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ABSTRACT

Development of a Portable Low-Moisture Food Pasteurization
Device Using RF Heating
Eric Ohata

Bacterial presence in low-moisture foods such as flour, cereals, baby
formula, and spices, have become a concern due to sanitizing challenges. The
food industry currently focuses on wet food sanitation as opposed to low-moisture
foods because of bacteria’s inability to reproduce in low water activity media.
Traditionally, food processing RF heating pasteurizes in mass quantities while an
equivalent consumer device does not exist the market today. A consumer product
would help eliminate food waste by providing an easy way to sanitize food and
extend shelf life. The Portable Food Pasteurization (PFP) project is an
interdisciplinary project involving the Electrical Engineering, Biology, and Food
Science departments to develop an RF heating consumer device to pasteurize low-
moisture foods. A prototype device was designed but construction was delayed
because of the COVID-19 pandemic. We are continuing this project by replacing
the previously designed MOSFET inverter with a class C amplifier due to parts
availability and performance. The food chamber is redesigned by Jonathan Souza
to incorporate parallel plate electrodes for more uniform heating without risk of
burning. Tim Erwin improved the flyback converter with a snubber and discharge
circuit. Tradeoff analysis is performed on various system components to define a

configuration for future development.
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Chapter 1: Background

Radio Frequency (RF) heating provides many advantages over other
methods of reducing food borne pathogens. For example, thermal processing
through heating coils increases food temperature to destroy bacteria. Although
easy to implement, heat does not penetrate food effectively. Uneven distribution
throughout the food leads to surface burning before the interior warms.
Microwave heating has a similar problem; the short wavelength does not
effectively penetrate large volumes of food [1]. RF heating is better suited for
thermal pasteurization because its longer wavelength allows for deeper

penetration and even temperature distribution without risk of burning.

In 2019, Joe Sandoval developed a system to pasteurize low-moisture
foods using RF heating [2]. Due to the Covid-19 pandemic a prototype was never
fully built. This year, a team led by myself aimed to expand and improve his
design. The MOSFET inverter was replaced with a class C amplifier due to parts
availability and performance. The flyback converter was improved by Tim Erwin
with the addition of snubber and discharge circuits. Food chamber redesigns by

Johnathan Souza include parallel plate electrodes for more uniform heating.

1.1 Bacteria Growth in Low-Moisture Foods
Water activity in food is defined by the ratio of water vapor pressure in

food to the vapor pressure of pure water.
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where P and Po are the vapor pressure of the food and pure water, respectively.

Low-moisture foods are defined by their low water activity (aw < 0.85) [3].
Between low and high water activity foods, there is a higher risk for consumers to
contract food borne diseases if they consume higher water activity food because it
can support the growth foodborne pathogens. According to the United States
Department of Agriculture (USDA), it is difficult for certain bacteria reproduce at
temperatures below 40°F or above 140°F and the water activity is below 0.85 [4].
Although bacteria cannot reproduce, they can still be present and present a risk if
consumed. To guarantee low-moisture foods are safe for consumption, they must
be heated until there is at least a 5-log reduction in microbial load. A 5-log
reduction is a benchmark for the Food and Drug Administration (FDA) to
evaluate if a method can be considered an effective “kill” step [5]. Kill step is a
term used to describe the moment where potentially harmful pathogens are
eradicated from food. Treated food is safe for consumption when it can achieve a

5-log reduction in pathogens. Log reduction is defined by:

=t (2

where A and B are the number of bacteria before and after treatment, respectively.

In the food industry, RF heating techniques are used to pasteurize low-
moisture products. RF heating (13.56MHz-40.68MH2z) is preferred over

traditional methods such as thermal processing and microwaves (2.45GHz)



because it preserves food quality more effectively [1]. Typically, devices used for

RF heating are large and require hundreds of kW to operate (Fig. 1).

Fig. 1: PSC 200kW RF/Convection Dryer (Source: [6])

These devices utilize frequencies within the industrial, scientific, and
medical (ISM) band. The FCC allows 13.56MHz, 27.12MHz, and 40.68MHz for
commercial purposes. For this project 13.56MHz was chosen because it has the
longest wavelength at 22.1m. Previous efforts presumed longer wavelengths

provide a greater depth of penetration which heats food more evenly [7].



Chapter 2: System Overview

The RF pasteurization device outlined in this paper includes 4 major
components: an off-the-shelf 24V power supply, a flyback DC-DC converter, a

class C amplifier, and the food sample chamber.

High Voltage

Amplification Stage

Flyback
oy bc-bC Ampiner
Converter

Fault Detection

Food
Chamber

Control Signals

Microcontroller Status Signals

Fig. 2: Food Pasteurization System

The 24V power supply biases both the flyback DC-DC converter and the

microcontroller with a maximum current output of 20A.

