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Abstract
When the transformer is re‐energised, the remanence in the core will cause inrush cur-
rent, which will have adverse impacts on the power system. In the remanence distribution
calculation, not only the hysteresis characteristics of the core, but also the characteristics
of the external circuit need to be considered. In this paper, an indirect field‐circuit
coupling method for calculating transformer remanence distribution is presented. The
residual flux density distribution at every point of the iron core, which has not been
shown in previous literatures, can be obtained, and also the H‐B trajectory of the iron
core. In the field calculation, the pseudo‐permeability method is modified in order to fit
the field separation‐based dynamic hysteresis model. The pseudo‐permeability method
and the initial value estimation method are used to speed up the iteration convergence.
Furthermore, in the electric circuit topology used in the calculation, the switching process
of the circuit breaker and the capacitance in the circuit are considered, and this has not
been tried in the previous remanence calculation method. The remanence results are
verified by comparison with the results in the literature. The remanence results can
provide a basis for the impact analysis and phase control of the re‐energisation.

1 | INTRODUCTION

The transformer and other power equipment with ferromag-
netic core will have residual flux in the core after exiting the
work state due to the magnetic hysteresis effect. When they are
re‐energised, the residual flux will aggravate core saturation
and cause inrush current, resulting in energisation failure,
transformer damage, power quality reduction and other con-
sequences. Therefore, it is necessary to calculate the remanence
in order to take measures to weaken its consequences.

1.1 | Related works in the literature

In order to calculate the remanence distribution, the field
needs to be calculated using hysteresis loops. There have been
successful attempts to use hysteresis loops for sinusoidal
steady‐state finite element calculation [1–4]. Hysteresis models
such as J‐A model, Chua model and E&S model are used in the
calculation to obtain the field distribution under sinusoidal

steady state. This is the basis for the calculation of remanence
distribution.

There have been some remanence calculation methods.
According to the position on the hysteresis loop at the de‐
energisation, the remanence is calculated segmentally using
static Preisach model [5]. In this method, the static hysteresis
model is used without considering the dynamic hysteresis
characteristics of the magnetic material. Besides, the current is
considered to decay directly to zero and the possible oscillatory
decrease is ignored. In another method, the saturation hys-
teresis loop is fitted using a continuous function, the local
hysteresis loop passing through the de‐energisation point is
obtained according to the proportional relationship, and then
the remanence is calculated by making H = 0 [6]. Similarly, the
dynamic hysteresis characteristics of the magnetic material and
the oscillatory decrease of the current are not considered. The
hysteresis loop trajectory of the core is calculated using dy-
namic J‐A model and the transient current after the de‐
energisation, and finally the remanence is obtained [7]. In
this method, the calculation is started from the moment after
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the de‐energisation, and the parameters of the hysteresis model
are adjusted according to the obtained current. The dynamic
hysteresis characteristics are included in the solution, but only
the transformer is considered in the circuit after the de‐
energisation, and all other components are neglected.

At the same time, there are some methods to obtain
remanence by measurement. The most traditional method is to
measure the voltage waveform, and integrate it to get the
remanence. The voltage waveform needs to be modified ac-
cording to the frequency characteristics of the voltage
measuring equipment [8]. In addition, with the influence of the
system transient considered, the part which is not related to the
remanence in the voltage waveform needs to be excluded [9].
In this voltage integration method, voltage waveform must be
recorded all the time. Once the recording stops, the remanence
changes affected by other reasons cannot be included. Another
method is that by using flux‐controlled variable frequency‐
constant voltage strategy [10], eliminate the remanence of
three‐phase transformer and at the same time obtain the
remanence value before the degaussing. The remanence is also
calculated from voltage integration. In the degaussing process,
no matter how much the remanence is, the centre phase will
undergo saturation process. Although the degaussing effect is
very good, the magnetic flux in the core is changed, and the
obtained initial remanence value is meaningless. The rema-
nence can also be obtained through the leakage flux measured
by fluxgate sensors, multiplied by a transfer function [11].
Remanence can be measured just before the energisation of the
transformer, so all the possible changes of the remanence
could be considered. However, the existence of the tank of the
actual transformer makes the fluxgate unable to get close to
the iron core, and the small signal of the leakage flux is sen-
sitive to any kind of possible noise. The remanence can also be
obtained according to the empirical equation between the
remanence and the measured small voltage and current signals,
including amplitude of the transient current difference [12],
extremum time of the transient current difference [13], time
constant of the transient current [14] and the area of minor
hysteresis loop [15]. The determination of the empirical
equation requires a lot of experiments or simulations, which is
difficult to conduct on such many types of transformers in the
actual power system. In addition, the amplitude of the applied
signal during the measurement is very important. If it is too
large, the remanence will be changed. If it is too small, the
resolution will be insufficient. There is also a method to obtain
the remanence by the amplitude of the inrush current after re‐
energisation [16], but this method can only obtain the rema-
nence value of last de‐energisation after the re‐energisation,
and the remanence is changed due to the re‐energisation. Thus,
this method can be used as a good verification of the
remanence.

1.2 | Basic motivation of the work

In these existing methods of remanence calculation and
measurement, the obtained remanence is only a value, without

the remanence distribution in the core. Due to the core ge-
ometry of the transformer, especially a non‐circular core, the
magnetic flux distribution is not uniform. Therefore, it is
necessary to obtain the distribution of remanence, and analyse
its characteristics. However, the accurate residual flux distri-
bution inside the core can hardly be obtained by measure-
ment. If the probe is inserted into the core, the magnetic flux
distribution will be affected by the air gap at the insertion
position of the probe, and the original distribution cannot be
measured. Therefore, it is easier to obtain the remanence
distribution by calculation.

