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Abstract— Normally, when the process variables are monitored 

individually, it can be complex to identify when the process has a 

deviation from his normal working conditions. This paper 

presented a methodology based on MSPC (Multivariate 

Statistical Process Control) that provides plant managers, timely 

and appropriate information to the correct decision making 

before possible deviations in the process. 

The cylinder lubrication process of a 2T marine diesel engine was 

monitored using Hotelling T2 multivariate control charts. The 

control charts detected deviations in the process with respect to 

normal operating conditions, before which appears an alarm 

marked by the manufacturer of the engine. This helped the ship´s 

engineers to prevent a possible malfunction or shut down of the 

engine and avoid an operational cost increased. 

 

Keywords—Hotelling T2Control Chart; predictive maintenance; 

Multivariate Statistical Process Control. 

I.  INTRODUCTION  

Now, the new ships have a high level of automation, this 
allows monitoring in real-time from a lot of signals [1]. The 
variables are monitored individually generating an alarm when 
its value exceeds a set threshold, without taking into account 
the condition of the engine for a particular operation of the 
ship. 

Using a multivariate control it is possible anticipating a 
shifting in the process in relation to normal mode operation 
[2].  

We implemented multivariate monitoring of the cylinder 
lubrication process of a 2T marine diesel engine, installed on a 
tanker ship, through Hotelling T2 control charts for some 
specific working conditions. 

In this case, seven variables of the cylinder lubrication 
process were monitored during its voyage from Africa to 
Europe. In the Phase I operation, the Historical Data Set 
(HDS) was created.   

Further, In the Phase II, it was tested to see if a new entry 
of data generated a signal with respect to the HDS.  

Finally, the main variable that caused the state out of rank 
in the process was identified, through Mason, Young and 
Tracy (MYT) decomposition. 

II. MATERIAL AND METHODS 

A 2T marine diesel engine with 19,620 kW, install in a 
tank ship was monitorized. The analyzed variables were the 
follow: 1-Engine Load (%), 2-Fuel Index (%), (both were 
measured in the local control), 3-Fuel plunger stroke Cylinder 
nº1 (mA), (refers to the opening of the injector), 4-Hydraulic 
oil pressure After Pump 1 (bar), (belong to hydraulic power 
pack unit and main engine direct driven; it acts on the Alpha 
Lubricator), 5-Total Oil (kg/day), (cylinder lubricating oil 
consumed by the motor daily) 6-Exhaust Gas receiver 
Pressure (bar), (was measured in the collector of the main 
exhaust gas); and 7-Maximum Pressure (bar), (was measured 
in the combustion chamber).  For the selection of these, we 
have had the collaboration of the ship´s engineers and the 
manufacture´s data. A correlation analysis was used to detect 
correlations between variables.  

It was taken 21 samples through monitoring systems and 
data acquisition of main engine, under following conditions: 
forward speed of the ship between 14 and 15 knots with less 
than 17% slip, an average temperature of sea water of 20 ° C, 
average ambient temperature in the engine room of 30 ° C and 
average temperature of the engine room of 37 ° C, in load 
condition during 2 voyages from Africa to Europe. 

Further, to create the preliminary database, n=360 random 
samples were generated of each variable following a normal 

distribution [3] with means  and a standard deviation 

p(, ).  

The first phase was to build Historical Data Set (HDS), 
from the selected variables.  

The beta distribution was used in the purging’s process of 
outliers [4], produced by measurements errors. Considering a 
purging procedure where a single vector of 360 samples of 
preliminary data base X´=(x1, x2,…,xp) is to be monitored for 
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control of the process using a T2 chart. We assume that the 
data follow a multivariate normal (MVN) distribution with an 
unknown mean vector µ and unknown covariance matrix Ʃ. 

 From the preliminary data base, we obtain estimates  and 
S of µ and Ʃ. We begin the purging process by making an 
initial pass through the preliminary data base. For a given 
α=0,05, all observation vectors whose T

2
 values are less than 

or equal to the Upper Control Level (UCL) will remain in the 
data set, the T

2
 values are computed [5] 

as:     (1) 

Where the upper control limit is determinate by:  

UCL={(n-1)
2
/n}B[α;p/2;(n-p-1)/2]   (2)  

Where B[α;p/2;(n-p-1)/2], is the upper αth  quantile of the beta 
distribution B[p/2;(n-p-1)/2], If the value of T

2
, which was 

monitored for an observation, exceeded the UCL, observation 
was purged from the preliminary data. With the remaining 
observations, we calculate new estimates of the mean vector 
and covariance matrix. Again, we removed all detected 
outliers and repeated the process until a homogeneous set of 
observations was obtained.  

The final set of data was the HDS, the normal mode 
operation of the process, formed by 320 samples, listed in 
Table 1. 

TABLE I.  A PART OF HDS 

Obs. 

