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1 Abstract
This project involved the design of a high-voltage DC-DC converter capable of converting

12VDC into 170VDC and delivering 250W of power. The design is based on a push-pull
topology utilizing power MOSFET switches, a custom center-tapped transformer, and an all-
analog feedback control system. The design comprised the front-end of a DC-AC sinewave
inverter and was implemented using a custom PCB and tested. The control circuitry worked as

expected, however the power-side switching posed several issues that remain to be resolved.
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2 Introduction

AC inverters are a common device in today’s society. They are often used to take a low
voltage DC source, such as the battery in a motor vehicle, and supply a 120 volt ac source
running at 60 Hz. Since the market for such a product is so large, many competitors have entered
with various implementations. Cheap designs use a “modified sine wave” which looks like a
square wave. Although this is able to power devices which need the 120 volts, substantial
amounts of noise are introduced into the circuits. This introduced noise is highly undesirable
with audio devices. To avoid this problem, a true sine wave must be generated from the DC
source. Such products exist in the market, but have a high cost associated with them. In an
attempt to lower costs, a method of generating a pure sine wave with Pulse Width Modulation is
being implemented. One stipulation to using Pulse width modulation is the assumption that the
source voltage be larger than the output voltage. This introduces a need for a DC-DC converter
which can provide the inverter with a high voltage source. Because the desired output of the

inverter is 120 volts RMS, the DC-DC converter must supply 170 volts consistently.
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3 Product Requirements
In order for the DC-DC converter to be integrated into the AC inverter, the design must

meet the following requirements.

3.1 170 volt output
The output voltage should be 170 volts in order to accommodate the input to the DC-AC

inverter. The source should be able to stay constant with a varying load. If the voltage does drop
due to a large change in load, the recovery time of the supply should not interfere with the

inverter’s operation.

3.2 High efficiency
Since the Dc-Dc converter is only ' of the final product, the efficiency must be high in

order for the final product to be economical. However minor improvements in efficiency should
not be substituted for greatly increased price. This would take away from the purpose of the

design.

3.3 The output power should be larger than 250 watts.

The converter should be able to handle loads in excess of 250 watts. Since the goal of the
inverter is to provide a load with 250 watts of useable power, the converter must be designed to
handle a larger power load. It must be able to compensate for the losses of power within itself,

along with the power losses in the DC-AC step.
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4 Current Method of Implementation

There are many methods of making a DC-DC converter. For this project, most of them
were ruled out because the output was not isolated from the input or they did not operate in the
necessary power range. This section takes into consideration the three topologies that were
seriously considered and the controls circuit that will be used for implementation of this project.

A generic block diagram of how one of these converters works with feedback loop can be

seen in Figure 1.

/

Vin | = Transformer Rectifier = =  Filter =~ Vout

—
o Optical/

: Switching :
Switches -~ Control Feedback = | Magn_etlc
Isolation

Figure 1: Block diagram of generic DC-DC converter

From this block diagram it is easy to see that the switches control the current that gets fed
into the transformer. From there, the transformer creates a magnetic field which induces a
voltage on the secondary side of the transformer. This voltage then turns on a part of the
rectifying circuit and charges a capacitor. From there the signal is passed through an LC filter to
remove ripples, forming the output of the DC converter. The output is continuously monitored
by the switching controller to adjust the duty cycle of the switches. This feedback loop is

normally isolated through optical or magnetic means when using an isolated topology.
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4.1 Half Bridge Topology
The half bridge converter has eighty percent efficiency at five hundred watts of power. It

also has a fifty percent duty cycle and isolates the input from the output through a two winding
transformer.

For the half bridge converter, shown in Figure 21, when switch Q1 is on, current flows
through the top half of the primary side of T1, expanding the magnetic field in T1. The
expanding magnetic field induces a voltage across T1 secondary, such that diode D2 is forward
biased and diode D1 is reverse biased. D2 conducts and charges capacitor C3 via L1.

When Q1 turns off, the magnetic field in T1 collapses and after a period of dead time, Q2
switches on. Current flows through the bottom half of the transformer and the magnetic field in
T1 expands. The direction of the magnetic flux is opposite that of Q1, so now D1 is forward
biased and D2 is reverse biased. D1 conducts and charges C3 via L1. After a period of dead

time, Q1 conducts and the cycle repeats.

L ) - —
miié ) ™ III=1III
4 —o +yout

o 0Y

Figure 2: Schematic for half bridge topology

It is very important that Q1 and Q2 are not turned on at the same time. If they were, they
would short circuit the supply. Therefore the conduction time of each transistor must not exceed
half of the total period for one complete cycle.

It is also important to make sure the magnetic behavior is uniform; otherwise the
transformer will saturate and destroy Q1 and Q2. This requires that the individual conduction
times of Q1 and Q2 be exactly equal. For a larger picture of the half bridge schematic, please
reference Appendix A: Half Bridge.

! http://www.hills2.u-net.com/electron/smps.htm
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4.1.1 Waveforms
The waveforms for the half bridge converter can be seen in Figure 3%. Vs(Q1) is the

voltage from the gate terminal to the source terminal of the switch Q1. Vpg(Ql) is the voltage from
the drain terminal to the source terminal of the switch Q1. Vgw» is another view of the voltages of
the switch. Isw» is the current through the switch which also flows through the primary winding of

the transformer.

PWM'ED EDGE

e
ViaglQ1804) rE] r@ rﬁ
vesioztoz) (1 [H  [H [
0o L
. . - ——Canvary from
. . | | otoV IN
VDS'.O1 E’(Q-H =L
P b e
SN R . |y - Canvary from
0toV
Vps(Q28Q3) ‘ [ S
Virn

Vi
2 i ¢ Sw
Vawe —

’ L Vaar

i"_tlp'{ [/‘ r
i

Figure 3: Waveforms for half bridge topology

TIME

TIME

lowes
w2 0

For a larger picture of the half bridge waveforms please reference Appendix A: Half

Bridge.

? http://www.hills2.u-net.com/electron/smps.htm
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4.1.2 Pros/Cons

Pros Cons
e Transformer design is not e Unstable voltage from
critical capacitors on primary side

e Switching losses

4.2 Full Bridge Topology

The full bridge converter has eighty-five percent efficiency at one thousand watts of power.
It also has a fifty percent duty cycle and isolates the input from the output through a two winding
transformer.

The full bridge converter, shown in Figure 4°, is very similar to that of the half bridge
converter. Instead of Q1 in the half bridge, the full bridge has Q1 and Q4 on at the same time and
Q2 and Q3 on instead of Q2. There is no floating source in the full bridge design (caused by the
capacitors C1 and C2 in the half bridge design). Instead of the diodes charging capacitor C3, they

charge capacitor C2. Other than that, this circuit works the exact same way as the half bridge.

+¥in o
oy ] =3 =
ad i —0 +Y oLt
c152

=22 - =4 =

Hh

D-qﬁ: o 0y
0o -

Figure 4: Schematic for full bridge topology

The same warnings about conduction time and magnetic behavior also exist for the full

bridge. For a larger picture of the full bridge schematic, please reference Appendix B: Full Bridge.

3 http://www.hills2.u-net.com/electron/smps.htm
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The waveforms for the full bridge converter can be seen in Figure 5*. Vgs(Q1 & Q4) is the

voltage from the gate terminal to the source terminal of the switches Q1 & Q4. Vps(Ql & Q4) is

the voltage from the drain terminal to the source terminal of the switches Q1 & Q4. Vgw» is another

view of the voltages of the switch. Isw> is the current through the switch which also flows through

the primary winding of the transformer.

Vas(Q18Q4)

Vas(Q28Q3)

Vos(Q18Q4)

Vps(Q28Q3)

PWMED EDGE
/
| (B (A [#
B (B (3 [}
M [ ] ‘ [ | [ 1-Vin
! . - i —— Can vary from
J_ 0toViy
i ] i ‘ e P"m
) Ad [ . |- Canvary from
J_ 010 Vin

I
“«'rm sw
? I C,\" ] 1-4
; Pl ¥
w2 TIME
L Vaar
' .--v---'—:'PK
[ TIME

Wz 0

t |MIN

Figure 5: Waveforms for full bridge topology

For a larger picture of the full bridge waveforms, please reference Appendix B: Full Bridge.

4.2.2 Pros/Cons

Pros
e Most efficient type of
converter
e Handles high power
applications

* http://www.hills2.u-net.com/electron/smps.htm

Cons
e Higher efficiency at higher
power
e Highest switching losses
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4.3 Push Pull Topology
The push pull converter has eighty-five percent efficiency at three hundred fifty watts of

power. It also has a fifty percent duty cycle and isolates the input from the output through a three
winding transformer.

The push pull converter, shown in Figure 6°, works similar to that of the half bridge
converter.

D1 ===
‘.‘%J:1 < + ' out

+Yino

ne | D2 c2

T
w ]
Q)
==

ove ,
Figure 6: Schematic for push pull topology

The same warnings about conduction time and magnetic behavior also exist for the full
bridge. Due to the fact that the push pull converter implements a three winding transformer, it must
also satisfy the condition that the two halves of the centre-tapped transformer primary be
magnetically identical. For a larger picture of the push pull schematic, please reference Appendix

C: Push Pull.

4.3.1 Waveforms

The waveforms for the half bridge converter can be seen in Figure 7%, Vgs(Q1) is the
voltage from the gate terminal to the source terminal of the switch Q1. Vpg(Q1) is the voltage from
the drain terminal to the source terminal of the switch Q1. Vgw» is another view of the voltages of
the switch. Igw; is the current through the switch which also flows through the primary winding of

the transformer.

