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Abstract

This paper discusses the design of a flyback regulator implemented without a dedicated fly-
back controller integrated circuit (IC). Instead, all aspects of the voltage-mode controller are
implemented discretely using a series of timing ICs, logic gates, and comparators. Utilizing
a flyback transformer and an optoisolator, galvanic isolation is maintained in the design of a
12V-25V input, 5V/1A output, DC-DC flyback regulator with a constant switching frequency
of 100kHz and fixed duty cycle of 0.443. After performing calculations to determine per-
formance parameters, parts are selected to meet design specifications, schematic capture and
printed circuit board (PCB) layout are performed, the PCB is fabricated, and its performance
is evaluated. Metrics including load regulation, voltage ripple, line regulation, and efficiency
are examined. Across the full input range, the averaged output voltage remained within 1%
of the target 5V output. Voltage ripple was kept to within 5% of the output voltage across all

output currents.
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Chapter 1

Introduction

Voltage regulation is a fundamental requirement for most, if not all, electronics. There is
a countless number of voltage regulation schemes, but the flyback regulator offers distinct
advantages. This regulator scheme is already omnipresent in commercial electronics due to its
simplicity, low component count, and low cost. The increase in private space companies and
increasing demand for electric vehicles has made the flyback regulator surge in popularity. The

flyback regulator topology has a critical property for these applications — galvanic isolation.

The sections below describe the research goals, contributions, and organization of this

paper.

1.1 Research Goals

As a “principal” intern, soon to be a hardware engineer at a private launch vehicle company,
the author has seen the value and need for isolated supplies in spacecraft. Subsequently, a

further understanding of the flyback regulator was desired by the author.
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1.2 Contributions

The significant contributions to the project are listed below:

1. Using design equations, parameters of the desired flyback regulator are established.
2. Components are selected to meet the established design parameters.

3. Simulation is performed using the selected components to validate proper theoretical

operation of the flyback regulator.

4. Schematic Capture and PCB Layout are performed in Altium Designer for the designed

flyback regulator.

5. Performance of the designed flyback regulator is evaluated and results are presented.

1.3 Organization

The structure of the paper is as follows:

 Chapter 2: Provides an overview on voltage regulator topologies and the operating prin-

ciple of two popular regulation schemes.

 Chapter 3: Discusses the benefits and shortcomings of the flyback regulator along with

flyback regulator theory.

e Chapter 4: Presents the formulas used to determine necessary parameters in flyback

regulator design and applies the formulas for the desired flyback regulator.

* Chapter 5: Shows the components selected to meet the design specifications calculated
in Chapter 4 and how the components were connected to make a functional flyback

regulator. This chapter also shows simulated results.
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Chapter 6: Delves into the Printed Circuit Board (PCB) for the flyback regulator, dis-

cussing some best practices in PCB design.

Chapter 7: Describes the tests performed on the implemented regulator, and what metrics

were examined.

Chapter 8: Evaluates the performance of the implemented flyback regulator, with some

comparison to the simulated results.

Chapter 9: Concludes the study and discusses potential future work.



Chapter 2

Bibliographical Research

2.1 A Brief Overview of Voltage Regulation

In its most basic form, a voltage regulator takes in a voltage and generates a fixed output
voltage. Voltage regulators come in a variety of forms, but the two main groups are linear
regulators and switching regulators. As the name suggests, linear regulators operate in the
linear region and “dissipate the extra voltage as heat.” Linear regulators are only able to output
a voltage lower than their input voltage. Switching regulators, as the name suggests, have a
switching element in their control scheme. Switching regulators are considerably more effi-
cient than linear regulators, especially when there is a significant difference between the input
and output voltage. The increase in efficiency is derived from the switching element being
fully enhanced with small conduction losses, or completely off with no power dissipation and
ideally minimal losses in the transition. Switching regulators are also able to generate output

voltages higher or lower than the input voltage or of opposite polarity.
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2.2 Buck-Boost Regulator Operation

One of the most common switching regulator topologies is the buck-boost regulator as shown
in Figure 2.1. The buck-boost regulator has two states[14]. In the first state, the switch is
closed, the input voltage supply is connected to the inductor, and the inductor accumulates
energy. In this state, the diode is reverse-biased, does not conduct, and the capacitor provides
energy to the load. In the second state, the inductor is disconnected from the voltage supply
and the voltage across the inductor flips, thus charging the output capacitor and also supplying
energy to the load. The diode is forward-biased and allows current to flow through. To be

noted, the polarity of the output voltage is opposite the input voltage.

—

+

—_—

SWITCH

[Vin] ON l

-

SWITCH

E OFF

N
J

L,+”'

Figure 2.1: Buck-Boost Regulator States[1]

2.3 Flyback Regulator Operation

The flyback regulator shown in Figure 2.2 is remarkably similar to the buck-boost regulator, but
utilizes a flyback transformer (coupled inductor). The flyback regulator also has two states. In
the first state the switch is closed, the input voltage supply is connected to the primary winding
of the transformer, and the transformer accumulates energy with an increase in magnetic flux.
The capacitor provides energy to the load. Following the dot convention for transformers,
the secondary-side diode is reverse-biased as the voltage in the secondary winding is negative

and the diode does not conduct. In the second state, the transformer is disconnected from the
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=<

s Dt 3llsl deg

SWITCH SWITCHT l

+ﬂ
Y

Figure 2.2: Flyback Regulator States|[1]

voltage supply and the voltage across the secondary winding flips. The diode is forward-biased
and allows current to flow through, charging the output capacitor and also supplying energy
to the load. Similar to the buck-boost regulator, the polarity of the output voltage is opposite
of the input voltage. In most graphics, however, the dots are specifically oriented diagonally

from each other to keep the higher voltage on the “top” of the primary and secondary sides.



Chapter 3

Flyback Regulator Discussion

The generic flyback regulator block diagram is shown in Figure 3.1.

an >

Np

= Ci

|_
ar |
—e

Figure 3.1: Generic Flyback Regulator Block Diagram[2]

L]
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3.1 Benefits of Flyback Regulators

Flyback regulators have several distinct advantages over other voltage regulation topologies.
Specifically, flyback regulators have a low component count, offer primary-to-secondary gal-
vanic isolation, and can generate multiple output voltages with a single set of primary-side

circuitry.

3.1.1 Low Component Count

As seen in Figure 3.1, the flyback regulator has minimal components. In a typical application,
a flyback controller IC could contain all control circuitry and the switching element. Subse-

quently, a low component count leads to a decreased cost and a decreased PCB footprint.

3.1.2 Primary-to-Secondary Isolation

For a variety of reasons, primary-to-secondary galvanic isolation can be a necessity for an
electronic device. Per NASA, “Isolation means the net DC and AC extraneous or noise cur-
rent is substantially reduced (the best isolation is no noise current whatsoever) in the isolated
interface. If there is a DC signal ground connection between two assemblies and they each
also have a separate wire ground to chassis, their signal interfaces are not isolated from each

other”[3].

The first and most abundant application of the flyback regulator’s isolation is in the form
of AC/DC regulators in consumer electronics. The flyback regulator utilizes a rectified AC
mains voltage to create a DC voltage in items such as cell phone chargers. Since this circuitry
involves AC mains voltage and is used by the average consumer, the isolated nature of the

flyback prevents the user from having the possibility of directly touching any metal tied to
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mains voltage. Overall, this galvanic isolation increases consumer safety and is required by

many regulatory agencies for consumer electronics.

More relevant to the research goals of the author, the galvanic isolation provided by circuits
such as the flyback regulator is essential for proper grounding in spacecraft. NASA has exten-
sive information about grounding in spacecraft and has even tied mission failures to improper
grounding[3]. Figure 3.2 shows examples of proper isolation of grounds between two systems
(left) and improper isolation between two systems (right). As shown in the figure, improper
isolation can, and often does, form a ground loop. A ground loop is a condition where an
electrical system contains multiple paths for current between two locations. In the case of the
figure, signal return current can flow both in the return wire, as well as through the chassis
ground connection. In the case of spacecraft, the chassis ground of the vehicle is often the
structure (which is often metallic). Ground loops are problematic as they act as loop antennas

and can radiate and receive electromagnetic fields, receiving or propagating noise.

dc isolation
between circuit dc r‘eturn No isolation
commons wires between boxes KEY: dcisolated
/\ (transformer for example)

N i | signal or power interface
3§ KI/ \L ‘ circuit
77 /7& @ /j7
<f}—— Circuit common reference

T 777 777777777777 ;ﬂgﬁ jttaChed to chassis

Figure 3.2: DC Isolated Ground and Non-Isolated Ground|[3]

Figure 3.3 shows an “ideal” vehicle ground setup. This setup is called the Multiple, Single
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Reference Ground System. In this system, each subsystem is isolated and has one connection
to chassis which serves as the zero voltage reference. Since there is only one connection to
chassis, there is no deliberate path for current to flow in the structure. Since each system is
locally isolated, the physical size of the wire connecting the system to the chassis should be

short with minimal AC impedance.

Isolation between boxes.

b

77 | 77| 77

IS S

Figure 3.3: Multiple, Single Reference Ground[3]

While Figure 3.3 shows a desirable grounding arrangement, this setup is quite unrealistic
for most vehicles. Creating a system with no connections between subsystems is extremely
difficult (and borderline impossible) if power is not locally stored in each box. Figure 3.4
shows a far more practical grounding arrangement with “connections” between systems but
without ground loops. This setup is also a Multiple, Single Reference Ground System, but
makes use of isolated interfaces to create “‘connections” between boxes. From a power per-
spective, isolated power supplies, such as the flyback regulator, are used to deliver power from
a central power distribution system to subsequent boxes. In the case of the flyback regulator,
there is no galvanic connection between the primary and secondary side, so no ground loops

can occur. Rather, energy is transferred through magnetic fields in the flyback transformer.
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(3) Power (1) Power (4) Power
Sources Conditioning/ User (Load)
Distribution Interfaces
System

[ [

]

/717 /7,|7 (2) Fault /77
Solar array, R isolation 7777
RTG, etc. resistance. More users . . .
Conversion,
regulation, % Hg
distribution, I—’
etc.
1, 2, 3, & 4. Power Distribution Interface Grounding /7 l’-

7777

Figure 3.4: Isolated Power Supplies in a Multiple, Single Reference Ground[3]

Another aspect of spacecraft electronics solved with isolated interfaces such as the flyback
regulator is the buildup of charge across a vehicle. Due to plasma in the atmosphere, it is
possible for a voltage differential to occur across a vehicle. If this voltage differential were
to propagate to a galvanically connected signal between boxes, a large voltage and/or current
could appear on the wire, damaging electronics. In the case of an isolated interface, as long
as the dielectric strength of isolated interfaces such as the flyback transformer is large enough,

this current cannot flow between boxes and damage electronics.
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3.1.3 Multiple Output Voltages

The flyback regulator has a unique feature. It has the ability to generate multiple output volt-
ages with one set of primary-side circuitry[15]. As will be described in Section 3.3, the main
design parameter of a flyback transformer is the turns ratio between the primary and secondary
windings. When designing a multiple-output flyback regulator, the designer should begin with
the highest-power output and determine the primary-to-secondary turns ratio. The designer can

then use this initial turns ratio to determine the turns ratio for additional auxiliary windings.

