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ABSTRACT
Industry today can’t exist without compressors. Very often they are most important part of
installation and profits of enterprise depends on them. Every failure of this machine results in
stoppage of production and therefore enormous loses. One of the biggest threat to stable operation of
compressors is flow instability called surge. It occurs in conditions of low mass flow rate and appears
as an oscillations of pressure and mass flow and it’s capable of destroying machine in just few
seconds. To prevent from this dangerous phenomenon antisurge systems are used. In this paper
division of antisurge systems and literature study of current knowledge and technologies are presented.
Examples of different types of antisurge systems and future trends are discussed. This paper
summarize today’s state of knowledge about methods of prevention from surge.
Keywords: Surge, antisurge system, compressors, flow instabilities

1. INTRODUCTION
Nowadays compressors are inseparable part of our lives but many people don’t realize
about it. We can find them in things we use every day like air-conditioning or vacuum cleaner
but the most important role of this machines is in industry. Very often compressor is heart of
installation so every failure of this machine results in stoppage of production and therefore
enormous loses for enterprise. That’s why it is so important to provide their stable and
undistorted work. Reasons of this failure can be many but one of the most dangerous is
phenomenon called surge.
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Surge is global and essentially one dimensional flow instability which occurs when
mass flow rate is lower than critical. This critical value is marked as so called “surge line”.
Also temperature, pressure and composition of gas can affect stability of compressor. During
surge annulus-averaged mass flow is unsteady but circumferentially uniform [de Jager 1995].
It appears as pressure and mass flow low frequency limit cycle oscillations which in extreme
conditions can lead to reverse mass flow. This causes enormous stress levels, thermal loads
and is capable of destroying compressor in just few seconds [Meuleman, Willems, et al.
1998]. In jet engines surge can lead even to suction of flame from combustor [Day, Freeman
1993]. Process of this oscillations superimposed on compressor and system performance
curves is presented on Figure 1. In this case reverse flow is visible and big amplitude of
pressure oscillations. To prevent from this instability or to suppress its harmful effects wide
variety of different anti-surge systems are used. Nowadays every compressor which is
working on important installations have anti-surge system to provide safe working conditions
to compressor and hence constant incomes for company.
In this paper division and description of different types of antisurge systems are
described and examples of each type is presented. Analysis of both, articles and patents were
made. Approach to predict future trend in antisurge systems development has been done.

Fig. 1. Typical surge process [Willems 2000]

2. DIVISION OF ANTISURGE SYSTEMS
Antisurge systems protect compressor form harmful effects of surge instability. First
distinction between different types of antisurge systems is because of operating
environments.
Three primary operating environments are [Brun, Nored, et al. 2008]:
1. Start-up- during start-up of compressor or gas turbine conditions of small mass
flow rates occurs. In gas turbine this process take long time to heat up whole
machine so for all this time antisurge system has to be working.
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2. Normal Process Control- during normal operation antisurge system can’t limit
operational range significantly. The less it limits the better system is. In this
environment antisurge system has to be able to distinguish between normal
process changes, start-up and beginning of surge.
3. Shutdown-when suddenly surge appears in compressor emergency shutdown
should happen to prevent compressor from destruction. There are two types of
compressor shutdown:



Controlled shutdown- during controlled shutdown parameters are
gradually decreased until full stop. During this situation antisurge
system works almost like during Normal Process Control.
Emergency Shutdown-during immediate stoppage of compressor exists
high risk of surge. Rotational speed is decreased to 80% rpm in 1-1,5
seconds after trip out and there is need to lower discharge pressure to
prevent form surge [Boyce, Bohannan, et al. 1983].

Second distinction is because of application of compressor. Different working
conditions of compressor demand special behavior of antisurge system. These applications are
[Brun, Nored, et al. 2008]:
1. Pipelines- in this application some oscillations of pressure can occur, but surge
onset I often due to reduction of mass flow which is governed by the pipeline.
Also temperature is changing but seasonally so it is not rapid change.
Composition of gas is constant.
2. Re-injection- in chemistry some reactions happened only in particular pressure
and by mixing fluids. In this application compressor injects back gas to reactor
where reaction happens. All parameters influencing surge are varying. Pressure
and temperature can change over time and composition also is changing
because of different sources of fluids are injected to reaction.
3. Storage and withdraw-when storage is being filled the pressure and the
beginning is low, but when it starts to being full the pressure needed to push
gas inside is much bigger. The opposite situation happen when magazine is
discharged. Mass flow can vary but not always and the composition of gas is
constant. Example of this application is Compressed Air Energy Storage
(CAES).
4. Gas Gathering- when gas is gathering it’s temperature, pressure and
composition depends on source and the preparation of this gas before
compressor. By preparation dehydration, separation and filtration are meant.
5. High pressure- in this application disturbances of pressure, temperature and
composition happens rarely but the range of these parameter is wide due to
variety of different installations. In this applications very high pressures occurs
and example can be Liquid Natural Gas Plant.
Last and the most important division is because of point on compressor map at which
antisurge system start working or which affects. This division is pointed below [Botros,
Henderson 1994] and presented in Figure 2. Control line is just line created by surge margin.
This distinction is described and analyzed in this paper.
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1. Prevention
2. Passive control (extending surge limit)
3. Active control
4.