> http://www.hills2.u-net.com/electron/smps.htm
§ http://www.hills2.u-net.com/electron/smps.htm
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Figure 7: Waveforms for push pull topology

For a larger picture of the push pull waveforms, please reference Appendix C: Push Pull.

4.3.2 Pros/Cons

Pros Cons
e Frequently preferred in e Switches require higher voltage
desired power range rating
e Simple Switching e Voltage spikes

4.4 Controls

As with any product where the output is desired to be at a certain level, there must be a way
of comparing the actual output with the desired output. This control will have to isolate the output
from the input, but still be able to give feedback. For the feedback loop, an opto-isolator will be
used. This will provide optical or magnetic isolation from the output to the input. The actual
control circuit will be specified in the next part of the project. Figure 8 is the flowchart of one

possible implementation of controlling the output voltage using Pulse Width Modulation, PWM.

10
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Figure 8: Flowchart of control scheme
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5 Proposed Implementation

It took some research and analysis of what is important to this project to decide on a

topology to use.

5.1 Value Analysis Chart

To compare all the different topologies and all the criteria that are important in a dc-to-dc
converter, a value analysis chart was chosen. The chart itself is displayed in Appendix D: Value
Analysis Chart. The result of the chart was to use a full bridge topology because it was the most

efficient topology, albeit most complicated as well.

5.2 Chosen Topology

According to the value analysis chart, the topology to use is the full bridge. However, after
more research it was found that the full bridge only attained high efficiency at high power ratings.
For what this project needs, the push pull is a more realistic choice.

The push pull topology is isolated just like the full bridge, has high efficiency in the desired

power range and is relatively simple to design.

5.3 Specifications
As a result of the research into different methods and current implementations of DC-DC

switching supplies, broad specifications have been determined, these can be seen in Table 1. The
purpose for the specifications are to steer the direction of further investigation and experimentation

of the proposed design. The following chart contains the proposed specs

Table 1: Proposed specifications

Proposed specifications
Topology: |Push Pull
Efficiency: |85%
Controls: |Isolated voltage feedback
Ripple: |<2%
Power output: |>250 watts
Cooling: |Passive

Below is a brief description as to the why each specification has been chosen.

12
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5.3.1 Push pull topology

The push pull topology is an ideal choice for this Dc-Dc converter for multiple reasons. The
most important reason is the isolation between the source and output provided by the magnetics in
the transformer. Another deciding factor is the simplicity of the switching over a full bridge design.
By only having to turn on 1 switch at a time, timing issues become less critical. The other important
factor is that the push pull topology is commonly used at this power level. This makes the research

on the topology more reliable and achievable.

5.3.2 85 % efficient
Even though the push pull topology has been documented to have efficiencies, above 90%,

they are for very specialized designs and are using high end components. Within consumer goods
they can be purchased with efficiencies around 80%, which is common. Based on this background

knowledge, an efficiency of 85% seems a reasonable goal in the allotted time.

5.3.3 Passive cooling
With the desire to reduce complexity of the design and improve efficiency, the DC-DC

supply should be designed with passive cooling. Although the amount of heat produced will be
substantial from the I’R losses in the primary winding, proper layout of the components should

suffice for temperature considerations of the components.

5.3.4 Less than 2% ripple
A ripple of no greater than 2% of the output voltage should be observed from the supply.

The reason behind establishing the maximum ripple is to ensure minimal noise is introduced into
the system during the DC-AC stage. It is likely though this arbitrary value of an acceptable ripple

will change based on the needs of the inverter.

5.3.5 Isolated feedback control
A feedback control scheme will be used to actively regulate the output voltage. By changing

the duty cycle of the switches on the primary side of the transformer, based on the controls, the
voltage will stay constant as current is increased to the output. The feedback loop will be isolated

either optically or magnetically, to ensure complete isolation of the input and output.
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6 Market Research
When starting a new project, before even thinking about the design, the first thing that

should be done is market research. Market research can save a lot of time and money, both of
which are precious commodities.

According to Norman T. Brust, founder of NTB Associates, a client of his spent months
worth of time and over twenty-thousand dollars of his own money to develop a device to blow the
meat out of the claw of a small crab. Since whole crab claw meat is worth more than partial crab
claw meat, his client wanted to sell this device to fisheries to help them maximize the amount of
crab meat they get from the claws. After talking with Mr. Brust, the client only had to wait
approximately twenty-four hours before getting a result.

The result was that there was a world-wide customer base of two companies, both in the
U.S. Both of these companies hired the wives of the fishermen to extract the meat from the claw.
They were uninterested in this new device. Even though it would improve profits, it would harm
employees and their families.

The client then decided to modify the device for a different type of crab, but his wife refused
to let him proceed. He had already spent too much time and money. Had he started out with doing
market research, he would not have wasted so many resources.

With this project, the first thing that was done was market research. What was found was
that, yes there are high voltage DC-to-DC converters, but they are about 85% efficient and are
costly, upwards of one hundred dollars. The purpose of this project is to at the very least maintain,
and at best improve efficiency while driving down the cost.

Based on market research, there is a need for a 12vdc-to-170vdc converter. It is just a
matter of making it efficient and affordable. Competing devices are too expensive or not efficient

enough.
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7 Proposed Implementation Challenges

As nice as it would be to have a design without flaws or any kind of problems leading up to
the actual manufacturing of the device, that is unrealistic. Every product that is designed runs into
problems, whether expected or unexpected. Some expected challenges of this project are as

follows:

e Determining optimum switching frequency

e Minimizing transformer losses

e Sufficiently protecting driver switches without reducing efficiency
e Integrating feedback loop to switching controller

e Accurately simulating transformer and switches within converter

One of the major challenges will be accurately simulating the design prior to the testing. If
the design can be modeled, then steps to optimize various components can be taken prior to
assembly and testing. The challenge in modeling this design is in the magnetics and switches.
Losses which are based on frequency, material constants of the core, and coupling will all need to
be taken into consideration if estimations in efficiency are to be believed. As for the switching,
timing as losses on the junctions and parasitic capacitances due to the high frequency will need to
be accounted for.

Another challenge is the integration of the feedback loop into the switching controller.
When the load increases, the controller will need to sense the difference in real time and make
adjustments within the next time step within the circuit. Due to the high frequencies the methods
used to adjust the switches will be handled in an analog manner.

The sooner potential problems are identified, the sooner measures can be taken to make sure
they don’t arise, or if it is inevitable, to minimize the effect of the problem. There is nothing worse
than running into an unexpected problem, and then having to stop all other aspects of research to

deal with that problem.
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8 Research Conclusion

After doing much research, it was found that there is a need for a 12vdc to 170vdc converter
as part of an AC inverter. It was also shown that for the power range of 250W, the best topology to
use is the push pull converter because it gets 85% efficiency at 350W whereas the half bridge and
full bridge operate at SOOW and 1000W respectively.
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9 Design

Shown in Figure 9 is the schematic for the implementation of converting 12 VDC to 170
VDC. Basically how this circuit works is that the 12VDC battery is connected to two N-MOS
transistors which are being used as switches. Each transistor will be on at different times to induce
a current through the transformer. If the transistors are on at the same time, they will short circuit
the supply and saturate the transformer. The transformer has a 1:14 turns ratio so the 12VDC on the
primary side of the transformer becomes 168 VDC on the secondary side.
The two diodes on the secondary side of the transformer create a full wave rectifier. In order to
protect the diodes from voltage spikes, each diode is placed in parallel with an RC snubber circuit.
At this point, the voltage is passed through an LC filter. This filter acts as a low-pass filter —
allowing only signals with frequencies lower than the cut-off frequency through, while blocking all
others. After going through the filter, the voltage is then scaled down to a 5V scale using resistor

R4.

1k
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DB L1
s AR _T_
o o3 54
“I'IZI 2 m
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oo —= Ful — —
12vdc -1 -0 -0
KR _LNCT-PRIGES
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= oAz
X

o3 =

FER = Z0u

Figure 9: Push pull schematic

At this point in the overview of the circuit, it is important to go over the control scheme
shown in Figure 10. The scaled down voltage is connected to an opto-isolator to isolate the power
part of the circuit from the control part. Now that the voltage is isolated, it is compared to a SVDC

source through a differential amplifier. As the name suggests, this device amplifies the difference
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between the two signals. This amplified “error” signal is then used as input to another op-amp

which is being used to bias the error signal. This biased error signal is then compared to a
triangular waveform using a third op-amp. This op-amp compares the triangle waveform with the
DC bias from the previous op-amp to adjust the duty cycle of the MOSFET switches. Connecting
the duty cycle to the switches is gate driver for the switches. The gate driver allows the MOSFETSs
to change state as quickly as possible and also prevents both MOSFETs from being turned on at the

same time.
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Figure 10: Control loop schematic

Currently, the control loop is in the process of being revised. The reason for this is because
there are too many op-amps in the feedback circuit doing minor adjustments to the signal at each
step. With a few more calculations and simulations, the circuit will be able to be reduced to one op-
amp comparing the scaled down Vout with VRef, then biasing it with VBias, and then filtering
before being fed into the op-amp for the duty cycle. Essentially, the new design will make the op-

amp for VControl obsolete since the operations being done there will be done in the op-amp for
VError.
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9.1 Switching

The push pull topology relies on two switches to cycle current through the transformer at
high frequencies. There are two types of switches which can be used within the design; MOSFETs
(Metal Oxide Silicon Field Effect Transistors) or BJT’s (Bi-Polar Junction Transistors). In each
case the transistor would be running in saturation mode when turned on. This enables the transistors
to resemble the characteristics of an ideal switch. There is however with both transistors, a
resistance present when in saturation mode. The resistance causes energy to be wasted as heat
within the device. Since the goal of this design is to be highly efficient, the on resistance of
transistor should be minimal. A model of one of the switches can be seen in Figure 11.

