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Abstract

A method of analysis for the determination of the charac-
teristics of a system from real time data is described. Exam-
ples based on surveys carried out in the Mauritian sugar facto-
ries over the last three years are given to illustrate the tech-
niques involved. An application is described where this
method has been used to measure the effectiveness of the
modifications carried out over two crop seasons at Constance
& La Gaieté sugar factory in order to improve the steam out-
put of its two boilers.
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Introduction

A survey is conducted when the technical condition of a
system is required. This happens whenever engineering prob-
lems are anticipated, prior to changes in the manufacturing
process, or modifications of existing equipment. The charac-
teristics of the existing system are first determined before set-
ting the specifications of the proposed system. Many param-
eters are usually monitored on-line for a reasonably long pe-
riod to ensure that sufficient data are obtained at different
operating conditions. Once the modifications are done, the
investigation is carried out again to verify whether the target
specifications have been achieved.

In the past, it was very common to look at the average val-
ues. However, this approach is very limited when dealing
with a system of numerous parameters, as it does not give a
true picture of the steady state condition of the system. Fac-
tory stoppages or frequent abnormal conditions affect the re-
sults if not taken into account. In addition, the operating
range or ranges of the system, and the interaction of the dif-
ferent parameters are difficult to obtain. By converting time
plots of the different parameters to a data frequency distribu-
tion plot, a global view of the system’s behaviour is obtained.

Data analysis techniques
Data collection

The output signals from sensors installed in the factory are
fed to the different channels of a data logging system. A data
logging unit, having 24 channels with a scan rate of 5 chan-
nels every second, has been used in conjunction with a cus-
tom made programme written in ‘C’. Some of the monitored
variables are obtained directly, while others have to be calcu-
lated from the channel values. For example, pressure is read-
ily obtained from the output signal of a transmitter, whereas,
if an orifice plate is used to monitor the flow of steam, its
pressure and temperature, and the differential pressure across
the plate would be required to calculate the flowrate.

As soon as all the selected channels are scanned, the data
values, obtained either directly or indirectly from the channel
values, are stored in a buffer. After a user-selectable time in-
terval, consisting of at least one scan period, averages of the
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data values are transferred from the buffer to a file together
with the time and the date. Each line in the data file repre-
sents a set of all the average data values at a particular time,
and each column represents a set of average values of a par-
ticular variable at all successive time intervals. A typical ex-
ample is shown in Table 1.

Table 1
Typical on-line data collected in a survey
Boiler Rotational Suction ID fan
Date Time steam speed of ID | pressure of ID | shaft power

output (t/h)| fan (rpm) fan (Pa) (kW)

18/9/95 | 15:32:05| 70,3 648 2650 227,6
18/9/95 [ 15:33:05; 68,0 651 2667 232,8
18/9/95 | 15:34:05] 67,9 611 2310 208,5
18/9/95 | 15:35:05( 66,8 594 2180 197,8

Relationship between variables in the time domain

From the collected data, time graphs can be plotted as
shown in Figure 1, corresponding to the data given in Table 1.
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FIGURE 1: Time graphs of raw data

It is very difficult to extract relevant information from time
graphs. Their clarity rapidly deteriorates with the amount of
data plotted, and time lag within the system, added to the
poor response time of the sensors, make it very difficult to
establish relationships between different variables.

Given that variable y is related to variable x by a function f,
then

y =f(x)

or,

() = fix(t)) )
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However, due to time lag, a change in the variable x, at a
time ¢, would cause a corresponding change in the variable y
at a time t+7 where T represents the total lag time which is
relatively small. Therefore

y(t+7) = fix(1)) )
Assuming y(¢) is an estimate for y(t+1) , then
YY) = y(t+7) + e(t) )

where e(?) is the error in the estimate.
Hence, from equations 2 and 3,

YY) = flx()+ e(t) 4)

From Equation 4, it is seen that corresponding values (x(z),
y(t)) cannot be easily related to each other because of the un-
known error, e(t).