Fig. 2. Typical centrifugal compressor performance map showing surge limit and control line
[Botros, Henderson 1994]

3. PREVENTION
First type of antisurge system is prevention. It is based on preventing compressor from
surge just by not allowing it to begin. It is connected with preventing form crossing surge line.
This type can be divided on two types:
1. Surge margin
2. Early detection
System based on surge margin is simplest and the least efficient of all types.
Compressor controller just do not let to cross predefined operational point. This point is
different for all compressor speeds and this points connected create control line which is
visible in the Figure 2.
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Surge margin narrows the operation range of compressor and very often prevents
machine from working at highest possible efficiency. The smaller this margin is the better for
operating range and thus the machine, but it cannot be too narrow. Antisurge system has to
have time to act and if this margin is too narrow this time can be not enough and surge would
occur. The most common used surge margin is 10% of surge limit, but it is not good choice at
all cases.
Width of this margin depends on [Mirsky, Jacobson, et al. 2013]:







Accuracy of surge limit designation. Inaccuracy has to be compensated by larger
surge margin,
Surge limit ability to change. In controler surge limit is constant but in reality it
can change,
Compressor performance curve. Steep curves do not need very wide surge
margins,
Uncertanity of measurments,
Antisurge system and compression system inertia. Antisurge system has to have
time to act and compress ion system can disturbance can escalete even despite
antisurge actions.
Atisurge system objective. In some cases mild surge is acceptable and in others
it has to be avoided .

When control line is reached system has to react in somehow to prevent from crosing it.
The most common actuator used to prevent from surge is recycle valve. Opening recycle
valve causes turn back part of gas from discharge of compressor to suction side artifficialy
enlarging mass flow. Recycle valve is most commonly used actuator in all types of antisurge
systems. Scheme of example installaion is presented on Figure 3.