Another important factor in choosing the transistor is the speed at which the device is
capable of switching. The transistor must be able to switch states from on to off quickly for two
reasons. The first is so that it can switch at the operating frequency. In this push pull design, the
operating frequency is 50 kHz. However, with a push pull design, each transistor must be able to
operate at twice the frequency. This is because each switch must be open for some duty cycle of one
half of the operating frequency. During the second half of the cycle, the transistor is off, allowing
the magnetic flux in the core to reset. The second reason the switching speed is important with the
transistor, is the energy dissipation. When a switch is transitioning from off to on, it is in a linear
region, which has a high resistance. Since the current can not reduce due to the inductance of the
transformer, power (current squared multiplied by the resistance of the device) is being wasted.

With a faster switching time, less energy can be wasted, thus improving the efficiency of the design.

pr— —
o~
le'_ D10
N 7~
| i
V1=0 IRF545 ]
V2 -
V2 =12 T
TD=11m |
TR = 1u =
TF=iu =, 0
PW = 10u
PER = 20u

Figure 11: Schematic of switch with zener diode
protection
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The maximum voltage the transistor can accommodate should also be considered when

choosing the device. This voltage should be larger than the voltage source which will be across the
switch. To protect from Voltage spikes, an additional zener diode should be placed across each
switch.

Based on the described parameters, a MOSFET which has a very low on resistance is the
best choice. The maximum voltage the MOSFET should be able to handle needs to surpass 12 volts
DC. The MOSFET should be N-MOS because it does not need a larger voltage than the source to
bias it on. N-MOS should also be used because it typically performs at faster speeds than P-MOS

and will reduce switching losses.

9.2 Transformer
When examining the design of a transformer, shown in Figure 12, there are a few key

parameters which need to be chosen before the design of the transformer can be done. These
parameters are based on the general formula’, Equation 1.0 which governs how a push pull

topology will behave which is as follows

“I'o

Lp2 Ls2

FRM_LIN/CT-PRI/SEC

Figure 12: Schematic of transformer

Vv [Eq. 1.0]

out in

o N2 gy
Nl

The first is input and output voltages. This design specifies 12 volts dc will be applied as the
input, and about 170 volts dc will be the output. The other parameter which must be chosen is at
what duty cycle of the switches should this voltage be obtained. In order for our design to have
room to accommodate for losses within the system, a duty cycle of 0.5 was chosen. Based on these

choices we can determine a turns ratio of the transformer. Unfortunately the turns ratio solved for

7 Emanual, Alexander.
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does not equal an integer. However if we reduce the expected output voltage to 168 volts, a turns

ratio of 28 works perfectly. Having an output voltage of 168 volts is not an issue because it is
assuming 50% duty cycle. Once the duty cycle is increased to 0.5059, the output becomes the 170
volts.

Transformers used in push-pull designs normally have multiple windings. In this design
there will be 4 windings, two primary and two secondary windings. The primary windings will be
1/28"™ the amount of turns as the secondary windings. Each set of windings will be attached together
so that the transformer behaves like one transformer with a center tap on the primary and secondary
side.

Next the core dimensions and material were chosen from the Magnetics Company catalog.
The core needed to be large enough to allow large wires to be wound due to the average dc input
current being 20 amps. The core also needed to be large enough to not saturate the flux during peak
use. As for the material of the core, it should be designed for high frequency and have very low
losses, especially since the transformer is hand wound. The core chosen is from Magnetics’ MMP
line which is designed to have the lowest losses. This makes the core more expensive compared to
similar cores. The core achieves low losses at the frequency being operated because it is a powder
core. Ferrite powder is epoxied together. This insulation of the particles almost completely
eliminates eddy currents in the core.

The particular part is the MMP 55906. The important parameters of this core include the
inner diameter which is 1.9 inches, the permeability of the core, p, which is 125, the mean length of

the core, 0.1995m and the cross sectional area of 0.0227m.

9.2.1 Using the formula
To determine how many times each wire should be wrapped around the core, the delta

change in the input current needs to be chosen, see Equation 2.0. This value determines the

approximate inductance L of the core for the first winding.

V. t
Al =055 Eq. 2.0
n T > [Eq. 2.0]
-6
212 5. 2040 sL,,., = 30uH
L 2

core
Now with L approximated for the design, the calculations of the number of turns needed can

be done, Equation 3.0.
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Length_ . -L
Nl — g core core [Eq' 3'0]
U,-U, -Area
\ _\/ 0.1995-30x10~°
" V125-4- 72107 -0.0227
Once N1 is determined, N2 can be determined

core

=1.29——2turns

N, =28-N, =56turns

Since N2 was rounded up to 2, the inductance of the winding has changed as follows

0.1995-L
\/ —core > Ly, =71.5UH
125-4-7-107-0.0227

With the inductance change, the delta of the current in also changed as follows

-6
Al = 2 ' 120x10
71.5x10°¢ 2

Al =0.839A

Based on these calculations the core will perform well and have plenty of space for the two

sets of the 2 turns of the primary and 56 turns of the secondary winding.

9.3 Rectifier
The two diodes in this circuit form a full bridge rectifier. Diode D8 on the top of the

C3 R3
| |
— VW

1k
5n

D8

— P —

Figure 13: Schematic of rectifier
diode with RC snubber protection

schematic, shown in Figure 13, is turned on when switch M1 is turned on. Diode D8 on the bottom
of the schematic is turned on when switch M2 is turned on. The diodes are never on at the same

time because the switches are never on at the same time. To protect the diodes an RC snubber
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circuit is connected in parallel with each diode. The way the snubber circuit works is that it

suppresses electrical transients by limiting the rate of rise in the voltage. Without the snubber in
place, there is a chance of a voltage spike across the diodes which would permanently damage the

diodes.

9.4 Filter

The combination of the inductor L1 and capacitor C3 create an LC second order low-pass
filter, shown in Figure 14. The low-pass filter allows only signals with frequencies lower than the
cut-off frequency to pass through, while blocking others. For this circuit, the cut-off frequency is
25165 Hz (158116 rad). Ideally the low-pass filter has a flat pass band — no gain and no attenuation
— and completely attenuates all other frequencies. However, an ideal filter is not possible and after

the cut-off frequency, the pass band will be falling off at the rate of -40dB/Dec.

L1
—_—t" Y Y Y\
20uH __T: c3
2u

=0
Figure 14: Schematic of LC Filter

9.5 Isolation
In order to keep the output voltage at 170VDC, it is necessary to control the amount of time

the switches are turned on. The first step in this process is to scale down and isolate the output
voltage. The output voltage of 170VDC needs to be scaled down to a 5VDC scale. To do this, a
large R, shown in Figure 15, is necessary. The most common way of implementing an isolator is by
using an LED and a light sensor. When the LED turns on, the light sensor activates and detects the

amount of light being emitted and produces a current that is proportional to the amount of light.
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Figure 15: Schematic of
resistor for scaling

9.6 Differential Amplifier

The differential amplifier, shown in Figure 16, takes two inputs and amplifies the difference

between the two signals as its output. At this point in the control scheme, the scaled down output
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Figure 16: Schematic of differential amplifier

voltage is compared with the SVDC reference voltage. The difference between the two inputs is
then amplified by a constant determined by the resistors. The scaled Vout is attached to the V-
terminal and the reference voltage is attached to the V+ terminal. When the voltages are exactly the
same, there will be no output from this device. However, when the two voltages are different the

difference between them is used as input to the Vcontrol part of the control circuit.

24



High Voltage DC-DC Converter
Nelson
Ruscitti

9.7 Voltage control
The voltage control loop, shown in Figure 17, sets a biased low voltage level based on

feedback from the 170 volt output from the converter. This voltage is used to determine the
necessary duty cycle for maintaining a constant output. The voltage control circuit has 4 steps. First
the output must be reduced to a scaled low voltage through isolation. The purpose of the isolation is
to protect the ICs from damage which could come from a high voltage spike. The scaling and
isolation is accomplished with a resister and a current fed optical isolation IC. The amount of

current into the component is proportional to the voltage at the output and thus makes
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_ | OPAMP V Control
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Figure 17: Schematic of V_Control

a proportional voltage on the output of the IC. Next a reference voltage is subtracted from the input.
This value represents the delta which the voltage must change to reach the desired value. At this
point in the circuit, a gain is applied to the error. The purpose of this amplification is to make the
returned signal correct the delta quickly. If the gain is too low, the time required to reduce the error
to 0 will be too long. However if the gain is increased too high, the control loop is liable to become
unstable with large spikes in the error correction and have uncontrollable oscillations. After the
error is amplified, a biased voltage is added to the signal. This v bias sets what the duty cycle should
be when the error is 0 for the switches. A schematic of the implementation of these steps is

attached.
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9.8 Duty cycle control

The duty cycles of the switches are determined based on the output voltage of the converter.

