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Abstract

Discrete simulation of Power Electronic Converters (PECs)
can be important for several purposes such as condition and
health monitoring, controller design, and analysis of these de-
vices. In this study, an improved Trapezoidal Rule with Sec-
ond Order Backward Differentiation Formula (TR-BDF2) and
Predictor-Corrector (PC) approach is proposed for the simu-
lation of PECs. The average of the function evaluation values
is used along with the standard TR-BDF2 and PC method
for the improvement and applied to a single-phase full-wave
rectifier. The simulation results have shown that the tracking
capability of the TR-BDF?2 is improved and the numerical os-
cillations seen with the PC no longer appear in the proposed
approach. Furthermore, the simulation results reveal that
the improved approach provides promising results in terms
of computational efficiency with respect to the fourth order
Runge-Kutta (RK4) method, making it an alternative tool for
simulating power electronic converters.

1. Introduction

Due to the high complexity of modern power electronic sys-
tems, simulation is crucial and indispensable. It offers invaluable
insights into circuit performance, which would be costly, time-
consuming or sometimes impossible to obtain through a labora-
tory prototype [1]. Therefore, simulation tools have been exten-
sively used for the design and improvement of electrical systems
over many decades [2].

For the simulation of PECs or other types of converters, an
equation or equation set that represents the behavior of the circuit
is needed. Later, these equations can be solved by using analytical
or numerical techniques. Although deriving the exact analytical
solution to a given problem is valuable, it would be overwhelm-
ing for non-linear and complex systems, such as power electronic
circuits [3]. Consequently, numerical methods are used in most
of the simulation tools. Several numerical methods used for the
simulation of electrical systems can be listed as follows: Forward
and Backward Euler, Trapezoid, Taylor’s expansion and Runge-
Kutta, Adams-Basforth-Moulton, Predictor-Corrector, Backward
Differentiation Formulas (BDFs), Gear [1,4]. For instance, the
Electromagnetic Transients Program (EMTP) is used for the sim-
ulation and analysis of power systems, where EMTP uses nodal
analysis with the trapezoidal rule integration for solving high-
speed transient effects in power systems [5, 6]. Simulation Pro-
gram with Integrated Circuit Emphasis (SPICE) is used for sim-
ulation and analysis of analog circuits, where SPICE uses gear
and/or trapezoidal integration methods [7, 8]. On the other hand,
Matlab/Simulink uses the combination of Tustin and Backward
Euler (TBE) method to perform a discrete simulation of electri-
cal systems, while mitigating the numerical oscillations seen with
the Tustin method, it provides better accuracy than the Backward

Euler method [9].

The trapezoidal integration method is commonly used in dy-
namic simulations, especially in power system transient simula-
tions, due to its simplicity and moderate accuracy, which is of
second order [10]. However, it has several drawbacks. One major
issue is that it is less accurate compared to other methods avail-
able. Additionally, when simulating PECs with fixed-time steps,
problems like numerical oscillations and errors caused by abrupt
discontinuities during switching events are often encountered [11,
12]. Several existing techniques for handling these discontinuities
are analyzed in [10], in terms of accuracy. In their study, they have
also proposed new approaches derived from existing technologies
to improve accuracy [10]. While the most accurate results are
obtained by TR_.BE_I_V (Backward Euler method combined with
trapezoidal integration, interpolation and variable time-step), it
has been concluded that the TR_.BE_SS_I (fixed time-step Back-
ward Euler method combined with trapezoidal integration, in-
terpolation and simultaneous switching) is the best trade-off be-
tween complexity and accuracy [10]. In another power electronics
study presented in [13], five numerical techniques, namely Eu-
ler, Runge-Kutta, and Trapezoidal approximation with 1st, 2nd,
and 3rd order, are investigated for the performance comparison
in a predictive controller for an AC-DC power converter. Results
revealed that the different discretization techniques result in dif-
ferent total harmonic distortion at the line side, and the 1st order
trapezoidal approximation is a good trade-off between achieved
performance and ease of implementation. Furthermore, it has
been seen that the TR-BDF2 method (also Matlab ODE23tb solver
[14]) is employed for challenging simulation of PECs, such as
cascaded full-bridge multilevel converter used in [15]. It is note-
worthy to mention that the use of TR-BDF2 can also be seen in
many disciplines, including electronics, biology, mechanical en-
gineering, and option pricing [16]. As seen from the reviewed
literature, identifying a good numerical technique capable of ac-
curately simulating power-electronics circuits is a difficult task,
with the goal of finding the best balance between accuracy, sim-
plicity, and computing time.