Fig. 3. Scheme of antisurge system with recycle valve

-57-

World Scientific News 81(2) (2017) 53-68

Typical control line and antisurge systems are based on compressor performance curve
defined by mass flow and pressure rise. To identify what is current operation point of
compressor mass flow and difference between pressure at suction and discharge side are
measured. Development of this system was very popular but at 80’s and 90’s and that’s why
most of articles and patents considering this type are relatively old: [White 1972; Kolnsberg
1979; Boyce, Bohannan, et al. 1983; Staroselsky, Mirsky, et al. 1990; Hohlweg, Condrac
1986; Blotenberg 1990; Bellinger, Clayton 1980; Enterline, Kaya 1985]. There are not many
new articles concerning conventional antisurge systems, only [Amin, Mahmood-ul-hasan
2015], but new patents are submitted for example [Rosinski, Belanger, et al. 2013]
But there are other systems based on different curves and different parameters
measured. This division is pointed below [Gravdahl, Egeland 2011]:
1. Conventional anti-surge control- it is typical antisurge system which is described
earlier in this paper.
2. Flow/Rotational speed (Q/N) technique- in this method fan law characteristics
are used. This operation allow reduction of many performance curves to reduce
them to one curve by normalizing mass flow and polytropic head with respect to
rotational speed. In this case surge line is just one point. Mass flow and
rotational speed is measured and when value of Q/N is too low, recycle valve
opens. Examples of this kind of system can be found in [Di Febo, Di Febo 2014;
Swearingen, Agahi 1991; Lawless, Stickel 1990].
3. Microprocessor and PLC based controller- This method is more complicated and
take into consideration more factors than just mass flow and pressure.
Additional measurements are needed like temperature or suction temperature to
identify more accurately current operation point. Examples of this kind of
system can be found in [Joshi, Barnes, et al. 2016; Hobbs 1989; Ramos 1987; C.
Gao, Gu, et al. 2008; Xiaogang, Pinglu, et al. 2013].
4. Control without flow measurements- flow measurements are very often noisy
and inaccurate so are the source of significant uncertainty. So as in Q/N
technique again fan law characteristic is used but this time polytropic head to
rotational speed squared (H/N2) but requirement to use this method is steep
performance curve. Difference between polytropic head at two points has to be
big enough to distinguish these two points from each other.
System based on early detection do not set surge margin but is based on measurements
which helps to detect surge onset just before it starts. This solution almost does not limits
operational range of compressor but needs more complicated measuring system. What is more
all components of early detection antisurge system need to be quick because any latency can
lead to surge and thus compressor failure.
There are three main types of measurements which can be used to detect surge incipient
[Botros, Henderson 1994]:
1. Vibration measurements- the less effective method because of problematic
distinction between rise of vibration due to surge and the other sources of
vibrations. To strict program can interrupt start-up of machine and too mild
program can miss surge onset and risk machine condition. Examples of this kind
of system can be found in [Johnsen 2013]
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2. Temperature measurements- flow oscillations and reverse flows during surge
changes heat distribution in compressor. Temperature is rising in some places
like space located within the impeller chamber of the compressor but out of fluid
flow or compressor inlet. By monitoring temperature in this locations it is
possible to detect surge onset but it has to be compared with other values like
rotational speed or discharge pressure. Examples of this kind of system can be
found in [Sisson, Petrizzi 1998; Gaston 1986; Preti, Ripy 1979]
3. Pressure and it derivatives measurements- most popular method with numerous
technologies and patents. In this type of antisurge system location of
measurements, number of probes and manipulation of the pressure signals with
respect to time can vary. Examples of this kind of system can be found in
numerous patents and articles. For example in [Stalker, Blutinger 1976;
Galeotti, Pelagotti, et al. 2016; Krukoski 1989; Glennon, Sarphie, et al. 1979;
Callahan, Mazzawy, et al. 1985; Clark, Perrone 1987; Lowe, Hagerman 1986]

4. PASSIVE SYSTEMS
Point 2 on Figure 2 represents passive control which delays surge onset. Previously
described method based on surge margin significantly limits operation range of compressor,
early detection slightly affects operating range and method described in this chapter not only
do not limits operation range but also extends it. Passive system is not based on measurement
and its influence on compressor is not function of any measured parameter. One of possible
realization of this antisurge system is by changing construction of compressor. There are
several factors which can delay surge onset:
1. Blade geometry
a. Number of blades [Gottschalk 1972]
b. Higher angle at impeller exit [Cumpsty 1989]
c. Thickening of blades suction side [Flynn, Weber 1979]
2. Diffuser geometry
a.
b.
c.
d.
e.

Reducing exit width [Ludtke 1983]
Decreasing number of vanes [Japikse 1980]
Different shape of inlet [Whitfield, Wallace, et al. 1976]
Vane inlet geometry [Bammert, Jansen, et al. 1983]
Different ratio of diffuser inlet and rotor outlet [Pampreen 1972; Dean
1974]

3. Casing modifications [Ding, Wang, et al. 2013]
a. Grooves at different locations (Fig. 4) [Jansen, Carter, et al. 1980]
b. Chambers at different locations [Wiggins, Waltz 1977; Waterman 1992]
4. Volute geometry [Stiefel 1972; Lipski 1979]
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Fig. 4. Inclined axial grooves at impeller inlet for surge suppression
[Jansen, Carter, et al. 1980]

Another realization of passive antisurge system is by using additional components
which are not controlled by any measurement. There are not many of this type of antisurge
systems but those based on generating proper prewhirl at inlet of compressor gave satisfactory
results. It can be achieved by using Inlet Guide Vanes (IGV) [Whitfield, Wallace, et al. 1976;
Amann, Nordenson, et al. 1975] or reinjection from discharge side [Kyrtatos, Watson, et al.
1980; Hirano, Uchida, et al. 2012; Skoch 2004]. IGV has significant drawback which was
pressure loss. Another interesting passive system is based on adding resistance element placed
close to discharge of compressor [Pfannebegker, Singhania 1977]. It changes performance
curve of combined compressor/resistance so it become more stable.
This type of antisurge system cannot be only system in compression system. It only
extends surge limit but do not prevents from surge. It have to be used with prevention or
active control system. It is used but as a part of designing machine. Constructor has to choose
optimal point between surge suppression and efficiency.