As the voltage drops below the desired value, the duty cycle is increased to supply more power
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o
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Figure 18: Schematic of duty
cycle controller

through the transformer. Once the voltage reaches and begins to exceed the correct output voltage,
the duty cycle of the switches is reduced to hold the value. The input in to this control circuit,
shown in Figure 18, is the control voltage and a triangle wave which is running at the operating
frequency of 50 kHz. The triangle wave is generated using an a-stable multivibrator out of some
opamps, resistors and a capacitor. Both signals, the triangle and control, are attached to a
comparator. The triangle is attached to the V- terminal and the control is attached to the V+
terminal. The V+ rail for the comparator is set to the necessary voltage to saturate the MOSFET
switches. When the control voltage is less than the triangle, the duty cycle is 0 and the MOSFETs
will not turn on. As the control voltage increases, a larger proportion of the triangle wave becomes
less than the control, turning the comparator high along with the MOSFETs longer. Once the
control voltage is larger than the triangle waves, the duty cycle is 100%. For the push pull design

however, the duty cycle must be kept below 100% so the core of the transformer can reset.
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9.9 Switching driver
The purpose of the switching driver, shown in Figure 19, is to make the MOSFET change

states as quickly as possible. The input to the driver circuit is the PWM pulses which represent the

duty cycle that the MOSFET will operate at. The voltage of the input pulses will be based on the
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Figure 19: Schematic of switching driver

requirements of the MOSFET’s requirements. Most MOSFETs which would be used in this design
would only need a gate voltage of between 3.6 to 6 volts. One of the important requirements for the
switching driver is the ability to introduce a delay into the signal. The reason is that there will be
one PWM signal being produced from the control loop and one of the two switches must react
exactly at T/2 where T is the duration of time for one cycle. Although the task of having the two
signals could be approached earlier in the control loop, adding a time delay to the signal as it goes
into one of the switches ensures better matching of the duty cycle to each switch. It is because of
this desire for a time delay, that a MOSFET driver IC is appropriate to be used. The IC’s output will
attach directly to the MOSFET switch’s gate. The IC will be designed to drive N-MOS MOSFETs
and will not require bootstrapping to raise the gate voltage. The IC will also have a low power

consumption, to improve efficiency of the design.
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10 Simulations

To gain an understanding of how this circuit is going to work, a simulation was made using
Pspice in conjunction with OrCad Capture. The purpose of the simulation was to examine how the
current flowed through the system, specifically through the diodes, and filter. Simplifications were
made in the simulation for the switches. As a substitute for the MOSFETs a voltage controlled
switch was implemented in the simulation with a series resistance equaling the Rds-on value from
the datasheet for the MOSFET planned on being used. Certain non-linear characteristics, i.e.
hysterisis and saturation of the core, of the transformer could not be modeled because Pspice is a
linear simulation tool. As a simplifying assumption in the model the transformer was made to be
ideal with a coupling constant of 0.99. In the simulation the load was represented by a 200 Ohm

resistor which

10.1 Results

The results of the simulation we were able to produce multiple waveform graphs which
helped us understand the characteristics of some of the components. All graphs that were found to

be relevant in determining parameters are in the following sections. The most notable parameters

were:
e Expected power losses from the MOSFETs
e Break-down voltage of the rectifier diodes
e Average forward current through the diodes
e Snubber circuit
e L and C filter values
10.1.1 Expected Power Losses from the MOSFETSs

The calculated power loss in each of the MOSFETs, when on, was determined by examining
the current multiplied by the Rds-on multiplied by the duty cycle. A graph of this can be seen in
Figure 20. To ensure the value graphed was realistic a quick calculation of P=I’Rds-on*duty cycle

equals

P=20%-0.0038-0.5=0.76
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This value is reasonably close to the value in the simulation so we can conclude the

simulation should have accurate data.
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Figure 20: Power loss in MOSFET

Diode Break-down Voltage

The diode break-down voltages were simulated with a real diode STTH5L06 which is an

ultra-fast high voltage rectifier. There were extremely large voltage spikes and a snubber circuit

was added to remove the voltage spikes. During the initial start-up of the circuit, the diode

experiences a voltage spike around 440V as shown in Figure 21. Once the circuit reached a steady

state the voltage stayed around 400V as shown in Figure 22.
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Average Forward Current through the Diodes
The forward current through the diodes was simulated with a real diode STTH5L06 which is

current spike around 2.1A as shown in Figure 23. Once the circuit reached a steady state the current

an ultra-fast high voltage rectifier. During the initial start-up of the circuit, the diode experiences a

stayed around 1.45A as shown in Figure 24.

10.1.3



High Voltage DC-DC Converter
Nelson
Ruscitti

o o n,f“f“f“'rr‘\ﬁ -
—— - [ S N R W = 0 4 AN AN A NS0 NA R IR |
B I I _______Fl?;__ TTHT I T E 1T nTri1° 1 T1rTr i __?&‘Q__r,‘i __l;_:'_
B A ::::::::::::::::%fo:': TR e A
=¥-1 |
A S S SV Fie T I ) O O A O O O
A A e A T e e ]
I I RN AREEER AN RN AN EE NN NE RN EEN NN N AENEN
ANSNENE AR AN
IRAREERERY Y

1._2000ms 1.32000ms 1.4000ms 1.5000ms

Figure 23: Transient of current through diode
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Figure 24: Steady state current through diode

10.1.4 Snubber Circuit

The need for a snubber circuit was realized when high voltage spikes were seen across the
diode. The purpose of the snubber circuit is to remove the high frequency spikes by having the
capacitor collect the charge and then discharge through the resistor. Through multiple simulations,
it was found that the values of C=5nF and R=1kQ minimized the amount of voltage spiking across

the diodes.
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10.1.5 L and C Filter Values

The values for the LC filter were determined by using the formula

(1-2-[DutyCycle]) -Vout

AV =
32-F*.L-C

Choosing L=20pH and C=2pF the Vout is a smooth line after 4ms. This represents a very

low AV therefore the LC values will accomplish the goal of 2% ripple according to the simulation.

252 .9V

1.0ms 1.5ms=s 2 _0ms 2.5ms 3. 0ms 2 _5Sms 4 . 0ms 4 _Sms 5.0ms

Figure 25: LC Filter
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Design Conclusion

Based on these schematics and simulations, the circuit will work. A triangle wave generator
will be assembled so the circuit will not require the use of a function generator. The only problem

that remains is how to ensure only one MOSFET is on at any given time.
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11 Block Diagram

A generic block diagram is good to have when starting the design of a project, but once
you’re ready to actually start implementing the design and building the device, it is even better to
have a specific block diagram. Just like having a very detailed outline makes writing a paper easy,
a very detailed block diagram makes drawing a schematic using a schematic capture software
program very easy.

When this project was started, a generic block diagram was used to describe how the device
was going to be designed, this can be seen in Figure 1, and for ease of comparison can also be seen
here in Figure 26. Since then, most of the blocks haven’t changed, but more specific information
has been added to show how the device will work, this specific block diagram is shown in Figure
27.

The Optical/Magnetic Isolation block in the original block diagram was removed from the
specific block diagram and the Feedback block was broken down into blocks pertaining to the
specific tasks of the control scheme (these changes will be explained later in this report). If you
were to take the specific block diagram and hold it next to the schematic, you would be able to see

where each of the blocks is implemented.

Vin | =~ Transformer - Rectifier | = Filter |~ Vout

—
o Optical/

: Switching :
Switches =« Control | Feedback - Magngtlc
Isolation

Figure 26: Generic block diagram of DC-DC converter
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One other change in the block diagram is the use of arrows of different widths. The thicker

arrows in Figure 27 show the flow of energy through the device, while the thinner arrows show the

control circuitry. This distinction was not made in Figure 26.

12vbe Full Wave LC
NMOS Transformer Rectifier
| —Pp > \———>p» Low-Pass ——p» Vout
;’S""el’ P Switches 1:28 w/RC Filter
pply Snubber
A
|
Duty Cycle Op-Amp
i ] lat— e -
Driver |« NAND Controller w/ Filter
A 7 4
- 5vDC
Fre_qqency Triangle Reference
Divider Wave Voltage

Figure 27: Specific block diagram of high voltage DC-DC converter
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12 Revisions to Design before Prototype

As mentioned before changes were made to the block diagram, which led to changes in the
schematic, and ultimately the prototype. Some of the changes were to take out parts that were not

going to be implemented others were to add in parts that were to be implemented.

12.1lsolation
Based on the original block diagram, a device was to be used to provide optical/magnetic

isolation. In the final implementation of this device, that component was not used. It was not from
lack of finding a device to do this, to the contrary there were plenty of devices that would isolate the
output from the controls the problem was with not fully understanding how the component works
and how it would affect the functionality of the device. Instead of using an opto-isolator to isolate
the output from the controls and give a proportional voltage to the control side, a very common and
non-isolated technique was used to test the controls. A voltage divider was used to obtain a voltage

of 4.4V when the output is 170V.

12.2New Control Design

The original control design, shown in Figure 10 and here in Figure 28 was very simplistic
compared to what it evolved to when the prototype was being designed, shown in Figure 29. The

original control circuit used a function generator to create a triangle wave and

Scaled Vout
4

1 W Blas c
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Figure 28: Original control schematic
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Figure 29: Control circuit used for prototype

was using a lot of resistors and operational amplifiers each doing one task that was simplified in just
a couple resistors and op-amps doing the same tasks. The seven resistors associated with U2 and
U3 and U2 and U3 themselves were simplified to one op-amp and nine resistors. A Schmidt
Trigger was used to produce a square wave running at 55k Hz, the output of which is then used as
the input for an integrator, generating as an output a triangle wave. This self-sustaining circuit
means the function generator initially used to create the triangle wave will no longer be necessary
and changes to other parts of the circuit will not affect the triangle wave generator.

