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Abstract

A powder feeder consisting of a fluidized bed rig, transfer nozzle and conveyor, used in plasma spraying industry, is
modeled and the system’s transfer function and the MIMO closed loop control response and controller model are derived.
Theoretical modeling is simulated to describe the partial and overall fluidized bed response. Copyright © 1996 Elsevier

Science Ltd.
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1. Introduction

The fluidized bed is a system that transforms
normal dust from the solid phase to a fluid-like
phase [1]. The fluidized bed is used for [2]:

1. powder transportation,

2. spraying applications and powder ejection /injec-
tion,

3. cooling (and heat transfer) with powder,

4. material toughening and metal surface processing
and finishing,

5. packaging, etc.

Its applications are in the area of powder technology

[3], i.e. in

1. the pharmaceutical industry,

2. the glass industry,

3. alumina powder,

4. coal burners.

* Correspondence address: Analipseos 124, Volos 382 21,
Greece.

The paper studies a fluidized bed process, its
powder feeder and conveyor and a novel electrostatic
type of flow sensors; it models the sensing mecha-
nism, the sensing and actuating elements and designs
a sufficient SISO and MIMO controller for the sys-
tem.

Arrangements of single or array nozzles give
efficient fluidized powder stream performance with
good spraying and coating quality.

Temperature conditions could reach 18,000°K in
plasma torches [4].

Reliable instrumentation and control of fluidized
beds and dust feeders is a basic demand of modern
industry [5). The powder mass flow process model
and control are investigated here.

2. The rig

The fluidized bed, see Fig. 1, consists of:
1. a powder storage—agitation section (transparent
perspex),
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Fig. 1. Fluidized bed.

.steel perforated plate

2. a filter of thick paper or cloth to avoid powder

back-flow,

3. a perforated steel plate allowing air to agitate the

powder.

A transfer nozzle and the adjoining conveyor com-

plete the rig.

The fluidized bed described here, delivers accu-
rate known gquantities of solids by air. Phase col-
lapse, air flow blockages and non-uniform flow rates
caused by powder suggest that the dust feeder is the
most sensitive part of the rig, see later.

The plasma operating conditions dictate that the
important parameters (i.e. input, control, output pa-
rameters) affecting the spraying efficiency are [6]:

h = height of fluidized bed,

V, =velocity of solids in the transfer nozzle
(which is linearly dependent on the mass flow
rate entering the plasma gun),

V, = velocity of conveyed solid in the feed pipe
(arc gas flow rate > 4 X powder gas flow
rate),

A, = air flow rate passing into the bed’s plenum
chamber; it controls the mass flow rate enter-
ing the conveyor,

A, = air flow rate carrying the solid through the
pipe; it determines the powder’s velocity in the
conveyor,
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Fig. 2. Bed pressure drop, AP,, versus nozzle outflowing mass
flow rate characteristics (for steel nozzles 25 mm long X indicated
diameter).

AP, = fluidized bed’s filter pressure drop (supports
the bed), see Fig. 2,

AP, = pressure drop of nozzle, see Fig. 3,

W = powder loading (total powder mass circu-
lated in the bed),

The fluidized bed pneumatic—conveyor system spec-

ifications are given in Table 1.

In a fluidized bed, see Fig. 1, air flow causes a
pressure drop, AP,, across the paper filter and the
perforated steel plate, which, if it is sufficient, sup-
ports the weight of the bed's powder particles. A
flow increase causes the bed to expand to accommo-
date the volume increase; the fluidized bed’s height
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Fig. 3. Fluidized bed characteristic.
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Table 1

Fluidized bed rig specifications

Pipe diameters 4~12 mm
Loading 10-100 gm /min
Loading accuracy +5%

Powder gas flow 4-7 It /min
Velocities 45-90m/s
Loading solids-to-air ratio 22:1

AP 0-600 mm H,0
A, 0-37 cfh

A, 8-15cth

w 30-70 kg
Phases 2 (air, powder)
Particle size 60 pm

Particle shape spherical
Intrinsic safety NO

(level) is a critical parameter considered throughout
the experiments. A hysteresis is observed, see Fig.
4, that depends on the degree of consolidation in the
original bed; going down the slope B the particles
are more loosely packed and consequently the bed
level is higher and A P, smaller [7].