The transformer remanence is related to other components
in the circuit where the transformer is located. Especially, the
switching action of the circuit breaker contacts will affect the
transient current during the de‐energisation, and thus affects
the remanence. The above calculation methods do not
consider the change process of the circuit breaker parameters
in the de‐energisation process, so the simulation of the de‐
energisation transient is not accurate enough. Thus, in this
paper, the residual flux distribution of the transformer will be
calculated with the external circuit considered.

1.3 | Actual contribution of the work

In this paper, the field‐circuit coupling method will be used,
not only considering the dynamic hysteresis characteristics of
the core in the field calculation, but also considering the action
process of the circuit breaker contacts in the de‐energisation
process and other components in the circuit calculation. In
Section 2, the model of circuit and field in the indirect field‐
circuit coupling calculation are presented, and the time and
non‐linear iterative process is introduced. In Section 3, the
specific implementation method of indirect field‐circuit
coupling is presented, including the solution method of cir-
cuit and field and the calculation method of the required circuit
parameters using the field results. In Section 4, the oscillation
property of the transient current waveform and the H‐B tra-
jectory of the transformer core during the de‐energisation
process are analysed, and so is the residual flux distribution
in the core. In Section 5, the conclusion of the paper is given.
The parameters and mesh used in the calculation are given in
the appendices in Appendix Section.

2 | INDIRECT FIELD‐CIRCUIT
COUPLING METHOD

In the calculation of remanence distribution, not only the in-
fluence of the magnetic hysteresis characteristics of the trans-
former core, but also the influence of other components in the
circuit where the transformer is located, especially the variation
characteristics of the resistance and capacitance of the circuit
breaker during the de‐energisation, need to be considered. This
requires the time‐domain transient numerical calculation of
field‐circuit coupling using hysteresis model. The capacitances
in the external circuit make the transient current decrease with
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oscillation after de‐energisation, which will greatly affect the
remanence. If the external circuit is not considered, the
remanence cannot be calculated accurately.

If the direct coupling method is used, the field equations
will be combined with the circuit equations, and the stiffness
matrix of the equations will no longer be symmetrical. This
requires additional process to make the matrix symmetric
before the solution, which is inconvenient. Therefore, the in-
direct coupling method is adopted, and the circuit and the field
are solved alternately.

2.1 | External circuit model and circuit
equations

The complete electric circuit of the system where the trans-
former is located is used in the circuit calculation. In the
calculation of residual flux, the influence of other components
in the circuit, especially the switching operation of the circuit
breaker, cannot be ignored. Therefore, it is necessary to use the
complete electric circuit of the substation system where the
transformer is located, as shown in Figure 1. The equivalent
circuit is established according to the structure of each
equipment, and can especially reflect the status with arc and
without arc during the action of the circuit breaker contacts. In
addition, it can reflect the influence of the voltage equalising
capacitance of the circuit breaker, the circuit breaker‐to‐earth
capacitance and the transformer‐to‐earth capacitance. When
it is in energised state or when there is arc in the circuit breaker
in the switching process, the circuit shown in Figure 1a should
be used; when it is in de‐energised state or when there is no arc
in the circuit breaker in the switching process, the circuit

shown in Figure 1b should be used. Us is the voltage source
representing the entrance bus. Rk and Ck are the variable
capacitance and variable resistance representing the switching
process of the circuit breaker, Ck

0 is the voltage equalising
capacitance of the circuit breaker, and Cg is the circuit breaker‐
to‐earth capacitance. There should be a Cg at each side of the
circuit breaker, but because there is a voltage source on the left
side of the circuit breaker, the Cg on the left side has no impact
on the other parts of the circuit and could be omitted. CT is the
equivalent capacitance at transformer port, R1 and L1 are the
resistance and leakage inductance of the primary winding of
the transformer, respectively, and Rm and Lm are the core‐loss
resistance and magnetising inductance of the transformer,
respectively. The T‐type equivalent circuit of the transformer is
used. Since the calculation case is the de‐energisation process
of a no‐load transformer, the resistance and leakage inductance
of the secondary winding are omitted.

In order to consider the influence of switching operation of
the circuit breaker, it is necessary to pay attention to the setting
method of Rk and Ck. During switching, the action process of
the circuit breaker contacts can be represented by variable
resistance Rk or variable capacitance Ck, and they need to be
set according to the circuit state. The de‐energisation is taken as
an example. Before the de‐energisation, the circuit breaker can
be represented as a constant resistance. During the de‐
energisation, the contacts of the circuit breaker move. When
there is an arc between the contacts, the circuit breaker can be
represented as a time‐varying resistance which changes expo-
nentially; when there is no arc between the contacts, it can be
represented as a time‐varying capacitance which is in inverse
proportion to the distance of the contacts. After the de‐
energisation, the circuit breaker can be represented as a con-
stant capacitance. Therefore, in the de‐energisation process, the
state of the circuit breaker is represented as follows: fully
energised state, arc burning state, contacts moving state after
arc extinguishing and fully de‐energised state. The breaker can
be represented as follows: a constant resistance, a time‐varying
resistance, a time‐varying capacitance and a constant capaci-
tance. The energisation process has a reverse order.

In order to calculate the remanence distribution accurately,
it is very important to obtain the exact capacitance value in the
external circuit. Fortunately, in order to balance the voltage of
the double breaks of the circuit breaker, the circuit breaker is
artificially connected in parallel with the voltage equalising
capacitance Ck

0, which is much larger than the break capaci-
tance Ck. Ck

0 plays an important role in the circuit, and its
exact value is easy to obtain.