FEstablishing a time independent relationship between
variables

For a large amount of data, the expectation of e(?) can be
reasonably assumed to be zero for all times. Then, the expec-
tation of (4) gives,

E[y(] = E[fix(1))] ®)
that is,
y =1 (6)

The time lag problem has been eliminated in the following
manner. A large set of random values {x, x, . . ., x, } of the
variable X, observed to be bounded within a small selected
interval (xe> x;), at random times 1, &, . . ., & will correspond
to a set of random values {y, y2, .., yn } Of a variable Y
whose mean value from Equation (6) is given by,

Y=[fx) + fog) + ...+ flx)] / )
Fori={1,2,... n}, x; can be expressed as,
Xi= 1‘_’ +; (8)

where X is the mean of x over the small interval (*z x) and o;
is a small deviation of x; from the mean. Equation (7) can then
be expressed as
Y= [fX+0)+ fiX+03) +... + fiX+a,)] I n
which can be approximated as
Y=[f®)+orf )+ fX)+0f X+ ... + fK)+ ouf (X)) / n
©)
Simplifying,
Y= fX)+f(X)(01+02+ ... +0,) | n

As n gets large, the term (0;+ 03+ . . . +0n)/n becomes neg-
ligible, and

Y ~f(X) (10)
where,

X=(ti+X4...+x,)/n (1)
and,

Y= +y:4... +y.)n (12)

A computer program has been written to calculate the in-
terval (x., x»), which takes the general form (i.s, i.s+bw) for i
={0,1,2,.., N} where s < bw and N, s, and bw are user
selectable values. The program then scans through the data
file in steps of s, and for each interval (x,, x), the data fre-
quency # is recorded, and the values X and Y are calculated
from Equations (11) and (12) respectively. For example, raw
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data, such as those found in Table 1, are processed and then
stored in an ASCII file format as described in Table 2.

Table 2
Processed data
(x,,x,) ’'e 17] )72 Y, n
Boiler Mean | ID fan ID fan ID fan Data
steam flow speed suction shaft frequency
flow range | (t/h) (rpm) | pressure Power
(th) (P2) (kW)
(50, 52) 51,1 568 1828 157,1 76
(52, 54) 52,8 566 1905 163,0 56
(54, 56) 55,0 576 1975 165,8 34
(56, 58) 57,1 564 1860 162,9 43
(58, 60) 59,1 587 2103 187,0 80
(60, 62) 61,2 563 1903 169,7 270
(62, 64) 63,2 558 1870 166,0 1174
(64, 66) 65,1 575 2015 179,7 3076
(66, 68) 67,0 600 2203 197,3 3420
(68, 70) 68,9 619 2350 210,5 1892
(70, 72) 70,8 640 2508 225,1 509
(72,74) 72,6 659 2655 239,1 58
(74, 76) 74,6 676 2790 253,2 4

In this example, x represents the boiler steam output, and
for s=bw=2, the range (x, , x,) has been calculated for i = {25,
26, . ..., 37}, and for each range the computer program has
calculated the values X and Y, where the latter can, for exam-
ple, represent the expected value of the ID fan shaft power.
The coordinates (X, Y) are then plotted together with the fre-
quency distribution of x as shown in Figure 2.
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FIGURE 2: Distribution of X, superimposed on graph relating the
shaft power of the ID fan to the boiler steam output.

When it is required to establish a relationship between x
and y, the distribution curve enables the user to select visually
those points that lie within the interquartile range where the
amount of data is relatively high. In this example, a power
regression has given Y = 3X 2% with an R?value of 0,99 where
Y is the shaft power of the fan in watts and X is the boiler
steam output in t/h. From equations (1) and (10), it can be
inferred that y = 3x 2% is a valid relationship that can be used
to predict the value of the ID fan shaft power when the boiler
steam output is known.

Several other variables such as the speed of the ID fan and
its suction pressure can also be plotted on the same graph, as
shown in Figure 3.
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FIGURE 3: Distribution graph with several variables

The operating parameters of the system are thus obtained,
and in this case, the boiler operates in the range 58 — 74 t/h,
with a most probable steam output of 67 t/h corresponding to
an ID fan speed of 600 rpm, a suction pressure 2225 Pa, and a
shaft power of 200 kW. The operating ranges of the speed, the
suction pressure, and the power are 555 — 650 rpm, 1850 —
2650 Pa, and 160 — 240 kW respectively.