The pressure drop across the bed forcing the
powder through the nozzle must be greater than the
pressure drop across the mouth of the nozzle at the
conveyor junction, i.e. AP, > AP,, otherwise flow
through the nozzle will cease. In order to reduce the
pressure through the conveyor system it is necessary

. use a larger pipe diameter,

. use a venturi ejector,

. apply smaller air flow rates,

. locate the exit nozzle near the end of the con-
veyor line.

An increment of the pressure head at the nozzle

overcomes back-pressure, but small nozzle diameters

are susceptible to blockages, so their mechanical and

aerodynamic designs are critical.

AP, A Fixed bed

Pressure Drop
accross bed A

air flow through gauge

Fig. 4. Non-linear characteristics of a fluidized bed.

The dust filter in the base of the fluidized bed is
made from material that depends on the circulated
dust and the carrying velocities. The same holds for
the dust collecting bag at the other end of the
conveyor. Dust collection can be achieved by differ-
ent collecting techniques, such as pulse jet, reverse
air, shaker collector and cyclones with varying col-
lecting efficiency [8].

3. The computerized flow measurement system
model

An 8-bit microcomputer implements the flowme-
tering and control signal processing algorithms, see
Fig. 5. An indirect mass flow rate technique is used,
see later. The interface is a standard n” dual channel
ADC with its timing and peripheral interface adaptor
circuitry. Microprocessor measurement includes: data
capture (batch or real time), correlation analysis and
peak searching and finally display; it supports the
measuring system, the process control, the mass flow
measurement and the system’s general housekeeping,
l.e. it is a stand-alone intelligent industrial sensor-
controller.

The principle of cross-correlation flowmetering
is the following: For two flow signals x(¢), y(¢) (in
the case of electrostatic transducers corresponding to
an electrostatic signal) generated at distance L apart
downstream and sensed by two (electrostatic) sen-
sors we get the cross-correlation function:

ny('r) = -/;Tx(t)* y(t+7)-dr.

The cross-correlation function R, (7) is maximized
for time delay 7 *, where:
L
TN —
v
where v is the fluid velocity [9].

ms

converter G(f)
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Fig. 5. Measurement system block diagram.
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Fig. 6. Measuring system transfer function.

The laboratory computer, used in the experiments,
implements concurrently:
+ system model output,
- direct digital control (DDC) and process control
algorithm,
+ signal processing,
- flow velocity measurement and mass flow mea-
surement.
For the SISO case one correlation flowmeter is used,
while for the MIMO case two correlation flowmeters
are needed. The author has developed [10,11] a 4
channel X 1 bit correlator and a 2 channel X 4 bit
correlator for such applications. Computer controlled
multiplexing techniques further increase process sig-
nals management and measuring flexibility.
The measuring system consists of:
1. an amplifier (FET, opamp),
2. an interface,
3. a mass flow rate indicator.
The amplifiers response time is 107° sec, i.e. much
faster than the process dynamics. The measurement
rate is:

T,=T,+T,, ie.

Total Measurement Time = Data Logging Time +
Data Processing Time.

This will appear as a pure time delay whose value
depends on:
- process signal bandwidth,
- flowmeter clock period,
- integration time and function mode.
A typical transit time for our correlation flowmeters
is 0.665 sec.

The flowmeter model for our fluidized bed con-
sists of two independent (i.e. decoupled) flowmeters
with the transfer function given in Fig. 6.

4. The sensors

The sensing system consists of metallic plates
insulated from a perfectly grounded pipe wall and

shielded against electrical interferences. It operates
by induction since the particles are pneumatically
conveyed charged powder and generate varying elec-
tric fields on the sensors [12]. Signal conditioning is
achieved by high impedance amplifiers.

Different sensor geometries and installations were
tested, see Fig. 7. The sensor types are:
1. externally mounted plate,
2. coils,
3. externally mounted rings,
4. exposed rings or plates.

Externally mounted ring sensors of 1 cm? area
were the preferred type because they are:
. fast, reliable, continuously operated,
. non-intrusive,
. independent of the gas powder state,
. non-energy consuming,
. maintenance free.