The amplification stage includes the flyback DC-DC converter and the
class C amplifier. The DC-DC unit converts a 24V input to a 200V DC output.
Control signals from the LT3751 flyback controller’s charge and fault pins will be
monitored by an external microcontroller to disable the circuit when not in use.
Due to the high voltage flyback converter output, fault detection is necessary to
ensure safe operation. If overcurrent or overloading of the circuit is detected, the

microcontroller will disable the circuit to prevent system damage.

The 200VvDC flyback converter output is applied to a class C amplifier to

modulate the DC voltage into a 13.56MHz half-rectified sine wave suitable for



RF heating. An LC tank circuit is used to tune the amplifier’s output frequency

and the resulting waveform is applied to the food chamber.

The food chamber consists of a parallel plate capacitor and metal shielding
to protect against unwanted RF radiation (Fig. 21). Food is placed between the

two plates for pasteurization.



Chapter 3: Flyback Converter

To generate a high voltage DC source, a boost converter is used to
increase the 24V DC supply to 200V DC. A flyback converter was chosen for its

ability to output a large DC voltage without the need for a large power supply.

3.1 Flyback Converter vs. Boost Converter

Two popular options are available for increasing a DC voltage: flyback
and boost converters. Both circuits operate similarly with one difference: the
boost and flyback converters utilize an inductor and flyback transformer,
respectively. Given the same input voltage, the transformer allows the flyback
circuit to generate a larger output by utilizing the turns ratio. The flyback
transformer also isolates the low from the high voltage sections. If either side

fails, the other half is protected from damage.



3.2: Flyback Converter Operating Principles

L
R

Fig. 3: Flyback Converter, "On" State
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Fig. 4: Flyback Converter, "Off" State

The flyback converter switches between two states. The “on” state (Fig.
3) when switch S1 is closed current, 11 flows from Vi into the magnetizing
inductor Lm which couples L1 to L2. Magnetic field energy is stored in Ly until
the circuit switches to the “off” state. No current flows into inductor L1 due to
reverse-biased diode D1 on the secondary side. Any charge stored in Cy is

dissipated through the load during the “on” state.



The flyback converter changes into the “off” state when the switch S1
opens, and current flows from Lwm into Li1. Current flows out of L1 dot terminal,
into L, dot. Diode D allows current flow into both capacitor C1 and the load. C;
stores energy that is transferred to the load when the circuit returns to the “on”

state.

Inductors L1 and L2 form a flyback transformer to increase voltage

though mutual induction. The voltage increase is:

N 3)
v=4()

where Np and Ns are the primary and secondary coil turns, and V, and Vs are the
primary and secondary voltages. The Fig. 3 shows L1 and L2 are the primary and
secondary, respectively. The turns ratio can be adjusted to increase the voltage to

any desired value.

3.3 Snubber Circuit

During operation, the flyback converter can experience greater than the
20V maximum Vgs on the switching transistor (IPA95R450P7) during the “off”
state [8] caused by residual energy stored in the transformer’s leakage inductance
Lwm. One solution is to minimize transformer leakage inductance, but this requires
a higher cost transformer. A more practical solution is to use a snubber circuit
(Fig. 5) to limit transient voltage spikes by dissipating excess energy through a

resistor.



The snubber circuit (resistor-capacitor-diode configuration) includes a

Zener diode D1 and RC circuit. Zener diodes limit large voltage transients, and

the RC circuit dissipates excess energy through Ri.

Fig. 5: Flyback Converter With Snubber (R1, C1, D2)

Voltage A

o T

» Time

Ts

Fig. 6: Snubber Circuit, C1 Voltage Waveform, One Cycle



The RCD snubber (Fig. 5) includes a resistor, capacitor, and Zener diode
(R1, C1, D1). When MOSFET M1 is switched off, snubber circuit capacitor Cy is

charged to voltage Vs (Fig. 6) defined by:

V 4

where N is the turns ratio (Ns/Np).

Transformer leakage inductor stored power is [9]:

1
P =5 LI, ©)

where L is leakage inductance, I, is flyback inductor current, and fs is the

switching frequency. From (5), the maximum snubber dissipated power is [9]:

Yr 6
RS‘thllax = Pl(l + max) ( )
vx

PN%* is used to determine the maximum power rating for resistor R1.

Typical designs set vx to %2 Vs resulting in maximum dissipated power 3P:.

During switching, the voltage across C: also increases by an additional

amount vx (Fig. 6). Voltage v« is [9]:

LI3R
Ve =3 vf +2 ;’,1—17,: (7)
S

where Ts is the switching period (Fig. 6). Snubber circuit power dissipation is [9]:

(v ®)

sn
Ry

Capacitor C; maintains a constant voltage Vin while containing the leakage

energy over each switching cycle.