5. ACTIVE CONTROL
Active control is most complicated of all methods but also most often investigated by
researches all around the world. This type of antisurge system suppresses surge and allows
compressor to work in unstable conditions.
Scheme of typical active control antisurge system is presented on figure 5. It consist of
three elements. Sensor measures controlled parameter and transmit it to controller. Controller
basing on difference between actual condition and desired condition send signal to actuator
which by control action affects compression system and suppress surge.
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Fig. 5. Scheme of active control antisugre system [van Helvoirt 2007]

Like it was said before, recycle valve is most commonly used actuator in antisurge
systems so also in active systems. Sometimes instead of recycle valve, bleed valve is used but
the influence on compression system is the same. In prevention method this valve is opened
when operational point reached surge margin. In active system this valve is not only open or
close but its position is dynamically regulated by controller and its adjusting to current state
of compression system. This regulation is close-looped so valve is almost constantly moving.
This actuator was one of the first analyzed active systems and was studied by [Chowdhury,
Eveker, et al. 1995; Badmus, Chowdhury, et al. 1996; Jungowski, Weiss, et al. 1994; Pinsley,
Guenette, et al. 1991; Hagino, Uda, et al. 2003; Gravdahl, Egeland 1999; Gravdahl, Egeland
2011; Gravdahl, Egeland 1997; Willems, de Jager 1998a]. Also many recent researches
considers this type of antisurge system [Backi, Gravdahl, et al. 2016; A. Cortinovis, Pareschi,
et al. 2012; Andrea Cortinovis, Ferreau, et al. 2014; A. Cortinovis, Ferreau, et al. 2015;
Daniarta, Wardana, et al. 2016; Grapow 2015]
Other actuators also has been investigated but not so widely as recycle valve. In table 1
summary of the other actuators has been presented. Most of this actuators focuses on damping
pressure oscillations in compression system by releasing some of gas or like movable wall by
increasing its volume. Another improves stability similarly to systems based on extending
operating range like inlet guide vanes or air injectors. It can be said that active systems are
using very similar actuators as previous methods but in this systems, actuators are regulated
real-time by controller. Models used to control this process are very often complicated and
dedicated to one machine. Those basing on proportional feedback are the simplest but
nowadays Model Predictive Control (MPC) [A. Cortinovis, Pareschi, et al. 2012; Andrea
Cortinovis, Ferreau, et al. 2014; A. Cortinovis, Ferreau, et al. 2015] is getting more and more
popular. This regulation is based on different mathematical models of surge which are still
being enhanced by researchers. Most popular are model based on Greitzer model [Greitzer
1976]. Also more complicated approaches to control has been analized like Fuzzy Logic
[Chen, Jiang 2010], Neural Network [Boushaki, Chetate, et al. 2014] or Least Square Support
Vector Machine (LS-SVM) [S. Gao, Qian, et al. 2016; Wang, Shao, et al. 2010].
In table 1 next to actuators, sensors are enlisted. Pressure is most widely used because
of relatively easy measurements and because surge firstly reveals as a pressure oscillations.
Mass flow is also used but as it was said before, mass flow measurements is very noisy and
uncertain. Also velocity measurement using hot wires are possible to properly control
actuator.
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Table 1. Actuators and sensors of active control
[Willems, De Jager 1999; Willems, de Jager 1998b]
Actuator

Sensor

Recycle or bleed valve

Plenum pressure

Injection in compressor duct
[Weigl, Paduano, et al. 1997]
Variable plenum volume
[Gysling, Dugundji, et al. 1991]
Variable inlet geometry

Plenum temperature
Inlet mass flow
Inlet pressure

Fast inlet guide vanes
[Haynes, Hendricks, et al. 1993]
Air injectors
[Behnken, D’Andrea, et al. 1995; Yang,
Li, et al. 2017]

Diffuser pressure
Hot wires

Auxiliary compressor stage
Plenum mass injection
Inlet duct bleed
Heat coil
Plenum loudspeaker
[Williams, Huang 1989]
Close-coupled valve

Active control is complex method which needs individual approach to every
compression system. Creating model for compressor, tests and implementation of such a
system is very time-consuming anf expensive . Nevertheless it is still mos twanted kind of
system due to its efficiency and reliability.

