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ABSTRACT

This paper recognizes electrostatic precipitators (ESP) as the primary machanism
for. the control of particulate emissions from such operations as in the cement;
paper and power industries. Due to the ever increasing emission limitations
placed on industry by the Environmental Protection Agency it becdémes increasingly
important that ESP's operate at peak efficiency. This means that the controllers
which maintain the electrostatic effect must be designed for optimum performance.
Design of ESP's has long been viewed as more an art than a science. This view is
also true for the design of ESP controllers. Though the role of the control
engineer as an artist will always exist, this paper seeks to bring the controller
design more into the realm of science.

A Tumped parameter model of the ESP'is presented which adequately explains the
response of the ESP over its effective range of operation. The operation of the
ESP at the boundary of stability (known as "arcing” in the industry) is modeled by
utilizing Townsend's first and second coefficients. As a result of this model it
is ‘found that the "arcing" phenomena is due to positive feedback in the process
and that the ESP is not completely controllable. Though the ESP s not completely
controllable it is found that the input voltage, which is controllable, has domi-
nance over the stable range of operation of the ESP.

Current ESP control strategies are examined. It is found that the control phil-
osophies of the various designs of ESP controllers are basically the same. The
one or two most-recently developed digital controllers are found to be most
effective in implementing this philosophy. This paper presents a modified con-
trol law through utilization of process information.

It is viewed that relatively

"arc-free" operation of the ESP can be achieved by using the proposed control

philosophy.

As a by-product of this control law, the quantity of surges on the

system would be reduced resulting in a significant conservation of power require-

ments,

1. INTRODUCTION

The electrostatic precipitator (ESP) is the most
widely used device for the control of air pollu-
tion in the United States at present.

The American industry is responsible for over a
hundred megatons (1) of gas borne waste each year.
This waste is in the form of smoke, dust and fumes
produced from processes such as the cement, paper,
and power industries. In some 70 years of usage,
since F. G. Cottrell (2) first developed it in its
modern form, the ESP has proven itself to be the
most cost effective means for eliminating this
public hazard.

Historically the electrostatic attraction of rubbed
ambéer for small particles was known to the Greeks
as early as 600 B.C. (3). Coulomb's discovery of
the inverse square law in 1789 formed the basis

for the science of electrostatics. Throughout the
1800's attempts were made to utilize this phenomena
to eliminate the particulate from gases emitted
from industrial processes. The most note-worthy
example is that of London England where coal-fed
industry was responsible for the deadly London fog.
A1l attempts failed however due to the lack of a
mechantsm for producing the high D.C. voltage
necessary for producing the electrical force.

In the early 1900's F. G. Cottrell, a young chemis-
try professor at U.C. Berkley, tried his hand at
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eliminating the environmental problem caused by the
Targe copper smelting industry in Southern Cali-
fornia. Due primarily to the advent of the mecha-
nical rectifier he was able to design and build

the first workable industrial electrostatic pre~
cipitator. His device was quickly adapted to
coltecting fumes and particulate from gases pro-
duced by the smelting, cement, paper and power
industries.

Electrostatic precipitation is accomplished by
causing the gas to be subjected to a high voltage
electric field. The particles in the gas become
ionized and are attracted out of the gas stream.
They attach themselves to collecting surfaces and
are subsequently disposed of. Most industrial
ESP's have a collecting duct as depicted in Fig. 1.
The corona wires are suspended centrally between
grounded collection electrodes. D.C. voltages are
maintained in the 50 kilovolt range from wire to
collection electrode, thus creating a strong elec-
tric field. The process gas flows through the
duct formed by the panels. Provided the electric
field is strong enough, the particles will be
attracted out of the gas stream and depositéd on
the collection electrodes and corona wires.

The current-voltage characteristic of the ESP (4)
is depicted in Fig. 2. Normally gases, unlike
solids and Tiquids, have few free electrons.
Therefore they are more 1ike perfect insulators
than conductors. But given sufficiently high
voltages {on the order of 1000's of volts) current
will flow.

