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Summary 

The paper presents the application of an AMandD system for the coke 
sedimentation process in an hydrocraking installation. First, a short description 
of the installation is given. Then, a summary is given of applied methods for 
monitoring of slow changes in the process. Next, the structure of the AMandD 
system is summarised. Finally, the first achieved results are described 

Introduction 

Incipient destructive changes often take place in technological process 
equipment. They change the process characteristics and decrease its functional 
quality indexes. Such changes can be caused by phenomena like processes of 
material degradation, the sedimentation of different kinds of substances on the 
equipment parts, etc. Periodical inspections and maintenance are carried out in 
order to counteract the consequences of such effects and to prevent the 
occurrence of faulty states. Process exploitation interruption in order to carry 
out the inspection and necessary maintenance work is connected with high 
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production losses and high maintenance costs. Elongating the period between 
maintenance procedures can lead to unexpected machinery and equipment 
breakdowns and even to disaster in the case of hazardous technological 
installations. One rational way of behaviour is to replace the periodical 
inspections and maintenance with the strategy of maintenance planning. It can 
be done based on the current evaluation of the process technological state. 

To realise the above mentioned strategy, it is necessary to monitor the 
degradation factor of the machinery and technological equipment as well as to 
forecast the time left to reach the critical process state. The diagnostic system 
can assist the service staff in making a decision about necessary maintenance by 
fulfilling these tasks. This issue is a subject of this paper. 

1. Process description 

Research in the Institute of Automatic Control and Robotics, Warsaw 
University of Technology focused on the algorithms of detection and tracing the 
degradation degree of the technological apparatuses dedicated for the 
installation of hydrocracking (HOG) in PKN Orlen refinery. The main 
installation purpose is to conduct the desulfurization of the medium and its 
fractionation into derivative products. The medium is the remainder originated 
from petroleum and its mixture. 

In the process of raw material processing, the phenomenon of derivative 
material sedimentation (mainly coke) on the process technological devices and 
apparatuses takes place. This type of degradation can contribute to incorrect 
interpretation of the state of the technological process. Putting aside derivative 
products can result in faulty operation of measurement devices, and it can lead 
to erroneous triggering of alarm devices and incorrect switching on the system 
of technological blockages (e.g. the radar level signal device can incorrectly 
interpret the level in the tanks). 

The two subsections of the whole HOG process were defined to conduct 
detailed research. The first one was the vacuum oven H302 and the second one 
was the distillation column C303. Fig. 1 presents the simplified diagram of one 
of the four medium transport coil passes in the vacuum oven H302. The above 
mentioned process of coke sedimentation can lead to incorrect temperature 
indications and, in consequence, may lead to erroneous control of raw material 
temperature on the oven outlet. 

Product desulfurization and final preparation for the thermal-electric power 
station takes place in the column of vacuum distillation. The places where the 
influence of coke sedimentation is the most visible are the structural packages 
and the bottom of the column with the heaviest oil fractions (Fig. 2). Coke 
sediment on the structural packages results in the deterioration of the flow of the 
lighter fractions at the top of the column. It finally leads to impaired outflow of 
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the additional products. The heaviest fractions accumulate on the bottom of the 
column. It can also be observed on the degree of the coking of the equipment of 
the particular sections.  

 
 
Fig. 1.  Simplified diagram of mazout transport in the vacuum oven H302 (only one of four coil 

pipes is presented) 

 

 
Fig. 2. Diagram of distillation column C303 
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The degradation caused by coke sedimentation is a reversible process. 
However, the cleaning procedure requires the stopping of the installation and 
complete process switch off. In respect to the high cost of such operation, it is 
realised periodically, during scheduled maintenance and installation stop. Quite 
often, the process is still kept running even if the service is aware of the 
increased degree of installation degradation. During such situations, there is a 
need for on-line evaluation of coke sedimentation degree and the remaining time 
to achieve critical state. 

2. The algorithm of coke degree evaluation 

In the presented application, the coke sedimentation process is treated as an 
incipient (slowly developing) fault. The process of diagnosing such faults 
consists of (1) fault detection, i.e. detection of the moment when the trend starts 
to develop and (2) fault prediction when the parameters of the observed trend 
are calculated. 

