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ABSTRACT The modeling process of a component or system consists of several steps, which are rarely
entirely covered in undergraduate courses. Moreover, theoretical and laboratory lectures focus on
different stages on modeling, and are commonly taught at different periods, which may negatively affect
the learning process. Thus, this paper proposes a set of lectures that mixes theory and experiments, taught
in an experimental laboratory, and which address all steps of modeling process. The case study is a single-
phase transformer, where from a conceptual (electromagnetic) model, physical (electrical) models are
developed up to a model capable of representing more complex phenomena such as inrush currents and
magnetizing inductance saturation. Increasingly detailed theoretical modeling, using simulation tools and
experimental measurements, guides the student in this process. It is shown that models can be improved
at the expense of deeper understanding of the involved phenomena, and of more complex theoretical and
experimental strategies to validate them. Moreover, this paper demonstrates that modeling complexity is
only necessary up to a point which explains adequately the experimental results. Finally, the paper
presents the perception of the students on the lectures, indicating that this teaching methodology can be
adequate for other courses on system modeling.

KEYWORDS Inrush current, modeling process, power electronics laboratory, saturation, transformer

models.

I.  INTRODUCTION

The modeling process of a component/system is composed by
the following steps [1]: i) understanding and analysis of the
real system; ii) decision on the simplifying hypotheses; iii)
definition of the conceptual model; iv) physical modeling of
the components/system based on simplifying hypotheses; v)
mathematical modeling and more simplifying hypotheses to
obtain a set of equations; vi) parameters determination; vii)
analytical solution or numerical simulations; viii) model
validation by experiments, and ix) proposal of improvements
to the model until satisfactory results are achieved in the
description of the studied phenomenon. Modeling is used in
all the lectures of engineering courses, but usually theoretical
lectures concentrate on steps iv, v, and vii. Laboratory
lectures usually focus on vi, vii and viii. However, authors
believe that it is important to provide, at times during the
course, the opportunity for the student to experience all the
stages of modeling a phenomenon. It is a good opportunity to
review and join concepts from other lectures.

In this way, the main contribution of this paper is to present
a learning methodology, based on a set of lectures that mixes
theory and experiments, taught in an experimental laboratory,
which introduces all steps of the modeling process to
undergraduate students. Five lectures of 100 minutes each on
modeling - 3 on transformers, 1 on diode junction and 1 on
thermal model - were included in the laboratory lectures at
the beginning of a 2 semester Power Electronics (PE) course
at the Electrical Energy and Automation Department of the
Polytechnic School of the University of S&o Paulo (PEA-
EPUSP). The PE course at PEA-EPUSP is divided in two
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parts, PE-1 and PE-2, each one with 13x100 minutes
laboratory lectures and 13x100 conventional classroom
lectures, with additional 5 hours dedicated to tests for
evaluating students. So, the complete PE course has 96.6
hours. Of these, 43.3 hours are taught in the experimental
laboratory, 43.3 are in a conventional classroom and 10 are
dedicated to tests. This paper focuses on the 3 lectures about
transformer modeling, but this learning methodology is
extended to the whole Power Electronics course. These three
modeling lectures, taught in the experimental laboratory,
totalize 5 hours.

The reason for choosing the transformer is that
understanding magnetics is fundamental for the students,
since as stated in [2] [3] most of power electronics topologies
use some form of magnetic energy storage and
transformation. Furthermore, the fact that undergraduate and
graduate students as well as many professionals misplace the
linear models, and misuse them to explain the real
transformer, led the authors to sequentially present to the
students the conceptual, the ideal, the T-linear and the T-
nonlinear transformer models, showing how the increasing
complexity of modeling improves the ability of the model to
explain the phenomena experimentally observed [4].

The transformer lectures show that models can be improved
at the expense of: a) a deeper study of the phenomena; b) the
use of a more complex model (which inevitably brings the
need for theoretical or experimental strategies to obtain new
parameters), and c) the need for model validation [5].
Additionally, the conclusion is that the best model is the
simplest one that adequately describes the desired phenomena
with satisfactory error.
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For instance, the ideal model in used in power electronics
applications, in the first steps of the modeling, to obtain
simplified equations that enable the understanding of the
circuit behavior and its design, such as in Switched-mode
Power-supplies (Push-pull [6] [7], Half and Full bridge
Converters [6] [7]).

The T-linear model is commonly adopted for short-circuit
[8], load flow and stability [9], microgrid [10], power quality
[11] studies, etc., in power systems. This is usually the model
employed in electromechanical energy conversion
undergraduate lectures [12]. In power electronics, the use of
the T-linear model is necessary to explain some converter
topologies, e.g. Forward and Flyback converters [6] [7] [13]
and Dual Active Bridge [14].

