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Abstract

The main theme of this paper is to present the laboratory course modular design for learning and hands-
on magnetic components in power converters. The objective of the course is to give the students to model
the converters, realize magnetic components and test the implemented converters via the hands-on work
in order to improve practical skills of students under the insufficiency of regular course training. This
designed course is based upon the modular concept of five modules in common use which include forward
converter, flyback converter, push-pull converter, half-bridge converter and full-bridge converter. The
controllers for these converter modules include voltage mode control and peak current mode control.

The specifications for each converter module are the same, 48V/12V, 60W and 100 kHz of switching
frequency. The designed modular curriculum has been applied to the Industrial Technology Research and
Development Master (ITRDM) Program sponsored by the industry and government. And excellent
acknowledgment from students is received for providing practical training and covering the wide range of
magnetic components in power conversion applications.

Keywords: power conversion; magnetic components; converter; designed modular course; learning and

hands-on

1. Introduction

The Industrial Technology Research and Development Master (ITRDM) Program [1] is mainly sponsored
by the government and companies. This program is aimed at providing graduate-level engineering
workforce in high-tech industry and increasing the competitiveness of technology industry in Taiwan. The
students received such sponsorship have the obligation to serve in the sponsored company for 2-4 years,
depending upon the contract and content of sponsorship. Therefore, the final decision to accept the student
to join this program is the sponsored company rather than the university. Under this circumstance, both
hands-on skills and elementary knowledge trainings are important since the students assumingly receive
job offer aiming at R & D as they join this program.

International Educative Research Foundation and Publisher © 2017 pg. 67



International Journal for Innovation Education and Research Vol:-5 No-XX, 2017

The power electronics industry is one of the most promising industries in Taiwan. As reported [2], Delta
Electronics, Inc. was the first place of power supply market in the world and some of power supply
manufacturers, such as AcBel Polytech Inc., Sunpower Technology Corp. and Lite-On Technology
Corporation etc., are founded and locate in Taiwan. Therefore, the R & D workforce in power electronics
is especially heavy in demand.

Taipei Tech. has established ITRDM program in power electronics since 2006. The related industry
sponsors focus either power supply or motor drives industry. The course “Practice of Power Electronics
System” is one of the optional courses for those who will join power supply industry. Therefore, the course
is designed to help the students of ITRDM Program to fully appreciate the components of power conversion,
converter design and hands-on experience.

It is well known that magnetic components are one of the most important elements in power converter
applications. The magnetic components are used as energy storage, energy conversion and driver as shown
in Fig. 1. Using DC/DC power converter as an example, the voltage level cannot be changed by transformer
for not being able to produce time variant magnetic field without the assistance of switching components.
By the switching devices, electrical energy of DC source is chopped and converted to time variant magnetic
one and stored in the magnetic components on primary side and then transferred to the secondary side. The
magnetic energy is finally converted to electrical energy to meet the desired voltage level by controlling
the duty ratio of switching device.
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Fig. 1 Magnetic components in energy conversion system

Control

The main theme of this paper is to present the laboratory course design for magnetic components learning
and hands-on for ITRDM Program [3]. Recently, some reports have developed the software-based training
program and tools, including new methodological approach to teaching power electronics converter
experiments using LabVIEW [4], interactive rectifier educational tools using Java [5], graphic tool
programmed in MATLAB for ac/dc and dc/dc switched-mode power supplies [6, 7] and e-learning platform
for electrical circuit courses [8]. Some project-oriented programs have also been developed to enhance the
students with hands-on experience in power electronics. These programs include project-oriented
adjustable speed drive design course [9], project designed course for power electronics and motor drives
using programmable intelligent computer (PIC) microcontroller and an H-bridge converter [10], and
project task in power electronics based on a flyback test board [11]. Similar software-based tool and
“learning-by-doing” course for control have been shown in [12-14], respectively.
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Comparing to previous software-based work and project-oriented hands-on course, this paper will present
the laboratory course modular design for magnetic components learning and hands-on [15, 16]. The design
and applications of magnetic components include inductor, drive transformer, and transformer with and
without center-tapped windings. The designed modular curriculum is based upon modular concept and the
modules include forward converter module for inductor and transformer with center-tapped winding,
flyback converter module for transformer with air-gap core acting as inductor and transformer, push-pull
converter module for transformer with center-tapped winding, and full-bridge converter module for drive
transformer.