Technical information on the relationships between vari-
ables and the operating characteristics of a system can be
used by the engineer either to improve the existing system or
to design a new one.

Multimodal systems

Some systems having many operating ranges are very diffi-
cult to analyse from time graphs. For example, Figure 4
shows the interaction between the juice flowrate and the
torque produced by the juice pump when an operator manu-
ally controls the flowrate by setting a butterfly valve at three
discrete openings.
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FIGURE 4: Manual juice flow control system

Information, such as the flowrate at the different valve set-
tings, the variation of the torque with respect to the flow, the
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extent of variations in the flow at the different valve settings,
and the amount of time the valve is set at a particular opening,
are easily obtained.

Reference variable

A system can be analysed from different perspectives, i.e.
X can represent any variable. For instance, in the above ex-
ample, X can represent the pump’s motor power as shown in
Figure 5.
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FIGURE 5: Juice flow control system from the pump’s motor power
perspective

Matching the y axis scale of the distribution with that of a
variable

Sometimes it is not possible to use the same scale to repre-
sent the frequency of the distribution as well as the y value of
a variable. Since only the shape of the distribution is of inter-
est, the different scales can be matched as follows.

Given that » is the frequency of the distribution curve and
max 18 its maximum value, Ymar and Yo are the maximum and
the minimum y axis scale values of a variable y, and 7 is the
matched or normalised value, then

n= I’l( k Ymax"Ymin) / Rmax + Ymin
where

(Yoex/Yomin Y <ks1

(13)

Equation (13) has been used to match the frequency scale
of the motor power distribution with that of the motor speed
as shown in Figure 5.

Application

Constance sugar factory has two boilers, namely boiler 1
and boiler 2, rated at 17 and 45 t/h respectively. Together,
they can potentially produce 62 tons of steam per hour. How-
ever, because of the interaction between the two boilers,
which are connected at one end of the steam circuit main line,
a total of only 55 t/h was produced in 1993. This amount was
just sufficient for running the factory. A survey was carried
out to evaluate the existing system. It was found that the boil-
ers were operating at 19 and 36 t/h respectively as shown by
the distributions (shown dotted) in Figure 6.
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FIGURE 6: Steam flowrates in 1993 and 1994 at Constance sugar
factory

There was a need to reduce the steam output of boiler 1 and
increase that of boiler 2. Analysis of the existing system was
done from the perspective of boiler 1 steam flowrate as shown
in Figure 7.
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FIGURE 7: The operating conditions of the boilers in 1993

It was noted that the pressure of boiler 1 was always higher
than that of boiler 2. Consequently boiler 1 was dominating
boiler 2. A decision was taken to increase the induced draught
of the latter in order to improve its combustion efficiency.
The system was analysed again in 1994, after the modifica-
tions were completed and the results have been summarised
in Figure 8.

The pressure of boiler 2 has been found to be slightly higher
than that of boiler 1, and this has caused the distributions to
shift accordingly, as depicted in Figure 6. The boilers now
operate at 17 and 41 t/h respectively, and furthermore, it was
noted that there were less fluctuations in the steam output of
boiler 2 in 1994 as seen from the spread of its distribution
curve. Thus, the steam output of boiler 1 has been reduced to
its rated value, that of boiler 2 has been increased consider-
ably, and their total output has increased from 55 to 58 t/h.
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FIGURE 8: The operating conditions of the boilers in 1994

Discussion
The data analysis technique has the following advantages:

* Massive data can be displayed without affecting the clar-
ity.

* Time lag does not affect the correspondence between vari-
ables.

* The operating ranges and the most probable values of the
variables are easily obtained. The most probable value is
in fact more relevant than the average value, especially
when the distribution is skewed.

* Factory stoppages and temporary abnormal operating con-
ditions do not affect the results.

* The standard deviation of the distribution can be used to
measure the extent of variations of a particular parameter.
In some cases, it can be used to measure the effectiveness
of a control system.

* Multimodal systems can be easily analysed.

Conclusions

This method of analysing massive data proves to be a pow-
erful tool that has been used with great success in Mauritius
during the past few years. It has been of great help in the
determination of the operating parameters of much factory
equipment, and in the evaluation of the effectiveness of
modifications carried out in the sugar factories.
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