3.2 Shortcomings of Flyback Regulators

While flyback regulators certainly have important advantages, they are not without flaw[16].
The first issue with flyback regulators is the high output ripple current and voltage. Since the
flyback regulator is a switching regulator, ripple is inherent in the topology. It is possible to
mitigate some of this ripple with additional filters, but adding filters takes time, increases cost,
and increases board area. A second, and arguably most critical, restriction is the limitation
on the power output of a flyback regulator. In the flyback regulator, the magnetic flux in the
transformer core never reverses polarity, making it more likely to saturate the transformer core.
Transformer saturation occurs when the magnetic flux density limit of the core is reached after
current is continuously drawn[17]. During transformer saturation, the inductance begins to
decrease, leaving only the trivially small winding resistance to limit the current through the
transformer. While likely not an issue for the transformer, this increase in current is also expe-
rienced by the switching element, and can be so extreme that the switching element dissipates
more power than it is rated for, destroying the component. The solution for avoiding this trans-
former saturation is to either limit the power output of the regulator or pick a large and bulky

transformer with a higher saturation current.
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3.3 Flyback Transformer Theory

While technically a misnomer, the flyback transformer is not a transformer, but rather a cou-
pled inductor. The term transformer refers to a magnetic device that instantaneously transfers
energy through its magnetic field. A flyback transformer is a coupled inductor with a gapped
core. As stated in Chapter 2, during each cycle, when the input voltage is applied to the primary
winding of a flyback transformer, energy is stored in the gap of the core. It is then transferred
to the secondary winding to provide energy to the load. The relevant formulas for the flyback
transformer do not differ from those of a regular transformer. The formulas for transformers
are shown in Equation 3.1. When designing a flyback regulator, the turns ratio has a direct im-
pact on the input-to-output voltage ratio. Additionally, the inductance of the primary winding

is relevant for determining the mode of the regulator as will be discussed in the next section.
N, V L,\*
_P__P_ <_p> (3.1)
N

3.4 Discontinuous Conduction Mode and Continuous Con-

duction Mode

Flyback converters have two basic energy-transfer modes of operation. These modes are Dis-
continuous Conduction Mode (DCM) where the secondary current falls to zero on each cycle
and Continuous Conduction Mode (CCM) where the secondary current is always greater than
zero. The advantages of DCM include lower primary inductance, often leading to a decreased
transformer size, higher efficiency due to lower reverse recovery loss on the diode, and softer
turn on of the switching element[18]. The disadvantages of DCM include higher primary

current ripple, increased EMI, low efficiency at low output currents, and increased output ca-
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pacitance.

3.5 Ideal Discontinuous Conduction Mode Waveforms

Figure 3.5 shows the critical waveforms of a standard DCM flyback regulator.

~
Duty
cycle D 1-D
a. ----------------- Ipk x Nps

| FET A\ ¢ | W Ipk

1D \

0 t1 t2 =13

....... Vin + Vout x Nps
VFET
O . LY M. S V\q
0 i
----- r- Vout + Vd

VvV Sw B

0 A\I I'\VA

A _______ ----Vin /Nps -
[ I e— Ipk x N
I CIN : 1 lubho gt
| COUT / :
0 : -
7 —

Figure 3.5: DCM Flyback Regulator Waveforms([4]



Chapter 4

Flyback Regulator Design

The implemented flyback regulator was specifically designed to accommodate the 750310471
Flyback Transformer from Wurth Elektronik as it was readily available and met the desired

input voltage, output voltage, and current requirements.

4.1 Flyback Regulator Design Equations

The following equations are taken from an EDN article written by John Betten [4] and other
sources that will be mentioned as required. Many of these formulas reference Figure 3.5.
Please note a number of iterations were performed to alter the calculation results to accommo-
date the selected flyback transformer. Additionally, multiple passes through the equations were
made as results from latter calculations were substituted into former calculations to produce
more concrete design parameters. The results presented here are a product of these iterations.
Before beginning with the design equations, the designer needs to establish some initial pa-
rameters. These parameters are defined in Table 4.1.

Beginning with the switching frequency and the maximum duty cycle, Equation 4.1 deter-
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’ Parameter \ Specification ‘
Output Voltage (Vour) 5V
Output Current (IOUT(M AX)) 1A
Output Power (POUT(M AX)) 5W
Minimum Input Voltage (Vinminy) 12V
Maximum Output Voltage (VinMaXx)) 25V
Switching Frequency (fgy) 100kHz
Sense Resistance (Rgns) 20m$2
Max Duty Cycle (Dymax) 0.480
Efficiency (1) 0.80
Diode Forward Voltage (Vp) 530mV
Transistor Drain-Source Resistance (Rpgon)) 210m¢?

Table 4.1: Design Specifications for Implemented Flyback Regulator

mines the length of t;, the time the switching element is enabled and current is flowing in the

primary side.

Dmax
t = 4.1
1 foy 4.1)
Dmax 0.480
(= _ — 4.800
L= . 100kHz us

At this point, some of the iterative results previously mentioned are presented. Equation
4.2 is used to estimate the peak current through the primary side of the flyback transformer.
In order to determine the peak current ( I,k), the maximum output power and minimum input
voltage are considered. In a constant-power scenario, these conditions would force the max-
imum current to be drawn. In order to determine Vpgon), the drain-to-source voltage of the
switching element and Vg(sns), the voltage across the current sense resistor, for the calculation
of Ik, Ik was already required. Initially, a value of 3.5A was chosen for Ik. After continued

calculations, the final Iy was determined to be 2.236A. The following equation will present
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the calculation with the final calculated Ik value of 2.236A.

L Poutvax) * (o)
Pk (Vinovin) — Vps(on) — VR(sns)) 1

(4.2)

; Pour(max) * (DMZ ) SW s (5755)
k = -
P (VIN(MIN) - VDS(ON) — VR(SNS)) * T’ (12V —_ 047OV - 0047V) * 080

=2.267A

Equation 4.3 is used to calculate the turns ratio of the flyback transformer required to generate
the desired output voltage based on the minimum input voltage. When the input voltage is at
its minimum, the switching element will need to be enabled for as long as the max duty cycle
allows, so as to provide the needed energy to the secondary side. This equation follows the
volt-second balance principle[19] as it equates areas A and B labeled in Figure 3.5. In this
equation, the parameter x is a minimum idle time for t3 shown in Figure 3.5. The value of
0.2 for x was used as per suggestion from the article. As desired and expected, the turns ratio

calculation for the flyback regulator yielded a result of approximately 3.

Ny (Vinvny) — Vps(on)) ¥ i “43)
Ny (g% (1—=x)—t)*(Vour + Vp)

Np (Vv — Vbsony) *ti (12V — 0.470V) x4.800us

Ns (g2 #(1=x)—t1)*(Vour+Vp)  (fgoug * (1 —0-2) —4.800us)  (5V +0.530V)

As previously stated, the flyback transformer being utilized has a turns ratio of 3, so this
value is used for all following calculations. Next, the maximum drain-to-source voltage of
the switching element can be determined using Equation 4.4. When the switching element

is turned off, the voltage across the secondary side of the transformer is reflected back onto

=3.127



4.1 Flyback Regulator Design Equations 18

the primary side (and multiplied by the turns ratio), and is added to the input supply voltage.
The maximum drain-to-source voltage is achieved when the input voltage is at its highest and
is used to determine the required drain-to-source breakdown voltage rating for the switching

element.

N
Vpsmax) = Vinmax) + (Vour + Vp) * ﬁp (4.4)
S

N
Vpsmax) = Vinmax) + (Vour + Vp) * ﬁp =25V + (5V+530mV) %3 = 41.590V

S

Continuing with parameters for rating components, Equation 4.5 determines the maximum
reverse voltage applied to the output diode. This calculation is very similar to the previous
calculation, but in the opposite direction. When the switching element is enabled, the input
voltage is reflected back onto the secondary side (and divided by the turns ratio), and is added
to the output voltage. The reverse breakdown voltage of the diode must be greater than the

result of this calculation.

Vinmax
Vprvimax) = Vour + —1(\1p ) (4.5)
Ny

Vinmax 25V
Vervmax) = Vour + % = 5V+ - = 13333V
N

Notice, these calculations do not accommodate for transformer leakage inductance. Leakage
inductance is a result of imperfect coupling between the primary and secondary windings of
the flyback transformer. During switching transients, this leakage energy cannot be transferred

to the secondary and must be absorbed. Without a clamp circuit, the only path the leakage-
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inductance current can circulate is by charging the parasitic drain-to-source capacitance of
the switching element[20]. This additional voltage potentially can exceed the ratings of the
drain-to-source voltage rating and destroy the component.

In order to avoid this potential damage to the switching element, a Resistor, Capacitor,
Diode (RCD) Snubber is implemented. Using the following equations, the values required for
these components are determined[21]. Equation 4.6 dictates the snubber voltage which is the
output voltage plus the acceptable overshoot caused by the aforementioned leakage inductance.

Ksnus i1s the permitted overshoot factor, and a 50% overshoot is permitted.

N
Vsnus = Ksnup * ﬁp * (Vour + Vb) (4.6)

S

N
Vsnug = Ksnus * ﬁp % (Vour+ Vp) = 1.5%3 % (5V 40.530V) = 24.885V

S
Equation 4.7 determines the snubber resistance. The peak current used for this formula is from

the initial calculations where 3.5A was used.

(Vsnus)®
R = 4.7
P 5 *Lieak * (Ipk) 2 ity * fw @
Vsnus— e *(Vour+Vp)
B (24.885V)? B
RNUB = S OnH = (3.5A) 5 24885V C00kHz
2 ~ 24885V 3+(5V10.530V)

Equation 4.8 determines the snubber capacitance. The AVgnup parameter is the snubber
capacitor voltage ripple and is set to 10%.

24.885V

CsnuB = 4.8
SNUB ™ AVgnup * 24.885V % 783Q * 100kHz (4.8)
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Voo _ VSNUB B 24.885V 127 5ouF
SNUB = AVnUB * VSNUB * RsnUp * few  0.10%24.885V +783Q « 100kHz

Equation 4.9 is used to calculate the required time for the switching element to be enabled.
As expected, this resulting 4.642us is very close to the original design-specified 4.800us.
N,
(VOUT —I—VD) * N_S * (% * (1 —X))

ti(MAX) = (4.9)
Vineviny + (Vour + Vp) * II:II—S

(Vour+ V) # & # (- + (1 —x)) _ (5V4530mV) # 3 (g * (1 - 0.2))

— 4.642
12V + (5V + 530mV) + 3 e

tiMax) =
Vinoviny + (Vour + VD)*E{

Equation 4.10 is used to calculate the maximum inductance of the primary winding to remain
in DCM[22]. Exceeding the inductance will push the regulator towards CCM mode. The
chosen flyback regulator has a primary inductance of 25uH and the result of Equation 4.10

confirms the regulator will remain in DCM.

Vineminy * Dmax

LpriMaX) = (4.10)

lout(max) * fsw

Vinv) *Dvax 12V%0.48

L _ = 25.760uH
PRI(MAX) IoUT(MAX) * fow T 2.236A%100kHz !

Equation 4.11 is used to calculate the maximum duty cycle of the flyback regulator. Since small
alterations have been made throughout the process of choosing parameters, the maximum duty
cycle has slightly changed compared to the original stipulated 0.4800. The maximum duty

cycle of 0.466 agrees with the maximum length of t; (4.642us) as the switching frequency is
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100kHz with a resulting period of 10us.

2% fwxV *1 *L
Dyax — sw* VoUT OU’;(MAX) PRI @10
(VN )* 1
2xfgw * V x1] * L
Dyay - \/ sw* Vour * lout(max) *Leri _ \/ 2+100kHz x5V 1A*25uH _

(Vineviny )2 % 1 (12V)2 0.8

Equation 4.12 is used to calculate the final peak primary inductor current. Using this current

and Equation 4.13, the power dissipation of the switching element can be determined.

2« Vour * lout(max)
1 = 4.12
PK(MAX) \/ Lort* fow %1 (4.12)

2% Vour *lout(max) \/ 2x5Vx1A
I _ _ =2.236A
PK(MAX) \/ LpRrr * fow % 7 25uH % 100kHz % 0.8

Prericonp) = (TpkMax))” *Rps(on) (4.13)

PFET(COND) = (IPK(MAX))2 * RDS(ON): (2236A)2 *210mQ = 1.050W

Equation 4.14 is used to determine the power dissipation of the output diode. Using the tradi-
tional power dissipation formula for the diode of the forward voltage multiplied by the current

allows the designer to determine an adequate power rating for the diode.

Ppiope = Vpiopk * lout (4.14)
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PDIODE = VDIODE * IOUT = 0530V *x 1A = 5301’1’1W

Finally, Equation 4.15 shows the equation to calculate the voltage ripple on the output of the

flyback regulator given a specified output capacitance[23].