6. CONCLUSIONS
In this paper state of the art of compressor antisurge system has been presented and
discussed. Three different types of antisurge systems were described and current patents and
articles has been enlisted.
Prevention by setting surge margin is the simplest and less effective than other systems.
It limits operation range and sometimes does not allow compressor to operate at highest
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efficiency or highest pressure rise. This method is widely used in industry because it is cheap,
simple and reliable but nowadays researches rarely investigate this method but there is still
few new patents. Early detection limits operation range less than surge margin but can be
risky due to requirement of very quick control system and actuators. This system detects
surge incipient basing on different measurements but moment of surge onset is different for
every machine so this system has to be individual. It is still developed by researches but not
very often and new patents also are submitted.
Passive system is also used but as an element during designing compressor. Factors
enlisted in chapter 4 are being considered and optimal point between surge suppression and
efficiency is found. More popular are design modification than additional elements.
Improvements in compressor design which helps to extend operating range are rather
discovered during researches on efficiency improvements than in separate researches.
Last described antisurge system which was active control is most desired kind of
antisurge systems because of its universality, efficiency and reliability. It allows compressor
to operate in surge region without harming compressor. It is possible because of real-time
control of different kinds of actuators which are controlled basing on variety of
measurements. Both, actuators and control methods are widely investigated so it is not only
mechanical issue but also automatic. Many papers has been published in recent years and
most of them concerning systems based on recycle/bleed valve.
Active system is the best of all described systems but it is most complex and expensive
type of antisurge system. It can be used as stand-alone system but best effects and reliability
can be achieved only by combining even all three systems described before.

References
[1]

Amann, Nordenson, Skellenger. 1975. Casing Modification for Increasing the Surge
Margin of a Centrifugal Compressor in an Automotive Turbine Engine. ASME J. Eng.
Gas Turbines Power 97 (3), 329-35

[2]

Amin, Mahmood-ul-hasan. 2015. Advanced Anti-Surge Control Algorithm for Turbine
Driven Centrifugal Compressord 27 (3) 1845-54

[3]

Backi, Gravdahl, Skogestad. 2016. Robust Control of a Two-State Greitzer Compressor
Model by State-Feedback Linearization, no. 2 1226-31.

[4]

Badmus, Chowdhury, Nett. 1996. Nonlinear Control of Surge in Axial Compression
Systems. Automatica 32 (1), 59-70

[5]

Bammert, Jansen, Rautenberg. 1983. On the Influence of the Diffuser Inlet Shape on the
Performance of a Centrifugal Compressor Stage. In ASME 1983 Int. Gas Turbine Conf.
Exhib., V001T01A005-V001T01A005.

[6]

Behnken, D’Andrea, Murray. 1995. Control of Rotating Stall in a Low-Speed Axial
Flow Compressor Using Pulsed Air Injection: Modeling, Simulations, and Experimental
Validation. In Decis. Control. 1995., Proc. 34th IEEE Conf. 3, 3056-3061

[7]

Bellinger, Clayton. 1980. Compressor Surge Control System. Google Patents.
https://www.google.com/patents/US4230437

-63-

World Scientific News 81(2) (2017) 53-68

[8]

Blotenberg. 1990. Device for Control of a Turbocompressor. Google Patents.
https://www.google.com/patents/US4968215

[9]

Botros, Henderson. 1994. Developments in Centrifugal Compressor Surge Control-A
Technology Assesment. J. Turbomach. American Society of Mechanical Engineers 116
(2), 240-49

