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Abstract—This paper presents an interpolation with Backward
Euler (BE) method that enhances the switching simulations
accuracy in an electromagnetic transient (EMT) simulation
with a fixed time-step. Because of the switching operations on
discrete instants, the simulations can show artificial voltage spikes
and numerical oscillations (chatter), compromising the accuracy
and producing misleading results. We thus present a method
that eliminates the spurious switching losses and improves the
accuracy by combining interpolation and extrapolation with
a half-time-step BE solution over existing interpolation-based
approaches to resolve the issues above. In addition, this
improved method requires the same calculation steps as
the industry-accepted instantaneous interpolation. Analytical
discussion reinforced by the simulation studies for a simple and
complex power electronic circuits demonstrates the accuracy and
efficacy of the proposed interpolation with BE method.

Keywords—Backward Euler, discontinuity, interpolation,
power-electronic switches, Trapezoidal.

I. INTRODUCTION

ELECTROMAGNETIC transient (EMT) simulation
programs are widely used for modeling electric power

systems with power electronic devices such as high-voltage
dc (HVdc) converters, flexible ac transmission systems
(FACTS), and renewable energy source (RES) converters [1],
[2]. These power electronic switching devices are generally
modeled as bi-valued resistors or ideal switches in the EMT
[3]. The programs create a companion circuit of the network
by applying numerical integration methods such as the
Trapezoidal rule with a fixed time-step value and then solve
the circuit using nodal analysis (or modified nodal analysis)
[4], [5].

Fixed time-step simulation presents critical issues when
modeling semiconductor switches such as thyristors, gate
turn-off thyristors (GTO), insulated gate bipolar transistors
(IGBT), etc. Without mitigation measures, switching
operations can result in:
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• Numerical oscillation (chatter)
• Voltage spike
• Inaccurate simulation results
Numerical chatter is usually initiated by the opening of

a switch in a branch containing inductor. This phenomenon
comes from the characteristic of the Trapezoidal method,
employing the current state and past state in the same
differential equation. This numerical chatter does not appear
when the switching occurs between time-steps, or at a natural
current zero [6]. Voltage spikes can also arise across inductor
branches due to the current chopping. Finally, inaccurate
representation of the switching timing decreases accuracy of
the simulation results. To improve accuracy, a very small
time-step (e.g., 0.1 µs) can be applied, which, however,
significantly increases the execution time; A trade-off between
accuracy and execution time should be balanced.

There are several previously reported approaches to
overcome the limitation of fixed time-step simulation with
the Trapezoidal method. Snubber circuits across switches
were parameterized to reduce the effect of chatter [3], [5].
However, the artificial parameters of the snubber circuit may
adversely affect the simulation accuracy. Critical damping
adjustment (CDA) has also been widely used to suppress
the chatter [7], [8], [9], [10]. Two advantages of the
CDA are as follows: 1) the Backward Euler (BE) method
suppresses numerical oscillation, and 2) the admittance matrix
of the half time-step BE method is the same as that of
the one-step Trapezoidal method. However, CDA cannot
cope with inaccurate representation of the switching timing.
Variable time-step simulation is another alternative solution
for accurate simulation results [11], [12], [13], [14]; However,
it is highly challenging to set the optimal variable time-step
size. In addition, 2s-DIRK, TR-BDF2, and matrix exponential
methods have been proposed to remove numerical oscillation
and improve accuracy. These are difficult to implement
and show slower performance compared to the Trapezoidal
rule [15], [16], [17]. Therefore, the interpolation method
was introduced to improve the simulation accuracy without
significantly increasing the execution time and affecting the
overall structure of programs [6], [18], [19], [20]. The
interpolation method estimates the actual switching time
tz ∈ (t − ∆t, t), and the voltage and current at tz , by
linearly interpolating states between solutions at t and t−∆t.
Interpolation can also be used to eliminate chatter with an
additional half-step interpolation.