The specifications for all converter modules are the same, 48V/12V, 60W and 100 kHz of switching
frequency. The designed modular curriculum has been applied to the ITRDM program sponsored by the
government and companies. It will be shown that excellent acknowledgment is received for providing
practical training and covering the wide range of practice of magnetic components in power conversion
applications.

2. Designed Laboratory Modules for Magnetic Component Learning

2.1 Basics to the Magnetic Component for Power Conversion

As shown in Fig. 1, the magnetic components for power conversion include: transformer, driver and
inductor. For transformer applications, one is called uni-directional excitation and the other is named bi-
directional excitation as shown in Fig. 2. The former is applied to both forward and flyback converters, in
which magnetizing current is provided only in one direction. The later one is used in push-pull, half-bridge
and full-bridge converters in which magnetizing current is either I or 11 quadrant in B-H curve.
Moreover, the transformer for uni-directional excitation in flyback application also acts as an inductor. Its
stored energy is released in the duty-off period other than duty-on duration. In contrast, the energy stored

in the transformer of forward converter is pumped to the output side in the duty-on period.
B

H
(A) Magnetizing current, uni-direction (B) B-H curve, uni-direction
B
Im
H
0
(C) Magnetizing current, bi-direction (D) B-H curve, bi-direction
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Fig. 2 Magnetizing current and B-H curve of transformer, i,, = magnetizing current, iy« = peak value of

im, N =number of turns of winding

2.2 Special Features of the Designed Laboratory Course
Table 1 summarizes the special features of the designed laboratory course related to the magnetic
components for power conversion applications. As shown in Table 1, both transformer and inductor
components are included for forward converter module. However, the transformer in this module is with
third winding for de-magnetizing. For flyback converter module, the transformer is different from that for
the other modules since it is used as both energy conversion and storage. Therefore, the design should be
considered air-gap in order to avoid the flux saturation. Moreover, for push-pull converter module, the
transformer has center-tapped windings on primary and secondary sides. In contrast, the half-bridge module
transformer is with center-tapped winding on the secondary side only. For the full-bridge module,
transformer, inductor as well as drive transformer are considered. Therefore, in the 18-week, 3-hour per
week course, the students are motivated to learn how to design these magnetic components and their
implementation. And these modules can cover the courses requirement of magnetic components for power
conversion applications.
To provide a laboratory work while not invoking safety regulations, 48V/12V is specified for input and
output voltage rating. Without requiring high power source and electronics load, the power rating for
each module is 60W. However, to respect the students to fully appreciate the importance of layout, the
switching frequency is 100 kHz. The specifications of each module are summarized as follows.

» Input Voltage: 48 V
Output Voltage: 12 V
Output Current: 5 A
Output Power: 60 W
Switching Frequency: 100 kHz

YV V.V V

Table 1 Special features of the designed laboratory course related to the magnetic components for power
conversion applications, Tr. = transformer

Forward Flyback Push-pull | Half-bridge | Full-bridge
Transformer \ \ \ \ V
Inductor v \ \ V
Drive transformer \
Special Features of | Uni-direction Uni- Bi-direction | Bi-direction | Bi-direction
magnetic Tr. with 3rd direction Tr. with Tr. with Tr. with
components  |winding for de-| Tr also acts center center | center tapped
magnetizing | as inductor tapped tapped winding on
windings | winding on | secondary
secondary
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2.3 Forward Converter Module

Fig. 3 shows the circuit diagram of forward converter. This module is designed to help students to get
familiar with the inductor and transformer design. The special feature of the designed transformer is with
the third winding as shown in Fig. 3. As mentioned in the sub-section of Sec. I, the transformer for forward
converter is uni-directional which is magnetized in the duty-on period. In order to provide a de-magnetizing

mechanism to avoid the flux saturation, a third winding is required.
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Fig. 3 Circuit of forward converter

2.4 Flyback Converter Module

The circuit of flyback converter is shown in Fig. 4. Obviously, the magnetized energy is stored in the
exciting duty cycle and released in the remaining duty-off period. Therefore, the transformer also acts as
an inductor. To provide a demagnetizing path to clamp the voltage spike, RCD clamping circuit [17]
consisting of resistor, R, capacitor, C, and diode, D connected in parallel with the primary winding of
transformer is used as shown in Fig. 4. Moreover, since the transformer acts as well as inductor which
stores the energy, air-gap is required in its magnetizing path for avoiding saturation.

