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Summary

This thesis presents a novel active compressor surge control system using piston actuation, and
this system is called the piston-actuated active surge control system (PAASCS). This work
addresses the development of PAASCS from the beginning to the experimental results, including
system modeling, control design, system improvement, piston prototyping, laboratory test setup,
system implementation, and experimental tests. The thesis is presented as a collection of papers,
including seven conference papers and a journal paper.

The work began by developing a PAASCS model that is a modification of the Greitzer
compressor model by including the effect of piston dynamics on the compression system. The
resulting model was used in control design. Two control methods were initially applied in the
control design. Applying the backstepping method proved that the closed-loop system was glob-
ally asymptotically stable (GAS), but the state feedback control law was too complicated and
not practical to implement. Applying a linear control method to the linearized model resulted in
a simple state feedback control law, but it only achieves locally asymptotic stability (Uddin and
Gravdahl, 2011a).

The PAASCS performance was evaluated through simulations. Two problems were identified,
and the solutions to these problems were presented. 1) The piston was drifting during the surge
stabilization. The piston drift was solved by introducing integral control action to the PAASCS
controller (Uddin and Gravdahl, 2011b). 2) There are possibilities for the piston to fail during the
surge stabilization. Piston failures due to jamming and saturation were discussed. The simulation
results showed that a piston failure results in a deep surge when the compressor operates in the
stabilized surge area. A solution was presented by introducing a backup system that uses another
surge control system. Two studies were performed that presented a blow-off system as a backup
system for PAASCS (Uddin and Gravdahl, 2012a) and a surge avoidance system as a backup
system for PAASCS (Uddin and Gravdahl, 2012c).

A novel approach to model a compression system from an energy flow perspective using
bond graphs was presented. A compression system is modelled using bond graph. Energy flows
among the components in the compression system are described in a bond graph model of the
compression system. Two basic surge solutions were identified through analysing the bond graph
model, and named the upstream energy injection and the downstream energy dissipation. The
PAASCS is classified as downstream energy dissipation (Uddin and Gravdahl, 2012b, 2015).

Two novel state feedback control laws named the ¢-control and the -control derived using
Lyapunov based control method are presented for the upstream energy injection and the down-
stream energy dissipation, respectively. Both control laws guarantee that the closed-loop system
is GAS (Uddin and Gravdahl, 2016a).

A laboratory-scale compressor test rig was constructed to experimentally examine the PAASCS.
The PAASCS was applying the ¥-control. The control algorithm was implemented in a Simulink
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Summary

model and embedded in a dSpace system to construct a hardware-in-loop simulation of compres-
sor surge stabilization. The experimental test results demonstrated that the PAASCS is able to
stabilize surge and prove the concept of PAASCS (Uddin and Gravdahl, 2016b).
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Chapter 1

Introduction

1.1 Background and Motivation

The operating area of dynamic compressors (centrifugal and axial compressors) is limited by a
surge line at lower mass flows and by a stonewall at higher mass flows. The operating area of a
compressor is commonly depicted by curves of the compressor pressure versus compressor mass
flow for several compressor rotational speeds, and it is called a compressor map. When operating a
compressor, crossing the surge line results in surge, and crossing the stonewall causes compressor
choke. Compressor surge is an aerodynamic instability that is represented by an axisymmetric
oscillation of mass flow and pressure increase (Gravdahl and Egeland, 1999). The surge is shown
by reversal flow, pressure fluctuation, rapid temperature increase, and severe vibration in the
compression system. These lead to compressor damage, particularly to the rotating parts, such as
blades and bearings (Forsthoffer, 2005). Compressor choke is a condition in which the compressor
cannot pump any more gas. This condition occurs when the gas velocity relative to the blade is
equal to the speed of sound (Nisenfeld, 1982).

According to Forsthoffer (2005), a compressor can only operate in stonewall if the head
(energy) required by the process system is low enough such that the compressor operates in the
high-flow-rate region of the compressor map. The high flow rate requires a larger pipe diameter,
which is more costly. For economic reasons, this is a rare case because the process pipe is designed
to minimize the pipe diameter. The compressor choke is also not a destructive phenomenon.
Therefore, surge receives more attention in compressor studies. Moreover, the high-efficiency
compressor operating points are located close to the surge line.