The sensors sense charged particles and dipoles
by electrostatic and electromagnetic induction mech-
anisms [13]. The polarity of the charges depend on
the (powder and pipe) materials position in the tribo-
electric series and Lenz’s law [14]. For example,
alumina powder is charged positively; the type of
electric field characteristic, i.e. rms voltage level
with probe—source distance is given, in Fig. 8.

Powder recycling tends to charge pure uncharged
powder, thus driving the electrostatic sensor to satu-
ration and insensitivity [15]. This means that the
measuring system is an over sensitive device, de-
pending on physical state of the fluidized bed, i.e.:
1. particle size and shape,

2. nature and charged state of powder
3. nature and surface of pipe wall.

The accumulated charge, V, ., over a plastic pipe

increases with conveyor length downstream, reach-

oA W -

pipe screw
walt sensor pipe
: (exposed) cut

externally | totally
; mounted B . exposed sensors

externally ting sensors  internally \ (for flow projectile
mounted mounted externally trajectory studies)
plate sensor ring sensor mounted

(exposed) ¢oil sensor

Fig. 7. Sensor geometries.
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Fig. 8. Type of electric field characteristics.

ing a maximum at its end; this is minimized by pipe
screening and /or grounding [16].

Increment of powder mass flow increases the rms
level of the induced flow noise, see Fig. 9; this is
very important for mass flow measurement. Incre-
ment of sensor dimensions (pick-up area) low pass
filters the flow noise, see Figs. 10—12 and Table 2.

Dual electrodes distance experimentation (up-
stream-to-downstream sensor) for cross-correlation
implementation suggests minimal sensor distances,
i.e. 1 cm; this is logical, since high frequency com-
ponents result in sharper correlograms, which define
accurate transit time delays; high frequency induced
flow noise is highly attenuated downstream, resulting
in uncorrelated high frequency components, i.e. the
low frequency flow noise dominates, resulting in flat
peaked correlograms and inaccurate transit time
derivation. The lower cut-off frequency is at 60 Hz,
filtering the low frequency content of the flow noise

rms values [ volts ]

0.8 4 200 gm/ min

0.7
100 gm/min
0.6
0.5
0.4
0.3
0.2

041 0 gm/min

0.0 >
0 20 40 60 80 100 120 140 160 180 200 [msec]

Fig. 9. Typical rms chart recording in a 10 mm pipe with exposed
SEensor.

SENSINGAREA: ____tem’ 4 cm’
MASS FLOW RATE:

200 gm / min \M/\W\/\/
100 gm/min VWWV\/ V\/\/\/\/\/\/\/

Fig. 10. Typical rms chart recording in a 10 mm pipe with
short /large sensor.
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Fig. 11. Sensor bandwidth with sensor area.
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Fig. 12. Sensor sensitivity with sensor area.

Table 2
Electrode area effect on signal level and frequency cut-off fre-
quency (Hz)

Electrode area Rms volts Cut-off
2
(em®) Mean flow rate (gm /min) frequency
(Hz)
20 100 200

0.5 0.19 0.39 0.50 440

1.0 0.19 0.45 0.56 360

2.0 0.19 0.49 0.60 330

4.0 0.18 0.47 0.63 270

8.0 0.21 0.50 0.65 240
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Fig. 13. Electrostatic signal bandwidth with flow velocity.

signal caused by electrostatic charge build-up and

mains interference [17].

The sensors located on the conveyor have a greater
bandwidth, since they are exposed to higher flow
velocities, but the nozzle has greater bandwidth for
the same velocity, since its electrode area is smaller,
see Fig. 13. In conclusion, we might say that:

1. probe area is inversely proportional to flow noise
bandwidth,

2. probe area is proportional to rms level of flow
noise,

3. rms of flow noise is sensitive to mass flow rate
for steady powder velocity,

4. bandwidth of flow noise is independent of mass
flow rate for given sensor and for steady powder
velocity.

The transfer function model relating the turbu-
lence of the conveying fluid to changes in the elec-
trode’s static electricity due to the conveyed phase
depends on the inertia of the conveyed phase, vis-
cous drag between conveyed and conveying media,
gravitational forces and the spatial filtering effects
caused by the electrode’s geometry, see Fig. 14.