[10] Boushaki, Chetate, Zamoum. 2014. Artificial Neural Network Control of the Recycle
Compression System 23 (1), 65-76
[11] Boyce, Bohannan, Brown, Gaston, Meher-Homji, Meier, Pobanz. 1983. Tutorial
Session on Practical Approach to Surge and Surge Control Systems. In Proc. Twelfth
Turbomach. Symp. Texas A&M Univ. 145-173
[12] Brun, Nored, Kurz, Platt, Elston, Couch, Raymer, Mariotti, White. 2008. Application
Guideline for Centrifugal Compressor Surge Control Systems. Gas Mach. Res. Couns.
Southwest Res. Institute. Release Version 4
[13] Callahan, Mazzawy, Stryker, Kelly. 1985. Engine Surge Prevention System. Google
Patents. https://www.google.pl/patents/US4550564
[14] Chen, Jiang. 2010. A New Anti-Surge Study Based on Fuzzy Self-Adaptation PID
Controller. Proc. - 2010 7th Int. Conf. Fuzzy Syst. Knowl. Discov. FSKD 2010 3 (Fskd)
1147–51
[15] Chowdhury, Eveker, Nett. 1995. Control-Oriented High-Frequency Turbomachinery
Modeling: Single-Stage Compression System One-Dimensional Model. J. Turbomach.
117 47
[16] Clark, Perrone. 1987. Apparatus and Methods for Preventing Compressor Surge.
Google Patents. https://www.google.pl/patents/US4662817.
[17] Cortinovis, A., Ferreau, Lewandowski, Mercangöz. 2015. Experimental Evaluation of
MPC-Based Anti-Surge and Process Control for Electric Driven Centrifugal Gas
Compressors. J. Process Control 34, 13-25
[18] Cortinovis, A., Pareschi, Mercangoez, Besselmann. 2012. Model Predictive Anti-Surge
Control of Centrifugal Compressors with Variable-Speed Drives. IFAC Proc. Vol. 1
(PART 1), 251-256.
[19] Cortinovis, Andrea, Ferreau, Lewandowski, Mercangoz. 2014. Safe and Efficient
Operation of Centrifugal Compressors Using Linearized MPC. Proc. IEEE Conf. Decis.
Control 2015 Febru (February) 3982-87.
[20] Cumpsty. 1989. Compressor Aerodynamics. Longman Scientific & Technical.
[21] Daniarta, Wardana, Rosita. 2016. Performance Evaluation of Compressor Anti-Surge
Control Based on Model Predictive in Ammonia Plant, no. 4 ,75-79.
[22] Day, Freeman. 1993. The Unstable Behavior of Low and High Speed Compressors. In
ASME 1993 Int. Gas Turbine Aeroengine Congr. Expo., V001T03A013V001T03A013.
[23] Dean. 1974. The Fluid Dynamic Design of Advanced Centrifugal Compressors. Von
Karman Inst. Fluid Dyn. Adv. Radial Compressors 99 p. (SEE N 79-22506 13-37).
-64-

World Scientific News 81(2) (2017) 53-68

[24] Ding, Wang, Yang, Xu, Gu. 2013. Experimental Investigation of the Casing Treatment
Effects on Steady and Transient Characteristics in an Industrial Centrifugal Compressor.
Exp. Therm. Fluid Sci. 45, 136-145
[25] Enterline, Kaya. 1985. Integrated Control of Output and Surge for a Dynamic
Compressor Control System. Google Patents.
https://www.google.com/patents/US4562531
[26] Febo, Di, Febo, Di. 2014. Antisurge Pretection Method for Centrifugal Compressors.
Google Patents
[27] Flynn, Weber. 1979. Design and Test of an Extremely Wide Flow Range Compressor.
In ASME 1979 Int. Gas Turbine Conf. Exhib. Sol. Energy Conf., V01AT01A080-V01AT01A080
[28] Galeotti, Pelagotti, Giovani. 2016. Methods and Systems for Antisurge Control of
Turbo Compressors with Side Stream. Google Patents.
https://www.google.com/patents/US20160040680
[29] Gao, Chuang, Gu, Wang, Dai. 2008. Numerical Analysis of Rotating Stall
Characteristics in Vaneless Diffuser with Large Width-Radius Ratio. Front. Energy
Power Eng. China 2 (4) 457-460
[30] Gao, Shihong, Qian, Wang, He, Yin. 2016. LS-SVM Based Anti-Surge Predictive
Control of Centrifugal Compressor, 618-621.
[31] Gaston. 1986. System, Apparatus, and Method for Detecting and Controlling Surge in a
Turbo Compressor. Google Patents. https://www.google.pl/patents/US4594051
[32] Glennon, Sarphie, Faulkner. 1979. Compressor Surge Control with Pressure Rate of
Change Control. Google Patents. http://www.google.us/patents/US4164034
[33] Gottschalk. 1972. Investigations on the Stability of the Characteristic of Radial Flow
Fans. In Proc. 4th Conf. Fluid Mach., 459–475
[34] Grapow. 2015. Projekt Systemu Antypompażowego Dla Stanowiska Dmuchawy
Odśrodkowej. Politechnika Łódzka.
[35] Gravdahl, Egeland. 1997. Speed and Surge Control for a Low Order Centrifugal
Compressor Model. … 1997., Proc. 1997 IEEE …, no. 3 344–49.
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=627573
[36] Gravdahl, Egeland.. 1999. Centrifugal Compressor Surge and Speed Control. IEEE
Trans. Control Syst. Technol. 7(5), 567-79
[37] Gravdahl, Egeland.. 2011. Compressorsurge and Rotating Stall: Modeling and Control.
Springer Publishing Company, Incorporated.
[38] Greitzer. 1976. Surge and Rotating Stall in Axial Flow compressors—Part I: Theoretical
Compression System Model. J. Eng. Gas Turbines Power 98, 190-198
http://gasturbinespower.asmedigitalcollection.asme.org/article.aspx?articleid=1419064.
[39] Gysling, Dugundji, Greitzer, Epstein. 1991. Dynamic Control of Centrifugal
Compressor Surge Using Tailored Structures. J. Turbomach. American Society of
Mechanical Engineers 113 (4), 710–22
-65-