To obtain a 5 volt reference for the differential amplifier, a 5 volt regulator was used. This
component takes as its input, the 12 volts from the battery and outputs a constant 5 volts. The
difference between this voltage and the scaled down output is then amplified by a factor of ten, and
ideally gives as an output 6 volts. This DC voltage is then compared with the triangle wave
generator giving as an output a PWM. With an output voltage of 170 volts, the output of the
comparator should have a 50% duty cycle and automatically adjust to a less than 50% duty cycle if
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the output is greater than 170 volts and greater than a 50% duty cycle if the output is less than 170

volts.

Only one MOSFET can be turned on at one time, otherwise the core of the transformer is at
risk for saturation. To prevent both MOSFETSs from being turned on at the same time, a frequency
divider had to be implemented. The last step of the control circuit is to take the output of the square
wave and use it as input to a frequency divider. Both the inverting and non-inverting output of the
frequency divider is ANDed with the PWM output. The output of each of the AND gates is used as
input for one of the gate drivers. This configuration ensures that only one MOSFET will be turned

on at a time.

12.3Inductor
An inductor of the order of 20 pH was used in the initial design of the output LC filter. However,

this inductor is not capable of handling the current on the output side of the transformer. In order to
handle the current, the 20 pH needed to be replaced by a 6.8 mH inductor. Just changing the
inductor would change the resonant frequency, which can be found by using Eq. 4.0, of the LC
filter. The frequency of the control circuitry is 55k Hz, the frequency of the filter should be a factor
of ten greater or smaller than that. To make the LC filter have a resonant frequency of 5k Hz, Eq.

4.0 needs to be solved for C, yielding Eq. 4.1. Using this equation a 150nF capacitor is needed.

1

f, = e [Eq. 4.0]
1
0
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13 Transformer Building
The design and building of the transformer is an integral part of the entire DC-DC converter.

Because the turns ratio required was not a standard design, and the fact that our current
requirements were larger than most stocked transformers, it became apparent the transformer would
need to be hand wound. However, determining how to safely handle 21 amps of current led to an
approach which was more complicated than just 2 times around with 1 wire and 56 times around
with a separate wire.

Based on the American Wire Gauge standard, a single wire of size 10 or larger would be
needed to handle current spikes over 30 amps. The problem is when the wire is that thick, it does
not conform well to the square shape it would be wrapped around, leading to a lower coupling with
the core, and thus lower efficiency. To solve the problem, multiple sets of windings were attached
in parallel. Besides enabling the wire to be thinner and thus wrap closer, it also allowed the current
to be spread evenly throughout the core and leads to a better coupling between the primary and
secondary side. In the final design, 3 sets of AWG 14 wire with a voltage insulation of 250 volts
were used.

On the secondary side, since the current would only be around 1.5 amps, the wire did not
need to be paralleled. In both cases the wire used was stranded copper since the switching
frequency was not large enough to worry about losses from eddy currents. However if the design
needed to be more efficient, litz wire should be used to replace the current implementation.

When assembled, the transformer has 12 turns of the primary, 6 sets of 2m and 112 turns of the
secondary, 2 sets of 56. Each set of the secondary and 3 sets of the primary represent 1 side of the
center tapped transformer, with an identical count for the other side. To create these nodes, the
soldering of each of the wires was done directly to the board, eliminating the need for splicing wire
connections. Since the inner diameter of the core chosen was large enough, only 2 layers of wires
were needed. The secondary wires are closest to the core, with the larger, primary sets of wires
being wrapped tightly around them. A photo of the completed transformer being attached to the
PCB board can be seen Figure 30:
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Figure 30: Hand wound core, 1:28 turns ratio
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14 Part selection

When choosing parts to be used for the prototype, some general rules were followed to
facilitate in the building stages. The most important was to use through hole components whenever
possible. Through hole allows us to quickly assemble the prototype by hand and do not require
special soldering equipment like some smaller surface mount forms. We also determined through
hole components allow for quicker and neater reworking of the PCB. Wires can easily be tacked
onto the bottom of the board to the pins. The only downside is through hole components would
take up larger amounts of space and effect traces and layout on both layers of the board.

Another general rule followed for part selection was to avoid specialty components
wherever possible. By using readily stocked components, our ability to replace any item damaged
during testing becomes cheaper and significantly reduces downtime between tests. The TL0OS2 op-
amp, along with the 74 series D-Flip-Flop and NAND gates were chosen for this reason.

Current carrying ability was also very important in the part selection, especially in the power
side of the design. Based on the simulations and calculations of the current levels, the switching
MOSFETs, rectifier diodes, and filter components were chosen to handle well above the anticipated
current at full load. The MOSFETs for example are rated at 140 amps continuous, even though,
they should have an average current of 21 amps. To see a full list of part numbers of the

components used in the design, refer to Appendix E: Bill of Materials
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15 PCB Layout
The PCB board was designed using Ultiboard layout software. The advantage of Ultiboard

is because it interlinks with Mutlisim so well. Ultiboard allows the schematic to be imported and
can actually check the connections between parts to ensure proper wiring. Unfortunately since our
power and control design were completed separately and integrated as a last step, the wiring checks
were not used at this stage. Since this board was designed to test the circuitry and not fit into a
certain form factor. The dimensions chosen for the board were 10 inches by 6 inches. This allowed
plenty of space to mount all the components directly to the board including the 3 inch diameter
transformer. Also by having a large board, the layout could be done to intuitively understand the
flow of energy in the circuit. The layout actually is very similar to the block diagram of the system.
The 12 volts enters the circuit on the left, flowing through the switches, transformer and filter along
the upper part of the board from left to right. Then from the 170 volt output on the right, the control
circuitry flows right to left from the triangle wave generator, to the PWM, to the logic circuits and
driver chips. To monitor the whole design, in the upper left side of the board, there are various test
points in the circuit.

Since the board is large enough, only 2 layers for traces are needed to interconnect all the
points. On the bottom layer, a ground plane is used to reduce noise and allow for larger currents to
flow. However due to the size of some traces used, there are some signal wires which are also run
through the bottom layer with vias. These traces were isolated by a 20mil clearance on every side

from the ground plane.

15.1Power

Within the power side of the design, there are a couple of unique requirements which were
implemented into the PCB. One of the most obvious features of the power side of the PCB is the
trace widths used. When the converter is running at full load, approximately 21 amps of current
will be flowing through the primary side of the circuit, the traces needed to be made as wide as
possible. At some points the trace is as wide as 900 mils. One of the reasons for such wide traces
was from limiting the trace thickness. Normally PCB manufactures offer multiple steps in
thickness, starting at 1 oz copper, up to 3 and even 4 0z copper; 2 0z copper being twice as thick as
loz. The downside to choosing a thicker copper is the significant increase in manufacturing cost,

whereas in this situation, increasing the width did not affect the cost directly. The widths chosen for
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the traces were calculated based on a trace width calculator. The formula implemented by the

calculator is as follows:

| =0.0647 -dT "' . A®72 for external traces

where:
I = maximum current in Amps
dT = temperature rise above ambient in °C

A = cross-sectional area in mils?

Another result of having such large currents at the input side of the converter is the double
banana jack terminals used. Each banana jack is capable of 15 amps continuous, so by adding the
ability to connect 2 in parallel, the board would be capable of approximately 30 amps from the
power source. Since the output should never have over 1.5 amps flowing, only one set of terminals
was used.

The last part which makes the layout of our power side is the traces used with the transformer.
3 custom circles of approximately 600 mils wide were used as the footprint of the primary side.
The secondary side was connected to the rectifier diodes with vias and 100 mil wide traces. The
purpose of the 3 circles were to simplify the wiring of the transformer. Each circle represents a
node; the outer circle is the center tap where the 12 volts is connected. Each of the other circles are
connected to ground through the power MOSFETs. On the outer ring, there are 6 holes used to
solder the parallel sets of windings, while the inner 2 circles have 3 each. These circles are on the
bottom layer of the board and therefore are on the same plane as the ground plane. This reduces the

chances of the board acting as a parallel plate capacitor within the large surface area.

15.2Controls
The op-amps used in the control circuitry are TL082’s. This is an eight pin DIP with two

op-amps on each chip, and was chosen for this reason and because they have a very fast slew rate of
13 volts/us. Each op-amp in the schematic corresponded to one TLO82 on the board just incase an
op-amp was blown; the other side of the chip could still be used, after some rewiring to obtain
desired outputs.

In the PCB layout software, the controls were laid out in a fashion that allowed for grouping

of components that worked closely with one another. The op-amps for the square wave and triangle
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wave are right next to each other as are the ones for the DC bias voltage and the comparator. The

frequency divider is near the PWM output, the benefit of this will be explained later in this paper.

The AND gates are near the driver chips to minimize the possibility of a time delay causing both

MOSFETs to be turned on at the same time.

44



High Voltage DC-DC Converter
Nelson
Ruscitti

16 Revisions to Prototype

While assembling and testing the completed printed circuit board a few mistakes were found
in the design. Most of the mistakes were easily fixed by removing unnecessary components, cutting
traces, changing where a wire goes, adding circuitry that was in the schematic but was accidentally
left out of the PCB design. All the revisions to the control side can be seen at the end of this section
in Figure 31. The revisions to the power side were just adding in components that were in the

schematic, but were accidentally left out of the PCB design so there is no new schematic for that.

16.15 volt Regulator

During testing before the PCB was made, the 5 volt regulator was not giving 5 volts as an
output; in fact, the output was not even in the specified range. To fix this problem on the
breadboard, a second 5 volt regulator was added in parallel, doing this provided 5 volts on the
output pin. While testing the PCB, it was found that only one regulator was needed because it was

providing the expected 5 volt output; the second regulator in parallel was never soldered to the

board.