10



3.4 Discharge Circuit

A discharge circuit is added at the flyback output to remove any remaining

charge on the output capacitors after the converter is turned off.

Fig. 7: Flyback Discharge Circuit

The high voltage flyback converter output is connected at Vhv. Vaischarge 1S
controlled by an external microcontroller and remains at 0V when the flyback
converter is operating. When Vgischarge 1S 0V, Q1 and M1 are both off and do not
conduct current; the discharge circuit is inactive, and the flyback converter

functions normally.

11



When Vgischarge 1S Set high (3.3V), Q1 turns on and applies Vg4 to M1 gate.

M1 shorts R1 to ground and discharges the flyback output capacitors (see Fig. 5).

3.5 Flyback Design

To implement the flyback converter, the LT3751 flyback controller is used

regulate the circuit. This project utilizes the LT3751 low noise regulator

configuration (Fig. 8). The flyback transformer uses a 1:10 turns ratio.

KLiL21

Voltage Definitions

------------------------------------------

EVout = 200V DC (High Voltage) '
iControIIer_EnahIe voltage range: OV - 3.3V -

__________________________________________

Veo——

Veo———

Controller_Enable——

.

RV_Trans

Vco

I

RVtrans

uvLO2

ovVLO2

UvLO1

ovLO1

Charge

Clamp

Fault

Done

Veo
RDCHM

RVout
u1
HVGate

LVGate

o g

Csp

CSN
LT3751
FB

RBG
GHND

'_
< -

—{nros
—Vecc

g R_Sense

-

R_FBH

?R_FBL

h

Fig. 8: Flyback Converter Schematic [10]

Ta

=

The LT3751 maximum output current is 270mA [10]. The resistor and

capacitor values for the flyback converter are determined using equations and

recommendations in the LT3751 datasheet [10]. Capacitances on resistors are

minimized to Vout and Rpcm comparator response times. Ground pads and power

12



planes on the bottom of the PCB are removed from under RVirans and Rpmc to

minimize capacitance further.

The LT3751’s low noise regulation mode requires the use of feedback
resistors. High and low feedback resistors Rrsn and RrsL are chosen based on the

power dissipation and desired output voltage [10]:

(Vour — 1.22)? )
Rppy = P,
R _ ( 1.22 ) (10)
FBL =\, 155 ) I\FBH
Vour — 1.22

where Vot is the output voltage and Pp is the power rating of Rrgh.

A minimum load current is required to prevent the LT3751 from entering

no-load operation [10]:

Lpg; * 13x - 23kHz (11)
I >
Load(Min) = 100 - Vout

where Lpr; is the transformer primary inductance and lpk is the peak primary

current at maximum power delivery.

All component values were chosen using equations and tables from [10].

13



Table 1: Component Values for Flyback Converter

Component Value
RVrans 40.2kQ
RuvLo1 432kQ
RuvLo2 475kQ
RovLo1 432kQ
RovLoz 475kQ

Rbcwm 18.2kQ
Rsense 6mQ
RreH 124kQ
RrsL 768Q
L1 2.5uH
L2 0.25uH
C2 10nF

3.6 Flyback Converter LTSPICE Simulation
The circuit defined in Fig. 8 was simulated in LTSPICE with the values

from Table 1 to verify operation.

V(vout)

Fig. 9: Flyback Converter Output Voltage Start-Up Characteristic

14
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Fig. 10: Flyback Converter Input Current

The flyback converter output voltage reaches a steady state of 197.45V
DC at 7.4ms after startup (Fig. 9). Initially, the flyback converter draws 20A peak
from the 24V power source (Fig. 10). This is the natural response of the circuit
and independent of the 20A limited power supply. After entering steady state, the

current reduces to 4A peak.

15



Chapter 4: Class C Amplifier

To modulate the 200V DC output of the flyback converter, a class C

amplifier was chosen for its tunable frequency and high efficiency [11].

Class C amplifiers are denoted by their parallel resonance circuits and
small conduction angle (6 < 180°). The parallel resonant circuit allows the
amplifier to operate at a specific frequency, making it suitable for RF

applications.

4.1 Self-Excited vs. External Frequency Reference Configurations

Class C amplifiers are self-excited or require an external frequency
reference. The external frequency reference is an AC control voltage tuned
exactly to the resonant frequency of the tank circuit. On the other hand, the self-
excited circuit can operate with only a single DC voltage source and no control

signal.

4.1.1 External Frequency Reference Circuit
The external frequency reference configuration requires an AC input

voltage with a DC bias, as well as a resonant circuit (Fig. 11).

