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1. Purpose of the Project

The main goal of the project is to design and built a DC/DC Buck Converter.

2. Introduction

The step-down dc—dc converter, commonly known as a buck converter, consists of dc input
voltage source VS, controlled switch S, diode D, filter inductor L, filter capacitor C, and load
resistance R. Typical waveforms in the converter are shown in Figure 2 under assumption that
the inductor current is always positive (CCM). The state of the converter in which the
inductor current is never zero for any period of time is called the continuous conduction mode
(CCM). It can be seen from the circuit that when the switch S is commanded to the or state,
the diode D is reverse biased. When the switch S is off, the diode conducts to support an
uninterrupted current in the inductor. The relationship among the input voltage, output
voltage, and the switch duty ratio D can be derived, for instance, from the inductor voltage vL
waveform (see Fig. 13.4b). According to Faraday’s law, the inductor volt-second product

over a period of steady-state operation is zero.
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Figure 1. Simple circuit scheme of a buck converter: (a) circuit diagram; (b) switch-on equivalent circuit;

and (c) switch-off equivalent circuit [1].
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Figure 2. Voltage-current waveforms for buck converter in CCM mode [1].
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3. Designing and Building a DC/DC Buck Converter

~¥

Spring, 2014

The input and output parameters are given below. Output current must be equal to or higher

than 4A. Maximum — minimum voltage parameters are from 5V to 45V. According to the

requirements,
Vin = 24V.
Vout = 12V decided.

Duty ratio
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Output current for a resistive load is decided as
IR = IL =44

The process of the project, so the selection of the circuit elements can be examined in several
stages. Corresponding statements about PWM Controller Part, Gate Driver Part and the Power
Stage Part is given further.

3.1.PWM Controller Part:

Acquiring and controlling the square waveform and then driving the MOSFET are the main
parts of the design. SG3525A is used as a PWM Controller. SG3525A is a pulse width
modulated integrated circuit, designed to offer higher performance and lower external parts
and to be used in power switching applications. The pinout scheme is given in Figure 6.
Required circuit elements Ry, Rp, Cr are used to set the oscillation frequency. Here, Ry is the
timing resistor that adjusts the oscillator frequency. Rj, is the discharge resistor and Cy is the

timing capacitor. Frequency of the saw-tooth waveform can be calculated from

1

f = —————= 100kHz decided.
Ct(0.7RT+Rp)

The essential values of Ry, Rp, Cr are decided with reference to the oscillator charge time
and oscillator discharge time graphics, given in figures 7 and 8. Also, at this point, pins 5, 6
and 7 are used according to the given connection diagram in the project and in the UC3525A

datasheet.

CONNECTION DIAGRAMS

DIL-16 (TOP VIEW)
J or N Package
J
Inv Input Kl 16] Veer
NI Input [Z] 18] +ViN
Sync [3] 4] Output B
Osc Output [4] 13 ve
cr [5] 2] Ground
RT [6] 1] Output A
Discharge [7] 0] Shutdown
Soft-Start [8] 'S] Compensation

Figure 3. Connection diagram of UC3525 [2]
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Oscillation frequency of the MOSFET is given as f; = 100kHz. So the charge time can be
calculated as 10 ps. Discharge time of the capacitor Cr is dreadfully small unlike the charge
time due to the saw-tooth waveform. As the dead time resistor is chosen as 0€2, 2nF timing
capacitor Cr is extremely enough. Here, timing resistor is calculated as Ry = 7k(). From the
Figure 7, timing resistor can be chosen 5KQ potentiometer with considering adjusting the

oscillation frequency.

Timing Reslstor-R 7 (kQ)

Charge Time (us)

Oscillator Charge Time vs Rt and Cr.

Figure 4. Oscillator charge time graphic as a function of resistor Ry and capacitor Cy [2].
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Figure 5. Oscillator discharge time graphic as a function of resistor R, and capacitor Cr [2].

Absorbing the AC part of the output voltage at the reference regulator is ensured by using
0.1uf valued capacitor C;. Thus; across the 10KQ valued potentiometer R,, DC voltage
occurs. The value of R, is decided with reference to laboratory test figure in the SG3525A
datasheet. It is also considered that, R, potentiometer should be capable of adjusting the duty

cycle to change the output voltage. It could be elaborated in this way: There is an internally
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well-regulated +5.1V voltage in the pinl6 inside the 3525. So, reference voltage of the error
amplifier can be set. According to connection way of the pins 2 and 9, as the duty cycle
adjusted by changing the position of R, potentiometer, voltage comparator at pin9 can
perceive the amplitudes of V¢ and Vg,. When Vg, is greater than V,, outputs of the chip are

high in alternated period, conversely the outputs of the chip are zero.

capacitor
charging  discharging
1 v ""';'l: 2 ‘4— - 2 -\,\'y
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Vo, 4 o Do Do Do !
; F ot
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Figure 6. SG3525A Comparator input-output waveforms [2].