16.2Triangle Wave Generator
The integrator chip which should be producing a triangle wave for an output was not

producing this output. While making the traces in Ultiboard, the traces to pins 5 and 6 of the
integrator got swapped. To solve this problem, the traces leading to these pins were cut, and the
proper wiring was made on the bottom of the board. With this change made, a triangle wave was

produced at the output.

16.3DC Bias

During the design of the PCB four resistors were used to scale down the 170 volt output of
the power side to 2.5 volts and provide a DC bias level of 1.9 volts. Now the same result, a voltage

of 4.4 volts, is achieved using just two resistors.

16.4 Differential Amplifier

The resistors on the differential amplifier were swapped out for resistors of higher resistance
to reduce power losses. Increasing the value of the resistor in the filter means the value of the

capacitor needs to be reduced to keep the same time constant.
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16.5Frequency Divider

Initially, the input to the frequency divider was the square wave output. However, this was
giving unexpected results at the output of the logic gates. What was happening was one driver
would turn off, then immediately the other one would turn on, not giving the transformer time to
reset itself. After trying to delay the signal from the frequency divider and not having much
success, it was decided to change the input to the frequency divider. The input was changed from
the square wave to the signal containing the PWM. This solved the issue of having one of the logic

gates turn off and immediately having the other one turn on.

16.6 (N)AND
On the PCB, two AND gates are being used to AND the PWM with the non-inverting output

of the frequency divider on one gate, and with the inverting output on the other gate. Since the
input of the frequency divider was changed the output of the AND gates no longer interfered with
one another (no more sharp off of one and sharp on of the other). Now the problem was the
MOSFET driver was changing the signal from the AND gate.

The low side of the driver is an inverter because of the Schmidt trigger in the driver chip.
So it would invert the signal, when it is in a closed loop. It’s only an issue when the PWM is not
50%. To fix this, the output of the AND has to be inverted and easiest way is to use a NAND. The
pins on the NAND are the exact same as the AND. The NAND gate also has a faster propagation
delay.

16.7 Driver Chip
To make the driver chip work correctly, the high side MOSFET had to be faked. In order to

do this a few changes had to be made. A capacitor had to be added to the bootstrap (pins 2 to 4).
Pin 4, the low rail of the high side driver was then tied to ground through a resistor. A delay resistor
was also added from Pin 5 to ground. With these changes, the driver was able to turn the MOSFET

on and off.
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16.8RC Snubber

The RC snubber circuitry used to protect the rectifying diodes was accidentally left out of

Nelson
Ruscitti

the PCB design. These components were added across the diodes on the underside of the board.
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Figure 31: Revised control schematic
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17 Testing

After making the changes to the board, it was time to make sure the changes would work.

Here are explanations of the tests performed and the outcomes.

17.1Controls

Testing the controls meant simulating a 170 volt output and observing the output waveforms
of the triangle oscillator, the PWM, the frequency divider and the NAND gates, along with

measuring the power used.

17.1.1 Output Waveforms
The output of the square wave integrator resulted in a triangle wave which was compared

with a DC bias to produce a PWM; this wave form is shown in Figure 32. Ideally with a 170 volt
output this PWM has a duty cycle of 50%.

0 200v/ B 2.00v/ & 00s 500& Auto £ 556V

Triangle
Oscillator

Autoscale Menu

Undo ~ Channels
Autoscale All

Figure 32: PWM created by triangle wave
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The PWM signal is then used as input to the frequency divider. This will divide the

frequency of the PWM by a factor of two, as can be seen in

0 200v/ B 200v/ & 00s 500 Auto £ 1.72v

Frequency Divider

Autoscale Menu

Undo ~ Channels
Autoscale All

Figure 33: PWM used in frequency divider

The NAND gates as inputs take the PWM and then either the inverting or non-inverting
input of the frequency divider and produces the output shown in Figure 34. This signal is then used
as input to the drivers which tell the MOSFETSs when to turn on. Using this implementation also

prevents the MOSFETs from being turned on at the same time.
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(utput
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Autoscale Menu
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Figure 34: NAND gate output
17.1.2 Control Side Current Draw

After discussing with a couple professors, it was found that the power consumed on the
control side of the board was too high. The control side was drawing 1.12 W, at 12 volts means
there was 93 mA of current. After some analysis, it was found that the D Flip-Flop and the NAND
gate were drawing extra current because the unused sides of those IC’s were tied to ground. When
IC’s have their unused inputs tied to ground they don’t draw extra current, but when the unused
outputs are tied to ground, they are going to draw more current. With this known, the unused
outputs were removed from ground, but the unused inputs were left tied to ground. This
significantly reduced the amount of current being drawn, and the power used as well. Now the
control side is drawing 30 mA of current at 12 volts, meaning it uses 360 mW of power — that’s

more than a one-third reduction in the amount of power used!

50



High Voltage DC-DC Converter
Nelson
Ruscitti

17.2Power testing

The testing of the power side was completed in two steps. The first stage was using a power
supply to source the 12 volts input to the converter. The purpose of the power supply is to be able to
limit the current entering the system. By limiting the current to a few amps, the likelihood of
components overheating from a short circuit is reduced. The power supply also allowed for a
precise input voltage. The second stage was to do a high current test. The source for this test was a
12 volt car battery. On the high current test, a high power load was also used to ensure power

transfer through the circuit.

17.2.1 Current limited

To safely test and find any shorts in the circuit, a power supply was used by providing 12
volts and 2 amps. The fuse being used during this test had too high of a current rating — the traces
on the board would melt before the fuse blew — so a light bulb was used in place of the fuse. This
helped verify that the MOSFETs were switching accurately without burning them out. To remove
noise on the gate of the MOSFET, a 330uF capacitor (by-pass cap) was added across the power

supply, a revised schematic of the power side can be seen in Figure 35.
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Figure 35: Final power schematic

As expected, when the duty cycle was adjusted the output voltage changed proportionally.
However, the proportional change was inversely proportional, which was not expected — they
should be directly proportional to one another. The reason for this turned out to be the two pairs of
wires on the transformer’s secondary side were inverted on the board. The wires that were tied to

ground were supposed to be connected to the diodes, and vice-versa. To fix this, the wires were un-
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soldered, then re-soldered in the correct configuration. When this was done, the current through the

transformer increased as the duty cycle increased, which is what was expected from simulations.
To more accurately see what was happening at the output, the inductor of the LC filter was removed
to minimize the amount of oscillation. With the inductor temporarily removed, voltage peaks were

seen around 95 volts with a duty cycle of just 10%!

17.2.2 Full scale test
The high current test was done using a 12 volt car battery as the source, shown in Figure 36.

To protect the circuitry, the first power up test was completed using a 5 amp fuse to the switching
MOSFETs. When the current draw increased over 5 amps, the power would disconnect from the
transformer, allowing the control loop to function normally. All testing at the high current level was
done in pulses, so that the converter was not operating for more than a few seconds at a time to
diagnose issues found. To control the PWM during the high current test, a power supply was used to

set the biased point of the comparator instead of through the closed loop. As a load, a 100 volt, 40

watt light bulb was attached to the output.

Figure 36: Setting up the igh pwer tst
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The first power up lasted approximately two seconds. Within that amount of time the 5 amp

fuse melted. However the light bulb did become very bright for that duration. At this point it was
determined to increase the fuse to 15 amps. When powered up again, the light bulb stayed lit and
the fuse did not blow instantly. During the 15 amp test, the waveforms of the output and gate
voltages were measured, shown in Figure 37. The correlation between when the gate turned on and
ripple in the output was very noticeable. During this stage the output ripple was ~50 volts with a dc

level of ~125 volts. The size of the ripple was due to the lack of inductor in the circuit for the

testing.

jampl .
Figure 37: Output of high power test

In order to see if the brightness, and therefore power output of the converter could be
increased, the duty cycle of the PWM was increased to ~40%. At this point two major observations
in the operation occurred. The RC snubber circuits were designed with a resister not capable of
dissipating the amount of energy being fed into them. During the next power up, the resistors
emitted smoke and then began to shoot blue sparks. The remains of the snubber circuit can be seen

in Figure 38. The other observation was that only one of the two MOSFETSs were switching. After
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turning off the circuit and checking the driver circuit on the non functional MOSFET, no issues

were found. This leads to the assumption that the MOSFET was damaged either by heat applied to

the gate when re-soldering a joint, or some unpredicted interaction with the transformer’s

inductance.

,/—_\ N
Figure 38: RC snubber
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18 Results
With all the re-work done to the board, Figure 39, an output was finally obtained!

Figure 39: PCB with revisions

As can be seen from the graphs in the testing section, the circuit is working. The controls are
working perfectly and only have a power loss of 360 mW. The power side has some room for
improvement. The switching MOSFETs are not working as expected. One of the two MOSFETs is
turning on and off; the other would not turn on during high current testing, but worked afterwards
during low current testing. The MOSFET that was switching was getting extremely hot, using an
infrared temperature sensor, a temperature of over 180°F was recorded after short durations of
testing. When working off one switching MOSFET, voltages around 120 volts with a ripple of

approximately 50 volts were observed when tested without an inductor in the LC filter.
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19 Design Conclusion
Changes were made to the design of the PCB both before and after it was received. Had all

the necessary changes been caught before the board was sent out to be made, it would have saved a
lot of time and frustration later on. The controls are working, but there are issues getting the
MOSFETs to switch as expected during high current testing. Adjustments in the input voltage to
the controls changes the duty cycle of the PWM as expected. The first time the transformer was
turned on, there was smoke — a few components had to be replaced. After taking another look at the
data sheets and revising the board a little an output was obtained, although it was just able to power

a 40 W light bulb with a voltage of approximately 120 volts.
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20 Costs

One question you might have at this point is if the device was fully operational and you had
a sine wave inverter to attach to the 170 volt output, how much would the DC-DC converter cost?
To answer your question, let’s look at Figure 40. As you can see from this Bill of Materials, it will
cost approximately $81 just for the components to assemble this device, with the transformer
consisting of about half the cost. The full Bill of Materials with vendor names and part numbers
can be found in Appendix E: Bill of Materials. Please note that these prices are based on Digikey
and ECE shop prices. Also note that all components ordered were in small quantities so there might

be volume discounts that do not apply here.