Even with interpolation, some problems still remain. The
inductor voltage is discontinuous as labeled vL(tz−) and
vL(tz+) just before and after the switch opening instant
(tz), respectively, for clarity in Fig. 1. The calculation of
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Fig. 1. Discontinuous inductor voltage due to switching.

the network solution at the next time instant (tz + ∆t) by
the Trapezoidal method requires knowledge of the inductor
voltage and current at the previous time tz . As the switch
is assumed to open at tz , the correct value to use for the
voltage is vL(tz+), but the interpolation step calculates the
value before the switch opened, which is vL(tz−). To address
this issue, NETOMAC, one of the EMT programs, applies a
half time-step BE after the switch operation. The half time-step
BE solution for the inductor voltage (non-continuous) is close
to the correct value of the state at tz+ and so the program
sets the voltage to this value [18], [21], [22], [23]. Programs
like PSCAD/EMTDC use a modification of basic interpolation
(referred to as “instantaneous solution interpolation"), which
includes additional steps for removing spurious loss of forced
commutated switches [24]. The instantaneous solution method
updates the admittance matrix reflecting the post-switching
state, but does not update the current input vector when
calculating the post switching state at tz+. It is effective
in eliminating spurious losses in the switches caused by a
straightforward implementation of interpolation. However, this
method manifests numerical error as will be shown in Section
II-B. This error produces a phase delay in energy storage
elements such as inductors, resulting in spurious inductor loss
as reported in [25]. Other alternative methods are presented
in [26], [27], [28] for improving numerical accuracy with the
Trapezoidal method and interpolation. These methods show
good accuracy but do not interpolate to the original time grid
afterward.

Motivated by the aforementioned research efforts in
dealing with switching discontinuity in the EMT simulation,
this paper presents an interpolation with BE method by
combining half-time step BE with additional interpolation
and extrapolation steps to return to the original time grid.
This method enhances the simulation accuracy by effectively
eliminating spurious switch losses and suppressing numerical
chatter without sacrificing execution time. The outline of
this paper is as follows. The interpolation and instantaneous
interpolation methods are described in Section II. Section III
introduces the proposed method. Simulation results of the
proposed method are presented in Sections IV followed by
concluding remarks in Section VI. Additionally, the detailed
mathematical equations of the Trapezoidal and BE methods,
as well as an analysis of chatter, can be found in Section VII
(Appendix).
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Fig. 2. The ordinary interpolation process of natural-commutation.

II. REVIEW OF INTERPOLATION METHODS

A. Ordinary Interpolation

Fig. 2 shows the diode current with the switching
interpolated to the correct instant tz . The bold line represents
the final output displayed to EMT program users, while
the dotted line denotes the internal calculation results that
remain concealed from the user interface. The green arrow
and numbering provide a visual depiction of the computational
sequence employed during the interpolation process. The
aforementioned explanation applies uniformly to all figures
presented in this paper. The switch should open when the
current goes to zero, but this point falls inside a time-step,
i.e., between t − ∆t and t. Without using interpolation, the
program only calculates the solution at t − ∆t and t. A
linear interpolation allows estimating the turn-off time to be
tz for the current zero. All the voltages and currents are also
interpolated to the switching instant. The admittance matrix is
re-triangulaized, and the solution continues with the original
time-step, yielding the new solution one time-step later at
tz + ∆t. One additional interpolation step between tz and
tz +∆t yields the original time grid solution at t.

B. Instantaneous Solution Interpolation

The interpolation technique was initially proposed for
naturally commutated power-electronic switches such as
diodes and thyristors [18]. However, numerical losses occur
especially when fully controllable power-electronic switching
devices (e.g., IGBTs) are simulated. These numerical device
losses result from an interpolated solution point at which both
the voltage and current in a switching device are non-zero as
shown in Fig. 3.

The instantaneous interpolation method was proposed to
remove the spurious numerical loss in the device [24].
Consider the simulation of the circuit in Fig. 4(a), this circuit
consists of a voltage source, an inductor, an IGBT (S1), and a
diode (D1). The command to turn switch S1 "OFF" is issued
at a time tz between time-step grid points t−∆t and t. The
calculation steps in instantaneous interpolation are described
below and illustrated in Fig. 5:

1) The solution at t is found using the known solution at
t−∆t, with the existing admittance matrix Yold.