I\

I N, *Vour
VRIPPLE = ouT - +ESR xIpyT* | 1+ MV— (4.15)
N—p *VIN IN
fsw*Cour* | 1+ SVOUT
1A 37145V
100mV = +50mQ « 1A * (14—%) = 80.3571uF

100kHz % Coyr * (1 i 3715#)

4.2 Control Scheme

The control scheme for the flyback regulator is implemented using voltage feedback from the
secondary side, an oscillator, and logic gates. A fixed-frequency and fixed-duty cycle oscillator
is used for simplicity. In order to control the flyback regulator, two AND gates are used. The
first AND gate has two inputs—the oscillator output and the output of the second AND gate.
The output of the first AND gate is tied to the switching element. The second AND gate has
four inputs. The first three inputs are for faults that will be described in the next chapter. The
fourth input is the output of a feedback optoisolator. The operation of the optoisolator will be
described in the next chapter. When there are no faults and the regulator’s output voltage is

too low, the output of the second AND gate is high. Subsequently, the output of the first AND
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gate will effectively pass the oscillator output to the switching element. When there is a fault
or the output voltage of the regulator is too high, the output of the second AND gate will go
low and prevent the oscillator output from getting to the gate driver. The diagram for this logic

is shown in Figure 4.1.

Oscillator Output

Fault 1 To Switching

Element

Fault 2
Feedback —

Fault 3

Figure 4.1: AND Gate Logic Diagram



Chapter 5

Flyback Regulator Implementation

5.1 Component Selection

The following components detail the transition from design equations to a physical realiza-
tion of a discrete flyback regulator. Appendix A shows the overall schematic for the flyback

regulator, as built in LTSPICE for simulation.

5.1.1 Primary-Side Regulator

Prior to discussion of the components relevant to the flyback regulator calculations in Chap-
ter 4, one particularly important component in the realization of the flyback regulator is the
primary-side voltage regulator that powers the logic ICs and other components on the primary
side. For this purpose, the LT3088 Linear Regulator was chosen[5]. The block diagram for the
LT3088 is shown in Figure 5.1. As discussed in Chapter 2, the LT3088 falls under the category

of a linear regulator.
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50A

SET out

Figure 5.1: LT3088 Block Diagram[5]

Like most linear regulators, The LT3088 drives a transistor dependent on feedback from
the output voltage. When the output is higher than the non-inverting input of the amplifier, the
transistor is driven less, decreasing the output current and subsequently the output voltage, and
vice versa. The LT3088 is an adjustable regulator, as a resistor tied to the SET pin allows the
designer to select what voltage appears on the non-inverting input as a voltage reference. Since
the SET pin is tied to a constant-current source, the reference voltage can be determined with
Ohm’s Law, which subsequently determines the output voltage. The selected output voltage
of the LT3088 is 5V to accommodate the components that will follow in the next section. To

achieve this output voltage, a SET resistor of 100k¢2 is chosen.

While linear regulators generally have excellent output regulation and low output noise,
their disadvantage comes with considerable power dissipation. The equation for linear regula-
tor power dissipation is shown in Equation 5.1.

Power Dissipation(W) = (Vin — Vour) * lour (5.1)

Clearly, the higher the differential between the input and output voltage, the higher the power
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dissipation. Since the implemented flyback regulator is designed for input voltages up to 25V
and the desired output voltage is 5V, only a small amount of current will generate a large
amount of dissipated power. To determine the maximum amount of power the regulator can
handle, Equation 5.2 can be used. The data sheet provides a Junction-to-Ambient Tempera-
ture Coefficient (0y4 ), which determines the junction temperature increase per watt dissipated.
This temperature increase, along with the ambient temperature cannot exceed the maximum

junction temperature of the IC, which is also stated in the data sheet.

Junction Temperature(C) = T ampient * (Power Dissipation * 0y, ) (5.2)

With the data sheet specifying maximum junction temperature of 150C, a maximum input
voltage of 25V, and an output voltage of 5V, the maximum output of the regulator is 250mA.
The expected current draw of the implemented regulator is far below this amount, but peaks of
current from the gate driver to turn the switching transistor on and off can exceed this value.
In order to decrease the power dissipation of the LT3088, a series resistor footprint is added to
the PCB if ultimately it is determined to be required. As shown in Figure 5.2 from the LT3088
data sheet, a series resistor can be put between the supply voltage of the flyback regulator and

the input of the LT3088 to dissipate some of the power.
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Figure 5.2: Decreasing the dissipated power of the LT3088 with a series resistor[5]
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5.1.2 Flyback Transformer
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As stated in Chapter 4, the implemented flyback regulator was catered to the 750310471 Fly-

back Transformer for its small size and availability. Figure 5.3 shows the specifications of this

flyback transformer and Figure 5.4 shows its pinout.

ELECTRICAL SPECIFICATIONS @ 25°C unless otherwise noted:

PARAMETER TEST CONDITIONS VALUE
D.C. RESISTANCE 2-1 @20°C 088 max.
D.C. RESISTANCE 3-4 @20°C 057 max.
D.C. RESISTANCE 5-7| tie(5+6, 7+8), 820°C 011 max.
INDUCTANCE 3-4|  10kHz, 100mVAC, Ls 25.00uH +10%
SATURATION CURRENT 20% rolloff from initial 2.6A
LEAKAGE INDUCTANCE 3-4 lgfﬁzzlgggﬂg 8. 430nH max.
DIELECTRIC 1-8 la.';‘;‘}fa 3, 548, 1500VAC, 1 minute
TURNS RATIO (3-4)(-1) 31, 1%
TURNS RATIO (3-4):(5+6-7+8) 31, 1%

Figure 5.3:

Flyback Transformer Specifications[6]
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O——
PRI
9-30V
0 ° 5+6
ouT
5V, 2A
&
AUX 7+8
5V, 20mA

Figure 5.4: Flyback Transformer Pinout[6]

5.1.3 Oscillator

To provide the switching signal for the flyback regulator, the LTC6992 is used[7]. The LTC6992
is a silicon oscillator with voltage-controlled Pulse-Width Modulation (PWM). The oscillator’s

block diagram is shown in Figure 5.5.

V*JS:I
|.|_|

R1 iy POL
L/ +BiTaD — oA
CONVERTER—]  FILTER
A2 0UTPUT
J:‘ POLARITY
MASTER USC‘LWOI:ET LA A PULSE WIDTH MODULATOR
fosg = 1MHz » 50K = ASEL | MOLK PROGRAMMABLE DIVIDER e
Vser *1 1.4, 16, 64, 256, 1024, 4096, 16384 [ | DuTY CyCLE - YMODILIM) — 01°VseT o
T 0.8+Vser ouT
DISABLE OUTPUT| JL”'”J ~four
UNTIL SETTLED
p-ton
tour

VimonLimy
E lpor| | vourae Limiter

VRer
Vger=1V 9 v
Vmoo
1
2 1
LT
GND MoD e

Figure 5.5: LTC6992 Block Diagram[7]
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As stated in Chapter 4, a switching frequency of 100kHz was chosen. Equation 5.3 was
used to determine the output frequency of the oscillator[7]. The NDIV parameter is used for
coarse frequency selection, and RSET is used for fine-tuning of the output frequency.

IMHz * 50k

f Hz) = ——— .
out(Hz) Nor Reer (5.3)

In order to set NDIV, a resistive voltage divider shown in Figure 5.6 is used.

225V T0 5.5V
v+
LTC6992 R1
DIV
R2
GND

Figure 5.6: LTC6992 NDIV Voltage Divider[7]

Using the figure provided by the LTC6992 data sheet, values for R1 and R2 from Figure
5.14 were chosen. For R1, 976k() was chosen, and for R2, 102k(2 was chosen. This yields
an NDIV of 4, polarity of 1, and a recommended output frequency between 15.63kHz and

250kHz.
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DIVCODE POL Now RECOMMENDED foyy R1 (ke2) A2 (k) Vp/V*
0 0 1 62.5kHz 1o TMHz Dpen Short <0.03125 +0.015
1 0 4 15.63kHz to 250kHz 976 102 0.09375 +0.015
2 0 16 3.006kHz to 62.5kHz 976 182 0.15625 +0.015
3 0 B4 976.6Hz to 15.63kHz 1000 280 0.21875 +0.015
4 0 256 244.1Hz to 3.906kHz 1000 392 0.28125 +0.015
5 0 1024 61.04Hz 10 976.6Hz 1000 523 0.34375 £0.015
6 0 4096 15.26Hz 1o 244.1Hz 1000 681 0.40625 0.015
7 0 16384 3.815Hz 1o 61.04Hz 1000 887 0.46875 +0.015
§ 1 16384 3.815Hz 10 61.04Hz 887 1000 0.53125 +0.015
9 1 4096 15.26Hz 10 244.1Hz 681 1000 0.59375 +0.015
10 1 1024 61.04Hz 1o 976.6Hz 523 1000 0.65625 +0.015
11 1 256 244.1Hz to 3.906kHz 302 1000 0.71875 +0.015
12 1 64 976.6Hz to 15.63kHz 280 1000 0.78125 +0.015
13 1 16 3.906kHz o 62.5kHz 182 976 0.84375 £0.015
14 1 4 15.63kHz to 250kHz 102 476 0.90625 +0.015
15 1 1 62 5kHz 10 1MHz Short Open =0.96875 £0.015

Figure 5.7: LTC6992 DIVCODE Programming|7]

Continuing with Equation 5.3, the final step was to select a value for RSET. Using the
desired output frequency of 100kHz and selected NDIV value of 4, RSET was determined to be

125kS2. A resistor value of 127k() was selected, giving a final output frequency of 98.425kHz.

1MHz x 50k _ 1MHz x 50k

_ — 98.425kH
Nprv *Rsgr 4+ 127kQ g

fOUT (HZ) =

The LTC6992 also gives the designer the ability to vary the duty cycle of the output. The
duty cycle is controlled by the voltage presented on the MOD pin. The MOD input voltage
can range between OV and 1V, with the voltage directly representing the duty cycle. Using a
resistive voltage divider of 110k2 and 11k{2 resistors, along with the supply voltage of 5V, the

voltage on the MOD pin is 455mV, generating a duty cycle of 0.443.

5.1.4 Primary-Side Switch

The switching element for the flyback regulator is a transistor, specifically the IRFR120N

MOSFET([24]. This transistor has a maximum drain-to-source voltage of 100V, meaning it can
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withstand the switching transients of the flyback transformer. In order to drive this MOSFET,
the LTC1693 Gate Driver is used[25]. The LTC1693 is capable of outputting up to 1.5A of

current, quickly charging and discharging the transistor, reducing switching losses.

5.1.5 Feedback Circuitry

The LT1431 is Linear Technology’s slightly enhanced version of the ubiquitous TL431, with
one of its target applications as an optoisolator driver as shown in the first page of the data
sheet[8]. This IC is an adjustable shunt voltage regulator with a variety of uses. As shown by
the block diagram in Figure 5.8, the IC consists of an op amp, transistor, diode, and voltage

reference.

COMP COLLECTOR

S SN L =

X
=
[ww)
‘l:j
A 4

GND-SENSE GND-FORCE

Figure 5.8: LT1431 Block Diagram(8]

Following the block diagram, the op amp inputs are a tied to a 2V5 internal reference and
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an externally supplied input (REF). In this configuration, the output of the op amp is high when
the REF pin exceeds the 2V5 reference. This op amp output enables the transistors. For the
purpose of the implemented flyback regulator, the LT1431 is being used as a comparator. When
the output voltage exceeds 5V, the switching element should be disabled. To facilitate this
operation, the LT1431 is used in conjunction with an optoisolator. The selected optoisolator is

the VOM617A-3T. The optoisolator’s block diagram is shown in Figure 5.9[9].

