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This thesis presents the design methodology of a miniaturized, portable, and low power
electrostatic precipitator (ESP) to reduce indoor air pollution (IAP) from rural cookstoves. Decreasing the concentration of aerosol particles helps reduce the incidence of
respiratory tract infections that can lead to disease and even death. We trace existing
technologies and standards to combat IAP in cookstoves, design an ESP that allows
precipitation at lower voltages via an electrode design that utilizes sub 5 kV voltages,
and explore how rapidly pulsed converters decrease the power consumption of the circuit
and increase smoke collection.
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Chapter 1

Introduction
It is estimated that 4.3 million people die every year from illnesses attributable to cooking
fume IAP [1], Fig. 1.1. IAP is characterized by many particle sizes, but many malignant
particles are sub 10 µm in diameter because they can penetrate deep into the lungs and
alveoli [2], Fig. 1.2.
In order to address the cookstove emissions of sub 10 µm particles, the Global Alliance
for Clean Cookstoves (GACC) and International Organization for Standardization (ISO)
characterized emission based tier requirements for clean cookstoves. The various tier levels and emission requirements, based on high power and low power systems, can be found
in Table 1.1. Among the various cookstove classifications, tier 4 is the best performing and requires emissions less than 1 mg/min/L for 2.5 µm diameter particles [4]. In
the developing world, childhood pneumonia is unfortunately tightly correlated with the
amount of cook-stove smoke emitted, Fig. 1.3. Childhood pneumonia causes around one

Figure 1.1: Indoor air pollution in Nepal [3].
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Figure 1.2: Particles less than 10 µm in diameter enter our lungs. Image taken
from [2].

million deaths per year in children under the age of five [5], and demonstrates the deadly
consequences of inhaling smoke particles.
Although ESPs are primarily used to reduce pollution emissions in industrial settings [6],
ESPs once optimized, could be a viable low power solution to address the problem of
IAP in developing countries. ESPs establish a large electric field, and as particles flow
through this field they are negatively charged on the electrode, and then via electrostatic
forces, collect on the discharge surface.
We will discuss the ESP mechanical design, and two ESP circuit designs which operate
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Figure 1.3: Risk of childhood pneumonia linked to the cookstove tier of 2.5 µm
particle emissions. Reproduced from [5].
Table 1.1: Cookstove tiers based on 2.5 µm particle emissions, where tier 4 is the best
performing. The unit [mg/MJd ] denotes milligrams per megajoule delivered to the pot.
We will only be focusing on the low power column because that is where our ESP will
operate. Data taken from [4].
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in the 2.7 kV to 3.7 kV range, namely a Cockroft-Walton and a class-

2

inverter + a

class DE-rectifier. Our goal is to explore a design methodology for emissions reducing
ESPs by generating corona at low voltages via our electrode design, and evaluate two
circuit topologies that can power the ESP depending on power consumption.

Chapter 2

Mechanical Design
The three main ways to structurally modify an ESP are explained in subsections 2.0.1,
2.0.2, and 2.0.3. Keeping these parameters of (1) distance between the electrode and
discharge surface, (2) shape of the discharge surface, and (3) shape of the electrode in
mind we tried multiple di↵erent types of ESP configurations: hexagonal, linear, and
cylindrical. All of the ESP designs were approximately 200 mm tall to ensure that
the resulting system would be lightweight and portable in rural environments. Our
final cylindrical design was able to achieve corona and precipitation at relatively lower
voltages because of our electrode design.

2.0.1

Distance between the Electrode and the Discharge Surface

In industrial systems, ESP voltages are characterized by: Vc = 15D kV [7], where Vc
is the corona flashover voltage and D (in cm) represents the electrode separation from
the discharge surface. To satisfy this equation with conventional electrode designs,
D > 5 ⇥ 10

2

m [7]. In our electrode design, we used 11 mm separation between the

electrode and the discharge surface. This distance between the electrode and discharge
surface was meant to maintain a small cylindrical ESP that could be compatible with
small rural cooking stoves. Moreover, smaller separations create a stronger corona that
seems to enhance the collection of finer particles [8].

2.0.2

Shape of the Discharge Surface

The discharge surface area needs to be greater than the electrode area because with our
ESP configuration the smoke collects on the discharge surface. Our discharge surface
is a half cylinder with a diameter of 57 mm, Fig. 2.2. In addition to the larger surface
4
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Figure 2.1: The electrode has length = 20 cm and diameter = 33 mm.

Figure 2.2: The discharge electrode is a frayed wire half cylinder.

area requirement, the discharge surface and electrode must be far enough away so that
arcing does not occur, but close enough so that precipitation occurs.