The T-nonlinear model is necessary when the focus is on
the analysis of distorted magnetization current and inrush
phenomena in power transformers [15] [16], saturation of
current transformers for measurement purposes [16], or on
differential relays for power transformers [16]. An important
use of this model is to study the effect of DC current injection
in the secondary of distribution transformers caused by non-
isolated, grid connected power electronics converter (e.g.
renewable energy sources systems - RES) [17]. In power
electronics, the T-nonlinear models can be used to evaluate
the counter measures to avoid core saturation in Dynamic
Voltage Restorer [18], Uninterruptible Power Supply [19], in
association of Power Converters [20], etc.

Further improvements for high frequency operation, that
includes the parasitic capacitances, for leakage currents and
EMI studies, and improved models for copper and core losses
are out of the scope of the reported lectures.

. EXPERIMENTAL SETUP

The experimental setup (Fig. 1) employs some modules of the
‘Experimental Platform for Learning Self Commutated
Converters’, used for the undergraduate and graduate lectures
of the PEA-EPUSP [21]. It was designed and constructed by
its Power Electronics Group.

The experiments use: (2) the single-phase output of a three
phase AC source module (12V rms, 3A rms) with relay
switched output (Fig. 1a); (b) a module containing a 6VA
(12V rms -12V rms) 60Hz single phase transformer, whose
secondary has a series diode that can optionally be added to
implement a one-way rectifier (Fig. 1b), and (c) a load
module composed by 6 x 100Q2 parallel switched resistors
per phase (Fig. 1c). The choice for low power is essentially
the cost. The choice for low voltage is a safety directive
[22]. An off-the-shelf product, purchased on the electronics
market, was used.

Additional required equipment includes: i) digital
oscilloscope with a sampling frequency higher than 50ksa/s,
a memory depth higher than 2k samples, and 2 or more input
channels (Keysight DSO1024A was used); ii) DC/AC
current probe with 5A range, and bandwidth higher than
20kHz (Cybertek CPL8100A was used); iii) variable
transformer; iv) software for numerical calculation
(MATLAB was used); and v) software for circuit simulation
(PSIM was used).

Ill. PROPOSED UNDERGRADUATE
EXPERIMENTAL LECTURES ABOUT
TRANSFORMER MODELING

The three proposed lectures have as prerequisites that the
students: a) have basic Electric Circuit knowledge (sinusoidal
steady state and transient operation); b) have already learned
the ideal and T-linear transformer models, with the open and
short circuit tests for parameter estimation; c) know how to
use an oscilloscope and how to do data acquisition, including
transient measurements; d) can use MATLAB (or equivalent)
to post process the acquired data, and e) can use some
electrical circuit simulator (such as PSPICE or PSIM).
Tutorials in video and text formats are available on the
Moodle platform before the start of the course. They include
topics that review the necessary theory, and the use of
oscilloscopes, current probes, data acquisition, etc. Authors
consider that any lecture can be a great opportunity to review,
consolidate and apply previously learned concepts.

Green:direct

connection Blue:
connection

with series

diode

Common

O— e

(b)- 6VA (12V-12V) single phase transformer.

(c)- load module.
FIGURE 1. Modules used for the experiments.
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This set of lectures uses MATLAB functions to process
voltage and current waveforms, and to calculate their spectra,
the active power, their rms values, and to plot their
waveforms and spectra. Besides that, PSIM is used to
simulate the transformer models for further comparison with
experimental results. Below is a brief description for each of
the 3 lectures.

A, 1 LECTURE: EXPERIMENTAL
MEASUREMENTS AND IDEAL TRANSFORMER
MODEL

1) Description of 9 test cases to be used along the 3 lectures

e 3 loads: a) no-load, b) resistive load, c) one-way
rectifier with resistive load (See Fig. 2).

e 3 modes of operation, for each load type: a)
energizing at the instant when the sinusoidal grid
voltage is zero (6=0); b) energizing when the grid
voltage is equal to its peak value (8=90°), and c)
steady state.
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FIGURE 2. Load Types. Top: no-load; Middle: resistive load;
Bottom: one-way rectifier with resistive load.

2) Ask the students what the expected primary current
waveform for each case is, for a real transformer

During a brief discussion with the students, it is clear that
some of them try to give a solution by using the ideal model,
others are trying to explain the existence of magnetizing
current and voltage drops with the T-linear model, and few
are citing the current deformed by the magnetization curve,
but almost no one manages to give consistent explanations for
all models. After a brief period, typical experimental current
waveforms are shown by the instructor to the students and a
new round of discussions is held, allowing them to remake
their hypotheses and explanations. It is a great opportunity to
make clear for the students the need to review the concepts,
reinforce them and learn new ones.

3) Ask students to experimentally measure the primary
voltage vi(t) and current i1(t) for the 9 cases (three loads
and three modes of operation)

This set of waveforms will be used throughout the 3 lectures
and will be compared to those obtained via simulation in
PSIM for the ideal, T-linear, and T-nonlinear models.

4) Present the conceptual electromagnetic model of Fig. 3,
obtained from the real transformer
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This model does not consider the core format and lamination,
windings arrangement, shielding, cooling and other
construction details. Along the three lectures, different
simplifying hypotheses on the conceptual model led to three
transformer physical electrical models: the ideal, T-linear and
T-nonlinear ones.