Therefore, this module is designed to facilitate the students to learn the design and implementation of a
transformer with air gap. In short, the required magnetic component for this module is totally different from
those in the other modules. Moreover, without causing too much leakage and loss in the air gap, the design
of air gap is essential to the success of this module.
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Fig. 4 Circuit of flyback converter

2.5 Push-pull Converter Module
This module is aimed at assisting the students to fully appreciate the design of transformer with center-
tapped windings on both primary and secondary sides as shown in Fig. 5. Moreover, it will help students

to understand the operation of bi-directional magnetic component. As compared with Fig. 3 and Fig. 4 for
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uni-directional magnetizing transformers, neither de-magnetizing winding nor clamping circuit is required
for such bi-directional one. Another advantage for push-pull converter is its simplicity and excellence of
driver circuits for two MOSFETs due to their common-ground features. By this module, the students will

discover these special features as well as magnetic component design and implementation.
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Fig. 5 Circuit of push-pull converter

2.6 Half-bridge Converter Module

Fig. 6 shows the circuit of half-bridge circuit which will give students the understanding of the transformer
with only center-tapped winding on its secondary side. In this module, students will learn how to use the
boot strap driver IC to drive the high-side and low-side MOSFET. Moreover, the voltage balance between
two DC-link capacitors is also highlighted in this module. Without causing magnetic saturation due to the

voltage un-balance of DC-link, a capacitor, Cs, is used to block the DC component as shown in Fig. 6.

+ ViLo - .
Ql_]: [bl Ca =C, _p ﬁ,

D, Lo
s 1 >
+ C“"Rloadi:vom

Vo= i

%] EE%Z TC

Fig.6 Circuit of half bridge converter

2.7 Full-bridge Converter Module

Fig. 7 shows the circuit of full-bridge converter. As shown in Fig. 7, the special feature of the transformer
is the same as the half-bridge converter. Since full-bridge converter is applied to high power in general, its
driver circuit consists of transformer driver rather than using boot strap driver in order to provide galvanic
isolation between primary and secondary sides of transformer. Therefore, the objectives of this full-bridge
converter module include introducing the transformer design used in driver circuits for both high-side and

low-side MOSFETs. Fig. 8 shows the schematic diagram of drive transformer used in full-bridge converter.
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Fig. 7 Circuit of full-bridge converter
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Fig. 8 Schematic diagram for drive transformer

3. Example of Design and Implementation

Fig. 9 shows the details of the circuit of the designed forward converter module. As shown in Fig. 9, the
magnetic components include a transformer with the third winding and the output inductor. Moreover, UC
3845 [18] is used as the controller. And the output voltage is sensed by the voltage divider consisting of R;
and Rs. The parameter of voltage controller is determined by the RC network, Rs5, Cs and Cs. The module

details are introduced as follows.
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Fig. 9 Details of the circuit of the designed forward converter module

3.1 Design of Transformer
The design of transformer includes the turn number of primary, secondary and the third winding for

demagnetizing. In order to reduce the skin effect, the number of wires for the windings should be considered.
These data are derived based upon the specifications, core of transformer and dimension of wire. The details
of the design are as follows.

Calculating the peak current of primary current:

P 00 550

| . =
i 77\/in, min 08 x 48

where 7 = efficiency of forward converter = 0.8
Calculating the minimum voltage of secondary side:
V. - (V, +V{)xT  (12+1)x10

sec, min
Ton

=43.33 (V)

where Vi = forward voltage drop of output diode, Ton = turn-on period, T = switching period
Turn number of primary winding:

VX T e X10° 48x4.5%10°

on, max

= =9.2 — 10 Turns
P B, <A 86 %273

Bm= Designed maximum flux density for the selected core, TDK PC4 core [19], which is 70% of its

saturated flux density
A= Effective cross area of the selected for the selected core, TDK PC4-EI128Z [19]

Tonmax = Maximum turn-on period,
Turn number of secondary winding:

(Vsec, min ><Ton, max) Xlog _ 4333X45X103

N, = =83 — 9Turns
B, x A 86 x 273
Turn number of the third winding:
1 1
D, = =045=—+-~; ..N,=818 — 9 Turns
max N 10 r
1+—F 1+N7

r r
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Number of wires of windings:
For the copper wire, the skin depth, ¢, indicating at which the current attenuates to e of that at the skin of
conductor. The diameter of the wire should not be greater than 2¢5'to fully utilization of the conductor. The
wire with diameter meeting this criterion is called Litz wire. The skin depth shrinks as the switching
frequency increases. To carry large current, more twisted Litz wires connected in parallel are required. The
number of wires is calculated as follows. First, the skin depth for copper wire with switching frequency =
100 kHz is calculated.

