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Abstract— This paper investigates the adaptation of different tionally reduced by optimizing the operation of compressor
performance maps of centrifugal compressors driven by dual  stations. This will significantly impact the overall opéoat
shaft gas turbines during operation. First the estimation & and maintenance costs of a gas compression station. These

compressor, gas turbine and combined efficiency are consicksl. . - . . .
Obtaining performance maps is mainly based on fitting an considerations point out that advanced load sharing opti-

empirical model to the history of past data together with the ~Mization is very promising but the lack of information on
understanding of how much new information is contained in the performance map of the individual compressors, which
newly collected data samples. This amounts to solving a ldas are needed to optimize the system stands as an obstacle for
squares problem which is formulated as a quadratic program the implementation of such schemes. The performance map

using various constraints. Comparing the actual efficiencyo the f . biect to signif t ch db
predicted efficiency by evaluating the previously fitted moel, Of a compressor IS subject to signimcant changes caused by

the algorithm decides whether the actual model is accurate €Xternal and unknown factors [3]. Therefore, it is impottan
enough or a model update is needed. The necessity of having for load sharing optimization to have an efficiency model,

an online model update comes from the fact that the efficiency whose performance is monitored and whose parameters are
maps can change due to several factors such as fouling. The up-to-date [4]

algorithm is tested using industrial data from a gas compresion - . .

station with five gas turbine-driven compressors. The resu$ Typically the cqmpressor map (relationship between _head
show the need of online adaptation and that it is possible to and flow at varying speeds) and performance map (efficiency
accurately predict the different efficiencies using the preented at varying operating points) are tested periodically but to
method without excessive model updates. The access to o®lin g very limited extent to minimize down-time and the cor-
updated performance maps allows to understand how well the responding economic loss. Due to the infrequent nature of

system is performing and gives the opportunity to monitor the e . . .
efficiency of a specific unit. It is possible to use the adapted these tests, it is rather common to have invalid or inaceurat

performance maps for load sharing optimization with time- information on the compressor and performance maps. This

varying optimization models. lack of information makes it particularly difficult to optize
the compression system for load sharing [5].
|. INTRODUCTION In the present paper the thermodynamic modeling and es-

The purpose of compressor stations along pipelines timation of various efficiencies related to the operation of
to pump a quantity of natural gas at a desired pressuf&S turbine driven compressors are discussed. An adaptatio
level. A compressor station consists of several compressdgorithm is used to fit historical data to a specific emplrica
trains connected in series, parallel or mixed configurationmodel resulting in a compressor map. The advantage of
The analysis of turbo compressors indicates that the energ}}s method compared to pure black box modeling [6] is
consumption takes up to 70% of the cost [1]. The majoihat it provides flexibility to explicitly specify the form
innovation in the past decade was the trend going frofif the compressor map. This map can be evaluated for
fixed-speed drivers to variable-speed dual-shaft gasrtesbi different operating points to obtain a predicted efficiency
and variable-speed electrical drives. By using variapleesl Of the compressor. By comparing the efficiency obtained
driven compressors, manufacturers have enlarged the dfeMm measurements and thermodynamic relationships with
erating range and the flexibility. This change led to moréhe predicted efficiency, the accuracy of the performange ma
efficient operation, but also increased the control comiplex ¢an be determined. In the case of large deviations the method
of compression stations. For example, using the conveaitiorlS able to update the model parameters of the performance
load sharing approach of equal set points for all variabléD@p in order to improve the accuracy of the predictions. This
speed compressor units typically leads to inefficient operequires a trade-off between overfitting and underfitting th
tion and poor exploitation of the gained operational fiditipi Model to the considered history of data points.
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method is not restricted to this kind of arrangement and cahe considered data and may vary for different seasons.
easily be extended to electrical driven gas compressors. Therefore, the correlation is shown for a short time interva
of two weeks corresponding #8836 data points in summer

e Gous o . ”
\” 6 T L,\ and in winter. This ensures that the overall conditions are
N o o1 . similar in the considered time interval. The measurement

Ir as. . .
Compressor | 1at Shaf st shant | Compressor covart|)ance réﬂatrlges for r:he two selected caseshare sbhown
in Tab. | and Tab. Il. The covariance matrices have been
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This section presents the considered setup and discus & |5 55 15 oot o | om0 oo | T rwr1] e
the statistical correlation between the different measbur s, [036 040 023 050 [ 065 [ 016 [ 0.62 [ 002 [ 014 [ 000 [ 1 [ 099 s

variables. Data was collected during one year, with a sai — o0 lon L on ool 0n Lo [08 1 1 [om [ 1 o
pling rate of one hour at a compression plant with five

gas turbine-driven compressors. The data contains most

of the possible variations of ambient conditions, opetatir G @ pe  p T T Ty QT e i ha