Our model is based on the net number of particles
passed through a cross-section of the pipe; the model
is better suited to light phase powder flows, where
the interparticle interactions are weak; excessive par-
ticle flow leads to saturation effects on the electrody-
namic transducer. The detected flow noise is a result

electrostatic induced
flow noise charges
1 1 -nd,.q
— l+s.—'1~ > l+s.i 27 — >
k.cp n.u
U(s) Uqs) Uy(s) Q(s)
dynamic spatial concentration
drag effect fitering effect charge effect

Fig. 14. Turbulent two-phase model block diagram.

APy
700
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A, = 26 cfh
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300
200
100

010 20 30 40 50 60 70 80 90100 110 120 130 140 150

mass flow rate in conveyor [ gm/min }

Fig. 15. Mass flow rate calibration curves of plasma spraying (30

mm ~ 1/8" transfer nozzle — 1 /4" conveyor).

of the product of the actual flow noise and the
transducers transfer functions.

5. Electrostatic flow noise rms-to-mass flow rate
correlation

The described measuring device calculates the
mass flow rate by calculating the powder velocity,
selecting the appropriate rms value -— mass flow
rate curve, see Figs. 15 and 16, and finally interpret-
ing the actual mass flow rate; the measuring system
output is either an analogue voltage or a 4-20 mA
current loop.

Experimental tests of the principles and feasibility
of the electrostatic induction transducer as a powder
flowmeter covers:

1. elucidating mechanisms of charge generation and

detection [18),

rms transducer
output at the nozzle

074
0.6
0.5

0.4 .
ejection -
0.3 - no conveyor 20 cfh

0.2
[R]

0 ~m/min
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

Fig. 16. Nozzle transducer response as an rms mass flowmeter.
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2. probe geometry, electric properties, location ef-
fects on signal response,
3. cross-correlation accuracy in flow velocity calcu-
lations,
4. transducer tests on very dense, dense and lean
flows,
5. rig operation (velocities, powder concentration,
humidity, temperature),
6. powder nature and electrical properties.
Researchers [19] suggested other exotic mechanisms
of electrostatic charge generation such as elec-
trolytic, spray and aerosol electrification, homoge-
neous charge generation, gas—ion surface exchange,
thermionic emission, and photoelectric effects and
actions. Direct current (dc) charges are due to charge
build-up and they are susceptible to drift, while we
are interested in ac components, corresponding to
the actual powder flow properties; we suppose that
electrostatic charges are highly coupled to the mass
flow, a reasonable assumption. Alternative charge
current components are enhanced by charging mech-
anisms and attenuated by dipoles, these accumulation
and discharge mechanisms result in a random nature,
or at least a pseudorandom one.

For ring sensors the rms value can be used as a
crude mass flowmeter, see Fig. 16. At higher carrier
gas flow rates the transducer responds in a way
independent from pipe orientation (vertical, horizon-
tal, angled); this is due to leaner phase condition.

The rms value of the electrostatic charge flow
noise leads to +5% random errors of mass flow
measurement, a theoretical limit for the most of the
correlation flowmeters.

The rms (root mean square) value of the ac flow
noise, x(¢), is:

1

For an ergodic process:

%on(1) = lim [1G,(1) -df= lim 02 = R,(0)

where,

R (0) = the autocorrelation of x(z) at 7=09, ie.
zero time displacement,

G,(f) = the power spectrum of x(1),

o = total noise power in the flow signals,

w = powder loading.

The flow noise is almost Gaussian, with spectrum
G (f) and a cut-off frequency f,, that increases in
proportion to the number of particle collisions [20]:

fLaN=f aW.

The total noise power in the flow signals o, depends
on the number of particles:

caN=g?aWw?

I )

o*=[ G-
=fC.GX(f)’0-2aW*GX(f).

The above relations suggest that:
W G,( f).

The observed power spectrum is the convolution
between the G,(f) and the sensors transfer function
k- G(s), ie.