The values of the output resistors R,, Rs and softstart capacitor C, soft-start capacitor are
decided according to the SG3525A datasheet. Ry, Rs are 1KQ, 1W and C, is Suf. Here, the

value of C, states the response time of R, potentiometer.

For closed-loop operation, a reference signal which is obtained by the voltage divider resistors

7.5kQ at the output, is sent to the compensation pin of UC3525A and the inv. input pin.
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Figure 7. Connection Diagram of the controller SG3525A lab test figure [1].

3.2.Gate Driver Part:

The output current of SG3525A is about 100mA and is not enough to charge the capacitor at
the gate of the MOSFET in required frequency. So, a non-inverting gate driver chip TC427 is
used to resolve difficulty. . Output signal of 3525 is not enough to drive the MOSFET. Peak
output current of TC427 is 1.5A. This value is high enough to charge and discharge the
capacitor at the MOSFET’s gate. Related functional block diagram is given in Figure 9.

Pinout scheme of TC427 with the functional block diagram is given below.

- E ® L E NG

N A [Z] 7] ouTA ﬂl>—7—5
GND[3] Tc42r [B]Vop < o
NGB 3] 5] ouTB

Figure 8. Pinout scheme of TC427 IC [3].
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Capacitors Cy4, Cs, C¢ and C; are used for decoupling. The values of C,, Cs, Cg are 0.1uf with
ceramic type, C, is 33uf with electrolytic type. All of the mentioned values are determined

due to the TC427 datasheet.

V+
TC426
< ~500uA TC427

TC428
~2.5mA @
| Noninverting Inverting

Yored
Output Output
\\
»—o—b{\ E><‘ f/)@——{*- ----- D;»:)—o

E’L (TC427) (TC426)
—
Input C————J :
GN

Figure 9. Functional block diagram of TC427 IC [3].

3

—

A 10Q resistor Ry is used at the output of the TC427. The reason is to limit the oscillations
that may occur in the PWM waveform. This condition is risky and can be harmful for
MOSFET, if the amplitude of oscillations is greater than MOSFET’s breakdown voltage
Vpa = 20V. Limiting the gate-source voltage is vital to protect the MOSFET. Thus, gate drive
voltage also must be bounded at about 18V. Zener diodes D; and D, with V,,; =
18V breakdown voltage and diodes D3, D, for preventing the zener diodes from positive

anode to cathode voltage are used.

7812 Voltage regulator is also used to supply the integrated circuits SG3525A and TC427.
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Figure 10. Controller part connection diagram [2].
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3.3.Power Part:
3.3.1. MOSFET Switch

IRF3205 is used as power MOSFET for switching in the power stage part. Specific electrical
characteristics are given further according to the datasheet; Vs = +20V, V4, = 55V, I =

110A. As seen from the parameters, MOSFET is adequate for high current and high

frequency applications.
Switching Loss of IRF3205

Required parameters, which is used to calculate the over-all loss:

Operation parameters: MOSFET Characteristics:
Vpe = 24V
DS RDS(OTL) = 8mA
Ip = 4A
t = 14ns
f. = 100kHz alon)
D=05 t, = 101ns

td(off) = 50ns

Switching losses during turn on,

trurn—on = 14 + 101 = 115ns
Peurn—on =5 X Vbs X Ip X ton X fy ==X 24 X 4 X 115 X 107 x 100 X 103 = 0.552W

Since tiyrn—on = tiurn—off = 115ns

Turn-off losses,

Piyrn—ofr = 0.552W

Psywitching = Prurn—on + Peurn—orr = 1.104W
During switch is in ON state,

tovn =T X D — (taem) + tr + taosr) +tr) = 4.77s

Pon =I5 X Rpseony = 4* X 8 X 1073 X 4.77 x 107¢ x 100 x 10° = 0.06W

11
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During switch is in OFF state,

topr =T ¥ D=10x107® x 0.5 =5 x 10™%s

Porr = Vps X Lieakage X ton X fs = 3 X 10™*W can be neglected.
So, total loss of IRF3205 MOSFET is

Piotqr = 1.104 + 0.06 = 1.164W

3.3.1.1.Heatsink Calculations

Required thermal characteristics for IR3205 are given in the datasheet.