2.0.3

Shape of the Electrode

Our literature review indicated that the best electrode shape is barbed metal and smaller
barb distances are optimal for precipitating finer particles [8]. For efficient precipitation
of small particles with low voltages, we created a frayed electrode using litz wire 675/48
AWG, Fig. 2.1 and Fig. 2.2. We achieve significant particle precipitation in the 2.7 kV
to 3.7 kV thanks to our electrode design. In addition, because of safety considerations
we decided to design a voltage converter that operated within this range of voltages.

Chapter 3

DC Resonant High Voltage
Converter
3.0.1

6.78 MHz, 3.7 kV, 7-stage Class-DE Rectifier Design

The 6.78 MHz rectifier, introduced in [9], Fig. 3.1, was used to create a 3.7 kV dc output
for the ESP. The circuit comprises seven stages of a resonant class-DE rectifier connected
in series. Since CB<t,b><1

7>

act as dc blocks at the frequency of operation, all of the

diode junction capacitances Cj,<t,b><1

7>

appear in parallel with the resonant inductor

Lr and the extra capacitance Cextra to constitute a parallel LC tank. When the ac
input vo,inv resonates the LC tank, the voltage of node X is amplified and subsequently
rectified by diodes D<t,b><1

7> .

The rectified output voltages add in series and drive

the load RESP,eq that represents the ESP device.
A single class DE rectifier stage needs a discrete output capacitance to maintain the
output voltage constant during operation. But when stacked, the blocking capacitors
CB<b><2

7>

can also take the role of output capacitors, as is shown in Fig. 3.1. The

elimination of output capacitors Co<1

7>

improves the transient response of the system,

and significantly reduces the part count and total energy stored in the circuit, since
there are fewer capacitors to charge. Specifically, removing the output capacitors works
because for any n-th rectifier stage, CB,bn and CB,b(n+1) are already providing a low
impedance path for high frequency ripple currents. The simulated transient waveform
output voltage vout , Fig. 3.2, settles to 3.7 kV after 1 ms with a 80 Vpp 6.78 MHz input.
Table 3.1 lists component values that are used in this rectifier. The charge stored in this
un-optimized iteration of the rectifier is 14.8µC, which is still less than 45µC (maximum
amount of charge allowed in the body [10]). This charge can be lowered by reducing the
1 nF dc blocking capacitors CB<t,b><1

7> ,

at the cost of a slower vout transient.
6
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Figure 3.1: 3.7 kV 6.78 MHz 7-stage class-DE resonant rectifier.

Table 3.1: 3.7 kV, 6.78 MHz, 7-stage class-DE rectifier component values.

Component(s)
vo,inv
Ls
Lr
Cextra
CB<t,b><1 7>
D<t,b><1 7>
RESP,eq

Value
80 Vpp , 6.78 MHz
2590 nH
360 nH
1.5 nF
1 nF
STPSC406B
680 M⌦

+
vout
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Peak-to-peak Voltage Ripple

Figure 3.2: Simulated rectifier output voltage vout waveform that reaches a steady
state at 3.8 kV after 0.8 ms of operation.

10 V
Cout = 1 nF
Cout = 0 nF

8V
6V
4V
2V

0V

1
(bottom)

2

3

4

5

6

7
(top)
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Figure 3.3: The simulated output voltage ripple for each stage with and without
output capacitors.

The simulated voltage ripple for each rectifier stage with and without the output capacitors, Co<1

7>

in Fig. 3.1, can be seen in Fig. 3.3. Each stage nominally produces 540 V

and the diodes’ voltage rating is 600 V (although breakdown really occurs at 650 V),
therefore, as long as the each stage’s ripple voltage does not exceed 110 V (650 V 540 V) the circuit’s functionality will be maintained. Since the maximum ripple voltage
seen without output capacitors is roughly 9 V, for stage 1 and 7 in Fig. 3.3, we can
safely remove the output capacitors from our circuit. Removing the output capacitors
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Figure 3.4: The cyan curve is the simulated output voltage with 1 nF output cap on
each stage, and the red curve is without the output capacitors.

leads to a somewhat faster charging and discharging time constant, which can be seen
in Fig. 3.4. With the output capacitors the simulated converging time is 0.9 ms versus
0.8 ms.
In addition, as the corona current during precipitation is very low, we found that it was
convenient to pulse the power supply of the precipitator with relatively low duty cycles.
At the repetition rates evaluated, the electrode voltage does not decay to zero. This
suggests that we can easily reduce the power rating of the design rectifier in a future
iteration, or adjust the repetition rate to adjust for various stove sizes and smoke flows.

