the zero-plane field after external neutralization is much 

fainter, and probably much transient than the relaxation of 

interfacial polarization. However, given the importance of 

space charge phenomena in the ageing of the insulations, re-

turn voltage measurements remains an interesting way to in-

vestigate them, as well as to contribute to fundamental stud-

ies on charge mobility and trapping in insulators, which has 

not been fully explored.  
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