World Scientific News 81(2) (2017) 53-68

[40] Hagino, Uda, Kashiwabara. 2003. Prediction and Active Control of Surge Inception of a
Centrifugal Compressor. In Proc. IGTC03.
[41] Haynes, Hendricks, Epstein. 1993. Active Stabilization of Rotating Stall in a ThreeStage Axial Compressor. In ASME 1993 Int. Gas Turbine Aeroengine Congr. Expo.,
V03CT17A007-V03CT17A007
[42] Helvoirt, van. 2007. Centrifugal Compressor Surge: Modeling and Identification for
Control. Diss. Abstr. Int.
[43] Hirano, Uchida, Tsujita. 2012. Control of Surge in Centrifugal Compressor by Using a
Nozzle Injection System: Universality in Optimal Position of Injection Nozzle. Int. J.
Rotating Mach. 1–8
[44] Hobbs. 1989. Constraint Control for a Compressor System. Google Patents.
https://www.google.com/patents/US4807150
[45] Hohlweg, Condrac. 1986. Method and Apparatus for Regulating Power Consumption
While Controlling Surge in a Centrifugal Compressor. Google Patents.
https://www.google.com/patents/US4586870
[46] Jager, de. 1995. Rotating Stall and Surge Control: A Survey. In Decis. Control. 1995.,
Proc. 34th IEEE Conf. 1857-1862
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=480612
[47] Jansen, Carter, Swarden. 1980. Improvements in Surge Margin for Centrifugal
Compressors. AGARD Centrif. Compressors, Flow Phenom. Perform. 17 p. (SEE N 8117447 08-37)
[48] Japikse. 1980. The Influence of Diffuser Inlet Pressure Fields on the Range and
Durability of Centrifugal Compressor Stages. AGARD Centrif. Compressors, Flow
Phenom. Perform. 11 p. (SEE N 81-17447 08-37)
[49] Johnsen. 2013. Turbocompressor Antisurge Control by Vibration Monitoring. Google
Patents. https://www.google.com/patents/US20130309060
[50] Joshi, Barnes, Cler, KrishnamurthyGopalan, Hutchison, Tamhane, Schifferer, et al.
2016. Turbocharger Compressor Anti-Surge Engine Control Strategy and Method.
Google Patents
[51] Jungowski, Weiss, Price. 1994. Pressure Oscillations Occurring in a Centrifugal
Compressor System with and without Passive and Active Surge Control. In ASME 1994
Int. Gas Turbine Aeroengine Congr. Expo., V001T01A043-V001T01A043
[52] Kolnsberg. 1979. Reasons for Centrifugal Compressor Surging and Surge Control. J.
Eng. Power 101 (1). American Society of Mechanical Engineers 79-86
[53] Krukoski. 1989. Control System for a Gas Turbine Engine. Google Patents.
https://www.google.pl/patents/EP0298895A2?cl=en
[54] Kyrtatos, Watson, others. 1980. Application of Aerodynamically Induced Prewhirl to a
Small Turbocharger Compressor. ASME J. Eng. Gas Turbines Power 102 (4), 943-50
[55] Lawless, Stickel. 1990. Surge Control in Compressors. Google Patents.
https://www.google.com/patents/US4971516
-66-