The second‐order circuit is used in the calculation, and the
state equations need to be obtained according to the present
state. Taking the current iLM passing through the transformer
magnetising inductance Lm and the voltage Uk between the
two ends of the circuit breaker capacitance Ck

0 as the state
variables, the state equations of the circuit are

diLM

dt
¼

1
L1 þ Lmd

−RΔiLM − uk þUsð Þ; ð1Þ

F I GURE 1 Equivalent electric circuit of the substation system where
the transformer is located. (a) Energised state, and switching process with
arc in the circuit breaker, (b) de‐energised state, and switching process
without arc in the circuit breaker
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duk

dt
¼

1
CTΔ þ C0k

iLM −
1

Rk
uk þ CTΔ

dUs

dt

� �

; ð2aÞ

duk

dt
¼

1
CTΔ þ CkΔ

iLM −
dCkΔ

dt
uk þ CTΔ

dUs

dt

� �

; ð2bÞ

where RΔ ¼ R1 þ Rm, CTΔ ¼ Cg þ CT , CkΔ ¼ Ck þ C0k,
Lmd represents dynamic magnetising inductance. (2a) or (2b) is
selected according to the present state, and the circuit equa-
tions to be solved are formed together with (1). When the
circuit in Figure 1a is used, (2a) is selected as the second
equation; when the circuit in Figure 1b is used, (2b) is selected.
The circuit parameters are listed in the appendices.

2.2 | Transformer model and calculation of
equivalent parameters

The transformer structure used for field calculation is shown in
Figure 2. It is a 334 MVA single‐phase three‐winding power
transformer, with circular coils, and the details of its parame-
ters are listed in the appendices. The field is calculated using
the finite element method. The mesh used for the calculation is
shown in the appendices, and is analysed for the relationship
between computational accuracy and time consumption. Due
to the hysteresis characteristics of the core, the field equations
are non‐linear equations, which need to be solved iteratively.
Detailed calculation methods will be introduced in Section 3.3.

The transformer magnetising inductance Lm and core‐loss
resistance Rm are calculated from the field results. When hys-
teresis loops are used in the field calculation, there is the case
that the current is zero but the flux linkage is not zero, so the
static inductance cannot be defined. Therefore, the dynamic
magnetising inductance Lmd is calculated from the field results.

The core‐loss resistance Rm is calculated according to the core
loss. The results obtained are used as circuit parameters. The
detailed calculation methods are in Section 3.1.

2.3 | Time and non‐linear iteration process

For the indirect field‐circuit coupling, the circuit solution and
field solution need to be carried out, respectively. The field and
circuit are coupled through the transformer magnetising
inductance, core‐loss resistance and transformer winding cur-
rent. The time and non‐linear iteration process of indirect
field‐circuit coupling are briefly described in Figure 3. The
detailed calculation method of each step will be introduced in
Section 3.

3 | IMPLEMENTATION METHOD OF
THE ITERATION PROCESS OF THE
INDIRECT FIELD‐CIRCUIT COUPLING

When the indirect field‐circuit coupling calculation is pro-
ceeded, circuit solution and field solution are carried out
alternately. At the de‐energisation, the dynamic magnetising
inductance and core‐loss resistance of the transformer are
calculated and are used as circuit parameters to solve the
transient circuit; the obtained current is used as the excitation
current of the transformer to calculate the magnetic field

F I GURE 2 Core and winding structure of the 334 MVA transformer
F I GURE 3 Time and non‐linear iteration process of indirect field‐
circuit coupling
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considering the hysteresis characteristics, and then the new
inductance and resistance of the transformer are calculated.
For each step of the indirect field‐circuit coupling in Sec-
tion 2.3, the detailed solution method is presented.

3.1 | Calculation methods of the dynamic
magnetising inductance Lmd,t and the core‐
loss resistance Rm,t

According to the field results, the dynamic magnetising
inductance Lmd,t and core‐loss resistance Rm,t of the trans-
former are calculated, and will be used as the component pa-
rameters in the circuit.

Before starting the calculation of the de‐energisation pro-
cess, it is necessary to prepare for the calculation of dynamic
magnetising inductance. Since in the calculation of dynamic
inductance, the characteristic that the dynamic inductance is
proportional to the equivalent dynamic permeability needs to be
used, it is necessary to obtain the dynamic inductance reference
value and the equivalent dynamic permeability reference value
first. The reason why they are called ‘equivalent’ is that the dy-
namic permeability values of core elements are different, so a
value representing the overall effect is needed, that is, the
‘equivalent’ dynamic permeability. The field results and the
current of at least one period of energised steady state are
known, and the de‐energisation moment is known. Two adja-
cent time steps with non‐zero current values in the energised
steady state were selected and marked as I and II. Use the results
of these two time steps to calculate the two reference values.
From the field results, the magnetic field energy Wmag, I and
Wmag, II of the two time steps can be obtained, and the static
magnetising inductances can be calculated, respectively

Lms;i ¼
2Wmag;i

i2
LM;i

; ði¼ I; IIÞ; ð3Þ

then the dynamic magnetising inductance reference value can
be obtained

L0md ¼
dΨ

diLM
≈

Ψ II − Ψ I

iLM;II − iLM;I
¼

Lms;IIiLM;II − Lms;IiLM;I

iLM;II − iLM;I
: ð4Þ

The dynamic permeability of each core element is

μe
d ¼

dBe

dHe ≈
Be

II − Be
I

He
II − He

I
; ð5Þ

and the equivalent dynamic permeability reference value is
obtained using the weighted average method with the area or
volume ωe of the core element

μ0d ¼

P

e∈iron
μe

dωe

P

e∈iron
ωe : ð6Þ

In the de‐energisation process, the dynamic magnetising
inductance Lmd,t of the transformer is calculated from the field
results using the characteristic that the dynamic inductance is
proportional to the dynamic permeability. At each time step
(whether t = t0 at the de‐energisation moment, or t > t0 after
the de‐energisation moment), the dynamic permeability of each
core element can be calculated from the field results of the last
two time steps, that is,

μe
d ¼

dBe

dHe ≈
Be

t − Be
t−1

He
t − He

t−1
; ð7Þ

and the present equivalent dynamic permeability is

μd;t ¼

P

e∈iron
μe

dωe

P

e∈iron
ωe : ð8Þ

Then, the present dynamic magnetising inductance can be
obtained according to the proportional characteristic