Gu(£) = G(f) k-G(s)
and finally:

Waj;me(f) ) dfzxrzms'

The rms value of x(#) is proportional to the
power content, and it can be reasonably suspected to
be in some way proportional to the powder mass
flow rate. The number of equally sized particles N
around the electrode is proportional to the loading W
and the mean square value (x2, )

Xyms XYW

For an isolated brass pipe with solids loading ratios
<3, Baum et al. [15] suggested that the current
measured is:

NaWax? =

i Ms ken

== ; k-(g1—q) - (1—e )
.g - Dp . pp

where:

M, = solids loading,

Dp = particle diameter,

p, = particle density,

qo, = initial charge on particle,

q, = final charge on particle,

n = number of collisions.
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Others [21] suggested that the current generated
by particle collisions on a cylindrical probe is:

77 —_—
(R'E'N‘r‘l'V'q,,)

i=
V

p

where,

R =the ratio of collision cross-sectional area to
projected area of probe normal to the flow
direction,
= the particle velocity,
= density number,
= radius of probe,
= length of probe,
= charge transferred at each impact,
= particle velocity hitting wall due to random
motion.

The rms conversion is possible by software, ap-

proximated by R (0) or by hardware; the AD536A

IC is an rms-to-dc converter, giving:

V2
V: [ n

SIS S =z

V,

rms

for a resulting rms output signal bandwidth of 30 Hz.

The experimental results, see Fig. 16, show a
good agreement between rms and the square root of
the mass flow rate; the proportionality constant de-
pends on powder velocity and humidity; maintaining
the rate of charging at standard conditions increases
the cost of the process. Excessive particle population
results in saturation effects on the sensors, resulting
in severely band limited flow noise, where the
Gaussian statistics no longer prevail.

6. Calibration

Independent powder flow measurement methods
are used for velocity and mass calibration purposes;
two such methods are:

1. powder flow projectile trajectory method, ruled
by the following parameters:

(i) bed height,

(ii) powder, free stream (no conveyor), velocity
=y(g-x")/2-y)

(where x and y are the powder jet free stream
coordinates), or alternatively:

2. the classical weighing method.

The projectile method is a dynamic one, while the
weighing method although static is objective.

A parallel criterion suggesting high flowmeter
accuracy is the maximum cross-correlation coeffi-
cient persistence, i.e. for a steady flow correlogram
resistant to noise corruption and even temporary
collapse; typical correlation coefficients values vary
around 0.69. Correlogram inconsistencies result ei-
ther from flow changes or sensing method nonlinear-
ities or both; this introduces further problems in the
measuring method. Large integration times overcome
these problems, but the measurement and control
becomes insensitive to flow changes.

Vertically positioned conveyors assure no sensor
powder accumulation, i.e. electrostatic charge build-
up, but the fluid is exposed to gravitational forces.
Flexible conveyor deformation or movement results
in pressure fluctuations in the line and phase separa-
tion, which causes the powder to settle on the pipe
irregularities (low pressure points).

7. The powder feeder

The powder feeder is the most sensitive part of
the fluidized bed rig. It is capable of mixing gas with
powder in a specific ratio and conveying it (under
pressure control) along a feed line. Commercial dust
feeders include a powder hopper [22,23]). It is prefer-
able to vary the powder feed rate at a given carrier
gas supply, without altering other settings.

The dust feeders available are of different types:
1. rotating paddle feeder (that results in pulsating

flows),

2. venturi aspirating feeder (with blockage prob-
lems),

3. screw feeder (that wears quickly with abrasive
powders),

4. logarithmic spiral collector (limited to high 15
It/min air flows),

5. inverted cone (collecting dust by swirling around
the cone); this is the most popular, due to simplic-
ity, see Fig. 17
In low flows the solids density within a transfer

nozzle decreases from 0.5 gm/cm® to 0.2 gm/cm’;

this is caused by the pure aerodynamic design of the
nozzle, i.e. the back-up pressure and flow, that causes
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calibrated dial

Fig. 17. Inverted cone dust feeder.

less powder to flow through the nozzle. Neverthe-
less, the method monitors all powders exhibiting
triboelectric properties.

The powder density in the bed is:

bed mass

Ps =0.80 gm/cm®.