5) Rescue of the hypotheses made to obtain the ideal model
The hypotheses made to obtain the ideal model are: a) core
with infinite magnetic permeability , b) null core losses and
null winding resistances, and c) perfect coupling i.e., the
primary and secondary sides magnetic fluxes are the same,
d1(t)=¢2(t) [7]. The focus is on the instantaneous behavior of
electrical and magnetic variables, and not on their phasors.

P — R Y
il{t_).- . CD:(-‘i); a)z(f;:‘/’,/‘\-;
+ 5) :/55 Vz{t}
wift) S22 — ~
p—
N, N,

FIGURE 3. Conceptual electromagnetic model of the transformer.

From the analysis of electromagnetic phenomena of the
conceptual model, and for no load condition at the
transformer, students are remembered that

vi(t) = Ny - do,(8)/dt, )

where Np is the primary winding number of turns. By
integrating (1)

$1(t) = $o(6) + (1/N) [} va(t) dt . 2)

The primary flux density is given by (see Fig. 4 in blue)
B, (t) = $:1()/S, @)

where S is the cross-sectional area of the core. Fig. 4 shows
that for a sinusoidal vi(t), from the Faraday’s law (1), the
waveforms of the magnetic flux ¢1(t) (2), and of the flux
density Bi(t) (3) are both delayed by 90° with respect to vi(t).

The primary magnetic field Hi(t) is calculated by (4). Since
p is infinite, Ha(t) is null (see Fig. 4 in blue)

Hy(t) =B,(t)/u=0. 4)
Based on Ampere’s Law, i1(t) is also null (see Fig. 4 in blue)

Hy(t)l = Ny (t) > i1(t) =0, 5)

where | is the core mean length.
Finally, applying Faraday’s Law, remembering that ¢;=¢-
and applying (1), the secondary voltage is (see Fig. 4 in blue)

V() = Ny - dop,(t)/dt = N, - dopy (t)/dt,
v1(8)/v,(t) = Ni/N; = a,

(6)
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where N is the secondary winding number of turns, and a is
the turns ratio.

With the connection of a load at the secondary side, current
circulates at the secondary winding. As ¢:=¢- and ¢; is given
by (1) and (2), considering that vi(t) is not modified, ¢
cannot change even with the circulation of the secondary
current. So, current must flow at the primary winding keeping
equal magnetomotive forces at primary and secondary, i.e.,

i1(t)N; = i, (N, © i1 (t)/i,(t) = N/N, = 1/a. (7

vift)

Di(t)

By(t)

Hi(t)

ir(t)

vaft)

FIGURE 4. Typical waveforms for transformer models, no-load
case. vi(t), da(t), Ba(t), Ha(t), i1(t) and vy (t): ideal (blue), T-linear
(red) and T-nonlinear (green) models.

The ideal electrical model given by (6) and (7) is
represented in Fig. 5.

ii(t) N N i;f‘t)
+ 2 :- +
vy (t) Sl v (t)
plile
- D |C -
ideal

transformer

FIGURE 5. Ideal electrical transformer model.

It is important to emphasize to students that according to
this model, v, (t) = a - v,(t) and i, (t) = i,(t)/a, from (6)
and (7), even if v, (t) is pure DC voltage or a waveform with
mean value. Moreover, (6) and (7) show that in the ideal
transformer voltages and currents act independently from
each other.

6) Simulation of the transformer with the ideal model (not
shown in this paper)

Verification that the ideal model cannot represent the

transient operation, nor the voltage drops, nor the

4

deformation of the primary current (see related discussion in
section V).

B. 2@ LECTURE: T-LINEAR TRANSFORMER
MODEL

1) Recalling the hypotheses made to obtain the T-linear
model

The hypotheses made to obtain the T-linear model are: a) u
with finite and constant value, b) inclusion of the iron and
copper losses, and c) inclusion of the leakage flux [7].
Authors initially consider p with finite and constant value,
null copper and iron losses, no leakage flux and no-load
operation, to sequentially obtain, for a sinusoidal vi(t), the
waveforms of the magnetic flux by (2) and the flux density
by (3), both delayed by 90° with respect to va(t), as shown in
Fig. 4 in red. Since the permeability is constant, the primary
side magnetic field intensity is (see Fig. 4 in red)

Hy(t) = B, (t)/u, (8)
and by Ampere’s law (see Fig. 4 in red)
i (t) = Hi(OL/N; . ©)

It is important to notice that even with i»(t)=0, there is a
current in the primary side given by (9), what suggests a
parallel branch. Constant p in (8) results in sinusoidal
magnetic field Hi(t) and magnetizing current ii(t), both in
phase with Bi(t) and in quadrature with vi(t), explaining the
inductive behavior of the magnetizing current. The constant
magnetizing inductance Ly, can be derived by substituting (3),
(8) and (9) into (1), resulting in

v1(t) = [N{S/ D] - diy (t)/dt = Ly, diy (¢)/dt . (10)

Connecting a load at the secondary side results in secondary
current, reflected to the primary as iz’ (Fig. 6). The ideal
transformer model is complemented by the inclusion of Ry, to
model the core losses, R1, R, to model the copper losses and
L1, L, to model the leakage fluxes (Fig. 6) [7]. It is important
to emphasize again that an electromagnetic component is
modeled by an equivalent electrical model.