At Tow voltages the current is small; Tinearity
here is because most electrons and ions, which are
freed, do not have adequate energy to traverse the
gas to the electrodes but instead are recombined
and neutralized. However, if the voltage is
increased a point is reached where current no
Tonger increases with voltage. This saturation
region, which extends up to Vg (Fig. 2), is caused
by the collecting out of all available electrons
and fons in the gas.

Increasing the electric field voltage still further
causes the current to again increase. This time
the current is not linear but appears to increase
exponentially with voltage. If the voltage is in-
creased to a certain value (V,) the current in-
creases independent of the ap%]ied voltage. The
continued increase of current with voltage is
caused by the available electrons and ions becoming
energetic enough to cause ionization upon collision
with neutral gas molecules. Thus a chain reaction
occurs which is controlled in magnitude by the
applied voltage up until Vg at which point the
process becomes self-sustaining.

The normal operation of the ESP is, ideally be-
tween Vg and Vg or the Townsend region (Fig. 2).
Efficient electrostatic precipitation cannot occur
without the aid of the chain reaction. Therefore,
due to the necessity of operating in this zone the
possibility arises of reaching VB at which point
the field colTlapses.

The occurenceé at Vg is the aspect of electrostatic
precipitation which must be controlled is the:
subject of this study.
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2. DERIVATION AND ANALYSIS OF THE ESP MODEL

In searching the 1iterature, all ESP reported
models were based on the assumption that applied
voltage was static. In actuality this is not the
case, However, since the applied voltage is
slowly varying in most instances, the models are
good approximations to the precipitator behavior
near the saturation region. The dynamics occuring
at V=VB were not found to be modeled.

The derivation of the current-voltage relationship
for an ESP (assuming time-invarient appiied vol-
tage) proceeds directly from Poisson's equation
which governs all electrostatic phenomena (5).
This approach was taken by Townsend (6) and after
various simplifying assumptions he arrived at the
relationship:

I = V({V-V.) (1)
—-é- S

Where g is a constant which depends on.the config-
uration and the gas which is being treated. For
discrete voltages this equation prédicts reasonably
accurate values for I in the range near saturation.
Stability is inherent in such a static representa-
tion yet we know there is system instability begin-
ning at V=Vy (Fig. 2).

As can be seen from Fig. 2 there are a broad range
of input voltages for which the output current is
bounded. Thus some degree of system stability is
assured. To look at the stability question from
the point of view of controlling or modifying the
process a more Tumped model is needed (Fig. 3).

For most modern industrial  applications, a high
voltage transformer/rectifier is typically used

to supply the high voltage for the ESP. In Fig. 3
1:w refers to the turns-ratio of the transformer.
The depiction of the ESP as a time-varying resis-
tance in parallel with a fixed capacitance is
possible because of the obvious presence of capaci-
tance and based on the work done by Edmund C.
Potter (7) in which the dependence of the gas re-
sistance on voltage was verified. Potter showed
conclusively that gas resistance dropped on the
order of 100 to 1000 times with increasing voltage.

Assuming the bridge rectifier is a voltage depen-
dent switch we can arrive at a linear time-varient
math model.

Summing the voltages we have the following equation:

fFV) = LI +1 Z
L%
w

Where Z0 is the ESP impedence and is
1

h* T
s + 1
R(t)C

Where s is the laplace operator.

Substituting in the value for Z0 we have
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1
flv) = LI+ 1 < ]
2 s + 1
W R(E)C
Multiplying both sides by s +‘1 we have
R(tYC
SF(V) + £(V) = LSt +Li  +1
R(t)C RIEIC 2¢

Since multiplication by the Taplace operator 1is
equivalent to differentiation this yields

FV) + £(V)
R(t)C

=Ll +Lf +1
R{t)C ;?E

Utilizing the state variable approach we can say

let X, =1 > X,= i

Which leads to

k=X,
R B N £ T I ]
Wllc  R(E)C R(E)C| T

For f(V) = 0 we can assume R(t) is constant.
Therefore we arrive at the unforced case

k=10 T ] X
-1 -1
wie Rl

Where X and X denote vectors.