- bedvolume
The powder density in the nozzle is:
mass collected

Pn= = 0.60 gm/cm?,

velocity - orifice area
i.e. it is believed that the powder density in the

nozzle is slightly lower than the powder density in
the bed.

velocity [ m/s ] of powder
in transfer nozzle

A
perspex  nylon lean flow

3.0 T
2 mm
nozzle

2.5 inverted cone
2.0
1.5

1.0

Tass flow rate [gm/min] = k * velocity {m/s]
k =50 gm/m

. high risk blockage

area

- gmlmln>
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

Fig. 18. Flow density characteristic of dust feeder.
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00000000 O AR
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o

Fig. 19. Transducer rms output for nylon nozzles.

Perspex and nylon nozzles, although they tend to
saturate, are very sensitive to electrostatic flow noise
and flow changes (nylon is more sensitive than
perspex), see Fig. 18. It is believed that since per-
spex and nylon have similar dielectric constants and
work functions, their surface’s nature and uniformity
has a significant effect on the rate of charging;
nylon nozzles have smoother bores than perspex
ones. Nozzle sensitivity results in higher bandwidth
flow signals and quicker flowmeter response.

Although perspex nozzles present rms output vs.
mean flow rate inconsistency, nylon ones are very
promising, see Fig. 19.

8. Dust feeder model

The fluidized bed dust feeder is basically a 2
input/2 output device, with process input variables:

A, =air flow rate passing into the bed’s plenum
chamber

A, = air flow rate carrying the solids through the
pipe.

A, will directly influence V,, the velocity of the
solids in the transfer nozzle (which is linearly depen-
dent on the mass flow rate) and V,, the velocity of

A (it/s) V, {m/s)
[a(s) b(s)] >
co(s) d(s)
—
A, (Ws) Vi {m/s)
Vils) = afs).A, + b(s).A, Vofs) = ¢(s).A; + dfs)A;

Fig. 20. Plant transfer function block diagram.
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Vi[mis] Vi[mis]
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1.7 1.7
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1.5 1.5

14 1.4

1.3 1.3

1.2 1.2

11 11
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> [s] -> [s]
T,=13s p=13s

Fig. 21. Step response to calculate a(s) (A, =2-5 It /min = 56—
114 gm/min, A, = 26 cfh).

the conveyed solids in the feed pipe. Some interac-
tion occurs between inputs and outputs, see Fig. 20.

An open loop transfer analysis on each subsystem
is carried out using classical identification tech-
niques. A step disturbance on each input (maintain-
ing all others constant) interrogates the system, pro-
ducing on all process output the system step re-
sponse.

The process is interrogated over the typical plasma
operating conditions (0-100 gm/min at 20-32 cfh).
The open loop step responses for the process (dust
feeder) are given in Figs. 21-24.

V, [m/s]

\ [0}
DA =25 1s
A, = 26 cfh K
=3
gaf< oL

9.4{

I TITS gy
AA, =235 1/s
A, =26 cfh
8.3] 5

0 2 4 6 8 10

t[s]

Fig. 22. Step responses to calculate ¢(s).

V4 (m/s)
4
2.54

M

2.10

1.40

(ii)

0.95

5 4 3 2 -1 01 2 3 4 56 “t(s]

Fig. 23. Step responses to calculate #(s) (A,=2-5 1t/min,
A, = 20-32 cth).

Va [mis]
IS

\ ®
4 N

5 4 3 2 4 01 2 3 4 5686

>
t

[s]
Fig. 24. Step responses to calculate d(s).

The above step response tests suggest that:

10.6*e™°
a(s) = 13*s+1

b(s) =8.2m/lt, d(s) = 101 m/1lt.

,c(s)=9.8"e%",

9, The actuator

Electrically operated analog valves have fast re-
sponse but high cost. The widely used pneumatic
control valves will present a dynamic lag. The step

FLOW
100 %

t[sec]

0% it
0 5 1015 20 25 30 35 40 45 50 55

Fig. 25. Step response of pneumatic control valve.
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response of a used miniature pneumatic control valve,
under fluidized bed operating conditions, is given in
Fig. 25.

Therefore the control valve’s open loop transfer
functions for the air streams A, and A, are:

G 0.0150 G 0.0075
(v=35777 =357

The time constants are derived graphically from the
step responses curves, while the valve gains are

derived by the control valve sizing formula:
air flow control range [1t/s]

K, |lt/s/mA|=
v [it/s/mA] driving currentrange [mA]
The denominator is always 20 mA — 4 mA = 16 mA.
A conventional controller output of 4-20 mA
(electric) or 3—15 psi (pneumatic) is used, in associa-
tion with an 1/P (electric-to-pneumatic) converter.