16



C_b‘lock

L_rfc
VHV—— (0 J " V_out

"
M L1

| NMOS
Vg

| V_HV = 200V DC :
| V_out = 200V AC (High Voltage)
N | Vg = OV - 3.3V at 13.56MHz '

Fig. 11: External Reference Class C Amplifier

Vdd IS the circuit’s high voltage source while Vg is the control voltage that
determines the operating frequency. L1 and C1 form the tank circuit and its

resonant frequency is:

1 (12)
211, Cy

The tank circuit’s resonant frequency and the frequency of V4 must match

f:

as closely as possible to avoid unwanted modulation. If either components’
frequencies differ, it could cause destructive interference and result in a decreased

output voltage amplitude.

Chiock is used to eliminate any DC bias from Vout. The value of Cpiock iS
selected to avoid a high impedance at the operating frequency. From [11], Coiock
is:

(13)
—— < 500
27tf -+ Cpiock

L+ is an RF choke used to prevent the high frequency output signal from

shorting through the high voltage DC source.

17



Although this design is simple, it would not work at the high voltages that
are required for this project. The large voltage across the M1 causes a large

current through the MOSFET’s drain.

Itv_Hv)

Fig. 12: External Reference Circuit Total Current Draw

With Vqq at 200V, an operating frequency of 13.56MHz, and no load, the
non-self-exciting circuit draws a constant 240A from the voltage source. With no
load, all the current is wasted as heat though the MOSFET. The circuit’s large
current draw is impractical to implement into a real product. Therefore, a

different design must be considered for practical use.

4.1.2 Self-Excited Circuit
The other type of class C amplifier is the self-excited type. This circuit
can operate with only one voltage source as opposed to two used by the non-self-

excited type.

18



| V_HV = 200V DC T

| V_out = 682V AC (High Voltage) ! e, M1

< | NMOS
c2

D1 L_rf
e I ~

" L+ V_out
Voltage Definitions L: . Ra
l_

S
=8

V_HV
Rg

Fig. 13: Self-Exciting Class C Amplifier

Rather than a tank circuit consisting of one inductor and one capacitor, the
self-excited type utilizes a Colpitts oscillator. The oscillator’s operating
frequency is:

1 (14)
27‘[1 / L1 Ceq

where Ceq is the series combination of C; and Co:

f

C = C; * C, (15)
TG+ G

Compared to the non-self-excited type, no external control signal is
required to switch the MOSFET. The switching signal comes from there Colpitts
oscillator itself and is connected to the MOSFET’s gate through capacitor Cg. As
the tank circuit oscillates, the MOSFET switches on and off creating a modulating

output voltage.

MOSFET gates are sensitive to large voltage spikes and must be kept
below the maximum rated voltage to avoid damage. Capacitor Cq protects the

MOSFET’s gate from the tank circuit’s high voltage. Resistor Ry is used remove

19



any buildup of charge over Cqy. If Rg was not present, the capacitor would build

up charge over time and the voltage across Cq would cease to oscillate.

RFC is a choke that protects the Colpitts oscillator AC voltage from
shorting to the DC supply. Diodes D1 and D2 are used for reverse current

protection to avoid damage to the flyback converter.

The resistor Ra is used to discharge the capacitor C;. If Ra were not
present in the circuit, charge would build up over C; and the tank circuit would
stop oscillating. In the final design, Ra is lumped into the equivalent load circuit

(Fig. 14).

Originally, the class C amplifier was meant to operate with an input
voltage of 300V. This caused the output voltage to reach a peak of more than
1kV. The current draw form the flyback converter was around 800mA, much
greater than what the flyback could deliver. To combat this problem, the input
voltage was reduced to 200V, causing the output voltage to decrease to 670V and
the input current to decrease to 130mA. The lower voltage is easier for PCB
design and the lower current grants a larger margin if extra current is required

from the flyback converter.

4.2 Amplifier Design
Amplifier component values from [11] and the Fig. 13 circuit. The circuit

operates at 8.7MHz, lower than the 13.56MHz required. Improper values for

20



Colpitts oscillator components cause the decay in voltage. Values for Cy, Cz, and

L1 were tuned until the desired frequency was achieved.

Table 2: Final Design Values for Class C Amplifier

Ci SpF

(07) 100pF
L. 2.25pF
Cqy 150pF
Ry 22kQ

Fig. 14: Class C Amplifier Schematic

21



Freq:| 13.667712MHz

Fig. 15: Class C Amplifier Output With Adjusted Component Values (Output
Frequency: 13.56MHz)

Using Table 2 and Fig. 14 values, the circuit operates at 13.67MHz with a
peak of 682V (Fig. 15). The self-excited amplifier’s input current draw is 250A

less than the non-self-excited design.

l{Vsource)

Fig. 16: Input Current to Self-Excited Class C Amplifier

22



Input current peaks at 130mA during startup then settles to 95.5mA during
steady state while oscillating with an amplitude of 10.6mA and frequency of
13.67MHz (Fig. 16). This input current is less than the maximum flyback

converter output current (270mA).

