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ABSTRACT The low frequency section of frequency domain spectroscopy (FDS) of oil-paper insu-
lation system can effectively reflect the ageing state and moisture of the oil-immersed paper. Mean-
while, steady-state insulation resistance is the one of indexes for the condition of transformer. In actual
measurement, these two both are time-consuming and poor accessibility, thereby restraining their field
applications. Aim at this problem, this paper analyses the polarization process of the oil-paper insulation in
transformer, and adopts a low frequency equivalent circuit model for the oil-paper insulation to characterize
the polarization process at low frequency. The simulated annealing particle swarm optimization (SAPSO)
algorithm is proposed to identify the parameters in equivalent circuit, which are affected by change of
insulation state. Compared with the experimental results, the errors of the steady-state insulation resistance
and the tan δ below 10−3 Hz, which are calculated by the identified parameters, are less than 2.5%. This
method can avoid the influence from external environment and reduce the measurement time. The time and
frequency domain parameters calculated can provide reference for the ageing assessment of oil-immersed
paper.

INDEX TERMS Oil-paper insulation equivalent circuit, interfacial polarization, simulated annealing particle
swarm optimization, steady-state insulation resistance, frequency domain spectroscopy.

I. INTRODUCTION
Oil immersed power transformer is one of the most widely
used equipment in power system. Because the oil can be
filtered or replaced, the insulation state of oil-immersed paper
determines the transformer life [1]. It is difficulty to directly
detect the insulation state of the oil-immersed paper inside
the transformer without dismantling the shell. The process of
sampling is poor accessibility to operate [2]. In recent years,
based on dielectric response, the non-destructive evaluation
method of insulation state of transformer, such as recov-
ery voltage method (RVM), polarization and depolariza-
tion current (PDC), frequency domain spectroscopy (FDS),
has gradually become the research focus [3]–[6]. According
to [7], [8], tan δ at low frequency is sensitive to the age-
ing state and moisture of oil-immersed paper. In [9], [10],
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the final magnitudes of polarization current (Leakage current,
corresponding to steady-state insulation resistance), reflect-
ing oil-immersed paper state, have been influenced by ageing
and moisture. All of them can provide rich insulation infor-
mation for technicians. However, the measurement time of
tan δ at low frequency and the polarization current are too
long. For example, measured time of the tan δ at 10−4 Hz and
polarization current at 104 s are about 5 hours. Meanwhile,
the measured values are easily affected by the environment,
which is not conducive to the field application.

Establishing oil-paper insulation equivalent circuit is an
effective and simple way to calculate low-frequency tan δ
and steady-state insulation resistance, then can assess the
insulation state. The deterioration of insulation state can
alter the dielectric characteristics [11], which lead to the
change of parameters in equivalent circuit. Hence, solving
these parameters can obtain the characteristic parameters
related to the insulation state. Comparing the changes of
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these parameters can also reflect the insulation status of the
transformer to a certain extent [12]. References [12]–[14]
used the extend Debye model to model the PDC or RVM
data by the least square method. References [15], [16] used
Maxwell or Debye model to simulate RVM curves, which
gain the good results. These researches are fitting by complete
PDC or RVM experimental data curves as input. There are
few researches on how to quickly obtain the final magnitudes
of PDC or low-frequency FDS.

How to establish appropriate low-frequency equivalent cir-
cuit is the key. Previous studies [12]–[14], [16] were based
on extended Debye model. However, the oil-paper insulation
consists of two dielectrics. Besides the dipole polarization
produced by dipole orientation in each dielectric, the oil-
paper insulation will form a complex interfacial polarization
due to accumulation of charge at interface. The process of
interfacial polarization is usually determined by the conduc-
tivity and relative permittivity of the two kinds of dielectric.
The RC series branch in Debye model cannot truly reflect the
complex interfacial polarization phenomenon. Identification
method is also important to solve the parameters in circuit,
reference [14] used iterative method to solve the parameters,
which is affected by initial parameters easily. To avoid this,
intelligent algorithms are a better choice.