10. SISO controller scheme

The single loop negative feedback control system
with its identified transfer function is given in Fig.
26.

The mass flow rate, V| is investigated here, since
the significance of V, is secondary compared to
maintaining a required mass flow level. This can be
achieved by using a single loop controller to regulate
the most important process variable V.

Cohen and Coon [24] applied a small step change
in the manipulated variable and recorded V| in time.
The derived dust feeder transfer function has the
form:

G Kp . e—Td‘ s
=2
»(5) T"s+1

ACTUATOR DUST FEEDER
e(t) 4-20mA_ 3-15psi A lVs)

sP, +
0015 105%™
I5*s5+1 13*s+1

CONTROLLER 1/ P

- MV(t)
PV(Y)

INTERACTION

Fig. 26. SISO Control System Modeling.

where,
Kp = the process gain = 10.5,
T, = the time delay=2s,
7 = the major time constant =13 s
The load disturbance caused by changes in A,
carrier gas stream on V, is shown as a negative
influencing gain. The effect of fluctuations in A, on
V, can be considered as load disturbances, using a
gas flow indicator on the identified interaction block.
Controller tuning is performed [25] by the classi-
cal methods (i.e. minimum offset, fast response and
minimal overshooting). Concluding that control valve
lag compared with the process time constant is

7,=35s<r7

the following controller settings are recommended:
For pure proportional (P) control:
-7

K=x1,°
p d

T,
1+ , le.K_=50.1,
3.7

For proportional and integral (PI) control:

-7 9 T, )
K .= N—+—-7{, lLe.K.=435,
K, T, {10 " 12
T
3032
i=T,——"7, ie.i=4s,
d
9+20- -2
.

and reset time:
1/i=0.25s"".

For proportional, integral and derivative (PID) con-
trol:

I-T 4 T, )
KC:K T' §+—— , ie. K, =653,
p 4d T
T
3246 —
i=T, 7, ie.i=46s,
13+8-2
-
and reset time:
1/i=021s"",
4 .
D=Ty—— ie. D=0.7s.
1n+2--2
.



116 D.E. Ventzas / ISA Transactions 35 (1996) 105-119
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Derivative time
0

Size of set point ste f\
e poi P Y

Size of load step A2 \/)f v v
0
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>
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750.1
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2
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0

Size of set point step
5

7.5
Size of load step A2
0

Stop: line 360

Fig. 27. P control of SISO system.

The closed loop responses are given, see Figs.
27-29, for two cases:

(i) a step change in set point maintaining load
disturbances at zero,

(ii) a step change in load maintaining set point at
Zero.

In both cases the closed loop controller will en-
deavour to attain the desired set point value. The
results of such closed loop simulation responses for
P control are shown in Fig. 27, for PI control in Fig.
28 and for PID control in Fig. 29. P control is
abandoned due to offset errors, PI control gives an

Run
Proportional gain K
213

Reset time X1
2.1

Derivative time
0

Size of set point step
5

Slzc of load step A2
0

Stop: line 360
>

VVVYV

>Run
Proportional gain K
13

Reset time K1
2.0l

Derivative time

0

Size of set point step
?

0

Size of load step A2
2.5

Stop: line 360

Fig. 28. PI control of SISO system.
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N

Size of load step A2
75

Stop: line 360

Fig. 29. PID control of SISO system.

overshooting response; PID control speeds up the
response with acceptable over/undershoot.

The appealing feature with this control scheme is
that only one flowmeter and one actuator are used.

11. MIMO closed loop controller scheme

In the case of MIMO, the experimental fluidized
bed is automated by means of two control valves on
the primary and secondary air stream, to regulate the
mass flow rate and velocity, respectively in the
conveyor.

The general block diagram of the closed loop
system under development is given in Fig. 30. It is
divided into:

- the measuring system

- the plant (dust feeder, conveyor)

- the interface control elements (valve) and
- the controller.