V (t) = Y −1
old [Isource(t) + Ihistory(t−∆t)] (1)
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Fig. 3. Voltage and current of S1 with a direct implementation of interpolation
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Fig. 4. Configuration of simple test circuit (a) to demonstrate accuracy,
execution time, switching loss (b) to verify chatter removal.

2) All node voltages, currents, and history terms are
interpolated to the switching instant tz (same as tz−).

V (tz−), I(tz−), and Ihistory(tz− −∆t) (2)

3) The solution at tz+ is approximated using the known
solution at tz− with post switching admittance matrix
Ynew, the same current injection vector at tz−, and the
Trapezoidal method.

V (tz+) = Y −1
new[Isource(tz−)+Ihistory(tz−−∆t)] (3)

4) The solution at tz + ∆t is found using the solution at
tz+ (from step 3 above) and the history current updated
using the voltage and current at tz+.
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Fig. 5. Voltage and current of S1 with the instantaneous interpolation method.

V (tz +∆t) = Y −1
new[Isource(tz +∆t) + Ihistory(tz+)]

(4)
5) All node voltages, currents, and history terms are

interpolated to the original time grid t.

V (t), I(t), and Ihistory(t−∆t) (5)

Note that V , I , Ihistory, Isource, Yold, and Ynew are the
voltage vector, current vector, history current vector, source
current vector, network admittance matrix before switching,
and network admittance matrix after switching, respectively.
It is worth noting that the instantaneous solution only updates
the admittance matrix at tz−, but does not update the history
current vector. Nevertheless, the current at tz+ is immediately
zero, unlike the ordinary interpolation method shown in Fig.
3, where the current zero occurs later at tz +∆t.

In step 3, the instantaneous interpolation method has a slight
error, because the post switching matrix Ynew is used to obtain
the solution at tz+ using history terms from tz −∆t. This is
tantamount to an assumption that the matrix change occurred
at tz −∆t and not at tz , i.e., one time-step earlier.

This "one time-step advance" error has not been noticed
and reported before this paper, probably because the error is
not cumulative, as the time-step advance applies to both the
turn on and turn off of the switch, and has a minimal impact
on the conduction time of the switch. To overcome this error,
an interpolation with BE method with enhanced accuracy is
proposed in the next section.

III. INTERPOLATION WITH BE METHOD

To overcome the drawbacks of the conventional
interpolation methods, this paper proposes an interpolation
with BE method, described next and illustrated using Fig. 6.
The first and second steps are the same as in the instantaneous
interpolation method, so they are omitted:

3) The solution at tz+∆t
2 is found using the known solution

at tz− with post-switching admittance matrix Ynew and
the BE method (the history current source is updated
using the voltage and current at tz−).
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Fig. 6. Voltage and current of S1 with proposed interpolation with BE method. (a) Interpolation. (b) Extrapolation.

V (tz +
∆t

2
) = Y −1

new[Isource(tz +
∆t

2
) + IBE

history(tz−)]

(6)
4) The solution at tz + 3∆t

2 is found using the known
solution at tz + ∆t

2 and the Trapezoidal method.

V (tz +
3∆t

2
) = Y −1

new[Isource(tz +
3∆t

2
)

+ Ihistory(tz +
∆t

2
)]

(7)

5) All node voltages, currents, and history terms are
interpolated (or extrapolated) to the original time grid
t.

V (t), I(t), and Ihistory(t−∆t) (8)

where IBE
history is the history current vector of the BE

method. The proposed method aims to address the "one
time-step advance" error by implementing the BE method
to find the network solution at tz + ∆t

2 . Additionally, the
BE method effectively eliminates chatter, as discussed further
in the Appendix. However, it is worth noting that the BE
method is less accurate than the Trapezoidal method and
does not accurately reflect the stability region of a continuous
system [20], [29]. At the post-switching instant tz + 3∆t

2 , the
proposed algorithm switches back to the Trapezoidal method
for accuracy and stability. Note that the extrapolation in step 5)
is sometimes needed because the post-switching instant tz+∆t

2
can be later than the original time grid point t as shown in
Fig. 6(b).