In this paper, theMaxwell model is used to characterize the
polarization process of oil-paper insulation at low frequency
section, in which the interfacial polarization plays a major
role and the dipole polarization of a single dielectric has
little impact [17]. Insulation resistance formula is used to
establish the mathematical model for parameters identifica-
tion. The parameters can be identified by inputting the data
from the 30min insulation resistance curve. For identification
method, SAPSO is used to overcome the shortcomings of
PSO that easily fall into local optimum. Finally, the identi-
fied parameters are applied to the calculation of the steady-
state insulation resistance values and tan δs whose frequency
below the 10−3 Hz, which greatly reduces the measurement
time of steady-state insulation resistance and the tan δ at low
frequency, and provides a reference for the judgement of the
insulation state of the oil-immersed paper.

II. ANALYSIS ON DIELECTRIC RESPONSE OF OIL-PAPER
INSULATION AT LOW FREQUENCY
A. POLARIZATION CHARACTERISTICS OF OIL-PAPER
INSULATION AT LOW FREQUENCY
Due to the existence of dielectric conductivity and the dielec-
tric polarization under the action of AC voltage, the energy
loss produced in the dielectric is called the dielectric loss.
The dielectric loss in single dielectric is composed of conduc-
tance loss, displacement polarization loss and dipole polar-
ization loss. The displacement polarization is extremely fast
and thus effective up to infra-red frequencies or optical fre-
quencies, which can be neglected, while the duration of
the dipole polarization is longer, which occurs in mid-high
frequencies [5], [18]. When the dielectric is a composite

material, such as oil-paper insulation, there will be interfacial
polarization, whose process active in the power frequency
range and below and produce energy loss [5].

Due to the duration of dipole polarization is less than
period of electric field at low frequency, the polarization
can be fully established without hysteresis, and the con-
tribution of dipole polarization loss to total loss can be
neglected [17]–[19]. The oil-paper insulation is a composite
material. The interfacial polarization always occurs in middle
and low frequency section and even at DC voltage (within
hours after applying DC voltage) due to longer relaxation
time. Therefore, it can conclude that the dielectric loss of oil-
paper insulation at low frequency and DC voltage is mainly
composed of conductance loss and interfacial polarization
loss. To reduce the influence of applied AC voltage and geo-
metric structure, the dielectric loss factor tan δ is introduced
to characterize the dielectric loss.

To consider the influence of interfacial polarization,
the equivalent circuit of Maxwell model is established as
shown in Fig 1. The resistance and capacitance of paper and
oil are R1, C1, and R2, C2 respectively in Fig 1.

FIGURE 1. Maxwell model.

B. EQUIVALENT MODEL OF OIL-PAPER INSULATION
The oil-immersed paper is a weak link in the insulation of the
transformer, and its insulation state determines the operation
life of transformer [1]. The insulation state of oil-immersed
paper has a strong correlation with the final part of polariza-
tion current and low-frequency tan δ. Therefore, obtaining
steady-state insulation resistance and low-frequency tan δ
through accurate calculation are significant to the condition
assessment of oil-paper insulation. Establishing the equiva-
lent model is good way to realize it.

The extended Debye model of oil-paper insulation is
shown in Fig 2, where Rg is the steady-state insulation

FIGURE 2. The extended Debye model of oil-paper insulation.
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resistance, Cg is the geometric capacitance. Ri and Ci are
the resistance and capacitance in the ith branch. The different
time constants, given by τi = RiCi, are used to represent the
different processes of polarization response in the extended
Debye model, which does not consider the geometric struc-
ture of the oil-paper insulation.

The oil-paper insulation is a kind of composite insulating
dielectric. The RC series branches in Debye model cannot
reflect the interfacial polarization between different materials
by insulation structure. From the above analysis in subsection
A, the loss of oil-paper insulation at low frequency is mainly
composed of conductance loss and interfacial polarization
loss. To characterize the interfacial polarization, the Maxwell
model is used into the equivalent circuit of oil-paper insula-
tion, shown in the Fig 3, where the conductance loss is caused
by the resistance existing in the circuit, and the parallel struc-
ture of two dielectrics can reflect the interfacial polarization
process.