23



Chapter 5: Food Chamber

To heat powdered food efficiently, a chamber for the food must facilitate
even heating. Two designs are explored: a parallel plate capacitor or a cylindrical

container.

5.1 Parallel Plate vs. Cylindrical Container

A cylindrical metal shell with centered electrode was designed in [2].

Coaxial Cable

Temperature Probe

Polyethylene Insulation Jacket

Copper Mesh Faraday Cage

Fig. 17: Cylindrical Chamber Design [2]

This design creates an easy connection between the container and coaxial
cable. The coax cable’s center pin connects directly to the copper pin while the

ground conductor is connected to the outer copper shell. The coax cable’s

24



cylindrical chape is split and connected to the chamber. However, this design

produces non-uniform electric fields.

A

X T v/
X T /N
\ Center Pin /

€« — — —> —> >

//i\\

\4

A
¥

B E-Field

Fig. 18: Cylindrical Container Top-Down View

Fig. 18 shows the radiating electric fields from the center conductor to the
surrounding copper shell. Electric field intensity decreases with distance from

center conductor:

__4 (16)
 2meoR

25



where X is the signal’s wavelength, & is the permittivity of free space, and R is
center conductor to observation point distance. As the distance from the center
pin increases, E-field power decreases at a rate of 1/R. This means the food at
closest to the center conductor will heat up faster than the food further away.
Uneven heating of food can lead to burning and discoloration before all of it can

be pasteurized.

A common way to heat a volume of material evenly is to place it between
two electrodes [12]. Parallel plates evenly distribute E-fields across the entire

area of the plates (Fig. 19).

Electromagnetic energy converted to thermal energy is described by:

-2
P = 2nfeye’ tan(6) |E| (17)
where E is the electric field magnitude, €o is the permittivity of free space, " is
the dielectric loss factor, tan(d) is the dielectric material’s loss tangent, and f is the

operating frequency.

5.1.1 Food Position Within the Chamber
The food position between the parallel plates plays an important role in
how efficiently and effectively heating occurs. [12] shows that the electric fields

deflect as follows.
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Fig. 19: Electric Field Strength Between Parallel Plates (a) no dielectric sample,
(b) dielectric sample centered on bottom electrode, (c) dielectric sample placed in
center between electrodes [12]

Non-uniform electric field distribution can result in non-uniform heating
of food. Therefore, optimum size shape and food sample position maximizes

electric field uniformity.

Fig. 19 (b) shows the food container in contact with the bottom electrode.

The electric fields bend towards the food container, but the outermost E-field
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lines enter the food through the middle instead of through the top. This creates a
higher density of E-fields on the sides and bottom of the container. Fig. 19 (c)
shows the food container placed equidistant from each electrode with an air gap
between them. This causes the electric field to bend toward the food and creates a

higher density of electric fields and more heating at the edges.

Maximizing the food container’s cross-sectional area within plate
boundaries also improved electric field uniformity [13]. A larger food container
means the electric fields enter the food normally at the top face. Smaller

containers cause oblique incidence electric at the container edges.

The air gap also plays a key role in food sample heating. A smaller gap
between the plates and food sample results in faster food heating but less uniform

heat distribution [14].

5.2 Equivalent Circuit Model

An equivalent circuit model simulates accurate load conditions for both
the flyback converter and class C amplifier. Equations for both equivalent
resistance and capacitance are derived in [15]. The equivalent capacitance of

parallel plates is:

_ &&A (18)
- d

Where g is the permittivity of free space, ¢ is the dielectric constant, A is the

area of each plate and d is the distance between the plates.
The equivalent load resistance is:
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1 (19)
R=——
2rf Coe"”

where Co is the capacitance of free space and " is the dielectric loss factor. For

parallel plate capacitors, Co is:

oA (20)

Table 3: Food Chamber Parameters

Parameter Variable Value
Plate Area A 0.105m?
Distance Between Plates d 0.01m
Dielectric Constant of Wheat -
Flour o 2:5
Loss Factor of Wheat Flour g" 0.187
Permittivity of Free Space €0 8.85x1012C/Nm?®
Frequency f 13.56MHz

Using Table 3, the equivalent parallel capacitance and resistance was
calculated for the parallel plate capacitor. The equivalent resistance and

capacitance is 6.3kQ and 23.2pF respectively.

The equivalent load circuit consists of a parallel resistor and capacitor.
This model can be used in simulation to test the flyback converter and class C

amplifier.

The dielectric constant (g/) and the loss factor (") change as a function of
temperature [16]. From (20) and (21), as the food temperature increases, the

equivalent resistance and capacitance will change proportionally.
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5.3 Food Chamber
The food chamber includes two components: parallel plate electrodes and

surrounding aluminum shielding.