TABLE |
SUMMER CORRELATION MATRIX
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extended with the efficiencies presented in the next segtion

order to show correlations between calculated and measured
:_T;t dor variables. Looking at the covariance matrices, the most cor

9 related variables are the process gas flow rate, the fuel flow
rate, the compressor speed and the discharge temperature fo
both cases. This is in agreement with the efficiency models
introduced in the next section, where further aspects of the
correlations are discussed.

Gas Turbine

IlIl. EFFICIENCY MODELS

Different efficiencies are considered for the case of gas
) ) compressors driven by dual-shaft gas turbines given the
Note that volumetric flowg; andg; can easily be converted easurements introduced previously. In addition, some fit-
to mass flowsi; andris by using the density of natural ing variables have to be chosen, in order to approximate
gaspo at standard conditions. The ambient temperafurés e efficiencies as a function of measured variables. This
measured for the station and is the same for all compressQ{pice directly impacts the quality of the fit, since the rii
units. It has to be noted that for pipeline applications thgariables should fully capture the operation of a unit with
gas composition is well known unlike for example upstrearpespect to the considered efficiency.
operations where the gas composition can change overrfig estimation of the efficiencies is based on thermodynamic
short period of time. first principles. The simplest efficiency formulation is the
The correlation of measured variables is a valuable i”fOTSentropic compressor efficienay,,. This efficiency is de-
mation to understand which variables might influence thgneq as the ratio between isentropic work and actual work.
calculated efficiencies and to which extent. For this reasoRy. s the work needed to compress the gas from the suction
the collected data was processed in an off-line fashion kbﬁ'essurq)s to the discharge pressupe without losses using
calculating the measurement covariance matrix which ig,e isentropic temperature rise.
defined in Eq. 1.

Fig. 2. Simplified system with available measured variables

~y—1
— o (B
Sij = Bl(Xi — i) - (X5 = ) (1) Wiso =i cpne 1 <ps 1) @)
with the mean valueg; = FE[X;]. The measurement wherec, n¢ is the specific heat capacity andthe ratio

covariance matrix>> depends on the window length of of specific heats for natural gas. The actual wévk ;..



accounts for the losses mainly using the measured dischamuld be achieved using the gas compressor operating point
temperaturel’; and is defined in Eq. 3. representation. Considering the target application ofiloa
sharing optimization for compressor stations, it is obsiou

Wactuat = 1its - ¢pnG - (Ta = 1) () that these are the preferred fitting variables. For this psep
The isentropic efficiency of the gas compressor can then Bee fitting functionf;,: is defined as
computed using Ed. 4. Jtot + (@, 1L, @tor) = Mot (10)
Wiso

(4) The strengths of the presented models are the simple deriva-
Wactual : 1 A~ ; H

. . . tion from first principles which use available measurements
niso 1 typically plotted as a map against flow numieand  and the formulation as work ratios. Typically, the approxi-
pressure ratidl = 22, which fully captures the operating mations for the efficiency map&.., f,: and f;,; are chosen
point of a gas compressor. This is in accordance with thg be quadratic functions in the fitting variablés, y) and

correlations found in the covariance matrix in the previougnear in the parametrization [7]. For all efficiencies the
section. The isentropic efficiency is mostly correlatedhwit same model structure is used, as shown in Eq. 11.

pressure ratio, discharge temperature and dischargeupeess . ) )
The mapping can be defined as f(z,y,d) = a1 + aex + azy + aux” + aszy + agy” (11)