In this study, improved TR-BDF2 and PC approaches are pro-
posed for the simulation of PECs. The average of the function
evaluation values is used as intermediate steps along with the
standard TR-BDF2 and Predictor-Corrector methods for this im-
provement. Hereinafter, the proposed approaches are called I-TR-
BDF2 and I-PC. To validate the effectiveness of the proposed ap-
proach, the simulation of a simple AC/DC power electronic con-
verter depicted in Fig.1 is considered. The proposed approach
offers several distinct features. Firstly, to the best of the authors’
knowledge, the use of the average of the function evaluation val-
ues represents a new numerical approach derived from the ex-
isting methods, which may be used for power electronics circuit
simulation. Secondly, the accuracy of the proposed approaches
is obtained comparable to the RK4 method. Furthermore, it is



demonstrated that the proposed approach improves the tracking
capability of the standard TR-BDF2 and eliminates the numerical
oscillations seen with the classical PC method for the simulation
of the selected circuit. Finally, our approach exhibits a compara-
tively lower computational complexity than the RK4 method.

The remainder of this paper is organized as follows. In Section
2, the methodology of the proposed approach is introduced. In
Section 3, simulation results are given. The paper is concluded
with Section 4.

2. Methodology

This section describes the mathematical expressions for the
full-wave rectifier depicted in Fig.1a and explains how to solve
this problem by the proposed approach. Furthermore, other nu-
merical methods are briefly discussed.
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Fig. 1. A simple AC/DC power electronic converter, adapted
from [17].

2.1. Analysis of the full-wave rectifier

When KCL is applied to full-wave rectifier model in Fig.1b,
the diode current Ip () can be obtained as follows:

Vo (1) | Vo (1)

Ip@®)=C— R

M

where, Vo, R, and C, t are the output voltage, the resistance of
the load, the capacitance of the capacitor filter, and time, respec-
tively. The diode current can be also expressed by:

Ip (1) = I <exp (%?) - 1) 2)

where, Iy, Vr, and n are the inverse saturation current, thermal
voltage, and non-ideality factor of the diode, respectively [17]. It
is worth mentioning that all diodes are assumed as ideal and iden-
tical. Moreover, the input voltage is assumed as purely sinusoidal

and given by:
Vi (1) = Vinax sin (wt) 3)

where, Viuax and w are the peak value and angular frequency of
the input voltage, respectively. w is given by 27f, where f is the
line frequency. Finally, the mathematical model, which represents
the behavior of the full-wave rectifier circuit, can be obtained by
substituting (3) and (2) into (1) as follows:

dVo (1) Vo) | Is |Vmax sin (wr) | = Vo (1)
=- +—= | exp -1).
dt RC C nVr

(C))
As noticed, the Equation (4) is not linear and can be solved by
numerical methods. In this study, three different well-known nu-
merical methods are briefly explained and our proposed approach
is introduced to solve Equation (4).

2.2. TR-BDF2 Method

This method includes the combination of the trapezoidal rule
and the second-order Backward Euler differentiation formula for
the solution of initial value problems encountered in engineering.
The formula for the approach can be given as [18]:

At
Yn+y =Yn + 77 (fn +fn+'y) (5a)
_ # M + I_—WAtf (5b)
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where, 7y is a parameter in the range of v € (0, 1) and it deter-
mines whether the method will be A or L stable. f,+~ represents
the function evaluation f (t,, + vAt, ynﬂ). At is the step size.