SP, +:error MFR
Vv, - r'y error V, |CONTROLLER

sp, |+

:

ACTUATORS

A -

MEASUREMENT [%

Fig. 30. Block diagram of the closed loop control scheme of the
fluidized bed system.
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controller

elements PLANT
u A (i/s) Va (M/s)
] [ 0.015 0 > [lo.s‘e"" ——
35%s+1 0075 13*s+1 -82
o _QR®,
[ 0 35%s11 l_ 98*¢7" 1009
— e
R A, (it/s) Vy(m/s)

Fig. 31. Block diagram of MIMO open loop system.

Traditional and modern computer control model
design techniques and simulation results are used
[26]. There is no doubt that the SISO control scheme
is adequate for the plasma spraying operating condi-
tions but a multivariable control scheme would give
better regulation of V, and V,. Such a MIMO con-
trol scheme can satisfy the general case of a variety
of particulate matter flowing through different pipe
diameters.

40 4

40 -+
204
20+
4
0 / ~
), 50 510
204
204
40+
-0+
40 20 T
20 —
0 50
20
~20 —40
~40 -60

Fig. 32. Nyquist plots of open loop MIMO system.
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Fig. 33. Characteristic locus of open loop MIMO system.

80T

. . 6.0

.01 10 1.0

Fig. 34. Moduli and misalignment angles of open loop MIMO
system.

The open loop MIMO transfer function is shown
in Fig. 31. The plant transfer function matrix has
G,,(s) predominantly second order, G,(s) pure time
delay, while G,,(s) and G,,(s) have a first order
behavior. The dominant delay term of G,(s) cycles
at the origin with increasing frequency.

It can be seen that the eigenvalues are not easy to
calculate and simulation results are given by the
UMIST CAIAD Computer-Aided Control Design
software package on a PDP-11 platform. The process

Fig. 35. PI controlled system characteristic locus and M circles for
tuned MIMO.
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o

S
:/—~/\A-/\

Fig. 36. Moduli and misalignment angles for tuned MIMO system.

dynamics are loaded into the computer and the more
appropriate characteristic locus design method is ini-
tiated. Figure 32 shows the combined valves and
plant open loop Nyquist plots of each matrix ele-
ment.

The open loop characteristic locus of functions
g,(s) and g,(s) are shown in Fig. 33, emphasizing
the open loop stable nature of the system, i.e. no
unstable open loops since the characteristic locus
encircles the origin in an anticlockwise sense, More
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Reset time L1
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75

V2 @
20

Stop: line 470
>

(b)

VVVVVYV

>Run

Reset time K1
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Reset time L1
76

Vi
0
v2
25

Stop: line 470 (@)
>

L~

Fig. 37. Closed loop response of tuned MIMO control system
controller.

controfler
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MFR o
SPV, + A [s] V, [mvs]
[ 03 r . >
[1+== 0 105*e ) "|
X S e vy ™
0 “T L—9.s'e"" 1009
+ » >
SPV, A- 2 [t/s] Malmfs]

Fig. 38. Block diagram of MIMO closed loop system.

information is gained by looking at the Bode plots in
Fig. 34, where at low frequencies the moduli are
similar and the misalignment angles are relatively
small. This indicates that the interaction is small and
that the controller design can proceed without the
use of a pre-compensator.

In order to achieve good steady state accuracy a
PI type controller is applied and the results are given
in Figs. 35 and 36. The closed loop response for the
tuned MIMO control system is shown in Fig. 37,
while the final MIMO control scheme is in Fig. 38.
The resulting performance with tuned MIMO PI
controller exhibits further optimized performance.

12. Conclusions

A controller (for both SISO and MIMO modeling
approaches) for a dust feeder of a fluidized bed rig
has been proved feasible; the system was identified
and the controller design and stability investigated,
for both the open and closed loop controller configu-
ration. The intrinsic physical complexity of the pro-
cess flow itself lies in the fact that its parameters are
susceptible to changes, i.e the powder flow is not
homogeneous, but consists of concentrations and
rarefications of particles.

It is suggested that dust feeder design is the most
interesting part in fluidized bed engineering. Further
work should be done on the economics of the air and
electrical power consumption in the fluidized bed.

Appendix A. Vocabulary

MFR = Mass Flow Rate
rms = Root Mean Square
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SISO = Single Input — Single Output
MIMO = Multiple Input — Multiple Output
DDC = Direct Digital Control
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