Quantity | Description Price

2 RESISTOR, 1.0kOhm_5% $ 0.10000
2|CAPACITOR, 5.1nF $ 0.47200
1 CAPACITOR, 1.0uF $ 0.25000
2|ZENER, 02BZ2.2 $ 0.99000
2 POWER_MOS_N, IRF530 $13.00000
1| Transformer $39.76000
1 INDUCTOR, 10mH $ 9.56000
2|DIODE, 1N4151 $ 0.01050
1/50_ AMP, 50 AMP $ 0.25000
1 Banana Jack $ 7.93000
1/RESISTOR, 1.0kOhm_5% $ 0.10000
1/RESISTOR, 10kOhm_5% $ 0.10000
5 RESISTOR, 20kOhm_5% $ 0.10000
1 CAPACITOR, 1.0nF $ 0.25000
1 CAPACITOR, 10nF $ 0.25000
2 CAP_ELECTROLIT, 100uF-POL $ 1.00000
1 RESISTOR, 7.5kOhm_5% $ 0.10000
2 RESISTOR, 200kOhm_5% $ 0.10000
1/VOLTAGE_REGULATOR, LM7805CT ' $ 0.60000
4/OPAMP, TLO82CP $ 0.64000
2|74LS, 74LS08D $ 0.53000
1 74STD, 7474N $ 0.53000
2|SOCKETS, DIP8 $ 3.20000
1/RESISTOR, 2000hm_5% $ 0.10000
1 RESISTOR, 1000hm_5% $ 0.10000
1/RESISTOR, 180kOhm_5% $ 0.10000
1/RESISTOR, 5.1kOhm_5% $ 0.10000
2 RESISTOR, 510kOhm_5% $ 0.10000
2 RESISTOR, 51kOhm_5% $ 0.10000
2 CAPACITOR, 22nF $ 0.25000
1/RESISTOR, 3000hm_5% $ 0.10000

$80.77250

Figure 40: Bill of Materials for DC-DC converter

57



High Voltage DC-DC Converter
Nelson
Ruscitti

21 Recommendations

After completing this project and learning what to do and some things not to do, some
recommendations are going to be made for any future groups working on this or any similar project.

The first recommendation is to consult more with power engineers. These engineers deal
with power all day, they will be able to help you a lot and you will be able to make more progress
on the project in a shorter amount of time.

The next couple of recommendations have to do with component selection. When picking
components, make sure they are capable of handling the expected voltages/currents. Be aware of
any offset or inverting properties of the components being chosen and where unused pins should be
connected. Use DIP or TO components. These types of components are easy to test on breadboards
and on PCBs. When soldering onto the PCB, use as many sockets as possible. In this project a
couple of frequency dividers and logic gates were blown. It would have been very tedious and
time-consuming to unsolder the chip and solder in a new one. By soldering sockets into the PCB,
you are making it as easy to swap out components as if you were working on your breadboard.

Isolation. Learn about the different types of isolation early and start testing them to see how
they respond. Isolation is very important in power applications.

These last couple recommendations deal with PCB layout. Make sure all IC’s are facing the
same direction. If you have four op-amps, and three of them are facing one way, do not turn the
fourth on in another direction even if it does make it easier to draw traces. If someone is just
putting the components in and not paying attention to the schematic, there is a very real possibility
the IC will be put in backwards. Double and even triple check that all traces are correct before
sending the PCB to be made. Its one thing to have to add resistors and capacitors to make an IC
work, but if you have to cut traces and then physically re-wire the circuit, it is going to take a lot of
time. If you are making a large board, have holes drilled in each of the four corners for legs to be
inserted to hold it up, depending on size, you might even want a fifth hole drilled near the center of
the board where it is more pliable. Although it might make things a bit more visually difficult to
understand, make good use of your board space. Spacing components out and grouping them by
task may make it easier to visually pick out what is going on, but if an engineer were to see it, he or
she might think you don’t know what you’re doing.

These are all the recommendations that are going to be made. Hopefully it will help future

groups make better use of their time and resources.
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22 Overall Conclusion
Based on the research that was done, there is a need for 12 volt to 170 volt DC-DC

converters, especially when being used with sine wave inverters. For the desired power rating of
250W, a push pull topology seems to work best with an efficiency rating of 85% at 350W. Half
bridge and full bridge operate at much higher power ratings.

Based on schematics and simulations, the device should have worked, however before the
design could even be tested changes were made to ensure it worked. Once testing began, revisions
to the board continued with each change that was made, an updated schematic was made as well.
This was in case there was time to get a new board printed that had all the corrections on it.

Even with modifications to the design, the board still did not work the first time it was
connected to power. More changes were made and now the device works, although not as expected.
The MOSFETs are not switching as expected during high current tests. On a slightly more upbeat
note, the power lost through the control circuitry is only 360 mW.

Although the board might not work as expected, a lot was learned by both team members in
terms of researching existing products, finding components to give desired results, schematic and
PCB layout skills, debugging and on-demand circuit re-work skills. These skills and experiences

they have gained will be kept in their “ECE toolbox™ for later use.
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Appendix A: Half Bridge
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Appendix B: Full Bridge
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Appendix C: Push Pull
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Appendix D: Value Analysis Chart
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Appendix E: Bill of Materials

Quantity |Description RefDes
2 RESISTOR, 1.0kOh R2, R1
2/ CAPACITOR, 5.1nF C3, C1
1/CAPACITOR, 1.0uF C2
2/ ZENER, 02BZ2.2 D4, D3
2 POWER_MOS N, 11Q2, Q1
1| Transformer
1/INDUCTOR, 10mH L1
2 DIODE, 1N4151 D2, D1
1/50_AMP, 50_AMP F1
1 Banana Jack 12V inputl
1/ RESISTOR, 1.0kOh R5
1/ RESISTOR, 10kOhr R7
5 RESISTOR, 20kOhr R8, R11, R14,
1/CAPACITOR, 1.0nF C2
1/CAPACITOR, 10nF C3
2/ CAP_ELECTROLIT, C4, C6
1 RESISTOR, 7.5kOh R6
2 RESISTOR, 200kOlHR10, R13
1/ VOLTAGE_REGUL/U6

Package Vendor
Generic\RESECE Shop
Generic\CAF Digikey
Generic\CAFECE Shop
Generic\DO-35
Generic\TO-220AB
Magnetics
Generic\IND5
Generic\DO-35
Generic\FUS ECE Shop
Digikey
Generic\RESECE Shop
Generic\RESECE Shop
Generic\RESECE Shop
Generic\CAFECE Shop
Generic\CAFECE Shop
Generic\ELK ECE Shop
Generic\RESECE Shop
Generic\RESECE Shop
Generic\TO- ECE Shop

4 OPAMP, TLO82CP |U3, U8, U4, U5 Generic\PDI ECE Shop

2 74LS, 74LS08D
1 74STD, 7474N flip_flop
2|SOCKETS, DIP8 Driverl, Driver
1 RESISTOR, 2000hr R17

1 RESISTOR, 1000hr R19

1 RESISTOR, 180kOl R4

1 RESISTOR, 5.1kOh R9

2 RESISTOR, 510kOFR2, R12

2 RESISTOR, 51kOhrR1, R3

2 CAPACITOR, 22nF C1, C5

1 RESISTOR, 3000hr R18

AND_Gatel_A, Generic\DO.ECE Shop

Generic\NO! ECE Shop
Generic\DIP-8

Generic\RESECE Shop
Generic\RESECE Shop
Generic\RESECE Shop
Generic\RESECE Shop
Generic\RESECE Shop
Generic\RESECE Shop
Generic\CAFECE Shop
Generic\RESECE Shop

High Voltage DC-DC Converter

Status Price

$ 0.10000
$ 0.47200
$ 0.25000
$ 0.99000
$13.00000
$39.76000
9.56000
0.01050
0.25000
7.93000
0.10000
0.10000
0.10000
0.25000
0.25000
1.00000
0.10000
0.10000
0.60000
0.64000
0.53000
0.53000
3.20000
0.10000
0.10000
0.10000
0.10000
0.10000
0.10000
0.25000
0.10000
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Vendor Part Manufacture Manufacture