\/ Sa

Figure 5.9: VOM617A-3T Optoisolator Block Diagram[9]

First, the non-inverting input of the LT1431 needs to be at or above 2V5 when the output of
the regulator is at SV. The LT1431 conveniently (and likely purposefully) includes an internal
voltage divider with a division of 2. With this division, if the output of the regulator is tied
to RTOP, the RMID voltage will be 2V5 when the output is 5V (the desired condition). This
RMID voltage can be applied to REF, enabling the transistor as an open collector. The open
collector nature of the IC allows for integration of the optoisolator. The anode of the optoiso-

lator’s diode can be connected to the output of the regulator to supply power, and the cathode
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can be connected to the COLLECTOR pin of the LT1431. There is a resistor in between the
optoisolator cathode and COLLECTOR pin of the LT1431 to limit the current through the
optoisolator diode. It can now be seen the optoisolator is enabled by the open collector of
the LT1431 when the output voltage exceeds S5V. Since this feedback is sent through the op-
toisolator, it can be utilized on the primary side without breaking the isolation barrier between
the primary and secondary sides of the flyback transformer. As a quick aside, the LT1431 is
supplied power by the output of the regulator as well. The final result of the implemented
circuit is as follows: the optoisolator output is low when the output voltage is below 5V, and
the optoisolator output is high when the output voltage is above 5V. This feedback is used the

previously mentioned control scheme.

5.1.6 Output Diode

As per the calculations in Chapter 4, the max reverse voltage across the diode is not expected
to exceed 13.333V. The PMEGG6045ETP diode is chosen as it has a reverse voltage of 60V and
an average forward current of 4.5A. Both device specifications are more than adequate for the

intended application.

5.1.7 Output Capacitance

In order to achieve the high capacitance necessary to keep the voltage ripple of the flyback
regulator low, tantalum capacitors were chosen. Tantalum capacitors consist of a tantalum
anode covered by a layer of oxide acting as the dielectric surrounded by a conductive cathode
[26]. The use of tantalum metal allows for a very thin conductive cathode, resulting in a large

capacitance per volume.
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5.1.8 RCD Snubber

The RCD Snubber values chosen were taken from the calculations in Chapter 4. The calcu-
lations state a resistance value of 783(2, so a 750¢) was chosen, and a capacitance value of
127.59nF, so a 150nF capacitor value was chosen. To reduce line items in the Bill of Materials

(BOM), the snubber diode is the same as the output diode.

5.1.9 Fault Circuitry

Many ICs, for their own safety, as well as the safety of downstream or upstream systems,
include faults. Common faults for voltage regulators include input overvoltage, undervoltage,
and overcurrent. In the flyback regulator, these three faults are implemented as non-latching
faults. These three faults are implemented using comparators, with the overcurrent having
some added complexity. All three faults utilize the LT1716, a rail-to-rail comparator, as shown
in Figure 5.10[10]. In order to create a reference for the comparator, a resistive divider of the
5V supply consisting of two 11k resistors is used to generate an output voltage of 2.5V. While
significantly more reliable voltage reference ICs are available, the faults for the implemented

regulator are not particularly stringent and the resistor reference is adequate.
ouT 1 5 V*
CERL
+IN 3 4 -IN

Figure 5.10: LT1716 Diagram[10]

The overvoltage and undervoltage faults are simple, consisting of a voltage divider tied to
the inputs of the comparator. For the overvoltage fault, a 100k(2 and 11k{? resistive divider is

used to divide the regulator’s input voltage to 2.5V when the input is 25.23V (25V desired).
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The resistive divider output is tied to the inverting input of the comparator and the reference
is tied to the non-inverting input. For the undervoltage fault, a 100k(2 and 27k(2 resistive
divider is used to divide the regulator’s input voltage to 2.5V when the input is 11.76V (12V
desired). The resistive divider output is tied to the non-inverting input of the comparator, and
the reference is tied to the inverting input. These faults are active low, with the output of the

comparators having a pull-up resistor.

As stated previously, the overcurrent fault has some additional complexity. The overcurrent
fault senses the current through the primary side of the flyback transformer, and subsequently
through the primary-side switch. Using the LT6105 as shown in Figure 5.11, a current shunt

topology was chosen for the current sense[11].

VsEnsE
Vg- RSENSE Ve
TO LOAD = SOURCE

Rint Rinz

+IN

L = LT6105

V+

I

@ 03 A A2

»

Qi
Vout
s ]

Rout

Figure 5.11: LT6105 Diagram[11]
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The LT6105 is a current sense amplifier with the output voltage representing the current
flowing through the sense resistor. Equations 5.4 and 5.5 determine the output voltage of the

amplifier.

Vsense(V) = ISEnSE * RSENSE (5.4)

Rour
Rin

Vout(V) = VSENSE * (5.5)

Using the aforementioned equations, resistor values were chosen to have an overcurrent
fault condition at 2.5A. As shown in Chapter 4, the expected peak current through the inductor
i1s 2.236A, so a 2.5A current would indicate a fault. As can be seen in the following usage
of the equations, a 20m¢? sense resistor, 4.99k() resistor for Royr, and 100f2 resistor for Ryn
yields an output voltage of 2.5V at 2.5A. As with the overvoltage fault, the 2.5V reference is
tied to the inverting input of an LT1716, and the output of the current sense amplifier is tied to

the non-inverting input of the LT1716.

VSENSE(V) =2.5A%20mQ = 50mV

4.99kQ

VOUT(V) = 50mV x 1000

=2.495V

While overcurrent is a valid fault, on startup or during transients, higher-than-nominal peak
currents can appear through the primary-side switch. In order to prevent an instantaneous fault
event, an LTC6994 Delay Block is added to the output of the overcurrent comparator[12].
In the implemented configuration, this IC requires the comparator’s output to be low for a
set amount of time before the overcurrent condition is passed to the control circuitry of the

regulator. Figure 5.12 shows the block diagram of the LTC6994.
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R oy 1 POL
¢ BT A0 = DiGITAL
CONVERTER—]  FILTER
R2 OUTPUT
J:‘ POLARITY
MASTER USC‘L“‘TU‘R PULSE WIDTH MODULATOR
fogo = 1MHz + 50ka » —EL. [ MCLK PROGRAMMABLE DIVIDER o
Vser > | :1,4,16, 64, 256, 1024, 4096, 16384 [~ | DUTY GYoLE = MODWIM) — 0.1*Vser o,
T 8eVser out
DISABLE OUTPUT] JUL' ~tour

UNTIL SETTLED
_ o

Vmoo(Livy P four
lpor| [ vouraceLimimer

Ol
Voo
1 1
3 2 1
—
| SET GND MOD fr
Sﬂl

Figure 5.12: LTC6994 Block Diagram[12]

The delay for overcurrent is intended to be in the microsecond timescale, but the exact value
was selected based on BOM consolidation, using resistor values from other, more critical,
systems. Equation 5.6 is used to determine the delay of the module[12]. The NDIV is used to

for coarse time selection, and RSET is used for fine-tuning of the time delay.

Nprv * Rsgr

S0KO x lus (5.6)

{Delay (us> =

In order to set NDIV, a resistive voltage divider shown in Figure 5.13 is used, identical to

the LTC6992 oscillator.
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Figure 5.13: LTC6994 NDIV Voltage Divider[12]

vt
LTC6994

DIV

GND

2.25V 10 5.5V

R1

R2

Using the figure provided by the LTC6994 data sheet, values for R1 and R2 from Figure

5.14 were chosen. For R1, 976k(2 was chosen, and for R2, 102k2 was chosen. This yields an

NDIV of 8, polarity of 0, and a recommended time delay between 8us and 128us.

DIVCODE POL Npiy Recommended tpg) ay R1 (k) R2 (k) Vp/V*
0 0 1 1ys to 16ps Open Short <0.03125 +0.015
1 0 8 8us to 128ps 976 102 0.09375 +0.015
2 0 64 64ps to 1.024ms 976 182 0.15625 +0.015
3 0 512 512ps t0 8.192ms 1000 280 0.21875 +0.015
4 0 4,096 4.096ms to 65.54ms 1000 392 0.28125 +0.015
5 0 32,768 32.77ms to 524.3ms 1000 523 0.34375 +0.015
6 0 262,144 262.1ms to 4.194sec 1000 681 0.40625 +0.015
7 0 2,097,152 2.097sec to 33.55sec 1000 887 0.46875 +0.015
8 1 2,097,152 2.097sec to 33.55sec 887 1000 0.53125 +0.015
9 1 262,144 262.1ms to 4.194sec 681 1000 0.59375 +0.015
10 1 32,768 32.77ms to 524.3ms 523 1000 0.65625 +0.015
1" 1 4,096 4.096ms to 65.54ms 392 1000 0.71875 +0.015
12 1 512 512ps to 8.192ms 280 1000 0.78125 +0.015
13 1 64 64ps to 1.024ms 182 976 0.84375 +0.015
14 1 8 8ys to 128ps 102 976 0.90625 +0.015
15 1 1 1ps to 16ps Short Open >0.96875 £0.015

Figure 5.14: LTC6994 DIVCODE Programming[12]

Continuing with Equation 5.6, the final step was to select a value for RSET. A resistor

value of 100k(2 was selected as this value is used throughout the regulator, giving a final time

delay of 16us.
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NDIV * RSET 1 . 8 *x 100kQ

= T i lus=1
S0KQ * lus S0kO * lus 6us

tDelay (us) =

5.1.10 Logic Gates
5.1.10.1 Inverter

As stated previously, the optoisolator output of the feedback circuitry is low when the output
voltage is below 5V and high when the output voltage is above 5V. The desired behavior for
this feedback is inverted as per the AND gates in the next section, so an inverter is placed on

the optoisolator’s output. An SN74AHCT1G14 inverter from Texas Instruments is used[27].

5.1.10.2 AND Gates

As described in 4.2, there are two AND gates in the control circuitry of the flyback regulator.
The SN74HCS21 is used to implement these two AND gates. Since the first AND gate only

has two meaningful inputs, the remaining two inputs are tied high to remove their influence.

One of Two Channels

xA o

xB >

xY

0

{\

xC D

xDEr

—
»
D—

aH

Figure 5.15: SN74HCS21 AND Gate Block Diagram[13]
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5.1.11 Remaining Components

Additional miscellaneous components are added to the PCB to improve performance and in-
crease ease of testing. An LED in series with a current limiting resistor is added to the primary-
side linear regulator as an indication of power enabled. Also, a 442() resistor and a 10(2 resistor
are added to the PCB to act as loads. The 442() resistor acts as a minimum load. The 10f2 re-
sistor is separated from the output with a jumper, but serves as a nominal load when connected.
Decoupling capacitors are present near all ICs which will be discussed in Chapter 6. Finally, a
capacitor is added between the primary and secondary RTNs. This is known as a Y-capacitor.
This provides a low impedance return path between the primary and secondary sides to reduce
common mode noise and subsequently EMI. Since the “connection” between the two RTNs is

across a capacitor, galvanic isolation is maintained.

5.2 Simulation

LTSPICE was used for simulation of the flyback regulator. The LTSPICE schematic can be
found in Appendix A. Figure 5.16 shows the functioning control scheme in simulation. As
expected, the optoisolator output is low when the output voltage is below the set point and
high when the output voltage is above the set point. The clock output is only propagated to the
gate driver when the output voltage is too low.

Figure 5.17 shows the oscillator output not being propagated to the gate driver when the
fault is active during an input undervoltage condition.

Figure 5.18 shows the oscillator output not being propagated to the gate driver when the

fault is active during an input overvoltage condition.



5.2 Simulation

41

V{vout)

V(clk-out-a)

V(opto-out)

2.0V
1.5V

T 1 1 1 T T 1 1 1 T 1 1
230ms  2.32ms  2.34ms 2.36ms 2.38ms 240ms 242ms 244ms 246ms 248ms  2.50ms  2.52ms  2.54ms

Figure 5.16: SPICE Simulation of Flyback Regulator Feedback
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Figure 5.17: Undervoltage Fault Simulation
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Figure 5.18: Overvoltage Fault Simulation



Chapter 6

PCB Design

The author’s driving philosophy for PCB Design is as follows: “PCBs will likely work in
SPITE of what you do, but should work BECAUSE of what you do.” Subsequently, funda-
mental PCB design concepts were exercised. Figure 6.1 shows the final PCB layout, without
copper polygons poured. The PCB is 3.75” x 1.75” and has 94 components. Test points are

abundant for ease of troubleshooting and measuring various signals.
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ENGINEER: JOSEPH EUEN
PCB DESIGNER: JOSEPH EUEN

Figure 6.1: PCB Layout
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Figure 6.2: PCB Stackup

6.1 Layer Stackup

First, the selection of stackup was chosen for proper signal integrity. The layer stackup consists
of four layers, ordered as shown in Figure 6.2. It can be difficult to maintain good PCB design
practices with a two-layer PCB, especially with dense placement, as under every trace should
be a solid, uninterrupted return path. The benefit of using a four-layer PCB layer generally
outweighs the additional cost, especially with a PCB of this size.