From this we acquire the characteristic equation

.AI-A= AO]_ 0 1

0 A -1 -1
wZLC ﬁﬁf

C.C.EQ. = | a -1
1 At 1
WaLC RoC

Which gives us
C.C.EQ. = Az +a o+ 1
T

For the purpose of pole-zero analysis we will re-
quire the roots of this characteristic equation.
They are

AETRE N B ¥
R -Wri ¢  WAc
7

Usually though Ry is vepy large (on the order of
10°) € is so small (107“F) as to make the term
_1_on the order of 10 to 100,

ROC

It can also be assumed that

A 2
wLe 7RGl
Therefore the equation for the roots becomes
Ma Tt Lt 1Y
- R/ - 32 (2)

Examination of Equation {2) shows that the roots
are well into the left half of the s-plane for
representative values of R & C, therefore the sys-
tem is stable. Also, since R{t) decreases with
increasing voltage, taking time-varying R into
account only causes the roots of the characteristic
equation to move further into the Teft half plane.
This "lumped parameter" analysis serves to charac-
terize the stability of the system in the operating
region between Vg and Vg (Fig. 2) but does not ex-
plain the instability at V = VB.

Referring to the voltage-current characteristics in
Fig. 2, the part of the curve from the saturation
voltage '(Vs) to the breakdown voltage (Vg) and
actual breakdown itself is explained by the use of
the first and second Townsend coefficients (8).

The chain reaction, caused by energetic electrons
striking neutral atoms and molecules and dislodging
more electrons, is called the Townsend effect. To
explain this chain reaction Townsend devised his
first Townsend coefficient (a). He defined o as
the number of fonizing collisions made by an elec-
tron as it travels one centimeter. When o > 0 we
have departed from the saturation region (Fig. 2)
and progressed into the effective precipitation
region.

A. M. Howatson (11) defines o = pf (Eec) where E

is the electric field, e is the electronic charge,
and o is the mean free path of an electron (in the
field direction) between all collisions with atoms.
Then the product, Eeo, is the mean energy gained
by electrons between collisions. By making the
observation that o~ 1 (9) where n is the particu-

n

Tate concentration of the gas and also assuming
pressure (P) constant we can say

or Townsends first coefficient is some_ function of
E. Townsend (12) derived the form of ﬁ to be
n

approximately
Bn
a = Ae E (3)

in which A and B are gas constants.
Considering the increase dN, over a distance dx, in
the number of electrons per second crossing a plane
distance % from corona wires to coTlection elec-
trodes (Fig. 1) we can write

dN = aNdx

integrating, we get
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N X
fd—:;- =£0.dx
No
or
= aX b
N = Nye (4} ‘
where N, is the number of electrohs per second

Teaving the cathode.
Multiplying both sides by e we get
_ axX
eN = eNoe

ax ‘
Ioe (5)
(13)
So, given an o we can determine the precipitator

current I in the operating range between VS and VB'
This does nothing to explain the occurenceat VB'

Where I0 is the saturation current.

To explain the breakdown at V, Townsend invoked his
second coefficient (14). This he called vy and is
defined as the average yield of electrons caused by
each positive-ion striking the corona wire.

As when only the first Townsend coeff1c1ent is in-
volved Tet

N = Total number of electrons in the current
flow.

N0 = Number of electrons at saturation.
But also let

N, = Number of electrons T1iberated by

positive-ion bombardment of the
corona wire.