L R, 1i1(t

b otvare)- tva e -

+
—

v, () 4

LS

ideal transformer
FIGURE 6. T-linear electrical transformer model.

2) No-load and short-circuit tests for the determination of T-
linear model parameters, considering measured and
MATLAB post processed instantaneous voltages and
currents, and their waveform distortion

Here, students must pay attention for the non-sinusoidal
characteristic of the no-load current, and the sinusoidal
behavior of the short-circuit current. Students are asked to
explain the waveforms and to discuss the validity of the usual
no-load and short-circuit test procedures, based on rms
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currents. Authors use the fundamental components of the
measured currents and voltages for the tests, obtained by post
processing these signals in MATLAB, similarly to the
method presented in [15], as detailed in Appendix A.

3) Mathematical proof of important relations for transformers
operating in steady state

Three important relations for  transformers
mathematically proven during the lecture:

a) the average voltage in the leakage and magnetizing
inductances is zero [7]. The inductor voltage is

are

v(t) = Ldi(t)/dt. (11)

Considering an initial instant to, the inductor current after
one period T is

to+T

i(to+T) = (1/L) fto v(t) - dt +i(ty) . (12)

Since in steady-state i(to+T) = i(to), then it is demonstrated
that the average voltage in an inductor Vy_ay s zero, i.e.,

to+T

(1/L) fto v(t) - dt = (1/L) -V} gpg = 0. (13)

b) the average current on the primary side is zero [23] [24].
Applying Kirchoft’s Law for the voltages in the primary side
of Fig. 6 results in

v1(t) = v11(8) + Vp (B) + v (1), (14)

where vi1, Vr1 and vy are the voltages over Li, R1 and L,
respectively. Obtaining the average values of voltages over
one period T in (14), remembering that v; is a sinusoidal
voltage (i.e. null average value), and applying the result
obtained in (13) for vi1 and vy, leads to

1 pto+T
Fftoo le(t) -dt = VRl_avg =0, (15)

where Vi ayg IS the average voltage over Ri. From (15),
equation (16) demonstrates that in steady state the average
current in the primary l1_ay is zero,

R to+T .
VRl_avg = ?11;00 ll(t) -dt = R, - Il_avg =0= (16)

L gvg = 0.

c) the average value of the magnetizing current is equal to
the average current reflected from the secondary with
changed sign [23] [24]. Applying Kirchoff’s Law for the
currents in the primary side of Fig. 6 results in

i1 (t) = i (t) + g, (£) + i5(t), (17)

where im, irm and iy’ are the magnetizing, Rn and the reflected
secondary currents. Obtaining the average values of the
currents over one period T in (17), applying (16) for iy, and
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applying (13) for the voltage over Ry (which is equal to
voltage over L), then the average value of the magnetizing
current Im_avg iS

to+T .

Z LTy LEHT ey
O_Tfto im () dt+0+Tft0 i(t)-dt = 18)
Im_avg = _Iz_avg'

4) Simulation of the 9 cases using the T-linear model and
comparison with the experimental measurements made in
the first lecture

Students verify that the T-linear model manages to
adequately represent the voltage drops and losses for the
operation of the 9 cases, and even the transient currents,
although with significant error. However, it is unable to show
the deformation in the primary current waveforms and the
operation of the one-way rectifier. Some simulation and
experimental results are shown and discussed in section V.

5) Influence of the grid connection instant of transformer on
its inrush current, for the linear model, and its validation
through simulation and experiments

Students are expected to have learned how to calculate the
transient behavior of series RL linear circuits under sinusoidal
excitation, and to know that for a low loss inductor: a) the
worst inrush current (nearly twice the steady state peak
current) occurs if the RL is connected when the input voltage
amplitude is approximately null; b) steady state is reached
after about four-time constants (4L/R); c) small transient
occurs for connection near the peak of the input voltage.

Authors consider important for engineers to do quick

estimations based on simplified models. Therefore,
considering only the magnetizing inductance Ly (R1=0 and
Rm—0), for the no-load operation, fed by a sinusoidal voltage
v1=Vp sin(w?) leads to (19) and (20)

U (£) = v1(t) = Ly dip (t)/dt,

i (£) = i (to) + 1/Lp ffo v, sin(wt) dt .

(19)
(20)

The connection at to=0, imposes positive voltage at Ln
during all the first half cycle (T/2), producing a positive
current excursion of 2V, / (wLm), that is twice the peak steady
state expected current for a linear inductor, but lower than the
current in a real transformer, as it is discussed in section I11-
C-5. In contrast, connection at t=T/4 imposes positive
voltage (increasing current) during only a quarter of cycle,
resulting in a peak current of V,/ (wLm) at t=T/2, followed by
a negative voltage that imposes a decreasing current. No
transient is observed. It is important to emphasize to the
students that the connection of the pure L circuit with initial
conditions vu(0)=v1(0)=% V, and im(0)=0, results in transient-
less operation.