Niso =

Fiso (@5, T1, @iso) = Miso (5) IV. ALGORITHM STRUCTURE

. - . . L Before starting with the details of the adaptation alganith
where fis, is the f|_tt|ng function a_n@iso Its parametrization. o, gyerview should be given on the structure of the algorithm
Note th"_"t there_ IS n_ot m_u<_:h dlffere_nge In co_n5|d§r|ng thﬁs illustrated in Fig. 3. Following the illustration, aftesme
isentropic or adiabatic efficiency as it is explained in [7]. - o505 rement filtering the efficiency is calculated and the
Due to the fact that only a limited amount of information,, o ious model is evaluated. Given the approximation error
IS avall_able on the gas turbine side, the gas turbine efffpe yecigion is made whether to keep the previous model
clency 1s (_:omputed f_rom the actual work needed for the Y%arameters or to update the model parameters by triggering
compression assuming a power balanc_e on th? con_nectllrp.% adaptation algorithm. In parallel to this process, the
shaft as depicted in Fig. 2. The gas turbine efficiengyis -y ter management block takes care of correctly saving and
defined as_the ratio between actual compression work a naging the buffer of past measurements. In the following,
the theoretical heat release of the combustion [8]. the most important blocks will be addressed in more detail.

Wactual

Mgt = quel (6) Newldata
point
Wruer depends on the injected fuel flowr; and on the
lower heating valua.HV of the combustion fuel, which is Filtering
the same as the gas transported in the pipeline.
data
Wiyer = my - LHV (7 Y *

Different 7,; map representations can be found in the lit- Efciency s
erature [9]. In the present work, the gas turbine efficiency Y it
map is plotted against the ambient temperatljfeand the Buffer Nk
actual powerP,..,; due to lack of measurements for other Management Y Y Noupdate
representations. Although the .rotor speeq does not appear i Decision | =%
Eg. 6, the measurement covariance matrix shows as expected Block
that the rotor speed is significantly correlated wijth. This Y Triggew
result underlines the validity of the presented assumption , Up&’a‘e

. <. | Adaptation k
The gas turbine map can be expressed as Buffer > Agoritm [

fgt : (Taa Pactuala O_zgt) — Tgt (8)

Fig. 3. Function block diagram of proposed algorithm
where f,, is the fitting function andy,; its parametrization. _—
Finally, gthe combined or total efﬁciéqncy is directly obtagh A. Data Filtering
by multiplication of Eq. 4 with Eq. 6. Therefore, the total The main aim of this sub-function is to filter faulty data
efficiency can be expressed as or data that does not represent normal operation. First it
W is determined if the compressor is in operation or standby

0 (9) mode, considering a threshold on the compressor speed.
Wiruel Further filtering is performed using conditions on suctiod a
The total efficiency can either be represented using the gdscharge temperature ratio, as well as on discharge temper
compressor operating point or the gas turbine operatirgjure and isentropic temperature rise ratio. These comditi
point. Further analysis showed that better fitting resultalways ensure that the thermodynamic equations are valid

Titot = Miso * Tlgt =



for the considered data point, e.g. ensuring that the digeha Total Efficiency at time t = 4620
temperature is larger than the suction temperature orlleatt  °
isentropic discharge temperature is smaller than the medsu 25
discharge temperature. This might happen only in special

cases, typically when the compressor is not connected to 20
the main suction and discharge headers of the compression 24
station. In the case one of the conditions is not fulfillea; th =
new data point is discarded and not stored.

= Fitted Map

m local data
global data
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B. Buffer Management
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Pressure Ratio

Data points which were not discarded are stored in a da
set subdivided into two parts:

« global data points, are stored to keep track of the overall
behavior of the system 12
« local data points, represent only the latest data close to
the actual operating point 0 2000 4000 6000 8000 10000 12000 14000 16000

. ) Compressor Flow [Cm3/h]
An example of local and global data points for selected time ] ) o
ig. 5. Snapshot of buffer points and fitted map at a given timstant for

!nSta}nts are shown in Flg..4. for the |sentrop|c efficiency anae total efficiency. The dashed black lines represent tlegatipg range of
in Fig. 5 for the total efficiency. These figures show thene gas compressor

points belonging to the global history in blue circles, véws data points are shifted by one in a moving horizon fashion,

the data points contained in the local history are shown a . ' o
squared black points. It is worth mentioning tHet data where the new point takes the first buffer position and the

points are shown in the figures and that the contour pl I?st point drops out of the buffer. This arrangement is also

represents the fitted efficiency map. Moreover, these figurﬁgow as First-In-First-Out (FIFO) method. The data point

; . . : : at drops out of the local history is passed to the global
give an impression on the spatial extension of global ar'l%ilstory data set

local data points in the operating range of the gas compresp global data history was introduced to also account for