Layers 1/2, and 3/4 are spaced closely together with only prepreg separating them. Layers
2 and 3 are far apart, separated by core. Subsequently, Layer 2 is used as a reference and return
for signal and power routing on Layer 1. The same is done for Layers 3 and 4, where Layer 3
is a reference and return for signal and power on Layer 4. Layers 2 and 4 are poured polygons
dedicated to the return (RTN) nets for the primary side and secondary side. Additionally, Layer
1 on the primary side is poured with the 5V generated by the LT3088. The combination of the
L1 power pour and L2 return pour create a capacitor that contributes to decoupling. The low

inductance of the power plane also reduces the impact of transients, decreasing EMI[28].
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6.2 Decoupling Capacitors

Aside from the small decoupling capacitance generated by the aforementioned planes, discrete
capacitors are added for decoupling. Also known as bypass capacitors, decoupling capacitors
mitigate high-frequency noise in power supply signals by acting as a local source of energy
during transient events. These capacitors are placed near all ICs on the PCB. With strategic
placement of decoupling capacitors at the power pins of ICs, energy can be provided to ICs

quickly enough to allow the fast output transitions to occur.

6.3 Layout Directives

6.3.1 Switching Components and Current Paths

Due to the switching nature of the flyback regulator, electromagnetic interference (EMI) is
particularly relevant. In order to minimize parasitic inductance that could lead to voltage spikes

and EMI, the supply voltage trace was kept wide and short.

6.3.2 Isolation

As the flyback regulator offers isolation in its topology, adequate spacing between the primary

and secondary returns was necessary.

6.4 PCB Renderings

Figures 6.3 and 6.4 show 3D renders of the final PCB.
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Figure 6.3: Top-side 3D PCB Rendering

Footballs and stones may break my bones, ENGINEER: JUSEPH‘EUEP:]
but PCBs will never hurt me PCB DESIGNER: JOSEPH EVEN

Figure 6.4: Bottom-side 3D PCB Rendering



Chapter 7

Test Procedures

7.1 PCB Bringup

Before performance metrics are determined for the regulator, basic functionality is tested. The
first check is to look for shorts between power rails. Using a multimeter in continuity mode,
checks are performed to confirm the input voltage, linear regulator output, and RTN are not
shorted together. On the secondary side, a continuity check is performed to confirm the output
voltage is not shorted to RTN. Once continuity checks are performed, components can be
soldered to the PCB.

The first components soldered to the PCB are the voltage regulator and its supporting
components. Prior to soldering any other components, the output voltage of the regulator is
confirmed with a voltmeter. From this point, the remaining components are soldered. Each
time an IC and its supporting circuitry are soldered, the output voltage is validated to check for
an improper connection from the soldering or the design itself.

Once all components are soldered to the PCB, performance of critical components is evalu-

ated. The oscillator output frequency is measured using an oscilloscope, faults are checked by
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varying the input voltage, and functionality of the optoisolator in the control loop is validated

using an oscilloscope.

7.2 Performance Evaluation

Typical metrics of regulator performance include Load Regulation, Output Ripple, Line Reg-

ulation, and Efficiency. These four metrics are evaluated for the flyback regulator.

7.2.1 Load Regulation & Output Ripple

Load regulation is the ability of the regulator to maintain its designed output voltage with
changes in the load. To test Load Regulation, a variety of different resistive loads are used to
draw varying amounts of current and the output voltage is measured at each output current.

Voltage Ripple is the AC voltage superimposed on the nominal DC supply voltage. As
previously stated in the Output Capacitance section, Voltage Ripple is nearly unavoidable due
to the switching nature of the flyback regulator. To test Voltage Ripple, an oscilloscope is used
to measure the peak-to-peak output voltage at varying loads.

The evaluation of Load Regulation and Output Ripple are performed at the same time as

they are measured against the same variable — output current.

7.2.2 Line Regulation

Line regulation is the ability for the regulator to maintain its designed output voltage with
changes in the input voltage. To test Line Regulation, a 10{2 resistor is used to draw 500mA

of current as a load and the input voltage is changed.
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7.2.3 Efficiency

Efficiency is the ratio of the output power compared to the input power, generally expressed
as a percentage. In order to determine the efficiency, the current supplied by the input voltage
source is measured to determine the input power. The output voltage and current are known
variables, as the regulator is maintaining its output voltage and the resistive load draws a con-
stant current at the fixed output voltage. The input ratio of power to output power is then

calculated.



Chapter 8

Results and Discussion

8.1 PCB Fabrication

The flyback regulator PCBs were manufactured by JLCPCB, a popular PCB manufacturer for
hobbyists. The PCB is 1.6mm thick using an FR4 TG130 material. The surface finish is leaded
hot air solder leveled (HASL). The top of the PCB with no components is shown in Figure 8.1
and the bottom of the PCB is shown in Figure 8.2.
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Figure 8.1: PCB Top Without Components
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Figure 8.2: PCB Bottom Without Components

8.2 PCB Bringup

When PCBs were delivered, an initial check for shorts was performed. No shorts were found

and the components were soldered to the PCB. The PCB with components populated is shown

in Figure 8.3.
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Figure 8.3: PCB Top With Components
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8.2.1 LT3088 Linear Regulator

The LT3088 regulator generated an output voltage of 5.016V, with an expected output of 5V.
Given the 1% tolerance of the 100k¢2 resistor used to set the output voltage, this is within the

performance margin specified by the data sheet.

8.2.2 LTC6992 Oscillator

The output frequency of the oscillator was determined to be 98.42kHz, using an oscilloscope
as shown in Figure 8.4. The expected output frequency was 98.425kHz. Once again, using the
1% resistor tolerance of the resistor used to set the output frequency, the data sheet performance

was met.
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Figure 8.4: LTC6992 Output Frequency
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8.2.3 Faults

The Overvoltage Threshold was determined to be 25.25V, compared to the expected 25.23V.
The Undervoltage Threshold was determined to be 11.82V, compared to the expected 11.76V.
At these thresholds, the output of the first AND gate went low, preventing the clock from

propagating to the driver, thus disabling the regulator.

8.2.4 Optoisolator Feedback

Figure 8.5 shows the gate driver control signal (yellow) compared to the optoisolator feedback.
Note the optoisolator signal is captured before the inverter. As the previously described control
scheme states, when the output voltage is too low, the optoisolator will be disabled. Subse-
quently, the inverter will make the signal high when the output voltage is too low, allowing the

clock to propagate to the gate driver.
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Figure 8.5: Optoisolator Output and Switching Control
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8.3 Performance Evaluation

8.3.1 Load Regulation & Output Ripple

The following results were collected with an input voltage of 18V. Note, the 442 resistor is a
minimum load resistor and is permanently installed on the PCB, so the final load resistance is
the parallel combination of the nominal 4422 resistor and the additional load resistor. Overall,
the regulator was very performant in average output voltage as measured by a voltmeter, stay-
ing within 0.06% of the desired output voltage. The voltage ripple was less performant, but

was still able to maintain the output voltage within 5%.

Nominal Measured Final Measured

Output Voltage Voltage

Load Load Load Output
Current Ripple Ripple

Resistance Resistance Resistance Voltage

A) (mV) (%)
((9)] (9 () V)

442 440 440 0.011 4.998 9.60 0.192
51 50.65 45.42 0.110 4.999 33.00 0.660
18 18.20 17.48 0.286 4.998 83.00 1.661
10 10.26 10.03 0.499 4.997 99.00 1.981
6.8 7.04 6.93 0.722 4.998 126.00 2.521
5.1 5.36 5.30 0.944 4.997 144.00 2.881

Table 8.1: Output Voltages with Varying Loads (18V Input)

8.3.2 Line Regulation

When evaluating the line regulation of the flyback regulator, a nominal current of 500mA was

drawn. The results of the line regulation test are shown in Table 8.2. These results show the
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flyback regulator was able to maintain its output voltage within 1% over the full input voltage

range.
Input Voltage (V) Output Voltage (V)

12.00 4.972

13.00 4981

14.00 4.986

15.00 4.989

16.00 4.993

17.00 4.996

18.00 4.998

19.00 4.996

20.00 4.997

21.00 4.996

22.00 4.994

23.00 4.995

24.00 4.994

25.00 4.996

Table 8.2: Output Voltages with Varying Input Voltages

8.3.3 Efficiency

Table 8.3 shows the efficiency calculated for the flyback regulator. Overall, the implemented
flyback regulator has a very low efficiency. One of the factors for this result is likely the low
drive voltage of the gate driver. The LTC1693 is only being supplied 5V from the LT3088,

meaning the gate of the switching transistor is not as enhanced as it should be. This results in
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an increased drain-to-source resistance in the transistor and an overall decrease in efficiency.

The IRFR120N transistor achieves minimum drain-to-source resistance with 10V between the

gate and source and the gate driver only provides 5V.

Input Input Input Output Output Output
Efficiency
Voltage Current Power Voltage Current Power
V) (A) (W) (V) (A) (W) )

18.00 0.022 0.396 4.998 0.011 0.057 14.348

18.00 0.084 1.512 4.999 0.110 0.550 36.402

18.00 0.181 3.258 4,998 0.286 1.430 43.906

18.00 0.273 4914 4.997 0.499 2.493 50.742

18.00 0.368 6.624 4.998 0.722 3.608 54.468

18.00 0.472 8.496 4.997 0.944 4.721 55.567

Table 8.3: Efficiency with Varying Loads

The discrepancy between simulation and the actual implementation can be narrowed down

to a few probable causes. The most probable factor leading to discrepancy is the power con-

sumption of the logic gates. In the simulation, “ideal” logic gates are used and have no power

consumption. Obviously, these components consume power in the actual implementation.

These logic gates switch at a high frequency and subsequently will consume a non-trivial

amount of power. Also, extraneous components such as the LED which were not included in

simulation consume a small amount of power and have a proportionally significant impact on

efficiency at lower load currents.
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Conclusion

From design equations, to simulation, to a physical realization, all aspects of the design pro-
cess were worked through to create a functional end result. The discrete implementation of a
flyback regulator was achieved with the resulting flyback regulating performing under various

input voltage conditions and output load conditions.

9.1 Future Work

Given the implemented flyback regulator was intentionally designed discretely compared to
commercially-available ICs, it would be somewhat trivial to attempt to reduce the size or num-
ber of utilized components. Potential improvements or alterations to the implemented design

that would be useful even for off-the-shelf ICs are listed as follows:
* Implement an input EMI filter

* Adjust circuit parameters with the specified equations to generate a larger-than-desired

output voltage, and follow with a linear regulator to improve output ripple and noise
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* Adjust circuit parameters to achieve a higher voltage, or inverted voltage, relative to the

input

* Increase efficiency by adding additional circuitry to drive the switching transistor harder
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II.1 LT3088 Linear Voltage Regulator 11-4

II.1 LT3088 Linear Voltage Regulator

INEAR (13088

TECHNOLOGY 800mA Single Resistor
Rugged Linear Regulator

FEATURES DESCRIPTION

= Extended Safe Operating Area The LT®3088 is an 800mA low dropout linear regulator
= Maximum Output Current: 8300mA designed for rugged industrial applications. A key feature
= Stable with or without Input/Qutput Capacitors of the IC is the extended safe operating area (SOA). The
= Wide Input Voltage Range: 1.2V to 36V LT3088 can be paralleled for higher output current or heat
= Single Resistor Sets Output Voltage spreading. The device withstands reverse inputand reverse
= Qutput Adjustable to OV output-to-input voltages without reverse current flow.