FIGURE 3. The equivalent circuit of oil-paper insulation.

In Fig 3, the subscript p and o denote paper and oil
respectively, and i indicates the number of branch. The Rpi,
Roi and Cpi, Coi represent the resistance and capacitance of
transformer paper and oil in ith branch.

III. MATHEMATICAL MODEL AND PARAMETERS
IDENTIFICATION OF EQUIVALENT CIRCUIT
A. OPTIMAL OBJECTIVE FUNCTION
The effective identification of the parameters in the equiv-
alent circuit is of great significance to the evaluation of
the insulation state. Due to the initial derivative of recovery
voltage and the recovery voltage correspond with the insu-
lation sate of transformer, the previous researches focused
on modeling the dielectric response of transformer insulation
with RVM [14]–[16]. Although they can be both used to
identify the parameters of the equivalent circuit, the laplace
transform of recovery voltage is so difficulty to deduce that it
leads to enormous calculation when the number of branches
is increased [14]. Meanwhile, the RVM measurement signal
is easily disturbed by environment. Compared to recovery
voltage method, insulation resistance measurement is more
widely used monitoring method in field measurement, mean-
while, it contains rich information and is less interference
by other signal. Therefore, this paper uses the mathematical
model of insulation resistance to build the optimal objective
function to identify the parameters.

The DC voltage of u0 is loaded on the transformer port,
take the equivalent circuit in Fig 3 as an example. Before the

loading, ucpi(0−) = ucoi(0−) = 0. After loading, the voltage
ucpi(t), ucoi(t) at capacitance of paper and oil satisfy the
equation as follows.

ucpi(0+)+ ucoi(0+) = u0 (1)

According to the charge conservation:

Cpiucpi(0+)−Coiucoi(0+)=Cpiucpi(0−)−Coiucoi(0−) (2)

The ucpi(0+) can be deduced:

ucpi(0+) =
Coi

Cpi + Coi
u0 (3)

The time constant of ith branch is:

τi =
RpiRoi

Rpi + Roi
(Cpi + Coi) (4)

The ucpi(t) can be deduced:

ucpi(t) =
Rpi

Rpi+Roi
u0 −

RpiCpi − RoiCoi
(Rpi+Roi)(Cpi+Coi)

u0e−t/τi (5)

The current Ii(t) flows through the ith branch is:

Ii(t) =
ucpi(t)
Rpi

+ Cpi
ucpi(t)
dt

=

[
RpiC2

pi + RoiC
2
oi

RpiRoi(Cpi + Coi)2
−

1
Rpi + Roi

]
ue−

t
τ +

u
Rpi+Roi

(6)

The insulation resistance of equivalent circuit can be
expressed as:

R(t) = u0/[I1(t)+ I2(t)+ · · · Ii(t)+ · · · In(t)] (7)

In (1)∼(7), u0, t , R(t) can be obtained by on-site measure-
ment. The unknown parameters are represent as xi = (Rpi,
Rci, Cpi, Coi), i = 1, 2 . . . n. n is the number of branches.
m is set as the number of unknown parameters. Obviously,
m = 4n. It is necessary to adopt m equations to solve m
unknowns to ensure unique solutions. In this paper, m values
of insulation resistance and corresponding charging time t are
selected through experimental curve, and the m equation is:

R(t1) = u0/[I1(t1)+ I2(t1)+ · · · In(t1)]
· · ·

R(tm) = u0/[I1(tm)+ I2(tm)+ · · · In(tm)]

(8)

The problem of solving (8) is transformed into a problem
of mathematical optimization. The optimal objective function
can be established by the least square method as (9). When
F(x) = 0, the parameters can be identified.