Table 1. Thermal resistance of IRF3205 [4].

Thermal Resistance

Parameter Typ. Max. Units
Reic Junction-to-Case e 075
Racs Case-to-Sink, Flat, Greased Surface 0.50 —_— “‘C/w
Raya Junction-to-Ambient —_ 62

www irf.com

Operating junction: —55°C < T; < +175°C

For periodic pulses, heatsink determination can be completed due to related equations given

below.

Ty =Tc+1(t) XRyc XP (D)
Tc=Typ+ P X (Res+Rsa) ()
P,=PXxD 3)

It is assumed that operating junction T; = 120°C.

Thermal response r(t) is determined from the Figure .... Given in the datasheet. For D=0.5 at

f=100kHz switching frequency, r(t)=0.65.

12
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Figure 11. Thermal response of IRF3205 for different duty ratio values [4].

Power dissipation P=1.164W as calculated above.
From the equation (1)
Tc = 119.4°C

When the ambient is temperature is maximum 30°C decided, required sink-to-ambient resistor
Rs, can be calculated from (2). Then heatsink dimensions and material is stated. Since it is
hard to find required heatsink material in appropriate dimensions, a Standard heatsink for

MOSFET is used.

3.3.1.2.RCD Snubber Calculations

Snubber circuit alters the MOSFET voltage and current waveforms to an advantage. The
snubber provides another path for load current during turn-off. As the MOSFET is turning off
and the voltage across it is increasing, the snubber diode Dsbecomes forward biased and the
snubber capacitor Cg begins to charge. The rate of change of MOSFET voltage is reduced by
the capacitor, delaying its voltage transition from low to high. The capacitor charges to the

final off-state voltage across the MOSFET and remains charged while the MOSFET is off.

13
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When the MOSFET is on, the capacitor discharges through the snubber resistor and
MOSFET.

Snubber capacitor C; is calculated from the equation below.

Xty 4x(65X107%) _

Cs = 2XVin 2x24 5.42nF

Cs = 10nF decided.

The resistor is chosen such that the capacitor is discharged before the next time MOSFET

turns off. A time interval of three to five time constants is necessary for capacitor discharge.
ton > S5RC

R <t0_n___ 5x1076
S T 5¢  5x10%x107°

= 1000 should be chosen.

3.3.2. Diode

A fast type diode is required. When the switch condition is zero, the current across the load
completes its loop from the diode. Thus, the freewheeling diode should be high current
capable. Thus, 15A shottky barrier rectifier MBR1560CT is used.

3.3.3. Inductance — Capacitor (LC Low pass filter)
Calculations are completed considering the CCM (Continuous Current Mode) operation.
Here, as mentioned before
Vin = 24V.
Vour = 12V -1y = 44

D=0.5

14
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The load
|4 12

R = out _ —~ _ 30
loye 4

Minimum inductance value for CCM is

_(1-D)xR (1-05)x3

= = = 7.5uH
Lmin 2f 2 X100 x 108 /K

SPRING, 2010

Inductance value should be greater than the minimum. Thus, L = 15uH can be selected. The

maximum voltage across the switch and diode is 24V. The inductor voltage when the switch

is closed is Vi, — Vyyur = 24 — 12 = 12V, when the switch is open is —V,,,;; = —12V. So, the

inductor must withstand 12V.

- Core: 77310-A7 Kool Mp Toroid type is used to obtain L=25uH at =100kHz operating

frequency.

: Vin—Vo
Aiyciosea = 22 D.T = 64

. -V
Alp closea = — LO (1-D).T=-6A4A
Aiy
Lnax =1L+7= 7A
Aiy
Lnin =11 - = 14

15
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Magnetics Inductor Design
Using Powder Cores

Design Inputs - Core Information -~

Select Core From List !