No Vble.1 

 

Vble.2 

 

Vble.3 

 

Vble.4 

 

Vble.5 

 

Vble.6 Vble.7 

1 60,60 63,21 2,90 255,21 323,40 1,68 141,35 

2 55,61 65,62 2,96 250,21 288,37 1,72 139,00 

3 57,73 65,13 2,76 252,95 282,75 1,66 141,54 

4 56,76 62,81 2,92 253,73 207,63 1,68 140,28 

5 57,75 62,52 2,93 251,57 209,50 1,69 140,78 

6 54,63 66,37 2,91 252,91 124,79 1,67 141,83 

7 56,62 68,08 2,97 251,24 395,40 1,68 141,30 

8 57,99 66,22 2,86 253,11 277,81 1,67 138,48 

9 56,35 70,84 2,98 251,75 332,63 1,73 139,10 

10 57,20 66,84 2,83 251,89 307,81 1,68 140,94 

11 54,72 62,20 2,82 252,69 342,89 1,70 141,10 

12 63,40 64,10 3,00 253,16 282,64 1,68 140,05 

13 60,30 64,79 2,89 252,41 413,99 1,69 139,39 

14 52,92 66,40 3,07 251,63 403,35 1,66 140,43 

15 54,99 65,51 2,85 252,24 285,68 1,67 142,74 

16 53,89 66,94 3,00 251,00 242,49 1,73 141,84 

17 55,89 64,79 2,87 256,10 250,97 1,71 142,39 

18 54,82 68,65 2,73 252,68 275,26 1,70 141,02 

Obs. 

No Vble.1 

 

Vble.2 

 

Vble.3 

 

Vble.4 

 

Vble.5 

 

Vble.6 Vble.7 

19 56,36 63,77 2,88 252,28 307,89 1,72 140,67 

20 52,92 64,58 2,90 251,92 226,65 1,70 139,97 

21 53,89 61,95 2,86 253,73 150,44 1,69 138,73 

22 59,99 63,55 2,90 255,73 197,24 1,67 140,90 

23 57,27 63,39 2,92 254,38 412,82 1,75 140,58 

24 58,28 63,59 2,83 251,64 271,24 1,75 140,98 

25 53,77 66,86 2,94 253,39 236,44 1,70 140,61 

 

In the second phase, it was tested to see if a new entry of 
data generated a signal with respect to the HDS. Considering a 
continuous steady-state process where the observation vector 
are independent and the parameters of the underlying normal 
distribution are unknown and must be estimated. We assume 
the process is being monitored by observing a single vector of 
23 new samples, acquired during 2 voyages in loaded 
condition, after having analyzed them according to the criteria 
of the normal condition of the operation, of X´=(x1, x2,…, xp) 
on p variables at each point. The T

2
 Hotelling´s value 

associated with X is given by:  

     (3) 

Where the common estimates  and S are obtained from 
the HDS. Here, the T

2
 statistic [6] follows the F distribution. 

For a given α=0, 05, the UCL is computed as:  

UCL={p(n+1)(n-1) / n(n-p)}F[α;p;(n-p)]  (4)  

Where p, is the number of variables, n, is the size of the 
HDS and F[α;p;(n-p)], is the upper αth  quantile of the F[p;(n-p)]. 

The values of T
2
 which exceeded the UCL, were declared 

as signals and this concluded that the observation was out of 
rank with respect to the mode of normal operation of the 
process. 

Once the T
2
 statistical detected samples which were out of 

rank in the process from normal operating conditions, the 
MYT decomposition was used [7,8], to identify the variables 
with more weight, responsible for state out of rank for each 
sample.  

The general decomposition for “p” variables of the Hotelling´s 

T
2
 statistic, follow the equation: 

 

 (5)  

 

The final T
2
 value, T1

2
, is Hotelling´s statistic for the first 

variable. It reduces to the square of the univariate t statistic for 

the initial variable: 

 

    (6) 

     



Where,  and S1 is the mean and standard deviation of 

variable X1. 

The statistic T
2
p.1,…p-1  is the pth component of the vector Xi  

adjusted by the estimates of the mean and standard deviation 

of the conditional distribution of  Xp given X1, X2,…, Xp-1. It 

is given by 

 

  (7) 

       

Where: 

 

 is the sample mean of n observations on the pth variable, 

 is a (p-1) – dimensional vector estimating the 

regression coefficients of the p
th

 variable regressed on the first 

p-1 variables,  

 

III. RESULTS 

Through Hotelling´s T
2
 control chart were monitored 

seven variables of the cylinder lubrication process to detect 
changes significant in the normal operation condition. The 
UCL for the chart is 14.59, with α=0.05. Considering the data 
listed in Table 1 as the HDS, T

2
 values were calculated 

according (3), for the 23 new incoming observations, and they 
were monitored in a T

2
 control chart according to Fig. 1. 

 

 

Figure 1. T
2
 Hotelling Multivariate Chart. 

The control chart shows that there are values of T
2
, above 

the UCL, which indicates, that in that interval of time, the 
process had a deviation from its normal operation mode. 

In the table 2, is the chronology of the out of Rank 
observations, with their respective T

2
 values. 

 

 

TABLE II.  CHRONOLOGY OF OBSERVATIONS 

Date Observations T2 

21/01/2016 8 20,453 

23/01/2016 10 17,805 

24/01/2016 11 64,727 

25/01/2016 12 28,045 

05/03/2016 18 15,847 

06/03/2016 19 53,543 

13/03/2016 23 25,959 

 

It was detected the Hydraulic oil pressure after pump 1 that 
the main variable that caused the deviation from its normal 
operation mode, using Mason, Young and Tracy 
decomposition (MYT). 

IV. CONCLUSION 

The T
2
 control chart detected a T

2
 value above the control 

region. Although an isolated signal can be due to a chance 
occurrence of an upset condition but multiple signals often 
could imply a definitive shift in the process.  
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