6.6

5_ 66 _
Jfw  100x10°

Therefore, the wire with diameter = 0.4 mm or 16 mil, and current density = 400 A/CM, is selected. The
number of wire for primary winding, ki, can therefore be derived as follows. Similarly, the number of wires
for secondary side is 9.

=0.021 (cm) =0.21 (mm)

~ 400x1.56
Exlﬁz
4

Kk, =310 — 3

To facilitate the students to fully appreciate the implementation of the transformer, Fig. 10 shows the circuit,
transformer implementation process and the photo of implemented transformer. To follow the above-
mentioned design stages and this detailed process; see Fig. 10 (A) to Fig. 10 (Q), the students can easily

implement the transformer as illustrated in Fig. 10 (F).
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(A) Circuit of forward converter
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(B) Bobbin and core, (C) Primary winding, (D) Secondary winding

International Educative Research Foundation and Publisher © 2017 pg. 75



International Journal for Innovation Education and Research Vol:-5 No-XX, 2017

(E) Third winding, (F) Completion of transformer, (G) Photo of transformer
Fig. 10 Illustration of transformer implementation, forward converter

3.2 Design of Inductor
The core for inductor design and implementation is MS-080060-2, MPP core, ARNOLD. By the datasheet

[20], the inductance factor, mH for 1000 turns, A = 32 mH/N?. Therefore, for the inductor current = 5A

and inductance = 15 pH, the number of turns is 22 and the number of wire is 10. Fig. 11 shows the

implemented inductor which is designed and made by the student taking this course.

Fig. 11 Photo of inductor, made by student

3.3 Assessment of Design and Implementation

Fig. 12 shows the layout and photo of the implemented forward converter; both are made by the student
taking this course. For the switching frequency = 100 kHz, layout is important to the success of the
implementation. To help the students to further confirm the design and implementation [21, 22], some test
results are required as illustrated in Fig. 13. As shown in Fig.13 (A) and Fig. 13 (B), the output voltage can
be well regulated at 12 V. Moreover, the duty; see Ch 2 in Fig. 13, increases and the inductor current goes
to continuous conduction mode from discrete conduction mode as the load increases. These results are
measured by the students from their implemented module for confirmation. Another measurement related
to efficiency as shown in Fig. 14 is required to help students to understand the importance of converter

design and implementation.
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(A). Layout,

Fig. 12 Results, forward converter module made by students
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Fig. 13 Measured results, forward converter, output voltage and inductor current, Ch 1 = input voltage,
Ch 2= output voltage, Ch 3 = Vgs of MOSFET, Ch 4 = Inductor current
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Fig. 14 Measured results, efficiency vs. load current

4. Course Implementation and Feedback

The other modules are designed and implemented based upon the same concept and development process.
The students can follow the designed course to learn the magnetic components design and implementation.
Similar training for layout, implementation and test are given to students to help them appreciating the
special features of the required magnetic components applied to flyback converter, push-pull converter,
half-bridge converter and full-bridge converter. Fig. 15 shows the photos of these converters realized by
the students joined this course.

(C) Half-bridge converter, (D) Full-bridge converte
Fig. 15 Photos of implemented board, made by students

A survey is conducted which contains eight statements regarding the course [23-25]. Students are asked to
rate these statements. Survey statements and associated responses from students are given in Table 2. The
overall average is 4.61 points out of five. According to the survey, students showed really positive reaction
to this course. The majority of the students are quite satisfied with this course, 4.87 points. Moreover, it is
said that this course provides students better comprehension about the magnetic component design of power
converters after taking this course. Another important point in this feedback is that this course helped
students to learn the magnetic component implementation of power converters, 4.87 points, higher than the

average. The feedback indicates that this designed course receives excellent acknowledgment for providing
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practical training and covering the wide range of magnetic components in power conversion applications.