3.0.2

6.78 MHz Class-

2

Inverter Design

In the 6.78 MHz, 36 V input class-

2

inverter [11], Fig. 3.5, LM R and CM R work as a

second harmonics trap and, when properly tuned, result in a trapezoidal waveform at
the transistor drain node. Fig. 3.9 shows the 80 Vpp output voltage waveform. Table 3.2
lists the inverter component values.
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Figure 3.5: 6.78 MHz 36 V-to-80 Vpp class-

2

resonant inverter.

Figure 3.6: Simulated waveform of the inverter output voltage vo,inv that drives the
rectifier.

3.0.3

DC-DC Converter Implementation

We built a 36 V-to-3.7 kV dc-dc converter to drive the ESP. The rectifier generates a
3.7 kV output, shown in the red curve, Fig. ??. The converter consumes 700 mW power,
but to reduce power consumption, we pulsed the circuit by driving the inverter for 500
switching cycles out of a 10 ms period (equivalent to 0.74 % on-o↵ duty ratio).
During the o↵ period, the output voltage drops from 3.7 kV to 2.7 kV before the next
pulsing cycle begins. In addition to reducing the power consumption, pulsing enables the
surface potential to decrease during the voltage o↵ period which improves the collection
efficiency of high resistivity dusts [7] while improving smoke to flow through the ESP.
The design is advantageous when the output power is larger than several watts and thus
system efficiency is important. On the other hand, where the output power is low and
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Table 3.2: 6.78 MHz class-

Component(s)
Vin
duty cycle
LF
LM R
CM R
Cextra
CB,inv
Ls
Rrect,eq
Q

2

inverter component values.

Value
36 V
0.39
90 nH
390 nH
350 pF
1700 pF
4700 pF
2590 nH
50 ⌦
FDMC86116LZ

Figure 3.7: The 36 V-to-3.7 kV, 6.78 MHz resonant dc-dc converter has a total power
consumption of 700 mW. The class- 2 inverter [11] converts 36 V dc input to 60 Vpp
ac output.

efficiency is not a major concern, conventional approaches such as Cockcroft-Walton
generators or high-voltage flyback converters are e↵ective.

Contents

Figure 3.8: Voltage waveforms consisting of: 3.7 kV DC output voltage, red curve at
the top in 500 V/div scale; 6.78 MHz 60 Vpp SC output voltage from the inverter, blue
curve and the bottom curve at the bottom in 50 V/div scale.

Figure 3.9: Simulated waveform of the inverter output voltage vo,inv that drives the
rectifier.
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Chapter 4

Experimental Results
4.0.1

Indoor Test

The ISO does not select a single laboratory protocol to determine cookstove performance [4], therefore our experimental set up consisted of a fan running at 5 V blowing a
glycerin and water smoke mixture through the gap between the ESP electrode and the
discharge plate, Fig. 4.2 and Fig. 4.3. In addition, the full resonant converter connected
to the ESP electrode and the discharge plate can be seen in Fig. 4.1. Once the fan was
on we switched the ESP device on and o↵ for 1 min periods for 9 min and recorded the
2.5 µm and 10 µm concentrations from the particle meter every 5 sec.
The temporal changes in PM2.5 and PM10 levels during the experiment swing from the
sensor saturation (999.9 µg/m3 ) down to lower than 50 µg/m3 . The swings have latency
on the fall and rise for both 2.5 µm and 10 µm particles. 2.5 µm rising latency: 17.63
s, 2.5 µm falling latency: 18.74 s, 10 µm rising latency: 8.68 s, 10 µm falling latency:
10.23 s. When taking these latencies into account, the particle concentrations are in
sync with the ESP switching cycle, Fig. 4.4.
Fig. 4.5 shows the rectifier output voltage waveform that drives the ESP. The voltage
reaches 3.7 kV when the converter operates, and decays to 2.7 kV during the converter
o↵ period before the converter turns on again. Fig. 4.6 compares the vertical view of
the ESP device when it is o↵ (Fig. 4.6 left) and on (Fig. 4.6 right). The di↵erence in the
amount of smoke escaping the ESP device indicates its e↵ectiveness at removing aerosol
particles. This is corroborated by the data; when accounting for the latency times, the
ESP reduces 2.5 µm particle emission to 2.5 µg/m3 /min, and reduces the 10 µm particle
emission to 5.68 µg/m3 /min. To be a tier 4 stove the 2.5 µm particle emission must be
< 1000 µg/m3 /min which is accomplished in these testing conditions [4] [5].

13
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Figure 4.1: The experimental setup was designed to test the ESPs e↵ectiveness. This
figure demonstrates the 6.78 MHz, 36 VDC -to-3.7 KVDC resonant converter driving
the ESP electrode and discharge plate.