+

Therefore from equation (4) we have

N = (Ng + N, )e™ (6)
Steady state conditions demand that
M- (Ng+ N =N (7)

Y
Solving for N, in Equation (7) and substituting
into Equation (6) we have
No=Ny e .
1 - y(e 2 1) (8)

or by muitiplying both sides by e we have

I1=1 e

00—
1 - ,Y(e'OLX'_-I) (9)

Therefore we have two equat1ons which explain to
some extent the happenings in the so catled Town-
send region {Fig. 2) between V. and V., and also in-
cluding V5. But the equations”are deBendent on
solving for o and y of which only o has beer solved
to any extent (Eq. 3). +y on the other hand has not
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been solved at this writing. But, as Howatson (15)
conjectures, it is reasonable to assume

y = f(E) (10)

Where E_ is the total ‘energy in the precipitation
provess. Ep would be a function obviously of
applied voltage and temperature but also of some-
thing not so obvious called corona.

In the Townsend region the transition of atoms from
one energy state to another causes the release of
energy in the form of a violet g1ow caltled corona.
Also at the onset of corona there is a distinct
hissing noise. Corona extends only a few centi-
meters into the gas stream but it is felt (16)
that the photoelectric effect adds to some extent,
to the ionization of the gas. It is a fact (17)
that when the ESP is maintained at power levels
below that necessary for corona the ESP efficiency
is greatly diminished.

Therefore we can say

vy = f(V,T,C). (1)

Where C is the corona contribution to the energy of
the system. With this relationship and with the
equation for o one can provide a more realistic
model of the ESP process as shown in Fig. 4.

C is shown in Fig. 4 to be a function of input vol-
tage and output ionizing current. Temperature (T)
is a function of the process being treated and also
ionizing current. The feedback from the current
output must be considered positive since the energy
level is increased with increasing ionization cur-
rent, But fonization current usually makes a min-
ute contribution to T and probably very Tittle to
C. Therefore at Tow voltages and on up to VB the
actual feedback contribution can probably be’ig-
nored. But at VB this feedback may need to be
considered.

A complete model of the ESP is prevented due to the
three unspecified functions in Fig. 4. These re-
lationships have, as yet not been ascertained.
However, even without a complete model one can draw
certain conclusions. First, the positive feedback
in the system probably contributes to the instabil-
ity at Vy. Secondly there are two inputs to the
system (n and p) which we have no control over.

The inability to control the inputs to a system
cTearly signals uncontroliability.

3. CONTROLLERS FOR ESP's

Even though the ESP process is not completely con-
trollable some degree of control can bé achieved by
manipulating only the input voltage. This is be-
cause V 1s the dominating input up to the point of
breakdown. At breakdown the input voltage to the
system must be removed completely before stability
can be regained.

This occurence at V, (Fig. 2) is given various
names in the industry. It has been called the
avalanché phenomena, field collapse, and arcing.
The latter is most often used because of the vio-
Tent Tightning-1ike flash which occurs.
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When an arc occurs the electric field, responsible
for the particulate collection, (Fig. 1) immedi-
ately disappears. At this point the ESP is noth-
ing but an expensive gas duct at nowhere near the
pollution control efficiency expected. .- Along with
rendering the precipitator helpless these arcs
cause large electrical surges on the power supply
which shorten its 1ife extensively.

Given the detrimentalness of the arc one would
think industry would have found a way to avoid it.
But this is not the case. The power suppiies have
been fortified with such things as 1inear induc-
tors and high-frequency chokes. This has resulted
in many manufacturers giving 1ife expectancies of
20 years or more for power -supplies. The ESP con-
trollers, rather than prevent the field collapse,
use the event as a measurement of optimum opera-
tion.

Because the ESP must be operated in the Townsend
region to maintain efficient operation, it is felt
that the higher in the region a field can be kept
the better the efficiency. Therefore controllers
are designed to maintain the ESP electric field

as close as possible to the arc point.

There are many ways of reaching and maintaining
this optimum point of operatijon. In some less
critical applications this point is even manualiy
maintained and given only intermittent attention.
However, in most cases some sort of controller is
used for constant feedback and control.