Lmd;t ¼
μd;t

μ0d
L0md: ð9Þ

According to the field results, the core‐loss resistance Rm,t
of the transformer is calculated. In sinusoidal steady state, the
area of the hysteresis loop is the energy consumed by a unit
volume of iron core in one period of magnetisation. However,
in the de‐energisation transient process, the hysteresis loop
may not be closed, so it is difficult to integrate the complete
hysteresis loop. Thus, half of the hysteresis loop is integrated.
Take the time period t1–t2 between two adjacent moments
when current crosses zero, as shown in Figure 4, and integrate
the area surrounded by the half of the hysteresis loop and B
axis. For an element of the core, this area, which is the volume
density of loss in this time period, is

W e
loss ¼ ∫ Be t2ð Þ

Be t1ð Þ
HedBe; ð10Þ

F I GURE 4 The integration of the area surrounded by the half of the
hysteresis loop and B axis (schematic)
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and He and Be represent the magnetic field strength and
magnetic flux density of the element, respectively. The loss of
the whole core in this time period is

Wloss ¼
X

e∈iron

ωe ∫ Beðt2Þ

Beðt1Þ
HedBe

� �
; ð11Þ

where ωe is the volume of the core element, and e∈iron rep-
resents that the sum includes the loss of all core elements. The
average power of the core loss in this time period is

Ploss ¼
1

t2 − t1

X

e∈iron

ωe ∫ Beðt2Þ

Beðt1Þ
HedBe

� �
: ð12Þ

At the same time, the effective value of the current iLM in
the transformer winding in this time period can be obtained,

Irms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

t2 − t1
∫ t2

t1
i2
LM dt

r

: ð13Þ

Thus, the core‐loss resistance is

Rm ¼
Ploss

I2
rms
; ð14Þ

and is updated every time the current crosses zero. The dy-
namic hysteresis model including hysteresis loss, eddy current
loss and excess loss is used in the field calculation, so the core‐
loss resistance calculated with the integration of the hysteresis
loop has included these three kinds of loss.

3.2 | Circuit calculation method for iLM,t

Circuit equations are selected according to the state of the
present time step, and are solved to obtain the transformer
winding current iLM,t.

According to the present state of the circuit, (2a) or (2b) is
selected and the circuit equations are formed together with (1).
When it is in energised state or when there is arc in the circuit
breaker in the switching process, the circuit shown in Figure 1a
should be used, and (2a) is selected as the second equation; when
it is de‐energised state or when there is no arc in the circuit
breaker in the switching process, the circuit shown in Figure 1b
should be used, and (2b) is selected as the second equation. So
far, the second‐order state equations of the circuit to be solved
are obtained.

It is difficult to use general solution methods to solve the
circuit equations here. Because the switching process is included
in the calculation, the resistance value of the circuit breaker
changes drastically. This makes the eigenvalues of the coefficient
matrix of the circuit state equations vary greatly in a certain
period of time, and the stiffness ratio can even reach 1011–1012.
Under this circumstance, general methods for solving the initial
value problems of differential equations, such as the explicit
Runge–Kutta method, are no longer applicable, and the method
for solving stiff differential equations needs to be used.

In this paper, Gear method [17] is used to solve the circuit
equations to obtain the transformer winding current iLM,t and
the circuit breaker voltage Uk,t. Gear method is an effective
algorithm for solving stiff differential equations, and it has the
characteristics of automatic varying of step size and order. In
the calculation, in order to meet the accuracy requirement, step
size reduction is considered first. Only when the minimum step
size is reached but the accuracy requirement is not met, the
order increasing is considered. When several steps of calcula-
tion with a certain order meet the accuracy requirements, the
order decreasing is considered. This makes the workload of the
calculation as small as possible.

3.3 | Magnetic field calculation method for
Be

t and He
t

At each time step, the transformer winding current is used as
the excitation, and the field distribution is calculated.

The field distribution is calculated using the finite element
method. Because of the hysteresis characteristics of the core,
the field equations are non‐linear equations, which need to be
solved iteratively. In order to maintain the convergence sta-
bility of the iteration, the fixed‐point iteration method is
used. In order to accelerate the convergence speed, the initial
value estimation method is used to determine the initial value
of the non‐linear iteration, and then the variable pseudo‐
permeability method is used in the subsequent non‐linear
iteration.

3.3.1 | Initial value estimation method

The initial value estimation method is used to accelerate the
iteration convergence. At the beginning of each time step, the
field equation with dynamic permeability

∇�
1

μd;t
∇�ðΔAÞ ¼ J t − J t−1 ð15Þ

is used to solve the magnetic vector potential variation ΔA. In
(15), Jt and Jt‐1 are the excitation current density values of this
time step and the previous time step, respectively, and the
dynamic permeability μd,t of each element is calculated from
the results of the previous two time steps, that is,

μe
d;t ¼

Be
t−1 − Be

t−2

He
t−1 − He

t−2
: ð16Þ

Afterwards, the initial value of the magnetic vector po-
tential of the present time step is calculated

At ¼ At−1 þ ΔA; ð17Þ

B is calculated, and then H and M are calculated with hysteresis
model. Then, they are used as the initial values in the non‐
linear iteration.
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It should be noted that when the Dirichlet boundary
condition is imposed in (15), the corresponding diagonal
element in the stiffness matrix should be set to a large value,
and the corresponding element in the right vector should be
set to zero. Thus, the Dirichlet boundary condition imposed in
the previous time step could be maintained.

3.3.2 | Variable pseudo‐permeability method

The variable pseudo‐permeability method is used to accelerate
the iteration convergence speed. The field separation‐based
dynamic J‐A model is selected to describe the hysteresis
characteristics of the transformer core, because the field
separation‐based model is more accurate than the non‐field
separation‐based model [18]. For the field equations with the
selected hysteresis model, the corresponding variable pseudo‐
permeability method is given.