(shown in black dashed lines). a larger picture of operating points, which stores the data
The local history contains data points which represenpoints that drop out of the local buffer. This buffer is

the behavior of the compressor in the lasSi observed . . . . .
i . . not time-sorted, but rather a list of operating points which
points. The window lengthV; determines how many past S T
. : : : were explored recently. If the new data point is in some
observations are stored in this local buffer.Nf is small, . . . .
. eighborhood of previously stored points, the older points
the model will tend towards poor local accuracy and almos . : . .
are replaced by the newly available information. The window

invariant global surface shape. Whereas\if is large, the N, is variable but limited by a maximum value. Furthermore,

model will overfit the local points and the global surfacet g . S :
. L here is a time limitation on how long data points can stay
shape will tend to change significantly. Both extreme cases

. . iNside the global buffer, e.g. points which are older thaa on
are not desirable. When a new data point has to be stored, r%lznth will be deleted from the buffer automatically.

Isentropic Compressor Efficiency at time t = 4580 The distinction between local and global data points is
3 v N necessary in order to obtain local accuracy and global shape
28 local data preservation. This solution resulted in a powerful traffe-o
global data L Ho7

between overfitting and underfitting. In practice, the disti
tion between the local and global data points is achieved by
means of different weights in the adaptation algorithm gisin
decaying weights for the global data points.

C. Decision Block

The decision block calculates the error between calculated
efficiency using the current measurements and by evaluating
the efficiency map using the previous map parameters. In
the following, the calculated efficiency will be referred to
as measured efficiency, whereas the efficiency obtained by
map evaluation will be called predicted efficiency. In case
the prediction error is too large, the decision block triggge
0 2000 4000 6000 8000 10000 12000 14000 16000 ° the adaptation algorithm which calculates the new map

Compressor Flow [Cm3/h] parameters. This is mainly based on a threshold on the
Fig. 4. Snapshot of buffer points and fitted map at a given finstant  prediction error. To make this approach more robust with

for the isentropic compressor efficiency. The dashed blams Irepresent . T
the operating range of the gas compressor respect to outliers, some flexibility is introduced by aliog

26
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24

22 105

410.4

Pressure Ratio[-]




temporary violation of the threshold for a limited time. $hi The constraint on the eigenvalues B can now be ex-
proved to be a good solution as it will be shown in the resultgressed as

D. Adaptation Algorithm

The adaptation is formulated as a least-squares optimiza-
tion problem with the map parameters serving as decision Ai
variables. From now on a generalized notation is usethis nonlinear constraint can be reformulated as a quadrati
by introducing (z,y) as fitting variables, e.g(q,II) or constraint which turns out to be always semi-definite and
(T., Pactuar) @nd z as an efficiency calculated using eitherthus defines a convex feasible set. As the objective function
Eq. 4, Eq. 6 or Eq. 9. The variablesy andz are normalized is convex, the resulting convex nonlinear program (NLP) can
before being used in the adaptation algorithm to ensureb® solved either by a dedicated quadratically constrained Q
good conditioning of the problem and to avoid numericafQCQP) algorithm or by means of a general semidefinite

a4—|—aG:|:\/ai+a%—2-a4-a6+a§§0 a7

problems. programming (SDP) solver. Yet another alternative is to
N iteratively linearize the nonlinear constraint and to solv

minzwi (2 = f(xi,y:,@))2 (12) several standard QPs in an SQP-type fashion. Numerical test

i indicate that this sequential QP (SQP) approach conveoges t

wherew; are the weights and’ the map parameters. The the solution of the convex NLP within a very small number
index i goes over all data points present in the local an@f iterations. Summarizing, in case the original QP sohutio

global buffer. Using matrix notation the following equatio iS not negative definite, the constraints on the bounds are
is obtained. removed and replaced by iteratively linearizing the ncedin

s T . - constraint on the eigenvalues as illustrated in Fig. 6. The
mén(z -M-&"-W-(7-M-&) (13) presented method uses only a QP solver and can therefore

where the matriX¥ denotes the diagonal weighting matrixPe easily implemented in an embedded environment.

and M denotes the measurement matrix which has the
following form in case of the selected approximation. QP(H,g,ub,Ib)
L oz oy 2l sy oy la
Tri if A<
M=|: (14) foger check A
1 zv yn 2% 2ZNYUN YN if)\1>0||)\2>0l New &
Simplifying Eqg. 13 further, the standard quadratic program Buffer QP(H,g,h, (@)
ming (QP) formulation is obtained. Note that the quadratic s
term in Z has been dropped, because it is constart.in et l"
1 . heck A —
min za” 2. M W Ma+a” (-2 MT-W-2) (15) iths0lA0 | CNECK AT
& —_—
H g Fig. 6. Details of the adaptation algorithm using only QPnfatations