In most modern systems SCR stacks are utilized as
the prime mover for varying the input voltage to
the ESP. This is because of their quick reaction
and Tow power consumption. Of the controllers on
the market which command these SCR's the majority
are analog with only one or two recent digital
additions.

Whether digital or analog controllers are used,
their control Togic is the same. They seeK to
stay as close as possible to the VB point and
when, eventually, Vg is reached, and the field
collapses, they want to turn off the voltage to
the field Tong enough for stability to be rein-
stated. At this point voltage s put back on the
field at a low point in the corona region and the
process of creeping up on VB starts all over a-
gain.

The operator of a typical ESP analog control sets
only three variables. These are the output cur-
reat 1imit, the length of time the input voltage
is turned off after an arc has occured, and the
rate of rise of the input voltage. Once these
settings are made the output current can typically
be seen ramping up to the arc, where high spikes
representative of the arc are observed, dropping
to zero for a set time period, and then ramping
up at the same rate again. Regardless of process
changes the controller continues to cycle at the
same rate until the operator makes new settings
or until the system current Timit is reached.

The digital control, unlike the analog, has no
comparitors or variable RC time constants. In-
stead comparing and timing are done with software
programming. Figure 5 shows a typical digital
controller for an ESP.

Though the digital controller tries to do the same
thing as the-analog, the ability to record and
recall past events offers significant advantages.
Probably the biggest advantage is that the actual
value of V, can be used by the control to modify
subsequent”operation. One example of this modifi-
cation would be to bring the input voltage only up
to the threshold of V, and hold it there until a
new V, occurs or a search for a higher V, is neces-
sary.B B

Another advantage the digital controller has over
the analog is the elimination of the necessity for
operator interaction. Such things as readjustment
of limits, off-times, and ramp-rates are not neces-
sary. This is because the whole range of these
values and the logical steps for using them are
programmed into the control.

The digital controller is, by far, the most effec-
tive controller for the ESP application. Tt must
be pointed out however that, at the present, price
is one advantage the analogs have over digitals.
This is a strong point and probably the determining
factor in uses where efficiency §s not an issue.

4. RECOMMENDATIONS TO IMPROVE THE ESP CONTROL

Figure 6 shows the primary inputs and outputs to
the ESP. Of these the only input-output informa-
tion typically used by the controller is input
voltage and output current as shown in Fig. 7.

This presents the possibility of enhancing the ESP
operation by providing more information to the
controller. The unused output information could
definitely improve the control of the system be-
cause of the direct cause-effect relationship.
Knowing the desired effect, the input voltage can
be modified to achieve it.

At the present time ny readily lends itself to uti-
lization and is most important of all output infor-
mation. After all, a proper n, is what the ESP
system should be trying to achieve, Since the EPA
sets specific levels of particulate emissions al-
Towed at each location in the country, given these
Tevels, the n, information could be used by the
controller to even reduce the input voltage instead
of constantly pushing it into the arc region.

Use of ng could greatly improve the analog control-
Ter performance on the ESP. By adding a comparator
to the analog controller of an ESP, it can observe
when the performance of the ESP is satisfactory or
not. When the ny is at the proper level it is not
necessary for the controller to increase the input
voltage. Input voltage can be held at the point
where the proper ny is maintained without the ne-
cessity of continually ramping it up to the arc
point.

The equivalent could be done with a digital con-
troller. Figure 5 could be modified to include
another analog to digital converter. But in this
case the majority of the changes would be reflected
in software instead of hardware.

The control modification suggested here would elim-
inate the blind dancing of the system around the
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Vg point. Most important, the quantity of surges
on the system could be reduced and there would be
a factor of power-conservation,

Therefore, at present the most effective improve-
ments in control of the ESP process are not in
the controller but in proper utilization of the
available information. -If the information is used
properly arcing can be minimized to the point of
insignificance.
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