4.0.2

Outdoor Test

To reiterate the ISO does not select a single laboratory protocol to determine cookstove
performance [4], therefore our outdoor experimental set up consisted of the design shown
in Fig. 4.7 and Fig. 4.8. This experiment was very similar to the indoor tests except
real fire wood was used for the smoke. The experiments all used approximately 1.0g of
wood and 1.0g of paper for the fire. In addition, in the outdoor experiments the ESP
was either turned on for the duration of the experiment or turned o↵ for the duration
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of the experiment; in other words the outdoor experiments did not pulse the ESP like
the indoor experiments did.
Fig. 4.10 shows the particulate matter levels in µg/m3 versus time in seconds. The
orange traces correspond to when the ESP was o↵ and the fire was burning, while the
black traces correspond to when the ESP was on and the fire was burning. In both
traces two peaks are present. The orange dashed trace corresponds to 2.5 µm particles
while the solid orange trace corresponds to 10 µm particles. Both of these traces rise
fairly rapidly and then stay high (with the 10 µm particle trace even maxing out the
particle meter) and then eventually falling. The black dotted line corresponds to 2.5 µm
particles while the solid black trace corresponds to 10 µm particles. The average values
of particulate matter levels were as follows: ESP on 2.5 µm (dotted black) = 56 µg/m3 ,
ESP on 10 µm (solid black) = 60 µg/m3 , ESP o↵ 2.5 µm (dashed orange) = 228 µg/m3 ,
ESP o↵ 10 µm (solid orange) = 270 µg/m3 . This data shows that the average particulate
matter values are lower when the ESP is turned on demonstrating that particles from
typical fire can be collected by the ESP.
Fig. 4.11 shows the integral of the curves in Fig. 4.10 in addition to data from the
Biolite stove which is one of the stoves listed on the GACC website. The Biolite stove is
a product that attempts to reduce the amount of smoke produced by using a fan to blow
air onto the fire to improve combustion of materials and therefore reduce the amount of
smoke produced. This product demonstrates that there is a desire in the marketplace
to combat the issue of IAP. Based on the total mass of particulate matter, an ESP with
only one cylinder is roughly the same as the Biolite. This demonstrates that there is
promise in lightweight and portable ESP technology.
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Figure 4.2: The experimental setup design.

Contents

17

Smoke
out

sampling
tube

Particle
meter

ESP
device

Rectifier

Inverter
Smoke
in
Figure 4.3: The experimental setup showing the sampling tube and the smoke flow
direction (bright green arrows). For demonstration purposes, the ESP is a half cylinder
attached on a glass pane.
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Figure 4.4: The particle meter readouts of PM2.5 and PM10 particle concentration
levels. The light region indicates that the ESP is on.

18

Contents

Figure 4.5: Measured waveforms of the inverter drain voltage (green curve at the
top; 50 V/div), inverter input current (yellow curve in the middle; 1 A/div), and the
rectifier output voltage (red curve at the bottom; 1 kV/div).
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Figure 4.6: Visual demonstration of the ESP in operation; In the left picture the ESP
is on, in the right picture the ESP is o↵.

20

Contents

Figure 4.7: The schematic of the setup. The fire is made with roughly 1.0 g of
wood and 1.0 g of paper and is surrounded by a large metal encasement to keep smoke
encased. The ESP sits on a hole on top of the metal encasement so that all the smoke
generated by the fire flows through the ESP. The chimney and the sampling tube direct
a fraction of the smoke to the particle meter.
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Figure 4.8: The picture of the setup.

Figure 4.9: The waveform of the dc-dc converter output voltage that is applied to
the ESP. We operate the circuit in a burst mode by running it for 500 cycles every
5 ms period, thereby reducing the total power consumption down to 2 W. The voltage
reaches 3.5 kV during the circuit operation and drops to 2.1 kV before the next bursting
cycle begins (voltages that appear on the figure are scaled by half due to the limit on
the oscilloscope attenuation ratio).
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Figure 4.10: This figure demonstrates the particulate matter levels in µg/m3 versus
time in seconds.
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Figure 4.11: Figure displays the integral of the curves in Fig. 4.10 plus the Biolite
stove.

Chapter 5

Conclusion
In this thesis we explored a design methodology for emissions reducing ESPs that are
miniaturized, portable, and can reduce respiratory disease deaths. These goals were
addressed by our electrode design that reduced precipitation voltage, and pulsed system
free of output capacitors that reduced power consumption while balancing the need for
smoke flow and collection of fine particles. The experiments were performed with half
and full cylinder ESPs and are on par with other GACC listed technologies for battling
IAP. In conclusion, the miniaturized ESP is an attempt to create a portable smoke
filter that can reduce the amount of particles that enter our lungs. The hope is that
by reducing the amount of smoke that enters our lungs fewer people will fall victim to
preventable respiratory diseases.
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