Table 2 Feedback, Average points = 4.61 out of 5

. . Strongly | Agree | Neutral | Disagree | Strongly | Average
The Designed Power Electronics Laboratory . .
Agree Disagree | Points
Course ) ) ) ) ]
(5 points)| (4 points) | (3 points) | (2 points)| (1 point)
I become familiar with the layout of power
. . 12 4 4.75

converters after taking this course.
I have better comprehension about the
magnetic component design of power| 9 7 4.56
converters after taking this course.
This course helps me to learn the magnetic
component implementation of power| 14 2 4.87
converters.
I have better comprehension about the
controller design of power converters after| 6 7 3 4.18
taking this course.
This course helps me to learn the controller
) . 8 6 2 4.37
implementation of power converters.
This course makes significant contributions
to my hands-on test capability of power| 13 2 1 4.75
converters.
This course promotes my professional skill in

10 5 1 4.56
power converter.
In general, I am quite satisfied with this

14 2 4.87
course.

5. Conclusions

The contributions of this paper include the presentation and assessment of a laboratory course modular
design for magnetic components used in power conversion applications. Five modules are designed to help
students to fully appreciate the theory, hands-on work of layout, magnetic components design and
implementation, and integration test. These magnetic components include inductor, transformer for power
conversion and drive transformer. Transformers for power conversion include uni-direction and bi-
directional applications with/without third windings and center-tapped winding(s).

The feedback from the Industrial Technology Research and Development Master Program students
indicates that this designed course receives excellent acknowledgment for providing practical training and
covering the wide range of magnetic components in power conversion applications. The designed course
indeed facilitates the students to learn magnetic components design and implementation for power
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conversion applications.

6. Acknowledgement

The Industrial Technology Research and Development Master Program is organized and supported by the
Ministry of Educations and Ministry of Economy Affairs, Taiwan. The industrial sponsorship for the power
electronics course at Taipei Tech. is kindly offered by AcBel Polytech Inc., Allis Electric Co., Ltd., Chicony
Power Technology Co., Ltd., Delta Electronics, Inc., Jaguar Precision Industry Co. Ltd., Leader Electronics
Inc., Lite-On Technology Corporation, Rhymebus Corp., Sunpower Technology Corp. and TECO Electric
and Machinery Co. Ltd., etc. since 2006. The authors also appreciate those students who joined this course
and gave feedback for further improvement.

7. References

Ministry of Education, Taiwan. “Industrial Technology Research and Development Master Program.”
http://imaster-moe.iiiedu.org.tw/site_map.php, 2017.

IHS Technology. “Top 10 Power Supply Vendors Vie in Tumultuous Market.”
https://technology.ihs.com/500251/top-10-power-supply-vendors-vie-in-tumultuous-market-
rankings-shift-for-the-year.” May 2014.

P.J. Navarro, C. Fernandez, P. Sanchez, “Industrial-Like Vehicle Platforms for Postgraduate Laboratory
Courses on Robotics,” IEEE Trans. Education, 2013, vol. 56, no. 1, pp. 34-41.

Z. Zhang, C.T. Hansen and.A.E. Andersen, “Teaching Power Electronics With a Design-Oriented, Project-

Based Learning Method at the Technical University of Denmark,” IEEE Trans. Educations, Aug.
2016, vol. 59, no. 1, pp. 32-38.

C.A. Canesin, F.A.S. Goncalves and L.P. Sampaio, “Simulation Tools for Power Electronics Course Based
on Java Technologies,” IEEE Trans. Education, Nov. 2010, vol. 53, no. 4, pp. 580-586.

P.F. Miaja, D.G. Lamar, M. de Azpeitia, A. Rodriguez, M. Rodriguez, and M.M. Hernando, “A Switching-
Mode Power Supply Design Tools to Improve Learning in Power Electronics Course,” IEEE Trans.
Education, Feb. 2011, vol. 54, no. 1, pp. 104-113.

S. Kacar, C. Bayilmis, “A Web-Based Educational Interface for an Analog Communication Course Based
on MATLAB Builder NE with WebFigures,” IEEE Trans. Education, 2013, vol. 56, no. 3, pp. 346-
354.

D. Bafieres, R. Clariso, J. Jorba and M. Serra, “Experiences in Digital Circuit Design Courses: A Self-
Study Platform for Learning Support,” IEEE Trans. Learning Technologies, 2014, vol. 7, no. 4, pp.
360-374.