In respect to the continuous character of the coke sedimentation 
phenomenon, the detection phase [1, 2, 9, 17] is omitted in the presented 
application. Only the fault prediction is realised that is based on the analysis of 
existing trend of calculated coking degree coefficients. The time developing 
characteristic of the signal carrying the information about the coke 
sedimentation degree is calculated in on-line mode. The time left to reach some 
predefined threshold value of the analysed signal is estimated based on the 
prediction of the future development of the analysed signal. This prediction is 
based on the determined type and parameters of the observed trend. 

The estimation of the evolution rate of the coke sedimentation process is 
realised with use of the regression analysis [6–8]. The algorithm assumes a 
linear form of the fault strength development model. The algorithm searches for 
the real form of the analysed relation between the expected value of random 
variable rk and given values tk. This relation is called “the function of auto-
regression”. 

 
E(r) = β0 + β1 · t          (1) 

 
In the basic approach, the coefficients of the above equation are determined 

with use of the LS method. An estimated regression model is used to predict the 
values of dependent variable r in the case of specified realisations t. However, 
the simple linear regression is not unequivocally defined, because the 
calculation of its coefficients is connected with existing uncertainties. Such 
uncertainties are expressed by standard deviations sβ1 and sβ0. In respect to this, 
the variance of the forecasting value r(tk) is calculated according to the 
following formulas: 

~
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Where: t denotes mean value of realisation t, r~ denotes the forecasting 
value of dependent variable r, and n denotes the number of analysed values in 
realisation. 

While calculating the confidence interval for simple regression and the 
small number of samples, the t-Student distribution should be used. Standard 
deviation sp(tk) must be multiplied by the Student coefficient Tα,v. This 
coefficient is calculated for significance level α and the degree of freedom  
v = n – 2. The confidence interval for the unknown regression line can be 
expressed by the following formula: 

    
ααα 1=+≤≤ 22 }sTr~rsTr~ {P )t(pn,kk)t(pn,k     (4) 

 

The outlier data samples in the time series of the analysed signal have a very 
strong influence on the calculated coefficients of the regression model and 
ultimately on the estimated time of proper process component functioning.  

In the case of algorithms running in automatic mode, it is necessary to apply 
methods of robust regression [11, 13] i.e. least median of squares – LMS [22], 
median regression – LAV, least trimmed squares – LTS [16, 22, 23]. Outliers 
may be also rejected by the application of the time series smoothing techniques. 
Most frequently moving average approach is used. This approach relies on the 
replacement of each sample by its regular or weighted mean of n neighbouring 
values, where n is the width of the smoothing window [5, 21]. 

The algorithm also implements one of the methods of robust regression – the 
iteratively weighted LS method [10, 12, 19, 24] which is less sensitive to outlier 
data. It is implemented to make the calculation of trend parameters more reliable. 
In this method, the weights of particular observations are calculated iteratively. In 
each step they are modified in respect to how the observation fits the model. If it 
does not fit the identified relation (is placed far from the line) then its weight is 
small. The observations with small weight have appropriately smaller influence on 
the estimated parameters. 

The residual time series, which reflects the fault development, is often not a 
linear function. Thus, the linear regression model is not always able to correctly 
describe an observed phenomenon. In such a case, it is necessary to utilise a 
nonlinear model. The issues of nonlinear regression have been widely discussed 
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by [3, 4, 8, 18]. One can distinguish two kinds of nonlinear models: internally 
linear and internally nonlinear. The internally linear model is the model that can 
be converted into a linear one by simple recalculation of the dependent variable 
y with the use of a nonlinear function of the realisation t (e.g. logarithmic, 
radical, power). 

In the applied algorithms, only the models belonging to the class of 
internally linear ones are used (i.e. logarithmic, radical, power, etc.). Such 
models, after appropriate transformation of input data (application of 
aggregation functions), can be analysed with use of techniques typical for linear 
regression. The accuracy of defining the character of the regression function 
(adequacy) is checked by the comparison of the determination coefficients of 
the considered types of models. 

The algorithm of the estimation of the time remaining to reach the critical 
coke sedimentation degree is based on the analysis of several proposed 
coefficients, different for each part of the process. It is important to remember 
that the speed of coke sedimentation can vary in different process sections. 

The tests calculating the coefficients for the oven utilise the relation 
resulting from heat exchange analysis. In the case of start-up installation 
working conditions (no coke sediment), the heat exchange coefficient should 
keep a constant level. It results from the constant values of the heat exchange 
resistances (thickness of pipe walls, etc.). The heat exchange resistance should 
increase when the sedimentation inside the pipeline increases. 