F(x) = min{[
1
m

m∑
j=1

(
R(tj)−

u0
I1(tj)+I2(tj)+···Ii(tj)

R(tj)
)]2} (9)

where R(tj) represents the measured value of insulation resis-
tance in charge time of tj.
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B. SIMULATED ANNEALING PARTICLE SWARM
OPTIMIZATION
The methods of solving nonlinear equations mainly include
the Newton method, continuation method, the steepest
descent method and so on, where the Newton method is
widely used. However, improper selection of initial val-
ues will lead to divergence of solutions in the Newton
method [20]. In this paper, the initial value ranges of resis-
tance and capacitance parameters of each branch are not sure.
Therefore, it is difficulty to accurately solve the parameters in
equivalent circuit by the numerical iterative method. There-
fore, intelligent optimized algorithms are a better choice.

Particle swarm optimization (PSO) is an evolutionary algo-
rithm based on swarm intelligence, which is fast in con-
vergence speed. The whole group shows a strong ability
of optimization through the information exchange between
each particle [21]. Nevertheless, the complex functions to be
optimized in the actual engineering have the characteristics
of nonlinear, discrete and multi-peak, which will lead to the
aggregation of particle swarm in the local extremum. Hence,
it is important to improve the ability of global search in PSO,
and guarantee the quality of the solution.

The simulated annealing (SA) algorithm origins in the
physical annealing process of heating up a solid to a high
temperature followed by cooling slowly. In the process of
searching the solution space, SA has the possibility to accept
worse solutions in a controlled manner for escaping from
local minima [22]. The probability of acceptance decreases
gradually with the decrease of temperature. In short, SA can
avoid the local minimum by giving a probability jump to the
search process, which is time-varying and eventually tends
to 0.

Therefore, the combination of PSO and SA, namely, the
simulated annealing particle swarm optimization (SAPSO)
makes full use of the advantages of the fast convergence
ability of PSO and the local extreme jump ability of SA [23].
It can effectively avoid the local extremum in the search
process and find true solutions quickly. The steps of SAPSO
are as follows.

1) Randomly initialize the location vector xi and speed
vector vi of particle swarm, i = 1, 2, . . .N , where, N is
the particle population. Determine learning factors c1,
c2, compressibility factor k in (10), maximum iterative
number t;

k=
2∣∣∣2−(c1+c2)−√(c1+c2)2−4(c1+c2)

∣∣∣ (10)

2) Calculate the fitness values of the initial particle swarm
F(xi). The initial position vector xi is set as the initial
local optimum location pi;

3) Compare the fitness values of each particle, set the
location corresponding to the minimum fitness value
of the particle swarm as the global optimal location png,
iteration start;

4) Set the initial temperature as T = F(pg)/In(pr ), pr is
the initial acceptance probability;

5) Set the appropriate value as TF(pi) at the current tem-
perature, the TF(pi) is as follows:

TF(pi) =
e−(F(pi)−F(pg))/T

N∑
i=1

e−(F(pi)−F(pg))/T
(11)

6) Accept the new global optimal location pg by adopt-
ing the roulette strategy, that is to say, if TF(pi) > rand ,
the new global optimal location is accepted, otherwise
the original global optimal position is retained. Where,
rand means the random number between 0 and 1;

7) Update the speed and position of the next generation
particle according to (12).
vid (t+1)
= k[vid (t)+c1r1(pid−xid (t))+c2r2(pgd−xid (t))]
xid (t + 1)
= xid (t)+vid (t), i=1, 2, ...N , d=1, 2, . . . ,m

(12)

where d represents the dimension of each particle.
8) Calculate the fitness value of each updated particle and

update pi and pg;
9) Execute the anneal instruction, T (t) = λT (t + 1),

where, λ is annealing speed;
10) If the xi satisfies the condition of F(xi) = 0, the search-

ing is stop, otherwise, go back to step (3) to continue
searching.

The flow chart of SAPSO is as shown in Fig 4.

C. CALCULATION OF FDS
The AC voltage U̇0 is applied to the port of the equivalent cir-
cuit in Fig 3, the current of each branch can be expressed as:

Ii =
U0

Rpi
1+jωRpiCpi

+
Roi

1+jωRoiCoi

, i = 1, 2 · · · n (13)

The tanδ of the equivalent circuit of oil-paper insulation
can be expressed as:

tan δ =
real(I1 + I2 + · · · Ii)
imag(I1 + I2 + · · · Ii)

(14)

where real and imag represent the real part and imaginary
part, respectively.