2.3. Predictor-Corrector Method

This method includes the application of an explicit Adams—
Bashforth and an implicit Adams—Moulton method, respectively.
In this study, a second-order explicit Adams—Bashforth method
is first applied to predict the solution, and then a second-order
implicit Adams—Moulton method is considered to correct the pre-
dicted solution [19]. The predictor step can be given as:

- At

Sust =3+ S Bfa=fir1) (®)
where f;, represents the function evaluation f (¢, y»). ¥ represents
the predicted value of the solution. The final step is to correct this

prediction based on a second order Adams—Moulton method and
it can be expressed as:

Yn+l =Yn + % (fn +fn+1) )

where_f,,H represents the function evaluation f (¢, + At, ¥,,41)-
2.4. Fourth Order Runge-Kutta Method

Classic fourth-order Runge—Kutta method can be given as [1]:

k1 = f(tn, yn) (8a)
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At At
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kg =f (tn + At,yn + At - k3) (8d)

At
Yn+1 =Yn + 5 (ky +2ky + 2k3 + kg) (8e)

2.5. Proposed Approach

The proposed I-TR-BDF2 approach is a combination of TR-
BDF2 and the average of the function evaluation values for the
current and next steps. The corresponding equations for the I-TR-
BDF2 method in this case become

1
Snty = B (fn +fn+'y) (9a)
At
Ynty =Yn + ’77 (fn +fn+v) (9b)
1
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Likewise, the equation for the I-PC can be expressed as:
1
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The modification to the original TR-BDF2 and PC algorithms
are given in Equations (9a), (9¢), (10a), (10c), and it just includes
the average of the function evaluations at each step. This modifi-
cation improves the tracking capability of the TR-BDF2 and the
numerical oscillations seen with the PC method no longer appear
in the proposed approach.

3. Simulation Results and Discussion

This section gives the results of the aforementioned numerical
solutions for a full-wave rectifier circuit, where the specifications
of the circuit are given in Table 1.

Based on the given specifications, the circuit is firstly simu-

Table 1. Specifications of the full-wave rectifier.

Vinax 180V
F 50 Hz
R 300
C 28 uF
Vi | 25.8mV
I, | 1Ix10™% A
n 1

lated by Matlab Simulink discrete-solver “Tustin/Backward Euler
(TBE)”, and the results obtained from this simulation are consid-
ered as the reference waveforms. Secondly, for comparison of the
interested waveforms such as input current /; () and output volt-
age V, (¢) in Fig. 1la, the circuit is simulated by TR-BDF2, PC,
and proposed I-TR-BDF?2 and I-PC approaches, respectively. For
all simulations, step size and simulation time are chosen as 1 us
and 0.1 s, respectively.

Fig. 2, Fig. 3, and Fig. 4 show the simulation of the input cur-
rent by TR-BDF2, PC, and RK4, respectively, compared to the
Simulink discrete-solver. As can be seen from Fig. 2, the TR-
BDF2 method could not perfectly follow the reference waveform
obtained from Simulink, resulting in low accuracy. As for the PC
method, undesired numerical oscillations and overshoots in am-
plitude are observed when each diode pair starts to conduct as in
Fig. 3. Therefore, both TR-BDF2 and PC methods have not met
the requirements of accurate simulation for the given problem.
However, as seen from Fig. 4, the results obtained by RK4 are
accurate as Simulink discrete-solver.

The simulation of the output voltage by TR-BDF2, PC, and
RK4 are given in the same plot as shown in Fig. 5, compared to
the Simulink discrete-solver. As noticed from Fig. 5, each method
gives a similar result to the Simulink waveform. For better clar-
ity, a zoomed version of the obtained waveforms between 0.014 s
and 0.016 s is given as a subplot, which shows how closely these
methods track the Simulink discrete-solver.
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Fig. 2. Input current simulations by Simulink and TR-BDF2.