To consider the lossy operation, (21) and (22) include the
series resistance Ri that affects the inductor voltage vim(t)
according to

U (£) = v1(¢) — Ry * iy = Ly diy (£)/dt, (21)
im(t) = im(to) +

1/Ln J; [y sin(wt) = Ryim(8)] dt. (22)

5
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The increasing current behavior when connecting at t,=0,
reduces v, amplitude during the first half cycle, forcing ii(t)
to be always lower than the one in the no loss case. In the next
half cycle, the still positive current decreases vm, that will
continue pushing i1(t) down until its average value becomes
zero, when steady state is reached. Higher Ry values increase
the voltage drop (R; - i,,,), accelerating the decaying of the
exponential component, as expected. Students can be
remembered that theoretically, the no transient condition is
achieved if the connection occurs at the instant corresponding
to the electrical angle that is equal to the impedance angle.

Here, the transients were explained based on the electrical
models. Depending on the available time, the discussion can
also be carried out based on the electromagnetic model,
emphasizing the behavior of ¢1, B; and Hi. Real nonlinear
case is discussed in the next section.

C. 3" LECTURE: T-NONLINEAR MODEL

1) Description of what happens when a nonlinear
magnetization curve is considered, distorting the current
and significantly increasing the inrush currents

Here the waveforms of ¢1(t), B1(t), Hi(t) and i1(t) described in
section 111-B-1 are recalled, and the effect of a nonlinear
B x H curve is discussed for the calculation of Hs. It is shown
that in the saturated region, small increments of B; cause high
excursion in Hy, and in the magnetizing current, distorting
them as shown in green in Fig. 4. Also, the formula for L,
obtained in section I11-B-1, shows that L, can be considered
as an inductor whose inductance depends on the value of the
incremental magnetic permeability p(t) defined by

By (t) = u(t) - Hy (1) - (23)

The permeability p(t) varies with Ha(t), i.e., with in(t). As a
result, the nonlinear model substitutes the fixed magnetizing
inductance of the T-linear model by a variable inductance
Lm(im) to model the effect of core saturation, resulting in Fig.
7, where

U (£) = L (i) - dipy () /dt . (24)

This nonlinear behavior can be seen in Fig. 4 (in green) for
the waveforms of Hi(t) and ii(t), when a sinusoidal primary
voltage is applied for the no-load, no leakage flux and no
losses condition.

2) Presentation of a T-nonlinear model
The magnetizing inductance Ly is exchanged by an inductor
whose inductance varies with the current (see Fig. 7).

i (&) i' (&)
—

g

ideal transformer

FIGURE 7. T-nonlinear electrical model.

!

(t)+

tvu(t)— +vm(t)—

vy (t)

3) Show a possible model for the nonlinear saturable
inductor Lm

In this model (see fig. 8) [15] the voltage vm across Lm is
integrated, producing the concatenated flux Nig:, which is
applied to a Math Function block, resulting in the current in
that will be imposed by a controlled current source. This
saturable inductor model is adopted in the lectures and
implemented in PSIM. The reason why the Nig: X im Curve
instead of the B x H curve is used in this paper is discussed in
Appendix B.

.
gQ 7 : Vo () NB(E) () \*7J“,
o A LY

integrator Math
function

FIGURE 8. Saturable inductor model.

Another possible model of a saturable inductor, which
consists of parallel association of switched inductors, is also
discussed in the lecture. This approach is based on
approximating the Nig1 X im curve of Fig. 9 by several lines
with different slopes, and it is denominated as local
linearization or discontinuous method [15].

4) The Math Function in Fig. 8 can be obtained from the
saturation curve, that must adequately represent the
region with strong saturation

Transient measurements of vi(t) and iy(t) are used with no
load at the secondary side [15] [25], switched at 8=0°, which
are processed numerically to obtain the Math Function
(current iy as a function of concatenated flux N1¢1), following
the steps next described. The voltage vm(t) at Lm is
numerically calculated [15] by subtracting the voltage drop
across Ry and Ly from vi(t) and integrated to obtain Nig:. The
current in at Ly is numerically calculated by subtracting the
current across Rm, i.e., Vm(t)/Rm from i1(t). The objective is to
obtain the saturation curve instead of the hysteresis loop,
since the core losses are not considered in L [26].

o4 Saturation curve - no losses
; '

Concatenated Flux (V*s)
o o o oS o oS
E B8R o 8B 8 8 8

o

=)

[=2]
T

2 15 4 05 0 05 1 1.5 2 25
Magnetizing Current (A)

FIGURE 9. Saturation curve (Ni1¢ X im). a-red: original curve; b-

blue: vertical offset corrected curve; c-green: resulting fitted

curve.