The FDS is obtained by substituting the identified param-
eters and ω into (13) and (14).

IV. VERIFICATION OF EXPERIMENT
According to exist of interfacial polarization, the measured
time of steady-state insulation resistance may last for several
hours. For saving measured time and ensure the accuracy of
identified parameter, this paper chose the data in 30 min insu-
lation resistance measured curve to identify the parameters in
equivalent circuit. Then, the parameters identified by SAPSO
are used to calculate the tan δ below 10−3 Hz.
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FIGURE 4. The flow chart of SAPSO.

The test object is a new 200 kVA oil immersed trans-
former. Insulation resistance is measured by insulation resis-
tance instrument UT513A, and the measured voltage and
time is 5000V and 2h, measured curve is recorded every
1 s in real-time by computer. The IDAX300 produced by
Megger company is used to measure the FDS of oil-paper
insulation, and the measured voltage is 200V. The measured
frequency range is 10−4 ∼103 Hz. The ambient temperature
is 9∼12 ◦C. For avoiding the interference of surface current,
the copper wire on the porcelain bushing is connected with
the shielding end (G) of the measuring device. The setting
of test connection is shown as Table 1. The wiring principle
diagrams are shown in Fig 5. Physical map of wiring mode
1 is shown as Fig 6. Different wiring modes correspond to
different oil-paper insulation measured circuit.

The data in the 30 min insulation resistance curve, selected
by the uniformly-spaced method (sampling step is 90s),
are substituted into (9), and SAPSO is used to find the
optimal solution. In this paper, to ensure the accuracy
of parameter identification and avoid adding unnecessary
parameters, the number of branches is set to 5, namely,
there are 20 unknowns. The range of capacitance is set
as [10−13F,10−7F], and the range of resistance is set as
[107�,1013�]. The number of iteration t is set as 1500 steps

TABLE 1. The setting of test connection.

FIGURE 5. The schematic diagram of wiring.

FIGURE 6. The physical map of wiring 1.

to control the computational efficiency. The number of par-
ticle N = 40. To ensure global searching ability of the
algorithm, the learning factor c1 = 2.8, c2 = 1.3 [23]. In the
part of SA, the initial temperature has a great influence on
the global searching ability of the algorithm. Slower cooling
process can improve the global search ability and increase the
searching time, the annealing speed λ = 0.99. For ensuring
the diversification of initial particle swarm, the initial accep-
tance probability pr is 0.2.
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FIGURE 7. The fitness comparison of SAPSO and other PSO.

TABLE 2. Parameter identification results of wiring mode 1 and 2.

The fitness of SAPSO is compared with that of PSO and
chaotic particle swarm optimization (CPSO) to show the
convergence efficiency and search ability of these algorithms,
as shown in Fig 7. It can be concluded that the global search
ability of SAPSO is much better than that of PSO and CPSO.

The results of parameters identification under the wiring
mode 1 and 2 are as Table 2.

To verify the correctness of the parameters, the steady-state
insulation resistance and FDS corresponding to the wiring
mode 1 and 2 are calculated by the identified parameters,
and the results are compared with the actual measured results,
as shown in Fig 8∼9.
From Fig 8(a) and 9(a), the calculated curves of insulation

resistance are fitted well with the measured curves. It can
be found in Fig 8(b) and 9(b) that the overall trend of the
calculated and measured curves is similar. Below 10−3 Hz,
the calculated curves fit well, while in the 10−3Hz∼103 Hz,
the measured curves first increase and then decrease, and the

FIGURE 8. The calculated curves of the steady state insulation resistance
and FDS of the wiring 1.

FIGURE 9. The calculated curves of the steady state insulation resistance
and FDS of the wiring 2.

calculated values are always lower than the measured values.
This is because the equivalent circuit mentioned in section II
can be suitable for the low frequency section, where the dipole
polarization can be neglected. The details are discussed as
follows.