Compared to the previous researches, this approach has the
following advantages:

Firstly, since BE integration is used after switching, there
is no need to calculate the state values after switching
(i.e., at tz+). This is because, during the switching, all
state variables are continuous functions of time. With the
BE method, the history current source in the companion
model has only state variable quantities (e.g., only inductor
current in the above example). Therefore, the history current
source has the same value before and after switching. In

contrast, as seen from the above example, the history current
in instantaneous interpolation, which uses the Trapezoidal
integration, is composed of inductor current and inductor
voltage. The latter is not a continuous function of time, and this
creates the numerical error in estimating the history current at
tz+.

Secondly, for ordinary interpolation the switching loss
at t actually results from the interpolation procedure for
synchronizing back to the original time grid as shown in Fig.
3. This is due to the fact that when the switch is turned off,
the current across the switch should immediately drop to zero.
Without special treatment, ordinary interpolation interpolates
voltages and current using a linear combination of their values
from tz− when the switch is “ON” to tz+∆t when the switch
is “OFF”. As shown in Fig. 3, both the switch current and
voltage at t from this step are usually non-zero, which causes
the spurious switching loss. In contrast, this method solves
this issue by utilizing the variables at tz + ∆t

2 and tz +
3∆t
2 to

interpolate (or extrapolate) variables to t. Since both tz +
∆t
2

and tz+
3∆t
2 are calculated using the post-switching admittance

matrix the resultant current (see Fig. 6) is essentially zero at
t and so the spurious switching loss is avoided. Instantaneous
interpolation (Fig. 5) also mitigates this loss at the cost of
slightly less accuracy and additional steps for removing the
numerical chatter.

Finally, as the half time-step BE uses the same admittance
matrix as a full time-step Trapezoidal method, there is
no computational disadvantage from re-triangulizing the
admittance matrix. It also has the bonus advantage of
suppressing numerical chatter.

IV. COMPARISON OF APPROACHES BY SIMULATION

A. System Configuration

The circuit in Fig. 4(a) is used to examine the accuracy,
execution time, and spurious loss of the proposed with
reference to other approaches. When S1 is turned on,
the inductor current (iL) starts to increase. When the S1
is turned off, D1 conducts immediately, and the inductor
current circulates in the diode-inductor loop. The time-step
∆t is 50 µs for the proposed, non-interpolated, ordinary
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Fig. 7. Inductor voltage when (a) turn-on and (b) turn-off.

interpolated, instantaneous interpolated methods. The system
is also simulated using a very small time-step of 0.1 µs, which
is considered as an accurate template for comparison. S1 is
turned on at t = 0.40015s and turned off at t = 0.59985s.

The circuit in Fig. 4(b) is for verifying chatter removal.
This circuit is basically the same as that in Fig. 4(a), but the
IGBT is changed to thyristor, and the diode is removed so that
numerical chatter is generated. The voltage source is a 60 Hz
ac source.

B. Simulation Results

1) Accuracy: Simulation studies on the test system are
conducted by turning on and off the operation of the S1. Fig. 7
shows the inductor voltage (vL) when the switch is turned on
(a) and turned off (b). As the switching instants are not on the
50 µs time-step grid, the program initially sees these events
as occurring on the subsequent time-grid points of 0.04005
and 0.06 s. For the "no-interpolation" case 1), this results in
a delayed response. With ordinary interpolation case 2), the
voltage at the time-step immediately after switch operation
is close, but not precisely equal to the correct voltage. The
"instantaneous interpolation" 3) and the proposed 4) methods
both give a precise response for all points on the time grid.

Fig. 8 shows inductor current (iL). There is an error in the
current in the case of 1) "no-interpolation" and 2) ordinary
interpolation, which is primarily due to the incorrect voltage
calculations as in Fig. 8. The instantaneous interpolation is
similar to switching the current one time-step earlier as in
graph 3) for both the turn on and turn off cases, as was
pointed out in Section II-B. Finally, with the proposed method,
the current very closely matches the correct result. Therefore,
the interpolation with BE method shows the best accuracy
performance.

2) Execution Time: The execution time of simulations on
a personal computer (AMD Ryzen 7 2700X CPU running at
3.7 GHz with 32GB RAM) is shown in Fig. 9 for the various
methods for time-steps ranging from 10 µs to 50 µs. The
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Fig. 8. Inductor current when (a) turn-on and (b) turn-off.