The algorithms of monitoring the coke sedimentation process in coil pipes 
of the vacuum oven H302 based on complete thermal balance could not be 
developed due to an insufficient number of measurements installed in the 
process. Thus, several heuristic algorithms were developed. They realise the 
alternative ways of tracking the changes of the coke sedimentation degree of the 
vacuum oven. There are four coil pipes (named: Pass_A, Pass_B, Pass_C, 
Pass_D) in the vacuum oven that transport mazout (Fig. 1). They are collected 
into one pipe after the vacuum oven.  

The coke sedimentation degree indicators are calculated independently for 
each coil pipe. The global index for the whole installation is also calculated. 
The elaborated algorithms utilise available measurements: mazout temperature 
before and after the vacuum oven (TMP, TMK), average temperature inside the 
oven (TPD), the temperature of the pipeline coat and the flow measurements of 
the mazout (FM), steam (FS). For each coil pipe the temperature measurements 
are placed in several locations. 

The residuals are calculated as the difference between the nominal values 
of coke sedimentation degrees φ0 (recorded during start up procedure after 
process maintenance, separately for each coefficient) and actual values φ: 
r = φ – φ0. The exemplary algorithm of coke sedimentation degree is given 
below:  
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The experimental results indicated that it is not possible to calculate coke 

sedimentation degree for distillation column C303 based on the calorific 
balance. It is not possible to calculate this balance according to the lack of 
knowledge about several physical parameters and some important 
measurements.  It is not possible due to the complexity of phenomenon taking 
place and the lack of all required measurements. Partial heuristic indices and a 
cumulative one for column C303 were developed. 

One of the partial indices is based on the comparison of the pressure drops 
along the whole column with the pressure difference between the outlets of the 
Sections S-I and S-IV. The test and its derivatives enable one to validate the 
flows of lighter fractions towards the top of the column and the clogging of 
particular structural packages. 

Another partial index compares two indicators of the mazout level in the 
distillation column. The first is a measurement realised with use of an isotopic 
transducer, and the second one is calculated based on pressure measurements. 
The isotopic measurement becomes unreliable when the threshold value of coke 
sedimentation of the column is achieved. It is an essential symptom used in 
calculations. 

Successive algorithms evaluate the degree of coke sedimentation based on 
the analysis of temperature increments in the upper part Section II of the 
column. The increments that are not correlated with other measurements directly 
influencing these temperatures are analysed. These are increments that are not 
dependent upon the changes of temperatures in Section I, flow in the Section II, 
and the changes resulting from the increase and decrease of installation load. 

The algorithms consist of four tests. Each of them calculates the index with 
the value belonging to the range <0; 1>. Then, the cumulative index of coke 
sedimentation for column C303 is calculated together with the estimated time to 
reach the critical process state, i.e. the state of coke sedimentation defined as 
critical. Its detailed description is not in the scope of this paper. 

The degradation caused by coke sedimentation belongs to the class of 
slowly developing (incipient) processes. In respect to this, the variable 
processing is done in an 8-hour time window. 

3. Diagnostic system  

The advanced monitoring and diagnostic system AMandD elaborated and 
developed in the Institute of Automatic Control and Robotics, Warsaw 

Fs 
1000   –         · 

   – 
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University of Technology [14, 15, 20] was applied for the purpose of monitoring 
the coke sedimentation process in the HOG installation. 

AMandD is a distributed system, working on the standard PC machines 
with MS Windows operating system. It is adjusted to the cooperation with 
different decentralised control systems (DCS), as well as with the systems of 
supervisory, control and data acquisition (SCADA). Process data are collected 
from the control system (or appropriate available process data warehouse like PI 
OSI-SOFT system or iHistorian) with use of industrial data exchange standards 
like OPC client-server communication.    

The main task of the AMandD system is the early and precise detection of 
faults of actuators, measurement paths and technological devices as well as the 
monitoring the degradation degree of the technological apparatuses. In the 
abnormal and faulty states, the system assists the process operators by giving 
them the generated diagnosis about existing faults and, if possible, advisory 
messages. These messages inform operators about necessary preventive actions 
that should be undertaken.  The diagnosis specifies the process state much more 
precise than the sequences of alarms generated by the modern control systems. 
Additionally, the AMandD system is equipped with an advanced tool for 
process modelling. It makes the creation of software sensors and analysers 
possible. The availability of the extended variable processing module makes it 
possible to build process simulators based on AMandD system. 