1) Due to the ω ≈ 0 at low frequency, the dipole arrange-
ment can keep up with the change of electric field,
and no hysteresis in the process of dipole polarization,
the dipole polarization loss can be neglected. Due to
tan δ ∝ 1/ω[17-18], it is known that the tan δ decreases
with the increase of frequency.

2) When ωτ ≈ 1, the cycle of the applied voltage is close
to the time constant τ of dipole polarization, which
makes the dipole polarization loss increase. Therefore,
the measured curve will rise [18].

3) As the frequency increases, the voltage or electric field
changes so faster that the polarization is not enough
time to establish so that it decreases, meanwhile,
conductance loss also decreases with the frequency
increases, so the total loss gradually decreases [18].
To highlight the difference between the measured and
calculated values in the mid-frequency, a linear axis
is used in Fig. 8∼9. In these figures, the measured
values and calculated values above 100 Hz seem to
be the same, but in fact, the measured values are still
higher than the calculated values in this frequency. The
FDS measured by measurement contains conductance
loss, dipole polarization loss and interfacial polariza-
tion loss, while the equivalent circuit based onMaxwell
model in this paper only reflects the conductivity loss
and the interfacial polarization loss at low frequency
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TABLE 3. Error Analysis of The Steady-state Insulation Resistance and tan
δ at f < 5 × 10−4 Hz.

and neglects the polarization loss in the single dielec-
tric. Therefore, in case of low frequency, the calcu-
lated curve can be consistent with the measured curve,
while always lower than the measured values when
f > 10−3 Hz.

In this paper, the mean square percentage error (MSPE) is
used as the index of error evaluation.

eMSPE =
1
N

√√√√ N∑
i=1

(
Ai − Pi
Ai

)2 (15)

where Ai is the ith measured value, Pi is the ith calculated
value, N is the number of measured data.
The insulation resistance values, from 2000 s to steady

state, are selected as the samples of insulation resistance,
and the tan δ values at 5 × 10−4 Hz, 2 × 10−4 Hz and
1×10−4 Hz are selected as the tan δ samples at low frequency.
The eMSPE of steady-state insulation resistance and tan δ at
low frequency are shown in Table 3. It is concluded that
the eMSPEs are all less than 2.5%, which proves correctness
and reliability the equivalent circuit and identified method.
It should be noticed that the method presented in this paper
is not limited to obtain the tan δ of 0.1 mHz∼1 mHz, but
also to calculate more lower frequency data. The lower the
frequency, the smaller the influence of dipole polarization on
tan δ. Therefore, the lower the frequency, the more accurate
the calculation results are. This is greatly beneficial to reduce
the time of field measurement.

V. CONCLUSIONS
PDC and FDS are non-destructive assessment methods for
transformer oil-paper insulation. The steady-state insulation
resistance and tan δ at low frequency can reflect the insula-
tion state of oil-immersed paper, but the measured time is
too long and easily affected by environment signals. Based
on Maxwell model, this paper studies the characteristics of
dielectric polarization and establishes an equivalent circuit at
low frequency of oil-paper insulation. Combining with the
30 min insulation resistance curve, the optimization algo-
rithm is used to identify the circuit parameters effectively. The
following conclusions can be obtained:

1) Based on theMaxwell model, the equivalent circuit can
characterize the polarization process of the oil-paper
insulation at low frequency;

2) Compared with PSO and CPSO, SAPSO has an
improvement in global search ability and convergence
speed. It can quickly identify the circuit parameters

and improve the accuracy and efficiency of identified
process;

3) The steady-state insulation resistance and tan δ below
10−3 Hz calculated by the identified parameters can
coincide with the measured curves, and the maximal
eMSPEs are less than 2.5%. It proves the correctness
and superiority of the equivalent circuit and identified
method.

The method proposed in this paper can effectively shorten
the field measurement time of tan δ below 10−3 Hz and the
steady-state insulation resistance, which can provide effec-
tive data to assess the insulation state of transformer oil-
paper insulation. In the follow-up study, to broaden frequency
band, different equivalent models will be used to analyze the
polarization types in different frequency bands, and a more
comprehensive mathematical model will be established to
obtain more effective data of FDS.
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