The non‐linear iteration trajectory is analysed first. A new
B‐H‐M relation is defined using pseudo‐permeability

B ¼ μ∗ H dy þM ∗
dy

� �
; ð18Þ

where the subscript dy represents the quantities in the dynamic
hysteresis model. The field equations to be solved becomes

∇�
1

μ∗
t

∇� A ¼ J t þ ∇�M ∗
dy: ð19Þ

Mdy* is calculated with (18) and is substituted into (19), A
is solved, B is calculated, and then Hdy and Mdy are calculated
with hysteresis model. This is the process of one non‐linear
iteration. Then, new Mdy* is calculated with (18) and is
substituted into (19) again, for the subsequent iterations. The
iteration convergence speed is the fastest when pseudo‐
permeability is equal to the slope of H‐B trajectory of the
non‐linear iteration [19, 20]. However, the static hysteresis
model is used in [19, 20], and the conclusion is not applicable
here. For the field separation‐based dynamic hysteresis model,
the total magnetic field strength Hdy is the sum of the static
magnetic field strength Hst, the magnetic field strength Hed
corresponding to eddy current loss and the magnetic field
strength Hex corresponding to excess loss, that is,

HdyðBÞ ¼HstðBÞ þHed
dB
dt

� �

þHex
dB
dt

� �

: ð20Þ

In the non‐linear iteration, ΔB is very small at the begin-
ning, so Hst is close to the Hst of the previous time step, and
Hed and Hex are close to zero. So, Hdy is close to the Hst of the
previous time step. Thus, the starting point of the non‐linear
iteration is (Hst, B) of the previous time step. As the non‐
linear iteration is proceeded, ΔB increases gradually until the
calculation converges and Hdy and B in this time step are
obtained. Therefore, the H‐B trajectory of the non‐linear

iteration is from the (Hst, B) of the previous time step to the
(Hdy, B) of the present time step, and can be approximated
as a line segment.

The pseudo‐permeability is determined according to the
trajectory of the non‐linear iteration. Except at the corner of
the hysteresis loop, the slopes of the iteration trajectory of two
consecutive time steps are approximately equal. Therefore, the
pseudo‐permeability can be set as the slope of the iteration
trajectory of the previous time step. At the corner of the
hysteresis loop, it only needs to be multiplied by a small co-
efficient. The pseudo‐permeability of each element is

μ∗e
t ¼

Be
t−1 − Be

t−2

He
dy;t−1 − He

st;t−2
; if Jt − Jt−1ð Þ Bt−1 − Bt−2ð Þ > 0;

γ
Be

t−1 − Be
t−2

He
dy;t−1 − He

st;t−2
; if Jt − Jt−1ð Þ Bt−1 − Bt−2ð Þ ≤ 0;

8
>>>><

>>>>:

ð21Þ

where the recommended value range of γ is [0.2, 0.6]. In
particular, at the first time step, the pseudo‐permeability is set
as the initial permeability; at the second time step, Be

t‐2 = 0,
He

st,t‐2 = 0 is imposed in (21).
The variable pseudo‐permeability method can effectively

improve the convergence speed of the non‐linear iteration of
magnetic field calculation, but improving effects are different
at different positions of the hysteresis loop. Compared with
the constant pseudo‐permeability method, the improving ef-
fect is obvious at the non‐saturation part of the hysteresis loop
and is slightly weak at the saturation part of the hysteresis loop.
This is because that in order to ensure the stability of the iter-
ation convergence, in the constant pseudo‐permeability
method, the smallest differential permeability in the whole
iteration process is selected as the pseudo‐permeability value. At
the non‐saturation part, the differential permeability of the
hysteresis loop increases obviously, but the small pseudo‐
permeability value is still used in the constant pseudo‐
permeability method, while the differential permeability value
here is used in the variable pseudo‐permeability method, so the
improving effect of the iterative convergence speed is obvious.
At the saturation part, the differential permeability of the hys-
teresis loop is small, and the difference between the pseudo‐
permeability values of the two methods is small, so the
improving effect is slightly weak.

4 | CHARACTERISTIC ANALYSIS OF
CURRENT WAVEFORM AND H‐B
TRAJECTORY AS WELL AS RESIDUAL
FLUX DENSITY DISTRIBUTION
CONSIDERING HYSTERESIS LOOPS

The current waveform, H‐B trajectory of the core element
during the de‐energisation process and residual flux density
distribution can be obtained using the indirect field‐circuit
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coupling method. Due to the influence of the capacitances in
the external circuit, the current decreases with oscillation in the
de‐energisation transient process, until it stabilises to the
oscillation with a small amplitude. With the oscillation reflected
on the H‐B trajectory of the core, the trajectory leaves the
hysteresis loop of the steady state before the de‐energisation
and gradually stabilises at the local hysteresis loop near the
remanence. Because of the ‘memory effect’ of ferromagnetic
materials, the influence of the historical extreme value of the
de‐energisation transient current will be left, so the final re-
sidual flux density distribution is non‐uniform. The residual
flux density will fluctuate in a small range because the current
still oscillates in a small range when it reaches the steady state
after the de‐energisation. The detailed analysis is shown below.
The parameters and settings used in the calculation are listed in
the appendices.

4.1 | Transient current waveform and its
oscillatory decrease process

The transient current waveform with the de‐energisation
command moment being 210 ms is shown in Figure 5.
When the transformer is under the rated working condition
before the de‐energisation, the iron core is saturated, so the
current waveform has distortion and becomes a typical peaked
wave. Because the rising and falling branches of the hysteresis
loop are inconsistent, the slopes of the rising and falling parts
of the current are different. More importantly, the transient
current after the de‐energisation will not decay directly to zero.
Due to the existence of the capacitances in the external circuit
where the transformer is located, the transient current de-
creases with oscillation and its amplitude reduces gradually, as
shown in the enlarged part in Figure 5. When the amplitude is
stable, the current maintains small amplitude oscillation and
the circuit enters the steady state after the de‐energisation.