- 10, P
: SU"A SET Pin Curr_em.. 1% Inltial Accuracy The LT3088’s precision 50pA reference current source
utput Voltage Noise: 27pVgys I inal istor tout voltage t

= Parallel Multiple Devices for Higher Current, Heat allows a single Tesislor 10 program output voitage 1o

any level between zero and 34.5V. The current reference

Spreading and Lower Nolse architecture makes load regulation independent of output

. ;:'vgfs';‘";;;:’;fyl;':&r;";,;‘:sfmZem Protection voltage. The LT3088 is stable with or without input and
= <ImV Typical Load Regulation Independent of Voyt Output Gapacitors.
= <0.001%/V Typical Line Regulation Internal protection circuitry includes reverse-battery and
m 3-Lead SOT-223, 3-Lead DD-Pak, 8-Lead 3mm x reverse-current protection, current limiting and thermal
3mm DFN Packages limiting. The LT3088 is offered in the 3-lead SOT-223,
3-lead DD-Pak, and an 8-lead 3mm x 3mm DFN package.
HPPLICHTIOnS LY LT, LTC, LTM, Linear Technology and the Linear logo are registered trademarks of Linear

Technology Corporation. All other trademarks are the property of their respective owners.

= All Surface Mount Power Supply

= Rugged Industrial Power Supply

= Post Regulator for Switching Supplies
= |ow Output Voltage Supply

= |ntrinsic Safety Applications

SET Pin Current
Wide Safe Operating Area Supply 51.0
1L0AD = 2MA
Vi 50.8
- 50.6
= _
173088 504
500A =502
2
500 [
=498
| =
ouT o 49.¢
& i . 1.5V @« 496
SET . 800mA 494
10pF* 7500
L T 492
330.1k = = ameraons 490
* “OPTIONAL ~75-50-25 0 25 50 75 100 125 150 175

TEMPERATURE (°C)

088 6ot
3088fb

L’ TELHNEoQg For more information www.linearcom/LT3088 1
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I1.2 750310471 Flyback Transformer

I1.2 750310471 Flyback Transformer
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11.3 LTC6992 Oscillator
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II.3 LTC6992 Oscillator

ANALOG L POWER BY
DEVICES ‘ D LINEAR.

LTC6992-1/LTC6992-2/
LTC6992-3/LTC6992-4

FEATURES

= Pulse Width Modulation (PWM) Controlled by
Simple 0V to 1V Analog Input

Four Available Options Define Duty Cycle Limits
= Minimum Duty Cycle at 0% or 5%

= Maximum Duty Cycle at 95% or 100%
Frequency Range: 3.81Hz to 1MHz

Configured with 1 to 3 Resistors

<1.7% Maximum Frequency Error

PWM Duty Cycle Error <3.7% Maximum
Frequency Modulation (VCO) Capability

2.25V 10 5.5V Single Supply Operation

115pA Supply Current at 100kHz

500ps Start-Up Time

CMOS Qutput Driver Sources/Sinks 20mA

-55°C to 125°C Operating Temperature Range
Available in Low Profile (1mm) SOT-23 (ThinSOT™)
and 2mm x 3mm DFN

= AEC-Q100 Qualified for Automotive Applications

APPLICATIONS

= PWM Servo Loops

Heater Control

LED Dimming Control

High Vibration, High Acceleration Environments
Portable and Battery-Powered Equipment

All registered trademarks and trademarks are the property of their respective owners.

TimerBlox:
Voltage-Controlled Pulse
Width Modulator (PWM)

DESCRIPTION

The LTC®6992 is a silicon oscillator with an easy-to-use
analog voltage-controlled pulse width modulation (PWM)
capability. The LTC6992 is part of the TimerBlox® family
of versatile silicon timing devices.

A single resistor, Rget, programs the LTC6992’s inter-
nal master oscillator frequency. The output frequency
is determined by this master oscillator and an internal
frequency divider, Npy, programmable to eight settings
from 1 to 16384.

1MHz _ 50k
Npv  Rser

Applying a voltage between 0V and 1V on the MOD pin
sets the duty cycle.

four = ,Npjy =1,4,16 ...16384

The four versions differ in their minimum/maximum duty
cycle. Note that a minimum duty cycle limit of 0% or
maximum duty cycle limit of 100% allows oscillations to
stop at the extreme duty cycle settings.

DEVICE NAME PWM DUTY CYCLE RANGE
LTC6992-1 0% to 100%
LTC6992-2 5% t0 95%
LTC6992-3 0% to 95%
LTC6992-4 5% t0 100%

For easy configuration of the LTC6992, use the TimerBlox
LTC6992: PWM Web-Based Design Tool.

TYPICAL APPLICATION
1MHz Pulse Width Modulator

ANALOG PWM

ouTY oYoLE —mon outh— [0
CONTROL
(VT01V) LTC6992 3.3V

GND vt

c1
0.1pF

SET DIV

Reer 9% TA01a =
50k

s ai

MOD
0.5V/DIV

out| | ‘ ‘
wow| || ‘

W

2s/DIV s

Rev.D

Document Feedback

For more information www.analog.com 1
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II.4 LTC1693 Gate Driver

LTC 1693

TECHNOLOGY

FEATURES

= Dual MOSFET Drivers in S0-8 Package

or Single MOSFET Driver in MSOP Package
= 1GQ Electrical Isolation Between the Dual Drivers
Permits High/Low Side Gate Drive
1.5A Peak Output Current
16ns Rise/Fall Times at Vg = 12V, G = 1nF
Wide Vg Range: 4.5V to 13.2V
CMOS Compatible Inputs with Hysteresis,
Input Thresholds are Independent of Vg
Driver Input Can Be Driven Above Vg
Undervoltage Lockout
Thermal Shutdown

APPLICATIONS

Power Supplies
High/Low Side Drivers
Motor/Relay Control
Line Drivers

Charge Pumps

High Speed Single/Dual
N-Channel MOSFET Drivers

DESCRIPTION

The LTC®1693 family drives power N-channel MOSFETs
at high speed. The 1.5A peak output current reduces
switching losses in MOSFETs with high gate capacitance.

The LTC1693-1 contains two noninverting drivers while
the LTG1693-2 contains one noninverting and one invert-
ing driver. These dual drivers are electrically isolated and
independent. The LTC1693-3 is a single driver with an
output polarity select pin.

All MOSFET drivers offer Vg independent CMOS input
thresholds with 1.2V of typical hysteresis. They can level-
shiftthe input logic signal up or down to the rail-to-rail Vg
drive for the external MOSFET.

The LTC1693 contains an undervoltage lockout circuitand
a thermal shutdown circuit that disable the external
N-channel MOSFET gate drive when activated.

TheLTC1693-1and LTC1693-2comeinan 8-lead SO pack-
age. The LTC1693-3 comes in an 8-lead MSOP package.

A7, LTC and LT are registered trademarks of Linear Technology Corporation.

TYPICAL APPLICATION

Two Transistor Forward Converter

Vin
ST e T

330uF = 1.50F A
63V 63V
RETURN omsse Ly
= A vursizo
= (8}
ol 1
I 193 MTD20N06HD S
12v o} i e Vour
. 1w T 15V/15A
T MURS120 1|Littescte? |, 7o0pe P e
= " SN Ve[ " A3
= 7
ouTt - D3 2490
cv‘w . 12y 3 6 A jiursi20 fia 1_2?9,‘; 1%
u 20 —N2 Ve -~ —
sl s 5 I I‘ 02 _||_ 63V Rt
—{GND2__0UT2 04 54420 [P 8
|BUUpF f LT3se 16 [ $i4420 o lom
—] sYne A BATS === a3 b
2| sl IWF == =7~ WwF| | mTD20NOSHD
RS P N R6 1002 Ji
249k —— SUADJ  SENSE 4+ RETURN
o, 3 |12 R7 1002 04 =
cr SENSE 7016930582 MBRO530T1 =
5 1 8 (&
o] s TN Ve[ J¢
— ss PHASE — 301k [ [—{GNDT  OUTY
% L[3 6
7 Ve RUN/SHDN i e e Voez 4
4 ==
o1 ‘° Vogr Ves B S T
umF 12>< —T— 100pF SGND  PGND R10 —L_cn3 G1: SANYO 63MV330GX
T 10 TuF C2: WIMA SMD4036/1.5/63/20/TR
15 % C6: KEMET T510X477MOOBAS (x8)
ESUDuFT T 0.1uF L1: GOWANDA 50-318
T4: GOWANDA 50-319

Ly N



IL1.5 IRFR120N N-Channel MOSFET I1-8

IL.S IRFR120N N-Channel MOSFET

PD - 95067A

International
ISR Rectifier IRFR/U120NPbF

¢ Surface Mount (IRFR120N) ° =

« Straight Lead (IRFU120N) ) Voss =100V
¢ Advanced Process Technology x Ros(on) = 0.21Q
o Fast Switching G m

o Fully Avalanche Rated Ip=9.4A

® Lead-Free °

Description

Fifth Generation HEXFET s from International Rectifier
utilize advanced processing techniques to achieve the
lowest possible on-resistance per silicon area. This
benefit, combined with the fast switching speed and

ruggedized device design that HEXFET Power
MOSFETSs are well known for, provides the designer
with an extremely efficient device for use in a wide
variety of applications. D-PAK 1-PAK

TO-2524A  TO-2514A
The D-PAK is designed for surface mounting using
vapor phase, infrared, or wave soldering techniques.
The straight lead version (IRFU series) is for through-
hole mounting applications. Power dissipation levels
up to 1.5 watts are possible in typical surface mount
applications.

Absolute Maximum Ratings

Parameter Max. Units
Ib @ Tc =25°C Continuous Drain Current, Vs @ 10V 9.4
Ip @ Tc =100°C| Continuous Drain Current, Vs @ 10V 6.6 A
Iom Pulsed Drain Current ©® 38
Po@Tc=25°C Power Dissipation 48 W

Linear Derating Factor 032 Wrc
Ves Gate-to-Source Voltage +20 V
Eps Single Pulse Avalanche Energy@® 91 mJ
lar Avalanche Current®® 57 A
Ear Repetitive Avalanche Energy®® 48 mJ
dv/dt Peak Diode Recovery dv/dt @ 5.0 Vins
T Operating Junction and -55 to+ 175
Tste Storage Temperature Range °C
Soldering Temperature, for 10 seconds 300 (1.6mm from case )

Thermal Resistance

Parameter Typ. Max. Units
Reuc Junction-to-Case _— 31
Roua Junction-to-Ambient (PCB mount) ** —_— 50 °C/W
Reua Junction-to-Ambient —— 110
www.irf.com 1

12/9/04



11.6 LT1431 Reference

I1-9

II.6 1.T1431 Reference

LT1431

TECHNOLOGY

FEATURES

= Guaranteed 0.4% Initial Voltage Tolerance

= 0.1Q Typical Dynamic Output Impedance

= Fast Turn-On

m Sink Current Capability, 1TmA to 100mA

= |ow Reference Pin Current

= Available in J8, N8, S8 or 3-Lead T0O-92 Z Packages

APPLICATIONS

® |inear Regulators
m Adjustable Power Supplies
= Switching Power Supplies

ALY LT, LTC, LTM, Linear Technology and the Linear logo are registered trademarks and
ThinSOT is a trademark of Linear Technology Corporation. All other trademarks are the property
of their respective owners.

Programmable Reference

DESCRIPTION

The LT®1431 is an adjustable shunt voltage regulator
with 100mA sink capability, 0.4% initial reference voltage
tolerance and 0.3% typical temperature stability. On-chip
divider resistors allow the LT1431 to be configured as a
5V shunt regulator, with 1% initial voltage tolerance and
requiring no additional external components. By adding
two external resistors, the output voltage may be set to
any value between 2.5V and 36V. The nominal internal
current limit of 100mA may be decreased by including
one external resistor.

A simplified 3-pin version, the LT1431CZ/LT14311Z, is
available for applications as an adjustable reference and
is pin compatible with the TL431.