In contrast to an analytic least-square solution, the param
ters @ can be constrained by upper and lower bounds. In
the present paper the bounds were used to fix the signsA data set corresponding to a time period of approximately
of each individual coefficient. This was introduced in orded0 days was selected from the compressor station historical
to preserve the shape of the fitted model. Theses boundgtabase to demonstrate the performance of the proposed
were obtained by careful analysis of the data using varyinglgorithm. The results are shown for only one compressor
data windows in order to determine common patterns overdue to space reasons. The statistics at the end of this sectio
whole year. These box constraints are summarized in Eq. i®lude all five compressors. First, the trends for caladat
and can easily be incorporated in a standard QP formulatioand predicted isentropic compressor efficiency are shown in
The QP is solved using the active set solver gpOases [10Fig. 7. The error evolution stays quite tight inside the bapd
a1 >0 as >0 as >0 to data point4550. After an error of approximatelg% the
(16) model parameters are updated and the model performance
az <0 ag <0 ag < 0 returns inside the error band. In total only two parameter
Considering the perspective of load sharing optimizatien t updates are triggered during the considered period. Despit
property of having a quadratic function with only one exsignificant variations in the efficiency between the data{soi
tremum would be a significant advantage. This requirement00 and4800 coming from highly variable operating points,
of being negative definite can be translated into a constraithe model continues to perform very well. Moreover, the
on the eigenvalue; of the matrixD;. efficiency prediction is accurate also before and after the
17 au 05-as] [z 217 T compressor shut down betweet200 anq 4300_. _Similgr .
I= {y] : [0_5 s a6 } : [y} + {y] . [043] + a1 trends can be observed for the gas turbine efficiency in Fig.
8. Also for this efficiency only two updates were triggered
D; in the considered time period. The influence of the robust

V. RESULTS




Calculated and Estimated Isentropic Efficiency for TK3

Calculated and Estimated Total Efficiency for TK3
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Fig. 7. Calculated and estimated isentropic compressanesffiy. Black Fig. 9. Calculated and estimated total efficiency. Blacknfindicate an
points indicate an update of model parameters update of model parameters
1
- . _ _ _ -6
decision part of the algorithm can be seen at polsti) and WR) = oag = 0:0041 o(R)=15-10 (18)

4890’ where th? error band @s violated but only for a V€T¥This means that in average there is one map update every
limited time period. The algorithm does not update the mode, , working hours, which corresponds to approximately

violation. This proved to be a powerful solution to avoidI

. . I
unnecessary and excessive parameter updates. Finally, t%e

update behavior is observed for all efficiency definision
VI. CONCLUSION

An adaptation algorithm for centrifugal compressors is

Calculated and Estimated Gas Turbine Efficiency for TK3
05F =k !

presented accounting for different efficiency definitiomhe
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case of variable-speed gas turbine driven gas compressors.
The map adaptation is formulated as an optimization problem
using historical data buffering and is solved as QP and SQP
in order to enforce a concave fitting. The results obtained
using industrial data from a compression station, show that
the proposed algorithm is accurate and avoids excessive
parameter updates. The data underline also the fact that a
map adaptation is necessary in order to be able to accurately

0.04 1 J;
0.02

Error [-]

-0.02
-0.04 -

~0.06 i i i i
4000 4200 4400 4600 4800 5000

Data [h] [1]

Fig. 8. Calculated and estimated gas turbine efficiencyclkBlpoints 2]
indicate an update of model parameters

total efficiency evolution is depicted in Fig. 9. For this €as [3]
three parameter updates are observed all in the neighberhag
of data point4550. Nevertheless, the model performance id"
accurate throughout the data set. The only difference is th@g
higher variability of the error inside the error band.

As additional information the computational time needed’
to solve the problem, the statistics of model updates angd
parameter variations are given in the following. The mean

execution times were.84ms for the QP problems and 8]
26.42ms for the SQP. To capture the statistics on mode[l

updates the ratid? between number of model updates and®!

working hours in the year is introduced. Averaging oVefyg

one year and over the different compressors the following
statistics were obtained.

predict the evolution of different efficiencies over timener

| ) h |
OM M WMWW 1 presented method can be used for various purposes including
)

compressor load sharing optimization.
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