External Connection
to Coax

1cm Thick
Aluminum

N

< »
A 35cm

10cm

Fig. 20: Parallel Plate Design Dimensions

The aluminum plates connect to the class C amplifier though alligator
clips. Each plate is 1cm in thick with a length of 35cm and a width of 30cm. To
ensure safe operation, proper shielding is required around the capacitor to protect

against the high-power RF radiation.
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Fig. 21: Side View of Food Chamber and Aluminum Shielding

Chamber shielding is aluminum (Fig. 21). Alligator clips enter the

shielding through an open hole at the top. The left and right sides include small

tunnels that pass through the entire chamber length. This allows for a conveyer

system in future testing.

5.4 Parallel Plate Breakdown Voltage

Dielectric strength is the minimum voltage required to produce dielectric

breakdown through a material [17]. Dielectric breakdown occurs when a

sufficiently large voltage is present across a dielectric allowing charge to flow.

The dielectric strength of the food material under test should be known to ensure

no arcing occurs within the food chamber.

Breakdown voltage in air is [18]:

V- Bxpx*xd (21)
b_ln(p*d)+k
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where p is the pressure, d is gap spacing between electrodes, B is related to the

excitation and ionization energies, and k is [18]:

(22)
A
k=In

1
In(l1+=
(1+)
where A is the saturation ionization of the gas medium and vy is the secondary

ionization coefficient. In air, A and B are 112.5 and 2737.5 respectively [18]. k

can be found as a function of pd from Table 4:

Table 4: Computed k as a Function of pd [18]

pd
GAS | kPg-cm k

AR | 0.0133-02 | 2.0583(pay 01724
02-100 | 3-5134(pd)0:0599
100-1400 | 4-6295[CORRESPONDING

TO pd=100kPa-cm IN
k=3.5134 (pd)0-0599]

where pd is the multiplication of the pressure p and gap distance d.

Air pressure at sea level is 101.325kPa and the gap spacing in the food

chamber is 10cm leading to a pd of 1013.25kPa-cm. From Table 4, k is 5.3182.

Using (22), the breakdown voltage for a 10cm gap is 226.631kV and
dielectric strength is 22.6kV/cm. Breakdown voltage of air is 50.43dBV greater
than the output voltage of the class C amplifier. Therefore, arcing should not

occur over the 10cm gap in the food chamber.

Ethylene tetrafluoroethylene, which has comparable characteristics to
wheat flour, possesses a dielectric constant of 2.6 and dielectric strength of
2150kV/cm [19]. For a 10cm plate gap, the breakdown voltage would be
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21.5MV and is 39.54dBV greater than the dielectric strength of air, providing

sufficient margin for arc protection.
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Chapter 6: Experimental Results

PCBs for the flyback converter and class C amplifier were designed and
manufactured. Schematics and layout for both PCBs are shown in Appendix B
and C. The food chamber was constructed by Jonathan Souza but due to time

constraints and limited lab availability, testing was not able to be completed.

6.1 Flyback Converter
The flyback converter was constructed by Tim Erwin and is powered with

a 24V power supply; 20A maximum continuous current (MEISHILE SM-247).

|

: FIvb’éck"Cd“’nverter

Arduino Microcontroller:

Fig. 22: Constructed Flyback Converter

An Arduino microcontroller powers LEDs on the on/off switch and

monitors the charge status of the flyback controller. The green LED indicates the
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flyback controller is ON and high voltage is present at the output. The red LED

indicates the flyback is not switching properly and must be reset.

Fig. 23: Flyback Converter Output Voltage

While running, the flyback converter outputs 198.7V DC with no load.
When a load is attached, the output voltage drops over time. This is due to the
low capacitance on the output [19]. Adding more capacitors in parallel at the

output could alleviate this problem, but more testing is needed to confirm.

6.2 Class C Amplifier

The class C amplifier was not tested with full load conditions due to time
constraints. 0.25W resistors were used as a replacement load. Input voltage was
lowered to 10V to decrease the power at the output. To operate properly at a
lower voltage, the MOSFET was replaced with a 2N2222 transistor (Fig. 24).
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Fig. 24: Modified Class C Amplifier
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Fig. 25: Modified Class C Amplifier Simulated Output Voltage
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High Voltage Class C Amp

Fig. 26: Class C Amplifier PCB

LTSPICE simulations produced a modulated output voltage of 32V with a
10V DC input (Fig. 25). During PCB testing, the output remained at 10V DC and
did not modulate. Adding a capacitor in series with inductor L1 (Fig. 24) may fix

the output voltage problem, but further testing should be done for verification.