World Scientific News 81(2) (2017) 53-68

[56] Lipski. 1979. The Influence of Shape and Location of the Tongue of Spiral Casing on
the Performance of Single-Stage Radial Pumps. In Proc. 6th Conf. Fluid Mach. 673-82
[57] Lowe, Hagerman. 1986. Method and Apparatus for Detecting Surge in Centrifugal
Compressors Driven by Electric Motors. Google Patents.
https://www.google.pl/patents/US4581900
[58] Ludtke. 1983. Aerodynamic Tests on Centrifugal Process Compressors the Influence of
the Vaneless Diffusor Shape. Surge 105, 903
[59] Meuleman, Willems, Lange, de, Jager, de. 1998. Surge in a Low-Speed Radial
Compressor. Int. Gas Turbine Aeroengine Congr.
[60] Mirsky, Jacobson, Tiscornia, McWhirter, Zaghloul. 2013. Development and Design of
Antisurge and Performance Control Systems for Centrifugal Compressors.
[61] Pampreen. 1972. The Use of Cascade Technology in Centrifugal Compressor Vaned
Diffuser Design. J. Eng. Power, American Society of Mechanical Engineers 94 (3), 187192
[62] Pfannebegker, Singhania. 1977. An Experimental Inestigation of the Control; of Surge
in Radial Compressors Using Close; Coupled Resistances.
[63] Pinsley, Guenette, Epstein, Greitzer. 1991. Active Stabilization of Centrifugal
Compressor Surge. J. Turbomach. 113 (4), 723
[64] Preti, Ripy. 1979. Surge Detector for Gas Turbine Engines. Google Patents.
http://www.google.us/patents/US4137710
[65] Ramos. 1987. Microprocessor Applications in Gas Turbines and Centrifugal
Compressors. ISA Pap., 87-1011
[66] Rosinski, Belanger, Manning. 2013. Anti-Surge Speed Control. Google Patents.
[67] Sisson, Petrizzi. 1998. Surge Detection System Using Engine Signature. Google
Patents. https://www.google.com/patents/US5726891
[68] Skoch. 2004. Experimental Investigation of Diffuser Hub Injection to Improve
Centrifugal Compressor Stability, no. October.
[69] Stalker, Blutinger. 1976. Turbine Surge Detection System. Google Patents.
https://www.google.com/patents/US3963367
[70] Staroselsky, Mirsky, Reinke. 1990. Method and Apparatus for Preventing Surge in a
Dynamic Compressor. Google Patents. https://www.google.com/patents/US4949276
[71] Stiefel. 1972. Experiences in the Development of Radial Compressors. Adv. Radial
Compressors.
[72] Swearingen, Agahi. 1991. Surge Control System. Google Patents.
https://www.google.com/patents/US5002459
[73] Wang, Shao, Han. 2010. Centrifugal Compressor Surge Control Using Nonlinear Model
Predictive Control Based on LS-SVM. 2010 3rd Int. Symp. Syst. Control Aeronaut.
Astronaut., 466-471

-67-

World Scientific News 81(2) (2017) 53-68

[74] Waterman. 1992. Axial Flow Compressor Surge Margin Improvement. Google Patents.
https://www.google.com/patents/US5137419
[75] Weigl, Paduano, Frechette, Epstein, Greitzer, Bright, Strazisar. 1997. Active
Stabilization of Rotating Stall and Surge in a Transonic Single Stage Axial Compressor.
Massachusetts Institute of Technology, Dept. of Aeronautics and Astronautics
[76] White. 1972. Surge Control for Centrifugal Compressors. Chem. Eng. 79 (29), 54-62.
[77] Whitfield, Wallace, Atkey. 1976. The Effect of Variable Geometry on the Operating
Range and Surge Margin of a Centrifugal Compressor. In ASME 1976 Int. Gas Turbine
Fluids Eng. Conf., V01BT02A033-V01BT02A033.
[78] Wiggins, Waltz. 1977. Centrifugal Compressor Vaneless Space Casing Treatment.
Google Patents.
[79] Willems. 2000. Modeling and Bounded Feedback Stabilization of Centrifugal
Compressor Surge. Technische Universiteit Eindhoven.
[80] Willems, Jager, de. 1998a. Active Compressor Surge Control Using a One-Sided
Controlled Bleed/recycle Valve. IEEE Conf. Decis. Control, 3, 2546-2551
[81] Willems, Jager, de.. 1998b. Modeling and Control of Rotating Stall and Surge : An
Overview, no. September 331-35.
[82] Willems, Jager, De. 1999. Modeling and Control of Compressor Flow Instabilities.
Control Syst. IEEE 19 (5), 8-18
[83] Williams, Huang. 1989. Active Stabilization of Compressor Surge. J. Fluid Mech. 204.
Cambridge Univ Press 245-62
[84] Xiaogang, Pinglu, Jiayu. 2013. Anti-Surge Switching Control of Centrifugal
Compressor Based on Control Performance Assessment, 532-535.
[85] Yang, Li, Zhao, Xiao, Shu, Zhang. 2017. Experimental Investigation of an Active
Control Casing Treatment of Centrifugal Compressors. Exp. Therm. Fluid Sci. 83, 107117

( Received 04 July 2017; accepted 20 July 2017 )

-68-