The application of AMandD system, besides the tasks of monitoring the 
process coke degree monitoring, carries out the on-line diagnostics of 
measurement paths, actuators, and process components of chosen process 
subsections. A detailed description of this part of the system is not in the scope 
of this paper. 

Several AMandD system modules are utilised in the configuration for HOG 
application. Each module realises particular constituent system tasks. A block 
diagram of the system is presented by Fig. 3. The following modules can be 
distinguished: 
• PILink. Process data from DCS system are collected by PI-OSI-Soft system 

that is a factory global data distribution system. AMandD system collects the 
data from PI server through dedicated bridge PILink. All the process data are 
collected with a 60-second sampling time. 

• PExSim-Preproc is a calculation module working with a 60-second sampling 
time. This sampling period is forced by the decentralised control system and 
available data exchange mechanism. This module calculates average signals 
and re-samples data for the purpose of coke sedimentation degree analysis 
fulfilled by the second module. 

• PExSim-Incipient is a module responsible for calculation of current values of 
coking coefficients and prediction of the time left to archive critical process 
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state. This module works with an 8-hour sampling time due to the long-term 
nature of the sedimentation phenomenon. 

• InView-Incipient is an operator graphical interface module. Current and 
predicted process states are shown on the specially designed mimics. 

• SVArchiviser is a module responsible for storing processed data in archival 
database. With use of the data from database, the operators can analyse 
historical process states. 

• PExSim-FDI and iFuzzyFDI are modules responsible for conducting the on-
line FDI procedures (classical fault detection and isolation of actuator, 
measurement paths, and process components abrupt faults). Elaborated 
diagnosis is visualised with use of the dedicated operator graphical interface 
InView-FDI. 

 

 
 

Fig. 3. Structure of the AMandD system modules used in the HOG application 
 
The calculations described in Section 2 are realised with use of the function 

blocks from the specialised library incipient-FDI  of the calculation module 
PExSim. PExSim is the freely configurable environment that enables one to 
build calculation algorithms in the shape of a block diagram and to simulate it in 
the on-line mode. Particular functional blocks realise simple or complex 
calculations. They are chosen from the wide range of available libraries. The 
PExSim module is used to realise on-line monitoring algorithms as well as to 
build and simulate process simulators (functionality not used in the described 
application). The incipient-FDI library delivers the set of specialised function 
blocks dedicated for incipient fault detection and the prediction of its time 
development function. It implements the algorithms dedicated to detect the 
moment when the trend appears in the analysed signal (e.g. in residual values) 
and the algorithms to calculate the trend parameters. It finally enables one to 
estimate the time when the residual value will reach some predefined critical 
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level. In this way, the predicted time remaining to maintenance is calculated. 
This library implements algorithms briefly presented in Section 2. 

The implementation of the incipient-FDI library algorithm structure is not 
complicated. However, its on-line implementation requires developing a series 
of special modifications and protections (calculations in time window, iterative 
approach, automatic calculation hold up and restart, etc.) as well as control 
strategies (e.g. additional inputs for: calculation hold up, re-initialisation or 
changing algorithm parameters in on-line mode). It was especially important to 
take into account industrial applications and the need to pre-process the real 
process data (presence of noise, disturbances, and other uncertainties). 

Fig. 4 shows an exemplary block diagram in PExSim-Incipient module 
used to calculate one of the coking degree coefficients and to predict trend 
development. Such block diagrams are constructed during the configuration 
stage. The coefficient used to evaluate the coke sedimentation degree (c-
H302.KB-1.c) is calculated by the block ‘Coff_A’ based on the analysis of one 
flow signal and four temperatures. This block uses average values from an 8-
hour window. The second block, “Incipient FP,” is responsible for the 
evaluation of the time characteristic of the coke sedimentation degree. Its 
origins form the dedicated library “incipient-FDI.” It calculates the time to reach 
the critical process state (KB-C1.time). The critical value of the coke 
sedimentation degree is passed to one of the block ‘Incipient FP’ inputs (signal 
c-H302.KB-1.tr). 