The transient current waveforms with different
de‐energisation command moments are shown in Figure 6.
Here, only the results of a half of the period are given, and the
results of the other half are symmetrical to them. It can be seen
that the currents experience oscillatory decrease processes. In
the half period shown in Figure 6, the later the de‐energisation
command moment, the greater the first positive peak of the
transient current. This makes the magnetic flux value become
larger when the current reaches its peak. Due to the ‘memory
effect’ of ferromagnetic materials, the magnetic flux at this
time will significantly affect the remanence, and the remanence
value will be larger.

The current waveform obtained here is similar to the
current waveform measured in [11]. It has distorted spikes
before the de‐energisation, a large extreme value after the de‐
energisation, and then oscillations with small amplitudes.

4.2 | H‐B trajectory and its rotation process
near the remanence point

Taking the element 2419 at the side limb where the magnetic
field is uniform as an example, its H‐B trajectory with the de‐
energisation command moment being 210 ms is shown in
Figure 7. Before the de‐energisation, its H‐B trajectory is a
hysteresis loop with the amplitude Bm = 1.7 T. After the de‐
energisation, with the oscillatory decrease of the current, the
H‐B trajectory leaves the hysteresis loop in the steady state
before the de‐energisation and gradually stabilises to the local
hysteresis loop. This shows the relationship between the
remanence and the external circuit. Under the influence of the
external circuit, especially the influence of the capacitances of
the circuit breaker, the current will not directly monotonically
decay to zero, but will oscillate and decay until it stabilises at a
small amplitude. Therefore, the remanence will not stay at the
intersection Q of the hysteresis loop in the steady state before

F I GURE 5 Transient current waveform during the de‐energisation
process when the de‐energisation command moment is 210 ms

F I GURE 6 Transient current waveforms with different de‐
energisation command moments (only half of the period is plotted, and the
other half is symmetrical to the plotted half.)
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the de‐energisation and B axis (which is shown as the dotted
line in Figure 7). When the current changes from the maximum
value before the de‐energisation to the first minimum value
after the de‐energisation, the H‐B trajectory leaves the hyster-
esis loop in the steady state before the de‐energisation and
moves down to the point S. When the current increases, it
moves to the right along the local hysteresis loop to the area
near the point Z. When the current decreases, it moves to the

left along the local hysteresis loop, back to the area near the
point S. Then, it gradually stabilises near the remanence point
and rotates along the local hysteresis loop.

4.3 | Variation of the magnetic field
distribution and the residual flux density
distribution

The field diagram at several current extremums during the de‐
energisation process are shown in Figure 8, with the de‐
energisation command moment being 210 ms. The field dia-
grams when the current crosses zero at the de‐energised steady
state are taken as the final residual flux density distribution
diagrams. Figure 9a is the residual flux density distribution
when the current crosses zero from positive to negative, and
Figure 9b is the residual flux density distribution when the
current crosses zero from negative to positive. At the steady
state after the de‐energisation, the average residual flux density
at the centre of the side limb is Br = 0.32 T, and the average
residual flux is Φr = 0.18 Wb.

The final residual flux density distribution is non‐uniform
because of the combined influence of core structure and the
‘memory effect’ of the ferromagnetic material. Firstly, because
of the corner of the iron core, the magnetic flux density B at
the inner side of the corner is higher than that at the outer side,
and in the process of the alternating variation of B, the di-
rection change of inner B is always earlier than that of outer B.
As shown in Figure 8a, when the current reaches the first
minimum, B at the inner side of the corner has been negative,

F I GURE 7 H‐B trajectory of element 2419 at the side limb where the
magnetic field is uniform

F I GURE 8 Field distribution at several
current extremums during the de‐energisation
process (only a quarter of Figure 2 is used in the
calculation, and only the outlines of iron core
and high‐voltage winding are plotted.) (a) B
arrows and B cloud map (Unit: T) at the first
minimum of the current (−0.11 A) after de‐
energisation, (b) B arrows and B cloud map
(Unit: T) at the first maximum of the current
(0.095 A) after de‐energisation

864 - YUAN AND YUAN



while B at the outer side is still positive. Secondly, due to the
‘memory effect’ of the ferromagnetic material, the historical
magnetisation state in the process of current decreasing will be
retained to some extent. After the de‐energisation, the first
minimum of the current cannot eliminate the influence of the
maximum of the current before the de‐energisation. Therefore,
although the current is negative, B at most positions of the iron
core is still positive, as shown in Figure 8a. When the current
reaches the first maximum after the de‐energisation, as shown
in Figure 8b, the area of smaller B near the inner side of the
iron core corner is retained. The subsequent current decreasing
process is similar. Because of the influence of historical
extreme values being retained, the final residual flux density
distribution is not uniform. Due to the non‐uniform distri-
bution of the remanence, the influence on the re‐energisation
cannot be analysed only using an average B value. Considering
that the B value at the core corner is greater than the average B
value, it should be realised that the core is easier to saturate and
inrush current is more likely to appear at the re‐energisation
than when the average B value is used in the analysis.

Since the current oscillates in a small amplitude at the
steady state after the de‐energisation, the remanence will not
stabilise at a fixed value but will vary in a small amplitude with
the current oscillation, that is, it changes back and forth be-
tween the states shown in Figure 9a and Figure 9b. Therefore,
when the re‐energisation angle is set, the phase angle of the
remanence also needs to be considered.