6.3 Food Chamber
The food chamber was constructed by Johnathan Souza. Limited access to

tools and supplies made it difficult to build a robust chamber.
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Fig. 28: Food Chamber (Side View)
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Alligator clips enter through a hole at the top of the chamber and connect
to both parallel plates. Limited lab availability restricted testing and proper

chamber operation was not verified.
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Chapter 7: Conclusions And Future Work
The system in this paper was created to develop a lower-power,
commercially available device for low-moisture food pasteurization. Simulations
verified the flyback converter and class C amplifier before PCB layout

development.

7.1 Tradeoff Analysis Summary
Multiple trades are made in this paper to determine the best system

configuration. All tradeoffs and rational are recorded in Table 5 below.
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Table 5: System Tradeoffs

Used in Final
Design?

Subsystem Configuration Rational

Long wavelength provides more
penetration depth. Lower
frequency is easier to design and
find parts.*

13.56MHz

Shorter wavelength provides
less penetration depth. Harder

to find components. !

Operating Frequency 27.12MHz

Shorter wavelength provides
less penetration depth. Harder

to find components.1

40.68MHz

High and low voltage isolation.
Utilizes turns ratio of
transformer to output higher
voltage.

Flyback Converter
DC-DC Converter

No voltage isolation. For same
output voltage as flyback, a
larger input is needed.

Boost Converter

One input voltage. No frequency

Self-Excited .
matching.

Two voltage sources needed.
Frequency of reference needs to
match exactly to resonance of
tank circuit.

Class C Amplifier
External Reference

Even distribution of E-fields for

Parallel Plates -
more even heating.

Food Chamber

Uneven distribution of E-fields

Cylindrical Container leads to uneven heating.

7.2 Future Work

The next step is to construct the PCBs and food chamber for a full system
test. A full test would include measuring the bacterial concentration before and
after food pasteurization to characterize pathogen reduction. Surrogate organisms
can be used in place of harmful bacteria to mitigate risk of illness. A matching

network may also be developed at the class C amplifier output to increase

! Penetration depth for poor conductors (such as flour) not explicitly determined.
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efficiency and reduce output frequency variations to load conditions such as

temperature and food density.
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APPENDICES
Appendix A: LT3751 Datasheet Schematic
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Appendix B: Flyback Converter Schematics and PCB
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Fig. 30: Flyback Converter PCB Schematic
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Fig. 31: Flyback Converter PCB Layout (Top)
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Fig. 32: Flyback Converter PCB (Bottom)
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Fig. 33: Flyback Converter PCB Layout
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Appendix C: Class C Amplifier Schematic and PCB
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Fig. 34: Class C Amplifier PCB Schematic




Fig. 35:Class C Amplifier PCB Layout (Top)
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Fig. 36: Class C Amplifier PCB Layout (Bottom)
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Appendix D: Flyback Converter BOM

Type JLCPCB Part#and li  JLCPCB Price  Digikey Part # and lit i ‘Quanitity for 1JLCPCB Total Digikey Total2

300V regulator
Ul IC 59.5200 5B.64 High voltage regulator controlle 1 59.5200 58.64
as Transistor = = FQB19N20L $157 nMOSFET 1 = 5157
Tl Transformer - -- 732-2131-ND 512.10 Flyback Power Transformer 1 512.10
€11-14 Capacitor CLZ1CI01IBANNNC $0.0117 8.85012E+11 $0.10 100pF, ceramic 4 50.0468 $0.40
C5 Capacitor CL21BI03KBANNMN 50.0107 50.14 10nF, 50V, ceramic, 0805 1 50.0107 50.14
3 Capacitor DBOSF225M500NT 50.0293 50.33 2.2uF, 25V, ceramic 5 50.1465 5165
C1 Capacitor - - 51.59 22uF, 400V, electrolytic 1 - 51.58
4 Capacitor CL21ATDEKAYNNNE 50.0259 GRMZ21BR61H106ME 5042 10uF, 25V, ceramic 1 50.0258 5042
c2 Capacitor - -- EEV-TGIEG81UG 51.65 GBOUF, 25V, electrolytic 1 -- $1.65
Cl6 Capacitor = = CKGSTNXTR21474M5 54.09 0.47uF, 630V, ceramic 1 i = 54.09
R11 Resistor - - PMRIDOHZPFUELOD 50.70 6m, current sense 1 - 50.70
R14 Resistor C17823 50.0042 RMCFOBOSFTIK13 50.10 768, 0BOS 1 50.0042 50.10
R% Resistor DBOSWBF1822TSE 50.0038 RMCFOBOSFT1BKITR 50.10 18.2K, 0805 1 50.0038 50.10
R3 Resistor 0805WBF4022T5E 50.0043 2015-RK73HIATTDH 50.10 40.2K, 0805 1 50.0043 50.10
R11 Resistor ERI-PB3D6202V 50.16 62k, 0603, 1/5W 2 50.0000 50.32
R&-7 Resistor DBOSWBF4323TSE 50.0040 RMCFOBOSFT432KTR 50.10 432K, 1% 0805 2 50.0080 50.20
RB,10 Resistor 0805WBF4753T5E 50.0040 RK73H2ZATTDA753F 50.10 475K, 1%, 0805 2 50.0080 50.20
R15,16 Resistor DBOSWBF1003T5E 50.0040 RMCFOBOSFGI00K 50.10 100k, 0805 Pullup for Done and F 2 50.0080 50.20
o1 Diode 412457 50.0138 USIMHE3 A/H 5042 1000V output diode 1 50.0138 50.42
Resistor = = CRCWOB0S50000Z0EA 50.21 0, 0805 gate resistor 1 I -- 50.21
D2 Diode - -~ bcts/detail/on-sem 0.66 Schottky 1 = 50.66
C10,15 Capacitor - - IL226MM5001)/353424¢ 55.44 22uF 2 - 510.88
R17 Resistor - -- detail/te-connectiv 50.56 B.2k, 5W 1 -- 50.56