 

 
 
Fig. 4. Block diagram of signal pre-processing that realises the calculation of the column C303 

coking degree coefficient and the evaluation of the time remaining to reach critical 
process degradation level 
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Calculated coefficients of coking degree and the predicted remaining time 
to reach the critical process state are visualised with use of specially prepared 
operator mimics. The predicted remaining time to reach the critical process state 
is calculated based on the analysis of the calculated regression function of the 
monitored coke sedimentation indicator. Assuming some critical value of this 
indicator (based on experimental knowledge) and knowing the parameters of the 
regression function, it is possible to predict the time when this value will be 
achieved. They are realised in the visualisation module InView. This module 
enables one to create dedicated graphical user interfaces for operators and 
maintenance stuff. It delivers dedicated functions designed for diagnostic 
purposes. 

The operator screens are arranged to monitor the current values of all 
calculated coefficients of coking degrees and the predicted time to maintenance. 
The trends of coking degree coefficients are continuously displayed. The 
operator screens are divided into sections corresponding to the column C303 
and the heater H302. An example of the screen for column C303 is presented by 
Fig. 5. 

 

 
 
Fig. 5. Operator graphical interface for column C303 – visualisation of coking degree 

coefficients and predicted time remaining to the critical process state 

 

4. Industrial tests 

The first full operational version of the diagnostic system was started in 
October 2008. First, test results were conducted for archival data collected from 
the working period between the last two maintenance breaks (from 02.2007 to 
08.2007). The exemplary results are presented on Fig. 6 and 7. 
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Fig. 6 shows the trend of coking degree coefficients for column C303 
calculated based on the pressure balance. The dashed horizontal line denotes the 
default critical level of the coefficient defined during the configuration. This 
level is used to predict the time remaining to reach the critical state. The trend 
of predicted time is shown on Fig. 7. During some period after the algorithm 
was started, strong fluctuations of the calculated remaining time can be 
observed. It happens because the prediction algorithm needs some minimal set 
of coking degree coefficient values (i.e.: values of analysed signal) to make the 
prediction reliable. The following configuration parameters were set up: (i) the 
calculation starts when 21 samples are collected (7 days), (ii) the maximal 
analyse window is 90 samples (30 days), the moving window for last n samples 
is used. This is the main reason for the strong fluctuations of the estimated time 
to the critical state that took place during first 30 days. This period is an 
initialisation phase. After this phase, calculated values can be presented to the 
operators. 

 

 
 
Fig. 6.  The time series of the coking degree coefficients for column C303 calculated based on 

pressure balance. The figure presents two time series that were calculated based on two 
different heuristic algorithms 

 
After the initialisation phase, one can observe a constant (but not linear) 

decrease of the predicted remaining time to maintenance. Of course, the time 
decreases because real time passes. At the beginning, the predicted time to 
critical state is much longer that the real one (it could be evaluated during the 
test based on the analysis of the future data in off-line mode). About 60 days 
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before reaching the critical state, the predicted value of the time remaining to 
achieve the critical state becomes much more precise. The main reason for the 
prediction error in the first stage of the analysis is the assumed characteristic of 
the time development trend of analysed signals. The calculations were done 
assuming linear development of the signal trend; however, one can notice that 
the real trend was non-linear (more like a power function). 
 

 
 
Fig. 7.  Estimated time to reach the critical coking state of column C303. The figure presents two 

predictions that were calculated based on the analysis of two different coefficients 
presented in Fig. 6 

Conclusion 

The software for monitoring the degradation degree of the technological 
apparatus and the prediction of the remaining time to achieve the critical state 
assists the service staff in making decisions about necessary maintenance. It is a 
tool that allows one to implement the strategy of maintenance planning based on 
the current evaluation of the technical process state that can replace traditional, 
periodical maintenance. This strategy can allow one to increase the periods 
between maintenance and to avoid achieving faulty states caused by the faster 
technological apparatus degradation than assumed. Application of this strategy 
can increase the safety of monitored processes. Additional benefits are related to 
lower maintenance costs. These issues will probably be verified in the nearest 
future. 
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Monitorowanie stopnia zakoksowania instalacji hydrosiarczania gudronu  

Słowa kluczowe 

Monitorowanie, system diagnostyczny, uszkodzenia narastające, instalacja hydro-
krakingu. 

Streszczenie 

W pracy przedstawiono aplikacje systemu AMandD do monitorowania 
stopnia degradacji (zakoksowania) pieca próżniowego i kolumny w instalacji 
hydroodsiarczania gudronu. Scharakteryzowano instalację technologiczną oraz 
omówiono zastosowane algorytmy śledzenia stopnia zakoksowania. Przed- 
stawiono strukturę systemu diagnostycznego oraz pierwsze uzyskane rezultaty. 