TYPICAL APPLICATION

Isolated 5V Regulator

=¥

SWITCHING
REGULATOR

Vin

1

3 Q

<
<
<

. el

Rrop vt COMP COLL

3
REF +
Om =
4mAN
Ruip ’—rE

S =25V

LT1431

GND-S GND-F

= Lz Tan

Vger vs Temperature

2.5025

2.5000

2.4975 /
=

5 24950

&

- /
24925 / \

24900

24875
50 25 0 25 50 75 100 125

TEMPERATURE (°C)

LTids1 TAOTD

1431fe

1
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I.7 VOMAG617A Optoisolator

N A
VISHAY.

VOM617A

www.vishay.com

Vishay Semiconductors

Low Input Current, Phototransistor Output,
SOP-4, Mini-Flat Package

AII}Z <I|c
c[2] - 13 ]E
A A D
€ac

LINKS TO ADDITIONAL RESOURCES
<> N\ =2
O

3D Models  Design Tools Related
ocuments

1179089

DESCRIPTION

The 110 °C rated VOM617A has a GaAs infrared emitting
diode emitter, which is optically coupled to a silicon planar
phototransistor detector, and is incorporated in a 4 pin
100 mil lead pitch miniflat package. It features a high current
transfer ratio, low coupling capacitance, and high isolation
voltage.

These coupling devices are designed for signal transmission
between two electrically separated circuits.

FEATURES
* Operating temperature from -55 °C to +110 °C
* SOP-4 mini-flat package

* |solation test voltage, 3750 Vrus
* Low saturation voltage

Pb-froe

* Fast switching times RoHS
o Low coupling capacitance fm:;”;:
¢ End-stackable, 0.100" (2.54 mm) spacing FREE
¢ CTR range 50 % to 600 %, Ir =5 mA GREEN

(52008,
* Material categorization: for definitions of

compliance please see www.vishay.com/doc?99912

APPLICATIONS

* PLCs

* Telecommunication

e Lighting control system
® Solar inverters

* AC drives

AGENCY APPROVALS

(All parts are certified under base model VOM617A)

e UL1577

e cUL

e DIN EN 60747-5-5 (VDE 0884-5), available with option 1
* CQC

* FIMKO

ORDERING INFORMATION

[o] [M] []

[a] (-] [ ] [o] [e]
PART NUMBER CTR VDE OPTION TAPE
BIN AND o
REEL
AGENCY CTR (%)
CERTIFIED/
PACKAGE 5mA
Pk cqc | 5010600 | 63t0125 | 10010200 | 16010320 | 250t0500 | 80to160 | 13010260 | 200to400
SOoP VOMB17AT | VOM617A-2T | VOMB17A-3T | VOMB17A-4T | VOMB17A-6T | VOMB17A-7T | VOMB17A-8T | VOMB17A-9T
VDE, UL, cUL,
FIMKO,£QG’ | 5010600 | 6310125 | 10010200 | 16010320 | 25010500 | 8010160 | 130t0260 | 200t0 400
option
VOM617A-
SOP-4, VOM617A- | VOMGB17A- | VOMG17A- | VOMB17A- | VOMB17A- | VOMB17A- | BX001T, | VOMG17A-
mini-fiat X001T 2X001T 3X001T 4X001T BX001T 7X001T | VOM617A- |  9X001T
8X001T2 ()
Notes

¢ Available only on tape and reel
() Product is rotated 180° in tape and reel cavity

Rev. 1.4, 24-Sep-2020

Document Number: 83446

For technical questions, contact: optocoupleranswers@vishay.com

THIS DOCUMENT IS SUBJECT TO CHANGE WITHOUT NOTICE. THE PRODUCTS DESCRIBED HEREIN AND THIS DOCUMENT
ARE SUBJECT TO SPECIFIC DISCLAIMERS, SET FORTH AT www.vishay.com/doc?91000
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II.§ PMEG6045ETP Output Diode

High-temperature 60 V, 4.5 A Schottky barrier rectifier

Q I PMEGG6045ETP

28 May 2018 Product data sheet

1. General description

Planar Maximum Efficiency General Application (MEGA) Schottky barrier rectifier with an

integrated guard ring for stress protection, encapsulated in a SOD128 small and flat lead Surface-

Mounted Device (SMD) plastic package.

2. Features and benefits

+ Average forward current: Igay) < 4.5 A

* Reverse voltage: Vg <60 V

* Low forward voltage

« High power capability due to clip-bonding technology
« Small and flat lead SMD plastic package

+ AEC-Q101 qualified

*  High temperature T;< 175 °C

« Capable for reflow and wave soldering

« Low voltage rectification

« High efficiency DC-to-DC conversion
+  Switch mode power supply

* Reverse polarity protection

« Low power consumption application

4. Quick reference data

Table 1. Quick reference data

Symbol Parameter Conditions Min Typ Max | Unit
Irav) average forward 8 =0.5; f =20 kHz; Tsp < 155 °C; - - 4.5 A
current square wave
Vg reverse voltage Tj=25°C - - 60 \
Vg forward voltage IF=4.5A;t;< 300 ps; 3 < 0.02; - 460 530 mV
Tj =25 °C; pulsed
Ir reverse current Vr =60V, T; =25 °C; pulsed - 115 400 HA

nexperia
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IL.9 LT1716 Comparator

ANALOG & POWER BY
DEVICES

LINEAR.

LT1716

FEATURES

Operates from 2.7V to 44V

Over-The-Top®: Input Common Mode Range
Extends 44V Above V-, Independent of V*
Micropower: 35pA Ig

Offset Voltage: 1.5mV Max

Valid Output with Either Input 5V Below V-
Rail-to-Rail Output Swing

Output Can Drive Loads Above V*

Internal Pull-Up Current

-40°C to 125°C Operating Temperature Range
Low Profile (1mm) SOT-23 (ThinSOT™) Package
AEC-Q100 Qualified for Automotive Applications

APPLICATIONS

Power Supply Monitors
Relay/Lamp Driver
Oscillators

Peak Detector

Level Shifting

SOT-23, 44V, Over-the-Top,
Micropower, Precision
Rail-to-Rail Comparator

DESCRIPTION

The LT®1716 comparator operates on any total power
supply voltage between 2.7V and 44V drawing 35pA of
quiescent current. The LT1716 has a unique input stage
that can be taken 44V above V-, independent of V* supply.
(Built-in resistors protect the inputs for faults below the
negative supply of up to 5V)) The inputs can withstand
44V both differential and common mode.

The output stage includes a class “B” pull-up current
source, eliminating the need for an external resistive
pull-up and saving power. Output voltage swings to within
35mV of the negative supply and 55mV of the positive
supply, which makes the comparator a good choice for
low voltage single supply operation. The output stage is
also designed to drive loads connected to a higher supply
than the LT1716 supply, the same as an open collector
output stage.

The LT1716 is available in a SOT-23 5-lead package.

All registered trademarks and trademarks are the property of their respective owners.

TYPICAL APPLICATION
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II.10 LT6105 Current Sense Amplifier

LT6105

TECHNOLOGY

Precision, Extended Input

Range Current Sense Amplifier

FERTURES

= Very Wide, Over-the-Top®, Input Common Mode Range
- Extends 44V Above V-~ (Independent of V*)

- Extends -0.3V Below V™

Wide Power Supply Range: 2.85V to 36V

Input Offset Voltage: 300pV Maximum

Gain Accuracy: 1% Max

Gain Configurable with External Resistors
Operating Current: 150pA

Slew Rate: 2V/us

Sense Input Current When Powered Down: 1nA
Full-Scale Output Current: TmA Minimum
Operating Temperature Range —40°C to 125°C
Available in 2mm x 3mm DFN and 8-Lead MSOP
Packages

APPLICATIONS

High Side or Low Side Current Sensing

Current Monitoring on Positive or Negative Supply
Voltages

Battery Monitoring

Fuse/MOSFET Monitoring

Automotive

Power Management

Portable Test/Measurement Systems

DESCRIPTION

The LT®6105 is a micropower, precision current sense
amplifier with a very wide input common mode range.
The LT6105 monitors unidirectional current via the volt-
age across an external sense resistor. The input common
mode range extends from -0.3V to 44V, with respect to
the negative supply voltage (V-). This allows the LT6105
to operate as a high side current sense monitor or a low
side current sense monitor. It also allows the LT6105 to
monitor current on a negative supply voltage, as well as
continuously monitora battery fromfull charge to depletion.
The inputs of LT6105 can withstand differential voltages
up to +44V, which makes it ideal for monitoring a fuse or
MOSFET switch.

Gain is configured with external resistors from 1V/V to
100V/V. The input common mode rejection and power
supply rejectionare in excess of 100dB and the input offset
voltage is less than 300pV. A typical slew rate of 2V/us
ensures fast response to unexpected current changes.

The LT6105 can operate from an independent power
supply of 2.85V to 36V and draws only 150pA. When
V* is powered down, the sense pins are biased off. This
prevents loading of the monitored circuit, irrespective of
the sense voltage. The LT6105 is available in a 6-lead DFN
and 8-lead MSOP package.

LT 1T, LTC, LTM and Over-the-Top are registered trademarks of Linear Technology
Corporation. All other trademarks are the property of their respective owners.

TYPICAL APPLICATION

Gain of 50 Current Sense Amplifier
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II.11 LTC6994 Delay Block

ANALOG
DEVICES LTC6994-1/LTC6994-2
TimerBlox: Delay Block/
Debouncer
FEATURES DESCRIPTION

= Delay Range: 1ps to 33.6 Seconds

= Configured with 1 to 3 Resistors

= Delay Max Error:

— <2.3% for Delay > 512ys

— <3.4% for Delay of 8ps to 512ys

— <5.1% for Delay of 1ps to 8us

Delay One or Both Rising/Falling Edges

2.25V t0 5.5V Single Supply Operation

70pA Supply Current at 10ps Delay

500ps Start-Up Time

CMOS Output Driver Sources/Sinks 20mA
-55°C to 125°C Operating Temperature Range
Available in Low Profile (Tmm) SOT-23 (ThinSOT™)
and 2mm x 3mm DFN

= AEC-Q100 Qualified for Automotive Applications

APPLICATIONS

= Noise Discriminators/Pulse Qualifiers

= Delay Matching

= Switch Debouncing

= High Vibration, High Acceleration Environments
= Portable and Battery-Powered Equipment

All registered trademarks and trademarks are the property of their respective owners.

The LTC®6994 is a programmable delay block with a
range of 1ps to 33.6 seconds. The LTC6994 is part of
the TimerBlox® family of versatile silicon timing devices.

A single resistor, Rget, programs an internal master os-
cillator frequency, setting the LTC6994’s time base. The
input-to-output delay is determined by this master oscil-
lator and an internal clock divider, Npyy, programmable
to eight settings from 1 to 221

Npy R
tDELAy=%‘1US, NDlV = 1, 8, 64,..., 221
The output (OUT) follows the input (IN) after delaying
the rising and/or falling transitions. The LTC6994-1 will
delay the rising or falling edge. The LTC6994-2 will delay
both transitions, and adds the option to invert the output.

DEVICE DELAY FUNCTION
N S
LTC6994-1 \ or —=
i N i N
LTC6994-2 5 or ¥

The LTC6994 also offers the ability to dynamically adjust
the delay time via a separate control voltage.

For easy configuration of the LTC6994, use the TimerBlox
LTC6994: Delay Web-Based Design Tool.

TYPICAL APPLICATION
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II.12 SN74AHCT1G14

I3 TEXAS
INSTRUMENTS
SN74AHCT1G14
www.ti.com SCLS322P —~MARCH 1996—REVISED JUNE 2013
SINGLE SCHMITT-TRIGGER INVERTER GATE
Check for Samples: SN74AHCT1G14
FEATURES
« Operating Range 4.5-V to 5.5-V
DBV OR DCK PACKAGE
+ Max tyq of 8 ns at 5-V (TOP VIEW)
« Low Power Consumption, 10-pA Max Icc )
« #8-mA Output Drive at 5-V NC |1 5[] Vee
« Inputs Are TTL-Voltage Compatible Afl2
« Latch-Up Performance Exceeds 250 mA Per GND [ 3 4l y
JESD 17
NC — No internal connection
See mechanical drawings for dimensions.
DESCRIPTION

description/ordering information The SN74AHCT1G14 contains a single inverter gate. The device performs the
Boolean function Y = A.