The simulation of the input current by the proposed approaches
I-TR-BDF2 and I-PC is given in Fig. 6 and Fig. 7, respectively,
compared to the Simulink discrete-solver. As can be seen from
Fig. 6, the tracking capability of the TR-BDF2 method in Fig. 2
has been improved by the proposed I-TR-BDF2 approach. Simi-
larly, as shown in Fig. 7, numerical oscillations seen with the PC
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Fig. 3. Input current simulations by Simulink and PC.
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Fig. 4. Input current simulations by Simulink and RK4.
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Fig. 5. Output voltage simulations by Simulink, TR-BDF2, PC
and RK4.

method in Fig. 3 are no longer present in the proposed I-PC ap-
proach. Hence, it has been concluded that averaging the function
evaluation values has boosted the performance of classical meth-
ods. Furthermore, the simulation of the output voltage by the pro-

posed approaches is obtained nearly the same as TR-BDF2 and
PC methods, thus, they are not included in this study.
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Fig. 6. Input current simulations by Simulink and I-TR-BDF2.
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Fig. 7. Input current simulations by Simulink and I-PC.

In order to obtain the computational efficiency of the TR-BDF2,
PC, RK4, and proposed approaches, each method is simulated
1000 times for reliable results. Computing time is recorded at
each step for each method. Afterwards, the averages of the com-
puting times are taken and presented in Table 2 for comparison
reasons. Furthermore, to evaluate the overall accuracy of each
method during the simulation interval, we have considered the
relative rms error (RRE) presented in [20] as follows:

€rms =

RS o
oAy ;a 1] = [1]) (11
where, X is the interested waveform that is chosen as input current
for our case, Xms is the rms value of the input current, x [#;] is the
reference value acquired by Simulink discrete-solver at a given
time point #; € [0, 0.1], ns is the number of simulation points, and
X [;] is the obtained value by the considered numerical method at
a given time point f;. Error results based on RRE are also given
in Table 2. All simulations are carried out in Matlab 2023 on
a Victus-HP Laptop with a processor of i5-12500H @2.50 GHz
and 16 Gigabytes RAM, and the stopwatch timer of this software



is used.

As seen from Table 2, the RK4 method exhibits the highest
computing time, while other methods demonstrate lower comput-
ing times than the RK4. Despite TR-BDF2 and PC having lower
computing times than the RK4, they suffer from the drawbacks of
low accuracy (high RRE) and poor tracking capability. In addi-
tion, a reduction of 19.24% and 16.60% in computing time com-
pared to RK4 has been obtained by I-PC and I-TR-BDF2, respec-
tively. On top of that, it has been observed that the I-TR-BDF2
and I-PC have almost the same computing time as TR-BDF2 and
PC, while also achieving accurate results as Simulink discrete-
solver and RK4.

Table 2. Comparison based on computing time and accuracy.

Method Computing time (s) RRE
RK4 0.0265 0.0647

TR — BDF2 0.0219 0.2957
PC 0.0214 0.4873
I-TR - BDF2 0.0221 0.0643
I-PC 0.0214 0.0656

4. Conclusions

The simulation results show that the proposed approach can be
an alternative tool for simulating power electronic converters and
is expected to have practical applications in power electronic sys-
tems, e.g. in real-time or off-line condition monitoring of convert-
ers, digital twin applications, harmonic analysis at the grid side.
In future work, the proposed approaches will be applied for the
simulation of other power electronic converters, such as Thyris-
tor Controlled Reactor (TCR) and PWM-controlled DC-AC con-
verters. Researchers from other disciplines can also utilize the
proposed numerical approach for the solution of their problems
that include a differential equation (or equation set) similar to this
study. Furthermore, the MATLAB code of the proposed approach
is uploaded to Github as an open source [21].
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