B. Pradarelli, P. Nouet and L. Latorre, “Industrial test project oriented education,” 2016 IEEE Global
Engineering Education Conference, Apr. 2016, pp. 119-124.

R.H. Ru, D.D. Lu and S. Sathiakumar, “Project-based Lab Teaching for Power Electronics and Drives,”
IEEE Trans. Education, Feb. 2008, vol. 51, no. 1, pp. 108-113.

International Educative Research Foundation and Publisher © 2017 pg. 80


http://imaster-moe.iiiedu.org.tw/site_map.php
https://technology.ihs.com/500251/top-10-power-supply-vendors-vie-in-tumultuous-market-rankings-shift-for-the-year
https://technology.ihs.com/500251/top-10-power-supply-vendors-vie-in-tumultuous-market-rankings-shift-for-the-year

International Journal for Innovation Education and Research Vol:-5 No-XX, 2017

J. Krosschell, et al., “PEGO Powerpack: A Modular Power Electronics Learning Platform,”2015 IEEE
16th Workshop on Control and Modeling for Power Electronics, July 2015, pp. 1-5.

S. Mishra, et al., “A modular approach to teaching critical infrastructure protection concepts to engineering,
technology and computing students,” 2016 IEEE Frontiers in Education Conference, Oct. 2016, pp.
1-7.

P. Marti, et al., “Design of an Embedded Control System Laboratory Experiment,” IEEE Trans. Industrial
Electronics, Oct. 2010, vol. 57, no. 10, pp. 3297-3307.

P.C. Kotsampopoulos, V.A. Kleftakis and N.D. Hatziargyriou, “Laboratory Education of Modern Power
Systems Using PHIL Simulation,” IEEE Trans. Power Systems, 2017, vol. 32, no. 5, pp. 3992-4001.

J.X.Lv, Z.Y. Cao, N. Frohleke, et al., “Thermal-Electrical Averaging Model of Resonant Converters Based
on Extended Describing Function Method,” IET Power Electronics, 2013, vol. 6, no. 1, pp. 175-182.

S. Jung, “Experiences in Developing an Experimental Robotics Course Program for Undergraduate
Education,” IEEE Trans. Education, 2013, vol. 56, no. 1, pp. 129-136.

D. Lakshmi, et al., “Design and Development of High Frequency 360Watt RCD Clamp Forward Converter
for Radar Applications,” 2014 IEEE International Conference on Advances in Electronics Computers
and Communications, Oct. 2014, pp.1-6.

Texas Instruments Inc. “Data sheet of UC3845.” http://www.ti.com/product/uc3845, 2017.

TDK Corporation. “Data sheet of TDK PC4 core.” http://www.tdk.co.jp/tefe02/e141.pdf, Dec. 2014.

Micrometals Inc. “Data sheet of MS-080060-2, MPP core, ARNOLD.”
http://www.micrometalsarnoldpowdercores.com/, 2017

LLE. Achumba, D. Azzi, V.L. Dunn, and G.A. Chukwudebe, “Intelligent Performance Assessment of
Students' Laboratory Work in a Virtual Electronic Laboratory Environment,” IEEE Trans. Learning
Tech., 2013, vol. 6, no. 2, pp. 103-116.

N. Bednar, G.M. Stojanovic, “An Organic Electronics Laboratory Course for Graduate Students in
Electrical Engineering,” IEEE Trans. Education, 2013, vol. 56, no. 3, pp. 280-286.

L. Major, T. Kyriacou, O.P. Brereton, “Systematic Literature Review: Teaching Novices Programming
Using Robots,” IET Software, 2012, vol. 6, no. 6, pp. 502-513.

M. Galster, D. Tofan and P. Avgeriou, “On Integrating Student Empirical Software Engineering Studies
with Research and Teaching Goals,” Proc. Int. conf. EASE, Ciudad Real, Spain, May 2012, pp. 146-
155.

T.Y. Li, H.G. Yan, and H. Wang, “The Design of Performance Test System for Grid-Connected
Photovoltaic Inverters,” Proc. Int. conf. CIRED, Stockholm, Sweden, June 2013, pp. 1-4.

International Educative Research Foundation and Publisher © 2017 pg. 81


http://www.ti.com/product/uc3845
http://www.tdk.co.jp/tefe02/e141.pdf
http://www.micrometalsarnoldpowdercores.com/