The Nig1 X im curve (Fig. 9a) will be vertically displaced by
the residual concatenated flux 4ANi¢1, that depends on the
current behavior prior to the disconnection of the transformer
from the AC source. Instead of numerically correcting the
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vertical offset and adjusting data by curve fitting, as it is done
in [15], authors propose students to visually displace the
original curve with the help of MATLAB, by adding a 4 Ni1¢1
of approximately -0.02 V*s in Fig. 9a (red) to all
concatenated flux points, obtaining Fig. 9b (blue). Next, a set
of curve coordinates (im, Nig1) is collected in the first
quadrant by using the GINPUT function of MATLAB. The
third quadrant is constructed by mirroring the first quadrant
(Fig. 9c, green), generating the im X Nig1 curve, and the
collected data is saved in a .txt file that will be used to
implement the ‘Math Function’ in Fig. 8 by means of a
‘Lookup Table’ PSIM block.

5) Discussion of the influence of the connection angle on the
high amplitude inrush for the nonlinear case

Considering the equivalent nonlinear circuit model, the
connection at t=0, will saturate L, producing currents higher
than twice the steady state peak currents. Taking into account
that: a) the transformer is designed to operate with a peak flux
density B1=Bimax near the knee of the magnetization curve
and b) that the connection at t=0 imposes B1=2Bimax, high
inrush currents will occur due to strong core saturation.

6) Simulation of the T-nonlinear model and comparison with
the experimental values

It is shown that the T-nonlinear model is adequate to represent
the high inrush currents and the current distortion, even for
the one-way rectifier (see simulation and experimental
results, and related discussion in section 1V).

IV. A SET OF RESULTS

The presentation of the results in this section does not follow
the step-by-step procedure along the three lectures, as this is
inadequate for a paper. Also, it does not show the complete
set of results due to lack of space. The main objective is to
show and comparatively discuss what authors consider to be
the most important results to be pointed out for the students.

Experimental and simulation results are presented in Figs. 10
to 13 for different loads and energization instants. Simulation
parameters are presented in Table I, obtained according to the
tests of Appendix A.

TABLE I. Transformer Simulation Parameters.

R1, Ra 2.04Q

Ly, Ly 0.0909 mH
R 362 Q

Lm 0.323 mH
a 1

Experimental results, simulation of the T-linear model and
simulation of the T-nonlinear model are respectively shown
at the top, center and bottom of Figs. 10 to 13. In these
figures, one cycle of steady state operation is presented in a
small zoom window near each transient waveform. Although
it is expected by the reader, primary voltage vi is not
displayed in large figures to avoid impairing readability. Even
S0, energizing instant can be easily noticed in the figures.
Also, for readability and for easy comparison with simulated
results, prints of the oscilloscope screen were avoided, and
thus experimental results were plotted using MATLAB.
Simulated waveforms using PSIM are shown only for the T-
linear and T-nonlinear, but the ideal model is requested for
students, for a complete analysis. For improved readability,
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PSIM simulation waveforms are also plotted by using
MATLAB.

Fig. 10 shows the primary current i1(t) for the no-load case.
Only the energization at the zero crossing of grid voltage
(6=0°) is shown in Figs. 10 and 11. However, authors
consider it very important for the students to confirm the no
transient energization (6=90°) in the lectures. The fact that
the flux density reaches a value approximately twice its value
in steady state in the first cycle after energization at 8 =0°,
generates in the linear case (Fig. 10b) an inrush current of
almost twice the nominal current, as explained in section I11-
B-5. In the real case (Fig. 10a), the saturation of the B x H
curve causes high amplitude inrush currents, which are
adequately represented only by the T-nonlinear model (Fig.
10c).

Considering the resistive full load case, the T-linear model
(Fig. 11b) is adequate for describing the operation at steady
state (Fig. 11a), but it cannot describe the initial transient
current, as the T-nonlinear model can do (Fig. 11c).

Considering the one-way rectifier, T-linear model (Fig.
12b) is not able to adequately describe neither the initial
transient nor the steady state current (Fig. 12a). It is important
to notice that for the one-way rectifier load [23] [24]:

i) Primary current present high negative peaks in steady
state (Fig. 12a), even considering that the secondary current
is always positive. There is a transient in the behavior of the
negative peaks (Fig. 12a), produced by the magnetizing
current. The steady state is reached when the average value
of the magnetizing current is equal to the negative average
value of the reflected secondary current, as stated by (18).
This results in a primary current with null average value at
steady state, as predicted by (16), that can be noticed in the
experimental and simulated waveforms of Fig. 12. Both
linear (Fig. 12b) and nonlinear (Fig. 12c) models show the
initial positive and negative transients, but the discrepancies
in the first case are high when compared to the experimental
waveforms (Fig. 12a);

ii) The increasingly negative magnetizing current (Fig. 12a)

is explained by the voltage drop at R1, that occurs only at the
positive semi cycles, producing a voltage vn with negative
locally averaged value at the first cycles. It causes a
monotonically decreasing behavior in the locally averaged
value of flux density that will force the asymmetrical
operation in the saturation curve, causing high amplitude
negative peak current even at steady state;
iii) For connection at 6=90° (Fig. 13a) the initial positive
transient is absent, but the negative transient still exists.
Again, the T-nonlinear model (Fig. 13c) presents a better
performance than the linear one (Fig. 13b). The steady state
waveforms are the same as shown in Fig. 12, and thus they
are not presented in Fig. 13.