- Design Outputs

duct t Full
:.':)al:!D(:ﬁ‘;e at ku ’ 2571 Number of Turns ‘ 20
Inductance at S - <
No Load (uH) 36.00 Wire Size (AWG) { 18
Effective Permeability aa -
at Full DC r—99.3 Winding Factor 014
Wound Core 10120417 DC Resistance of I”"a’m‘r"

Dimensions (in) Winding (Ohms)

Rise (degrees C)

1 7
MABNETICS
- ) J

A Division of Spang & Company
~Material Type -

DC Current (A) 5 P
. i ¢ Molypermalloy
R Part Number ] 77310-:A7 Permeability 125 i
E\lpple CurLenl " I——U‘.I‘*‘" ! ¢ High Flux
mps peak-pea {
ID [l_ncllic:. {“EEEE_ ‘Elfecllve Core [W | & Kool My
Frequency (kHz) 100 nominal) rea (sq cm) ! i
! " Kool Mp E-Cores
Current Density 0D (inches, 0.900 Effective Path 578 i
{AZsq cm) 600 : nominal) 4 Length [cm) &
Height (inches. -~ AL [(mH/1000 o 1
Full Load L (iH) ES s 0300 {urng) 90 i Loleulate |
No Load L (uH) 25 Eecgmmended I—‘_— Print
eader
Temperature r”""’*
Rise H

Exit

Copper Loss (mW) [ 286,7

Core Loss (mW)

Total Losses [mW) 287.3
Temperature r—é—s—‘

SPRING, 2010

Figure 12. Magnetics Inc. Inductor design program for core determination.

" Voltage ripple is decided

AI/:’—0/05
V;) — /0VU.
AV, (1-D)
V, 8.L.C.f?

From the equation Capacitor value is calculated
C = 125uF

Capacitor must be rated for the 12V output.

Selected component values are simulated in PSIM before construction and testing. Settling

time and ripple voltage parameters are observed for different LC values. For L=25uH and

C=100pF, the adequate waveforms are stated.

16
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4. Simulation:

PSIM is used for the simulation phase.. In simulation, in order to produce the square wave

form, gate block is applied instead of SG3525A.

O - ®

@ : M,

{3

I

1
VWV
()
G

Figure 13. Simulated diagram of the circuit in PSIM.

All the graphics that are obtained by the simulation are in continuous current mode. During
the simulation, set time of the system is observed by varying the L-C values. For the
calculated values, peak voltage — current parameters are higher and set time is longer. After

the simulation for L = 25uH and C = 25uF appropriate waveforms are obtained.

Simulation phase is also repeated for the closed — loop operation. Required waveforms at

f=100kHz frequency and D=0.5 are given below.

17
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Figure 14. Simulated circuit scheme for cloased loop operation.
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Figure 15. Input Voltage — Current waveforms.
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Figure 16. Output Voltage — Current waveforms.
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Figure 17. Inductor voltage and capacitor current waveforms.
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5. Construction and Testing

5.1. Breadboarding Phase:

Figure 18. Laboratory test circuit built on breadboard.

Controller circuit is built to the breadboard and the PWM output is obtained. Gate signal is
observed by the ossiloscope. Components for the closed-loop operation are also arranged and
built. 12V Output voltage is reduced to 6V reference to sent to the reference pin of 3525 for
closed loop operation. With adjusting the operating frequency and duty cycle, required values
are regulated. Filter inductor which was found on the market was not suitable fort he required
parameters. Thus, the inductor was self-constructed again for L=25pH with peak voltage level
12V and the load current 4A at 100kHz frequency.

20
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Figure 20. PWM waveform at the output of SG3525 with D=0.5 at frequency f=137kHz.
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Figure 21. The saw-tooth waveform generated by pin 5 of UC3525 controller chip.

5.2. PCB Layout

After the laboratory testing finished, whole circuit is designed in PROTEUS. PCB Layout is
completed in ARES and built on self-constructed board. Higher current flows through the
power part. Considering this parameters, tracks for the power stage is thicken. A fuse for

input and to protect the load is also take into consideration. Figure .... Shows the PCB layout

RS2
RSTas
IGI‘J”V
[ﬁ ] LPow
m

L&l

@Zﬁ_ DPOVV
5 3

of the circuit.

REF

Figure 22. Designed circuit schematic in PROTEUS.
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DESIGN OF PEC

Figure 23. Design of PCB Layout drawn up by the project group in ARES.

PCB Layout (front)

24

Figure
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Figure 25. PCB Layout (back).

6. Result and Comments:

Required design and build process on breadboard is completed. Demanded simulation

graphics are obtained.

After the interim process, appropriate snubber circuit design and PCB design is completed.
After the snubber circuit construction, it is observed that switching losses decreased.
Controller and power circuit is built to PCB. Whole circuit is tested with the load and overall

required parameters is explained in the project report..

7. Appendix
[1]. PWM Controller: SG3525A Datasheet
[2]. Gate Driver: TC427 Datasheet

[3]. Power MOSFET: IRF3205 Datasheet
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