445-2429-NL TDK Corpor CS17-F2GA

ST Microele STTH5L06R
ST Microele Y140NS10

JW Miller A 1140-103K-|
Fairchild Se 1N4151

Pomona Ele MDP-02

ST Microele L7805CV
Texas Instrt TLO82CP
Fairchild Se 74LS08
Texas Instri 7474N
National Se LM5104
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Appendix F: Transformer Spec Sheet
3.063"
77.8 mm 0.D.
49.2 mm L.D. x 15.9 mm HT.
Core Dimenslons (after finksh)
5506 SBO0G ) ) )
Physlcal Characteristics Awe Turss —= Tyer | Layerra
e e S
Cross Section 2.7 aw? 0.352 ind ] 197 0018 a 0.00612
Path Lergth 19.95 an T.86 in ] 48 00705 a7
Volume 453 an? 277 i 1] Ei] oIS 53 0.0125
Weight- MPP T gm 0832 Ib 1 -] 0A7es &0 0018
‘Weight- High Fux 355 gm 0785 Ib 12 485 0i7E &7 0.0253
Weight- Kool My 179 gm 0615 Ik 13 1] 0437 T6 0.036
Area Product 408 an® 0082 ind " TE0 =) B 0.0503
15 o4 1085 o5 00716
ngth 16 1182 1716 106 01m
Winding Turn Le 17 1455 157 118 0143
WINDING FACTOR LENGTHITURN 5 1830 123 134 0203
100% [Unity) 11.00 am 0361 ft 8 2275 E61 %0 0285 &
0% 924 an 0303 ft
s ism | s Dol ue | om [ om | 2
20% 6.80 an 0223 ft
== S e L b 4390 57 m 0812 E
FE] 470 ;|7 1.13 =
L] &7 1] 263 1.44
Wournd Coll Imenslons x 2350 o7 208 204
Manx. 0.0, {uwf.) 113 mwm 445 in 15 10450 1548 330 2.80
M, HT. fuoaecf) 57.7 mm 22T im 7 13150 431 365 am
Surface Area
Umeround Core 130 an? 20,1 in?
A0% 'Winding Factor 1152 an® 390 i
* Thase valuas are only applicable far MPP Cores.
mﬂﬂﬂfhﬂs WeW.mag-Iinc.cesm .30
F
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Appendix G: MOSFET Spec Sheet
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Ays,

STY140NS10

N-CHANNEL 100V - 0.009 & - 140A MAX247™

MESH OVERLAY ™ POWER MOSFET

TYFE Voaz Rosjon) In
STY140M510 100 <011 1404
= TYPICAL Rpsion) = 0.0080

s STANDARD THRESHOLD DRIVE
= 100% AVALANCHE TESTED

DESCRIPTIONM

Using the latest high woltage MESH OWVERLAY™
process, STMicroelectronics has designed an advanced
family of power MOSFETs with outstanding
performances. The new paleni pending sirip layout
coupled with fhe Company's proprietary edge terminalion
stucture, gives fthe lowest RDSon) per area,
exceptional avalamche and dwidt capabdfies and
unrivalied gabe charge and switching charactenstics.

APPLICATIONS
= HIGH CURREMNT, HIGH SWITCHING SFEED

= SWITCH MODE POWER SUPPLY (SMP3S)

Max247™

INTERMAL SCHEMATIC DIAGRAM

B2

1)
s(ay
SEDB1 DF
ABSOLUTE MAXIMUM RATINGS

Symbol Parameter Value Uit

Vos Dirain-source Voltage (Vs = 0) 00 v

Vpes | Dran-gate Voltage (FRiag = 20 ki) 00 v

Vag Gate- source \ioliage +20 W

o Torain CUTEnt [contnuos) at Tg = 2k 140 B

= TDiramn CUMENT (CoNGnUos) &t 1o = TG oo )

ey | Diran Cument [pulsed) R )

Pt otal Lissipabon at 1 = 2k 50 W
Dierafing Facior 3 WG

Eagii) Single Pulse Avalanche Energy 2800 md
Twdi 2] | Peak Diode Hecovery wolape siope ] Vs

Taig Siorage Temperaiure BEto 175 °C

T Operating Junction Temperature FE i 175 C

[#) Pulse width Imi=d by sale operating ara

mmm"ﬂ

120 lgp =1

I% 8, 1D = 70A, VDO SOV

dlidt ﬂ:lll-'d'u: '-u"m SV ERDES. T) = Tk,

116
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Appendix H: Driver Spec Sheet

Aagtlonal
Semivonducior
LM5104

Delay

General Description

The LME104 High Vollage Gate Driver i designed o drive
both the high side and the low side M-Channal MOSFETs in
a synchmnous buck configuration. The floating high-side
diveris capeble of warking with supply valtages up to 100V,
The high side and low side gate drivers ams controllad from a
gingle nput. Each change in state is controlled in an adap-
tive manner to prevent shoot-through issuess, In addiion to
the adaptive trensition timing, an addtonal delay ime can
b= added, proporional to en exismal ssfiing resisiorn. An
integrated high voltage dode is provided to change high side
gabe drive bootetrap capacitor. A robust kevel shifter operaies
at high spesd while consuming low power and providing
clean level ransitions from the contrd legic to the high side
gabe driver. Under-voltege lockout i provided on both the
low side and the high side power rails. This devics i avail-
ghle in the standard SOIC-8 pin and the LLP-10 pin pack-
s,

Features

w Drives both a high side and low side N-channe
MOSFET

High Voltage Half-Bridge Gate Driver with Adaptive

February 2006

w Adaptive rising and falling edges with programmable
additioral dalay

w Singhs input conitr

w Bootstrap supply voltege rangs up to 118V DE

w Fast um-off propagation delay (26 ne typical)

w Drives 1000 pF loads with 15 ng rise and fall imes

w Supply rail under-vohage lackout

Typical Applications

w Cument Fed Push-Pull Power Canverters
w High Voltage Buck Regulators

w Active Clarmp Foreard Power Converters
® Half and Full Bridge Convertars

Package
w SOICa
w LLP-10 {4 mm x 4 rmm)

Simplified Block Diagram

Te |
[ [3:; -
_D}_ = _I -D LT L B
B 1— -

FIGURE 1.

2 2005 Mational Semiconducier Corporation  DF3E00800

www.nabonaloom

Aejag sandepy yum Jeauq sren abiplig-iieH abejjop ybiH vOLSINT
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Appendix I. Filter Inductor Spec Sheet
High Current Chokes

High Voltage DC-DC Converter

Special Features

- very Hah current capacity

= Lo DCR

- Bpoxy coated femitz bobbin cone

« WW-1 rated shrink tubing to cover winding :::f‘::xi 1f :;:f 3_ ::: E:r;:
- o v e rri B
’ "E"'H"i'j'?d i 1 ME2ET WAL FE] [H 7 111 01
- Axed lead spacng TH03FEWAC 23 0003 17 111 0031
- Center hide for mechanizal mounting T SFRWRAC %) [H 5 T [OEL
- Diekcrk withstanding voltage: 1HOAFT WAL Y 03 7 101 [N
2500vms terminal to shrirk tubs cover: | M0-5FEMAC &5 004 7 L1 031
1ecavrms terminal to core 1 ME-SREMAC £3 0004 a7 LIS 0o |
- B i 1 H0-3F2MAC g2 G4 7 118 [
- Operating tempss ature - 55 o 4105 %0 —
1 M- 19AC \[d LME 7 1.1= (e}
Notes 11401 20KRC 12 8 27 115 [EH
* Ratad current to cause S0°C MAEL RInperaturne 1 4C-150KRE 1= LME 7 115 GDEl
fis2 ard § % max. Inductance dop 1 HE130ARC 1€ GNE r 115 GAE]
1HE-L0RRC pi] 000 ] 0% [ZH
THC-TOAC i [TI n 1IE [TH
1 40-330KRC 13 [T ] 115 0A72
1 0 320HRC ) 0012 ] 115 0A72
1 HOATORAC 47 e 144 115 0072
N 63 (G 134 [ABE 064
1HCS30RRT iE [EH] EE] B 3]
1 140-326KRC £ (023 134 1.1 [
114C-191KRC 19 [ 134 1.1 064
1 C-121KRC 13 028 134 118 0057
- <E 1 M-I 5TKRC 13 040 14 LIS 0057
| e -1 1 WE-131ERC 13 (15 114 115 [I5
'r '—Tm 1| MC-21KAC 20 0230 14 118 [T
| 1 WO-ITIKAC Fo) [TH3 14 118 [TH
1.03 | 1 MO-331KAC 23 0074 A 105 [TH
A || THO-3 KRG ) [H 7 115 [BI5
l _1_1_1 | W7 TERC M (AR .15 0045
| W55 1ERC £5) 0125 118 040
3z l\ Less tpes | MOS3IKAC 9 €139 118 0040
e athn 12 | MOA2KAC £ 154 115 [
cof 2edy THO-102%AC 1000 [ 115 [
1 W01 22RC 1209 0232 55 114 (0%
R - | Wi-1528A0C 150} 0324 4.5 1.14 [T
1 W13 20RC 160} 0350 45 1.14 (026
— 1 W02 20 RC 149 434 4 1.0 0032
7~ \‘\. THO-T ARG 70 0335 3 T2 [T
[: O ...l\ | M0-3320AC 339 (%) 23 110 0029
\ / | M0-30 AC 1969 0348 23 110 0029
N % O (o | W00 XAC 4760 114 2 112 [TF
X | M0-3 AC 560 1.60 2 1.9 [TF3
THOSIRAC 560 1.75 5 112 (53
| WOA22KAC 3204 1.65 15 L% [T
Drresscn: reoes | Wi-103KAC 19,03 176 1.3 1.11 005
| W1 22KRC 1203 E1C | 13 L€ 020
TWE-I53AC 15,0 FE] 13 10 K3
Eeenilable only as RoHS complia nt beginning Ju by 2007,
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Appendix J: Flip-Flop Spec Sheet
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Appendix K: NAND Gate Spec Sheet
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Appendix L: Rectifier Diode Spec Sheet
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High Voltage DC-DC Converter

Appendix M: Opamp Spec Sheet

S72
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