The reason why the residual flux is small is that the rema-
nence point on the saturated hysteresis loop is not the final
remanence. The final remanence is related to the de‐energisation
transient current. The current after the de‐energisation is a

current with oscillatory decrease, which is equivalent to a
‘demagnetisation’ current to some extent. Especially when the
current amplitude attenuates slowly and the hysteresis loop is
narrow, the extreme value of the de‐energisation transient cur-
rent is slightly larger, B will decrease a lot, and the remanence will
be smaller.

The remanence results of any de‐energisation angle can be
calculated, and the results given here are the maximum results.
Due to the saturation level of the iron core before the de‐
energisation, under most of the de‐energisation angles, the
iron core will enter the de‐energisation process from the satu-
rated state, so the results given here are also the results under
most of the de‐energisation conditions. The residual magnetic
flux density (Br = 0.32 T) accounts for 19% of the magnetic flux
density amplitude at the energised steady state (Bm = 1.7 T). The
remanence measurement results of a single‐phase transformer
in [11] show that under most de‐energisation conditions, the
residual flux accounts for about 17%–18% of the flux amplitude
during normal operation. The results obtained in this paper are
consistent with those in the literature. Besides, the state of
remanence oscillation is also reported in [11]. For the verifica-
tion of the residual flux density distribution, the experiment
should have been carried out. However, because the system of
the actual circuit breaker and the transformer is very compli-
cated, we are incapable of the experiment. A benchmark prob-
lem considering the magnetic hysteresis was proposed, and can
be used to verify the magnetic field distribution results of the
numerical methods. In the benchmark problem, the magnetic
field distribution in a ring core can be calculated analytically with
the current known. The errors between the numerical results
and the analytical results in the benchmark problem are within

F I GURE 9 Residual flux density
distribution (only a quarter of Figure 2 is used in
the calculation, and only the outlines of iron
core and high‐voltage winding are plotted.) (a) B
arrows and B cloud map (Unit: T) when the
current crosses zero from positive to negative,
(b) B arrows and B cloud map (Unit: T) when
the current crosses zero from negative to
positive
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5%. An article [21] has been received by the International
Journal of Applied Electromagnetics and Mechanics for publi-
cation, and is in the typesetting process.

5 | CONCLUSION

The indirect field‐circuit coupling method can be used to
calculate the residual flux density distribution of the trans-
former after de‐energisation, with the influence of the hys-
teresis characteristics of the core and the de‐energisation
operation of the external circuit considered.

The residual flux density distribution of transformer core is
shown and its distribution characteristics are analysed. The
residual flux density distribution is non‐uniform to some
extent, because of the effect of the ‘memory effect’ of ferro-
magnetic materials and the structure of the iron core. The H‐
B trajectory of each point of the core obtained in the oscilla-
tory decreasing process of the current reflects the principle
that the external circuit of the transformer affects the rema-
nence characteristics of the core. It also proves the necessity of
considering the influence of external circuit in remanence
calculation.

The established circuit topology of the substation system
where the transformer is located, can be used to simulate the
de‐energisation action process of the circuit breaker, and can
take into account the influence of the voltage equalising
capacitance of the circuit breaker, the circuit breaker‐to‐earth
capacitance and the transformer‐to‐earth capacitance on the
transient current.

The improvement of the pseudo‐permeability method in
this paper makes the method suitable for the magnetic field
calculation with field separation‐based dynamic hysteresis
model. This method, together with the initial value estimation
method using differential permeability equation, can effectively
accelerate the convergence speed of the non‐linear iteration of
the magnetic field calculation. At the unsaturated position, that
is, where the hysteresis loop slope is large, the accelerating
effect of the pseudo‐permeability method is more obvious.

The indirect field‐circuit coupling method here can also be
used to calculate the remanence of the three‐phase trans-
former, whether three‐limb or five‐limb. The transformer
model and the electric circuit model need to be changed to the
corresponding three‐phase form. Due to the phase difference
of the voltage and current between the three phases, the final
remanence may vary greatly in different core limbs, especially
in the centre limb and in the side limb of the five‐limb
transformer. However, the non‐uniform distribution of
remanence caused by the memory effect of the ferromagnetic
material and the structure of transformer core will still exist.

If more accurate results are acquired, the effects of
magnetostriction and anisotropic magnetic properties can be
considered in the calculation. Magnetostriction will affect the
magnetic properties of materials, but it is not considered at
present. If it is considered, the stress factor needs to be
introduced into the hysteresis model to correlate the magnetic
properties with the stress, and the upgraded hysteresis model

needs to be used in the calculation. In addition, in the current
work, only isotropic materials are considered, and anisotropic
materials are not considered for the time being. If anisotropy is
required, the finite element equations need to be modified, and
the permeability needs to be changed into its tensor form. At
the same time, the hysteresis model used also needs to be a
vector model, so that different magnetic characteristics in the
rolling direction and transverse direction can be simulated.

Considering the influence of core joints is also the possible
improvement in the future. The essence of it is the consider-
ation of anisotropy and laminated structure of the iron core.
The vector hysteresis model and finite element equations with
tensor permeability need to be used in the calculation, with a
three‐dimensional model of the laminated core. Besides, for
the influence of the stress applied by the clamps at the core
joints, the hysteresis model considering stress needs to be used.
The calculation of magnetic flux density distribution at core
joints is actually a comprehensive case of the characteristics
described in the previous paragraph.

ACKNOWLEDGEMENT
Project 51777099 supported by National Natural Science
Foundation of China.