Figs. 14 and 15 show simulation results of the T-linear and
nonlinear models with the one-way rectifier and resistive
load, for #=0° and 6=90° using Table | parameters. It
clarifies understanding of the waveform of the primary
currents as the sum of the magnetizing (blue) and secondary
reflected current (red). The secondary current is the typical
waveform of this load. For the linear model, i is sinusoidal
(Fig. 14a top) since saturation is not considered. When the
nonlinear Ly is adopted, im is distorted as it can be seen in the
top of Fig. 15a. In both Figs. 14 and 15, the waveform of iy
can be explained by summing im and the reflected secondary
current iz waveforms [23] [24], and by applying the results
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of (13), (16) and (18), thus complementing the previous i1 [A] (red)
analysis of Figs. 12 and 13. 1 T T T T
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054 : .
0 0.05 0.1 ) 0.15 0.2 0.25 FIGURE 11. Resistive load waveforms. Primary current i,
) ] time [s] transient for connection at 8=0°. Small figure: v, and i, for steady
(c) simulation using T-nonlinear model. state operation.

FIGURE 10. No-load waveforms. Primary current i; transient for
connection at 6=0°. Small figure: v; and i, for steady state
operation.
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FIGURE 12. Primary current i, transient for one-way rectifier

with resistive load for connection at 8=0°. Small figure: v, and i,
for steady state operation.
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FIGURE 13. Primary current i, transient for one-way rectifier
with resistive load for connection at 8=90°.
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The compensation of the residual flux on the modeling of
the nonlinear inductor, based on experimental tests, was
adequately solved in section I11-C-4. Unfortunately, correct

" simulation results with the T-nonlinear model would require

the knowledge of the residual flux value previously to the
connection of the transformer, which is unknown, or the
demagnetization of the transformer before carrying out any

2 Y S transient acquisition [26] [27], and would require the use of a

0 trigger circuit to guarantee the energization of the transformer

2 , . at the desired grid voltage angle.

’ " T e Uz “* Concluding, lecturers emphasize to the students that there
(@ 6=0 is no complete model, and that model improvements are
i2 [A] (red) im [A] (blue}

Y always possible, at the expense of obtaining additional

UMMW& parameters and of increasing complexity.

“y 005 01 015 02 025
tag o V. METHODOLOGY EVALUATION
GUWW\/\/\/WWWW These lectures have been taught in 2022 and 2023 for a total
! . ) e V] foe) o “* of 54 students. Students were asked by means of an online
" questionnaire about the learning methodology adopted in the
° PE courses. As a result, 51.9% of the students answered that
o 005 M . a2 o this is a good methodology and should not be changed for
(b) 6=90° future PE courses, and 48.1% answered that the methodology

FIGURE 14. Simulation of T-Linear model for the one-way rectifier
with resistive load, when 6=0° and 6=90°. Top: secondary (i) and
magnetizing (im) currents. Middle: primary current (i;). Bottom:

magnetizing (vm) and primary voltages (v1).

is good but must be improved for future courses. The other
options, with no answers were: 'lt is a bad strategy. It is better
to return to conventional lectures’; 'l don't consider PE
necessary for my professional career'.

When asked if the theory and experiment classes on

S i transformers modeling were an opportunity to review or
Q.SAM@WWM consolidate concepts and to learn new subjects, 81.5% of
os _ _ _ students rated it 4 or 5, and 7.4% rated it 3, with O being
! " Tnmeen " "” totally disagree and 5 being totally agree. Additionally,

11.1% did not attend these lectures for different reasons.
Go/\J\J\/\/\/\[W\[W When asked if they felt motivated by theory and experiment
1270 - o o - ... classes on transformers modeling, 63.0% of students rated it
" vm[V] (red)  vi[V] (blue) 4 or 5, and 25.9% rated it 3, with 0 being totally disagree and
. 5 being totally agree. Additionally, 11.1% did not attend these

lectures for different reasons.
time [s]
(a) 6=0° VI. CONCLUSION

B E—— These three lectures of a Power Electronics course were an
DIZWWWWW opportunity for students to learn about the whole process of
%l L _developing and improving the model of one
o " T T - " component/system. The single-phase transformer was chosen
K because it was already known by the students, and it is used
°W\[\/W\/\[\\[\/\/\[\/W in many power electronics topologies. Students were able to
r‘g o . o - .. review and consolidate concepts of electrical circuits,
20 vm V] (red)  v1DV] (blue) measurements and energy conversion, including the
, hypotheses adopted to obtain the ideal and T-linear
transformer models, as well as the experimental tests for
o os e ez o5 Obtaining their parameters. After verifying the limitations of
(b) 6=90° these models to describe the behavior of three selected test

circuits, in particular for a one-way rectifier, an improved T-

FIGURE 15. Simulation of T-nonlinear model for the one-way
rectifier with resistive load, when 6=0° and 6=90°. Top: secondary
(i) and magnetizing (im) currents. Middle: primary current (iy).
Bottom: magnetizing (vm) and primary voltages (vi).

nonlinear model was developed, together with one method for
parameter estimation. This nonlinear model has adequately
described the behavior of the nine test cases.