Charge Enable
al Transistor = = FQBSNGOCTM-WS 51.29 NMOSFET, 600V 1 = 5129
a2 Transistor - -- 2SCR553R 50.50 MPMN 1 50.50
R4 Resistor C17513 50.0040 CROB05-/W-102ELF 50.10 1K, 0805 for NPN base 1 50.0040 50.10
R25 Resistor £17414 50.0040 RMCS0805/T10K0 $0.10 10K, Pulldown and Vec 2 50.0080 50.20
R1 Resistor = = SMF520KIT 50.93 20K, SMT, discharge resistor 1 = 50.93

Connector
Wire

BPCV-02-006
https://www.showi 51.42

High voltage screw terminal
14 AWG, 600V, 254, 1t 5

$7.10

53



Appendix E: Class C Amplifier BOM

Digi-Key Part Number Unit Price Total Price

Comment Description Designator Footprint LibRef Quantity
CC455L3JD100JYVNA |10pF Cl,c4 CC435L3JD100JYVNA [CCA55L3)DI00JYWVNA 2|445-181005-1-ND
CK45-R3AD101K-NRA [100pF Cc2 CK45-R3ADI01IK-NRA |CK45-R3IADI0LIK-NRA 1|445-16009-ND
DE2B3SA151KMN3AYO2 CAP_DE2B3SALS1IKN3 [DE2B3SALIS1IKN3IAYOZ
150pF C3 - 1|450-16222-1-ND
F AYO2F F
75ns, 1A, 1000V, High
o DIOAD1036W7EL520D
UF4007 Efficient Recovery D1, D2 271 UF4007 2
Rectifier UF4007TR-ND
2062 0000 00,5MA conn3_1053354-
1053354-1 J1 - 1053354-1 1
PCB VERT JACK 1_TEC A30046-ND
2 Circuit 0.438
_11.12mm_ Barrier
8PCV-02-006 Block Connector, J2 TE_B8PCV-02-006 8PCV-02-006 1
Screws with Captive
Plate A93460-ND
PAO4EILNL 2.24uH L1 PAD4ESLNL_PUL PAO4EILNL 1|553-1507-ND
) High Current Toroidal ) . )
HCTI-150-5.0 L2 IND_HCTI-150-5.0 HCTI-150-5.0 1
Inductor - 595-1730-ND
Insulated-Gate Field-
Effect Transistor
(IGFET), N-Channel,
Enhancement, Body Available on Infineon
IPASSR450PT . ) Ql IPASSRAS0PT IPASSRAS0PT ] )
Diode, ESD Diode Website
Gate/Source, Pin 1
Gate, 2 Drain, 3
Source, 3 Pins
FMP200JR-52-2K2 2.2kohm R1 YAG_FMP200_YAG FMP200JR-52-2K2 1|2.2KZCT-ND

530.66
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$0.50
$0.42

50.61

50.43

$12.68

51.89
51.33

52.44

52.91
50.31

$1.00
$0.42

50.61

50.86

$12.68

51.89
51.33

52.44

52.91
50.31



Appendix F: Food Chamber BOM

Pl e

Item/Quantity Store Cost

3 Pack PTFE Teflon sheets Amazon.com $8.89
11t x 2ft 3/8” aluminum plate Metals Depot $105.36

36in x 36in aluminum sheet (x3) Home Depot $71.04
RG174 2ft coaxial cable (BNC) L-com $10.07
WK2301 Propane Torch Kit* Home Depot $20.97

AL3 aluminum brazing rods Home Depot $4.97

6-1/2” tooth aluminum metal cutting blade* Home Depot $34.97
Total Cost: $256.27
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