Fig. 9. Execution time for one second simulation at various simulation
time-step.

IGBT is switched on and off with a 1 kHz switching frequency.
Instantaneous interpolation and the proposed method result in
virtually identical run times, which are only marginally larger
than ordinary interpolation. Thus, the proposed method has
negligible run time penalties compared to the instantaneous
interpolation method.

3) Spurious Switching Loss: The voltage, current, and
energy loss of S1 when turning off are shown in Fig. 10.
The "no-interpolation" case (a) has zero current after switching
and very low energy loss (3.962 µJ), but it shows a delayed
response. With the interpolation case (b), S1 has a large
spurious energy loss (212.6 µJ) because of non-zero voltage
and current at the original time-step grid, as has already
been shown theoretically from Fig. 3. The instantaneous
interpolation (c) and proposed (d) methods both have zero
current value at t = 0.06s, which means the spurious energy
loss of S1 is negligible (about 2 µJ).

4) Chatter Suppression: The chatter removal effects are
shown in Fig. 11 for the circuit in Fig. 4(b). Each case shows
inductor voltage (vL) over one cycle. S1 is naturally turned
off at near 0.008 s due to the current zero-crossing. The other
methods, except the proposed method, all show the numerical
chatter so that they would require an additional chatter removal
interpolation step [6]. However, the proposed method naturally
suppresses the occurrence of chatters.
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Fig. 11. Simulation results of chatter removal effects. (a) No-interpolation.
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V. EXPANDED TEST CASES

The basics of the approach were explained with the above
simple IGBT/diode/inductor example shown in Fig. 4. The
examples in this section demonstrates that it can be used
in complex power electronic circuits with multiple switches
which generate a complicated set of switching time instant
data points due to the possibility of simultaneous switchings
in a time-step. These complicated cases consist of single-phase
two-level inverter and dual active bridge (DAB). However, the
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Fig. 12. Flowchart of simultaneous switching algorithm.
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Fig. 13. Single-phase two-level inverter test circuit diagram.
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Fig. 14. The inductor current with (a) instantaneous interpolation (b) proposed
interpolation with BE.

multiple switches provide complicated time information about
switching instants. Therefore, the algorithm that can handle
simultaneous switching is required. The Algorithm I is applied
among several algorithms presented in [30] in this paper.
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Fig. 15. DAB test circuit diagram.
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Fig. 16. The inductor current with (a) instantaneous interpolation (b) proposed
interpolation with BE.

A. Simultaneous Switching Algorithm

The simultaneous switching algorithm flow chart is shown
in Fig. 12. First switching check is simple, check natural
commutated switching and force commutated switching by
firing pulse, time information, and current direction. However,
later switching checks are more difficult to handle. If there
are simultaneous switchings (e.g., diode turn on or turn off)
due to changes in the circuit topology, the EMT program
must reflect theses simultaneous switching event. After the
interpolation process with simultaneous switching, the EMT
program checks for additional switching events that occur
at different time instants during one solution time step,
and proceeds with interpolation. The interpolation process is
repeated until no more switching events occur.

B. Single-phase two-level inverter case

The circuit shown in Fig. 13 is a single-phase two-level
inverter in order to validate the interpolation with BE method
in multiple switching situations. The modulation index,
switching frequency, dc voltage, and inductance are 0.8, 1560
Hz, 1.2 kV, and 5 mH, respectively. Fig. 14(a) shows the
inductor current (iL) simulated by instantaneous interpolation
with 50 µs and 0.1 µs time-step. As expected, this result shows
an error. In contrast, the current simulated by the proposed
method matches the correct result as shown in Fig. 14(b). This
case study validates that the interpolation with BE method and
simultaneous switching algorithm can be available in circuits
with four switches (two diodes and two IGBTs).