The device functions as an independent inverter gate, but because of the Schmitt action, gates may have
different input threshold levels for positive- (V1,) and negative-going (V1) signals.

FUNCTION TABLE
INPUTS OUTPUT
A Y
H L
L H

LOGIC DIAGRAM (POSITIVE LOGIC)

2 4
A fiy Y

Please be aware that an important notice concerning availability, standard warranty, and use in critical applications of
Texas Instruments semiconductor products and disclaimers thereto appears at the end of this data sheet.

PRODUCTION DATA information is current as of publication date. Copyright © 1996-2013, Texas Instruments Incorporated
Products conform o specifications per the terms of the Texas "

Instruments_ standard warranty. Production processing does not

necessarily include testing of all parameters.
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I1.13 SN74HCS21 AND Gate

Product '\- Order Technical

Folder e e Now Documents

I3 TEXAS
INSTRUMENTS

n\% Tools & Support &
#N Software Community

SN74HCS21
SCLS793A ~MARCH 2020~REVISED JUNE 2020

SN74HCS21 Dual 4-Input AND Gates with Schmitt-Trigger Inputs

Features

Wide operating voltage range: 2 Vto 6 V
Schmitt-trigger inputs allow for slow or noisy input
signals

Low power consumption

— Typical Igc of 100 nA

— Typical input leakage current of 100 nA
+7.8-mA output drive at 5 V

Extended ambient temperature range: —40°C to

+125°C, T
Applications

Combining power good signals
Enable digital signals

3 Description

This device contains two independent 4-input AND
gates with Schmitt-trigger inputs. Each gate performs
the Boolean function Y = A e B e C e D in positive
logic.

Device Information("

PART NUMBER PACKAGE BODY SIZE (NOM)
SN74HCS21PWR TSSOP (14) 5.00 mm x 4.40 mm
SN74HCS21DR SOIC (14) 8.70 mm x 3.90 mm

(1) For all available packages, see the orderable addendum at
the end of the data sheet.

Benefits of Schmitt-trigger Inputs

Low Power Noise Rejection Supports Slow Inputs
Input Voltage |5 & 38 E
Waveforms |52 =2, =2 >
Input Voltage [l Time Time
Standard g 24 24
CMOS Input g e ” " e u
2 2.4 e
Response g s g
e T ¢ ~ || Cle—e >
Waveforms oS Time Time
Schmitt-trigger A 24 g A
CMOS Input E . s | s .
> 2zA &0 il
Response ' ole il
Waveforms - A e > R
Input Voltage Time Time

An IMPORTANT NOTICE at the end of this data sheet addresses availability, warranty, changes, use in safety-critical applications,
intellectual property matters and other important disclaimers. PRODUCTION DATA.
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Altium Schematics
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Appendix IV

Bill of Materials



Comment Description Designator |Quantity

GCM188R71H154KA64D CAP CER 0.15UF 50V X7R 0603 Cl 1
GCJ188R71H104KA12D CAP CER 0.1UF 50V X7R 0603 C2 1
TCJD227M016R0050 CAP TANT POLY 220UF 16V 2917 C3 1
TCJD227M016R0050 CAP TANT POLY 220UF 16V 2917 Cc4 1
GCJ188R71H104KA12D CAP CER 0.1UF 50V X7R 0603 C5 1
GCJ188R71H104KA12D CAP CER 0.1UF 50V X7R 0603 C6 1
GCJ188R71H104KA12D CAP CER 0.1UF 50V X7R 0603 C7 1
GCJ188R71H104KA12D CAP CER 0.1UF 50V X7R 0603 C8 1
GCJ188R71H104KA12D CAP CER 0.1UF 50V X7R 0603 Cc9 1
GCJ188R71H104KA12D CAP CER 0.1UF 50V X7R 0603 C10 1
GCM21BR71C475KA73K CAP CER 4.7UF 16V X7R 0805 Cl1 1
GCJ188R71H104KA12D CAP CER 0.1UF 50V X7R 0603 C12 1
GCJ188R71H104KA12D CAP CER 0.1UF 50V X7R 0603 C13 1
GCM21BR71H105KA03K CAP CER 1UF 50V X7R 0805 Cl4 1
GRM1885C1H102JA01D CAP CER 1000PF 50V COG/NPO 0603 C15 1
CL21B106KOQNNNG CAP CER 10UF 16V X7R 0805 Cl6 1
GCJ188R71H104KA12D CAP CER 0.1UF 50V X7R 0603 C17 1
GRM21A5C2E101JW01D CAP CER 100PF 250V COG/NPO 0805 C18 1
GRM21A5C2E101JW01D CAP CER 100PF 250V COG/NPO 0805 C19 1
PMEG6045ETPX DIODE SCHOTTKY 60V 4.5A SOD128 D1 1
PMEG6045ETPX DIODE SCHOTTKY 60V 4.5A SOD128 D2 1
5988070107F LED GREEN CLEAR 0603 SMD D3 1
61300211121 CONN HEADER VERT 2P0S 2.54MM J1 1
1864435 TERM BLOCK 2P0OS 45DEG 5MM PCB J2 1
1864435 TERM BLOCK 2POS 45DEG 5MM PCB J3 1
61300211121 CONN HEADER VERT 2POS 2.54MM J4 1
Mounting_Hole_3mm_NPT 3mm Screw, 7.5mm Head, Non-Plated Mounting Hole MH1 1
Mounting_Hole_3mm_NPT 3mm Screw, 7.5mm Head, Non-Plated Mounting Hole MH2 1
Mounting_Hole_3mm_NPT 3mm Screw, 7.5mm Head, Non-Plated Mounting Hole MH3 1
Mounting_Hole_3mm_NPT 3mm Screw, 7.5mm Head, Non-Plated Mounting Hole MH4 1
IRFR120NTRPBF N-Channel 100 V 9.4A (Tc) 48W (Tc) Surface Mount D-Pak Ql 1
RMCF2512JT750R RES 750 OHM 5% 1W 2512 R1 1
ERJ-3EKF4420V RES SMD 442 OHM 1% 1/10W 0603 R2 1
ERJ-3GEYOROOV RES SMD 0 OHM JUMPER 1/10W 0603 R3 1
ERJ-3GEYOROOV RES SMD 0 OHM JUMPER 1/10W 0603 R4 1
ERJ-3EKF4420V RES SMD 442 OHM 1% 1/10W 0603 R5 1
ERJ-3EKF1001V RES SMD 1K OHM 1% 1/10W 0603 R6 1
ERJ-3GEYOROOV RES SMD 0 OHM JUMPER 1/10W 0603 R7 1
ERJ-3EKF1000V RES SMD 100 OHM 1% 1/10W 0603 R8 1
PE2010FKEQ7OR02L 20 mOhms *1% O.E.:W, 1/2W_Chip Resistor 2_010 (5025 Metric) Automotive AEC-Q200, RS 1

Current Sense, Moisture Resistant Metal Foil

ERJ-3EKF4991V RES SMD 4.99K OHM 1% 1/10W 0603 R10 1
ERJ-3EKF1000V RES SMD 100 OHM 1% 1/10W 0603 R11 1
ERJ-3EKF1102V RES SMD 11K OHM 1% 1/10W 0603 R12 1
ERJ-3EKF1102V RES SMD 11K OHM 1% 1/10W 0603 R13 1
ERJ-3EKF1102V RES SMD 11K OHM 1% 1/10W 0603 R14 1
ERJ-3EKF9763V RES SMD 976K OHM 1% 1/10W 0603 R15 1
ERJ-3EKF1003V RES SMD 100K OHM 1% 1/10W 0603 R16 1
ERJ-3EKF1023V RES SMD 102K OHM 1% 1/10W 0603 R17 1
ERJ-3EKF1102V RES SMD 11K OHM 1% 1/10W 0603 R18 1
ERJ-3EKF1003V RES SMD 100K OHM 1% 1/10W 0603 R19 1
ERJ-3EKF1003V RES SMD 100K OHM 1% 1/10W 0603 R20 1
ERJ-3EKF1102V RES SMD 11K OHM 1% 1/10W 0603 R21 1
ERJ-3EKF1102V RES SMD 11K OHM 1% 1/10W 0603 R22 1
ERJ-3EKF1102V RES SMD 11K OHM 1% 1/10W 0603 R23 1
ERJ-3EKF1102V RES SMD 11K OHM 1% 1/10W 0603 R24 1
ERJ-3EKF2702V RES SMD 27K OHM 1% 1/10W 0603 R25 1
RMCF2512FT4R70 RES 4.7 OHM 1% 1W 2512 R26 1
ERJ-3EKF1102V RES SMD 11K OHM 1% 1/10W 0603 R27 1
CRM2010-JW-2R2ELF RES SMD 2.2 OHM 5% 1W 2010 R28 1
ERJ-3EKF1001V RES SMD 1K OHM 1% 1/10W 0603 R29 1




Comment Description Designator |Quantity

ERJ-3EKF1003V RES SMD 100K OHM 1% 1/10W 0603 R30 1
ERJ-3EKF1003V RES SMD 100K OHM 1% 1/10W 0603 R31 1
ERJ-3EKF1102V RES SMD 11K OHM 1% 1/10W 0603 R32 1
ERJ-3EKF9763V RES SMD 976K OHM 1% 1/10W 0603 R33 1
ERJ-3EKF1273V RES SMD 127K OHM 1% 1/10W 0603 R34 1
ERJ-3EKF1023V RES SMD 102K OHM 1% 1/10W 0603 R35 1
PWR263S-35-10R0JE RES 10 OHM 5% 35W D2PAK R36 1
ERJ-3EKF4420V RES SMD 442 OHM 1% 1/10W 0603 R37 1
5029 PC TEST POINT MINIATURE TP1 1
5029 PC TEST POINT MINIATURE TP2 1
5029 PC TEST POINT MINIATURE TP3 1
5029 PC TEST POINT MINIATURE TP4 1
5029 PC TEST POINT MINIATURE TP5 1
5029 PC TEST POINT MINIATURE TP6 1
5029 PC TEST POINT MINIATURE TP7 1
5029 PC TEST POINT MINIATURE TP8 1
5029 PC TEST POINT MINIATURE TP9 1
5029 PC TEST POINT MINIATURE TP10 1
5029 PC TEST POINT MINIATURE TP11 1
5029 PC TEST POINT MINIATURE TP12 1
5029 PC TEST POINT MINIATURE TP13 1
750310471 TRANS FLYBACK LT3573 25UH SMD U1l 1
VOM617A-3T OPTOISOLATOR 3.75KV TRANS 4-SOP U2 1
LT1431CS8#TRPBF Shunt Voltage Reference IC Adjustable 2.5V 36 VV +0.4% 100 mA 8-SO U3 1
LT6105CMS8#PBF Current Sense Amplifier 1 Circuit - 8-MSOP U4 1
SN74HCS21PWR AND Gate IC 2 Channel Schmitt Trigger Input 14-TSSOP U5 1
LTC6994CS6-2#TRMPBF Delay Line IC Programmable 8 Tap 1us ~ 33.6s SOT-23-6 Thin, TSOT-23-6 U6 1
LT1716CS5#TRPBF Comparator General Purpose Push-Pull, Rail-to-Rail TSOT-23-5 U7 1
LT1716CS5#TRPBF Comparator General Purpose Push-Pull, Rail-to-Rail TSOT-23-5 U8 1
LT1716CS5#TRPBF Comparator General Purpose Push-Pull, Rail-to-Rail TSOT-23-5 U9 1
LTC1693-3CMS8#PBF High-Side or Low-Side Gate Driver IC Inverting, Non-Inverting 8-MSOP u10 1
SN74AHCT1G14DBVR Inverter IC 1 Channel Schmitt Trigger SOT-23-5 U1l 1
LT3088EST#PBF IC REG LIN POS ADJ 800MA SOT223 u12 1
LTC6992CS6-3#TRMPBF Oscillator, Silicon IC 3.81Hz ~ 1MHz TSOT-23-6 U13 1
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