Authors consider this set of three lectures about transformer
modeling enough for this PE undergraduate course, but there
are still many topics to be explored in a more advanced course
on transformers modeling, like: i) how to take into account
the residual flux during the parameter determination step; ii)
how to estimate the residual flux for a given transformer,
prior to the test; iii) methods and adequate functions to be

The T-nonlinear model accurately describes all the
considered operation modes, except for the initial positive
transient (Figs. 10a and 10c; Figs. 11a and 11c; Figs. 12a and
12c), that is defined by the primary voltage source and
depends on the residual flux [15] [25].
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used for saturation curve fitting; iv) operation at high
frequency and modeling of the parasitic capacitances, etc.

Finally, it must be highlighted that the use of this teaching
methodology can be also adequate for a course on System
Modeling.

APPENDIX A. OPEN AND SHORT CIRCUIT TEST
METHODS

Open and short circuit tests are done to obtain the T-linear
model parameters, using a variable source and an
oscilloscope to acquire voltage and currents, similarly to the
method presented in [15]. The grid frequency is 60Hz.

In the open circuit test, the low voltage (primary) side is fed
with nominal voltage and the high voltage side is left opened.
The primary and secondary windings resistances and leakage
inductances are neglected. The objective of the test is to
calculate Lm, Rm and the turns ratio N1/Na.

After acquiring one cycle of the primary side voltage and
current, a MATLAB routine is performed to calculate the
active power Poc, the rms voltage Vims, the fundamental
component of the primary voltage Vimsoc and the
fundamental component of the primary current lims oc.
Considering that all active power is consumed by Ry, then

R, = (Vlrms_OC)Z/POC . (A1)

In the same way, all the fundamental reactive power is due
to Lm

Q1_oc = \/(Vlrms_ocllrms_oc)z - Poc2
(Vims.oc/2m60Ly,)

(A2)

where Qi oc is the reactive power associated to the
fundamental primary current component. Since the measured
current and voltage are distorted, the MATLAB routine
extracts the fundamental component (60Hz) to compute Lp,
instead of using the rms values of the traditional method.
Thus

Lin = Vims oc/ (2160 - Q1 oc) - (A.3)

The turns ratio is given by (6), where the primary and
secondary voltages can be measured by using an oscilloscope
or a multimeter.

In the short circuit test, the low voltage (primary) side is fed
with reduced voltage by means of a variable voltage source,
and the secondary side is short circuited. This voltage source
must be carefully varied till the primary rated current is
achieved. The parameters of the magnetizing branch are
neglected. The objective of the test is to calculate the
windings resistances R, Ry, and the leakage inductances L,
Lo.

The total resistance and inductance referred to the primary
side are

R = R1 + asz ’ (A.4)

Eletrbnica de Poténcia, Rio de Janeiro, v.29, e202427, 2024.

L = Ll + azLZ B (A.S)

Acquiring again one cycle of the primary voltage and
currents, the MATLAB routine calculates Psc, Vims_sc and
l1ms sc. Considering that all active power is consumed by R,
then

R = Psc/112rms_sc-

(A.6)

In the same way, if all reactive power is due to L, then

Q1s¢c = \/(Vlrms_Scllrms_SC)z — Py’ = f1ms_sc2m60L
L= Q1_5c/(27T60 ’ 112rms_sc) . (A7)

As stated in [12], approximated values of R; and R, can be
obtained by assuming that

L, =a’L,=1/2, (A.8)

R, =a?R, =R/2. (A.9)

APPENDIX B. DISCUSSION ON THE USE OF Ni¢ X
In CURVE

As it was mentioned in section 111.C-3, this paper uses the
Nig1 X im curve instead of the B x H curve to obtain the
nonlinear magnetizing inductance of the transformer. This
topic briefly presents the reasons to adopt this methodology.

According to (10), the calculation of the magnetizing
inductance depends on the knowledge of the primary side
number of turns (N1), the core cross sectional area (S), the
permeability (1) and of the magnetic path length (I).
However, in practice neither the hysteresis curve of the core
nor the previous parameters are available for the tests.

On the other hand, working with the Nig: X im curve only
requires acquisition of the instantaneous (primary) voltage
and current of the transformer for the no-load condition.
Thus, once vi(t) is measured, the concatenated flux is
calculated by

Ny, = fvl(t)dt- (B.1)

Since i(t) is also measured, it is possible to plot the curve
N1g1(t) x ix(t). As stated before, the slope of this curve is the
magnetizing inductance if the winding and eddy losses are
neglected (or subtracted as it is done in this paper), which is
given by

Ly = N1y /14 (B.2)

In this way, by using this method, the magnetizing
inductance may be determined without the knowledge of the
magnetic circuit parameters.
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