A NOMENCLATURE OF PHYSICAL
QUANTITIES (SYMBOLS WITH SUBSCRIPT
OR SUPERSCRIPT ADDED ARE NOT LISTED
SEPARATELY)
B Magnetic flux density (T)
Bm Amplitude of magnetic flux density (T)
Br Residual magnetic flux density (T)
H Magnetic field strength (A/m; The same as

Hdy)
Hdy Total magnetic field strength in field

separation‐based hysteresis model (A/m)
Hed Magnetic field strength corresponding to

eddy current loss (A/m)
Hex Magnetic field strength corresponding to

excess loss (A/m)
Hst Static magnetic field strength (A/m; Corre-

sponding to hysteresis loss)
Lmd Dynamic magnetising inductance (H)
L0md Reference value of dynamic magnetising

inductance (H)
Lms Static magnetising inductance (H)
M Magnetisation (A/m; The same as Mdy)
Mdy Total magnetisation in field separation‐based

hysteresis model (A/m)
Mdy* Pseudo‐total magnetisation (A/m)
Ploss Average power of the core loss (W)
ωe Area or volume of the element in FEM (m2

or m3)
Wloss Core loss (J)
Wmag Magnetic field energy (J)
μd Dynamic permeability (H/m)
μ0d Reference value of dynamic permeability

(H/m)
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μ* Pseudo‐permeability (H/m)
Φr Residual magnetic flux (Wb)
Ψ Magnetic flux linkage (Wb)
Subscript t, t‐1 Quantity at present/last time step
Superscript e Quantity of the element in FEM
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APPENDIX A

Parameters and Mesh Used in the Calculat ion

A.1 Parameters of the transformer and the
substat ion system
The residual flux density distribution of a 334 MVA single‐
phase three‐winding transformer with circular coils is calcu-
lated. Parameters of the transformer and parameters of the
substation system are as follows.

The dimensional parameters of the core and the windings
of the transformer are shown in Tables 1 and 2. In the
calculation, the winding is regarded as a conductor area. Since
the winding is made of thin wires, eddy current is small enough
to be omitted, so the current is considered to be evenly
distributed. Such equivalence has little effect on the field results
in the core. The current density corresponding to the ampere
turns is applied in the conductor area, and the conductivity

TABLE 1 Core parameters of the 334 MVA transformer

Window
width
(mm)

Window
height
(mm)

Centre limb
radius
(mm)

Yoke and
side
limb width
(mm)

Stacking
thickness
(mm)

882 2435 599 614 933

TABLE 2 Winding parameters of the 334 MVA transformer

Winding
name

Inner
radius
(mm)

Outer
radius
(mm)

Height
(mm)

Number
of turns

Low voltage 621 669 2130 90

Tap 737 764 1870 16

Medium
voltage

829 1014 1990 316

High voltage 1117 1345 1920 410
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parameter of the coil is not required in the calculation. The
magnetic properties of the core are described using the field
separation‐based dynamic J‐A hysteresis model, whose pa-
rameters are determined using the data of silicon steel sheet
B27P100 produced by Baosteel Co., Ltd: Ms = 1.42 � 106 A/
m, α = 1.30 � 10−6, a = 2.55 A/m, c = 0.0789, k = 7.56 A/m,
ked = 0.00250 m/Ω, kex = 0.299 (A/Ω)1/2. The conductivity σ
and the thickness d of the silicon steel sheet are included in the
parameter ked = σd2/12 of J‐A hysteresis model, and ked is
used as a whole in the calculation. Therefore, the eddy current
effect in the core has been considered by the dynamic hys-
teresis model. Only the high‐voltage winding is energised and
other windings are unloaded. The calculation region in the
finite element method contains only a quarter of that shown in
Figure 2.

The parameters of the substation system where the trans-
former is located are as follows. The effective value of the

voltage source Us representing the entrance bus is 500=
ffiffiffi
3
p

kV,
and the frequency of it is 50 Hz. Parameters of the circuit
breaker: capacitance Ck = 5–15.8 pF, resistance Rk = 75 μΩ–
1 � 1020 Ω, voltage equalising capacitance Ck

0 = 1000 pF and
capacitance to the earth Cg = 100 pF. Parameters of the
transformer: port equivalent capacitance to the earth
CT = 8046 pF, primary winding resistance R1 = 0.208 Ω and
primary winding leakage inductance L1 = 78.8 mH. Magnet-
ising inductance Lm and core‐loss resistance Rm are calculated
from the field results using the method described in Sec-
tion 3.1, and their values under the rated working condition are
Rm
0 = 45.8 kΩ and Lm

0 = 565 H.

A.2 Select ion of the mesh for the field
calculat ion
Different meshes are compared and the one with enough ac-
curacy and less time consumption is selected for the field
calculation.

Linear triangle elements are used in the calculation. The
calculations are performed from the energised state before the
de‐energisation to the steady state after the de‐energisation.
The time step size Δt = 0.1 ms. At each time step, the
convergence condition is in such a way that the change rate of
magnetic vector potential is less than 1.0 � 10−7. The calcu-
lations are performed on a 1.80 GHz computer with the
Intel® Core™ i7‐10510U CPU.

The number of mesh elements and the relationship be-
tween computational accuracy and time consumption are
shown in Table 3. The change of remanence results at several
representative positions with different meshes is used to judge
the accuracy of calculation. The remanence here is the value
when the current crosses zero from positive to negative. With
the increase of the element number, the difference of the
remanence results decreases gradually. The third mesh listed in
Table 3 is selected, and is shown in Figure 10. The represen-
tative positions are also marked in Figure 10.

TABLE 3 Relationship between computational accuracy and time consumption of different meshes

No.
Element
number

Br at point
1 (T)

Br at point
2 (T)

Br at point
3 (T)

Br at point
4 (T)

Br at point
5 (T)

Br at point
6 (T)

Average time per
non‐linear step (s)

Average time per
time step (s)

Total time
(min)

1 1075 0.365 0.540 0.158 0.297 0.378 0.356 0.0364 0.618 144

2 2793 0.366 0.644 0.163 0.332 0.443 0.328 0.396 6.72 236

3 4274 0.366 0.698 0.165 0.354 0.456 0.318 1.16 19.7 431

4 5921 0.366 0.701 0.166 0.354 0.457 0.318 2.59 44.5 803

F I GURE 1 0 The selected mesh in the field calculation (only a quarter
of Figure 2 is used)
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