C. Dual active bridge case

The circuit in Fig. 15 is DAB in order to validate the
interpolation with the BE method in a more complicated
situation with a dc voltage source, dc capacitor, dc resistor,

𝑖𝑘𝑚 (𝑡)

𝑘 𝑚
𝐿

𝑖𝑘𝑚 (𝑡)

𝑘 𝑚

𝐼ℎ𝑖𝑠𝑡𝑜𝑟𝑦 (𝑡 − ∆𝑡)

𝑅𝐿

Fig. 17. The companion model of the inductor in EMT simulation.

and 16 switches (8 diodes and 8 IGBTs). The dc source
voltage, inductance, dc capacitance, and dc resistance are 750
V, 0.2 mH, 1000 µF, and 6 Ω, respectively. The DAB transfers
power from the left side to the right side by phase difference
between the PWM carrier signals. The switching frequency
and phase shift are 1560 Hz and 25 degrees, respectively.
As expected, the results of instantaneous interpolation show
one time-step advance error of the inductor current as shown
in Fig. 16(a). However, the results of interpolation with BE
closely matches the 0.1 µs result as shown in Fig. 16(b).
This case study demonstrates that the proposed method can be
applied to practical simulation cases with multiple switches,
such as the DAB circuit.

VI. CONCLUSIONS

We have improved the accuracy of the interpolation
method adopted in the EMT simulation programs. During the
switching event, the proposed method combines interpolation
and extrapolation with a half time-step backward Euler
(BE) solution. This avoids computational errors and spurious
power losses in switches, resulting from estimation of the
correct history term, as is the case with instantaneous
interpolation using Trapezoidal integration. Furthermore, the
method intrinsically eliminates numerical chatter without
additional steps as required with ordinary interpolation
and instantaneous interpolation methods. Theoretical and
simulation studies demonstrate the improved performance and
computational benefits of the proposed method, even when
simulating high-frequency switching operations.

VII. APPENDIX

The differential equation of the inductor can be formulated
by a numerical integration methods. The differential equation
for the inductor is given as follows:

vk − vm = L
dikm
dt

(9)

where v, i, and L are the voltage, current, and inductance,
respectively. The above equation can be described in integral
form as:

ikm(t) = ikm(t−∆t) +
1

L

∫ t

t−∆t

(vk − vm)dt. (10)

If Trapezoidal method is applied, (10) is reformulated as:

ikm(t) = ikm(t−∆t) +
∆t

2L
((vk(t)− vm(t))

+ (vk(t−∆t)− vm(t−∆t)))
(11)

ikm(t) = Ihistory(t−∆t) +
1

RL
(vk(t)− vm(t)) (12)



where RL = 2L
∆t , Ihistory(t − ∆t) = ikm(t − ∆t) +

1
RL

(vk(t − ∆t) − vm(t − ∆t)), and ∆t is the solution time
step, respectively. The companion model is shown in Fig. 17.

If BE method is applied, (10) is reformulated as:

ikm(t) = ikm(t−∆t) +
∆t

L
(vk(t)− vm(t)) (13)

ikm(t) = IBE
history(t−∆t) +

1

RL
(vk(t)− vm(t)) (14)

where RL = L
∆t and IBE

history(t − ∆t) = ikm(t − ∆t).
Similar with the Trapezoidal method, the BE method can be
represented by a companion model as shown in Fig. 17. There
are two differences between the two methods: the value of the
effective resistance (RL) and whether the history voltage value
is included in the history current (Ihistory).

In the Trapezoidal method, chatter is caused by the history
voltage value. When the turn-off switching occurs at a point
where the current becomes zero, the inductor history voltage
(v(t−∆t)) changes negative, and an equal magnitude of the
inductor present voltage (v(t)) to make the current value zero,
as described in (15) (16).
∆t

2L
((vk(t)− vm(t))+ (vk(t−∆t)− vm(t−∆t))) = 0 (15)

(vk(t)− vm(t)) = −(vk(t−∆t)− vm(t−∆t)). (16)

However, there is no history voltage in the history current of
BE method; thus, BE method is inherently chatter-free. If a
half solution time step is applied, the effective resistance of
the BE method becomes the same as that of the Trapezoidal
method, with a value of 2L

∆t . Therefore, the simulation
program does not need to compute a new Y matrix. As
a result, the difference in computation time between the
proposed method and the instantaneous interpolation method
is negligible because Ynew matrix in (6) is the same as that in
the Trapezoidal method.
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