Two methods have been developed to solve compressor surge. These methods are known as
surge avoidance system (SAS) and active surge control system (ASCS) and explained as follows:

e Surge avoidance system (SAS)
SAS works by defining a surge control line, which is located on the right side of the surge
line, as a limit of the minimum compressor flow. It prevents the compressor operating
point from reaching the surge line. The SAS method is implemented through a recycling
flow mechanism or a blowing-off flow mechanism. The recycling flow mechanism uses a
recycle line and a recycle valve. When the compressor operating point crosses the surge
control line, the recycle valve will open to discharge fluid from the downstream line to the
upstream line through the recycle line. This results in an increase in the compressor flow
such that the compressor operating point will remain at the surge control line. The blow-
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off flow mechanism uses a blow-off valve and the operation is similar to the recycling flow
mechanism, but the downstream fluid is discharged to surrounding rather than recycled to
the upstream line. The SAS works well for preventing a compressor from entering surge and
has been applied in industrial compressors. However, applying SAS reduces the compressor
operating envelope because the limit of minimum compressor flow is the surge control line
rather than the surge line, and moreover, the recycling flow and blowing-off flow waste the
energy.

e Active surge control system (ASCS)
In contrast to SAS, which limits the compressor operating area by a surge control line,
ASCS stabilizes surge by an active element such that the compressor operating point is
allowed to cross the surge line into the stabilized surge area such that the operating envelope
is enlarged. The active element, known as an actuator, is driven by a controller based on a
state feedback control law. The ASCS method was introduced by Epstein et al. (1986).

ASCS provides an enlargement of the compressor operating envelope toward lower flows and an
opportunity to reach higher compressor efficiencies. Several actuators have been applied in ASCS,
and examples include moveable plenum wall (Williams and Huang, 1989), throttle (Pinsley et al.,
1991), close coupled valve (Simon and Valavani, 1991), torque drive (Gravdahl et al., 2002), and
active magnetic bearing (Yoon et al., 2012). Refer to Willems and de Jager (1999) for more
actuators applied in ASCS. However, the implementation of ASCS in industrial compressors has
not yet been reported. Safety could be a reason for this because a failure of ASCS may cause the
compressor to enter a deep surge.

The compressor surge phenomenon is shown by the compressor pressure and the compressor
mass flow oscillations. This motivates us to consider the surge phenomenon as a vibration prob-
lem. In most vibration problems, introducing or increasing damping is a solution to absorb the
vibration. Vehicle suspension system is an example of a spring-mass-damper system, in which
the damper is used to dampen the vehicle vibration excited by vertical velocity due to the road
profile. The damper dissipates the vibration energy (kinetic energy) such that the oscillation will
vanish. A vehicle suspension that uses a passive mechanical damper is called a passive suspension
system. Studies have shown that the performance of vehicle suspension system can be consider-
ably improved through the use of an active actuator rather than the passive mechanical damper
(Uddin, 2009; Youn et al., 2014). A suspension system that uses an active actuator is called an
active suspension system. The active actuator generates a force to counter the vibration such
that the vibration vanishes. By using the same concept of vehicle suspensions, compressor surge
should be stabilized by introducing a damping to the compression system.

Williams and Huang (1989) presented an active surge control that uses a movable plenum
wall. The movable plenum wall is the active element for suppressing the compressor surge. They
used a loud speaker as the movable plenum wall. The results of their experiments showed that the
surge is stabilized and that the compressor operating area is enlarged to the left of the surge line.
Gysling et al. (1991) developed a passive surge suppression system using a tailored structure. In
the tailored structure, a movable wall supported by a spring and a damper was used to dissipate
the vibration energy of the compressor surge. Arnulfi et al. (2001) extended this line of research
and introduced a hydraulic oscillator as a passive mechanism for surge suppression. The system
was analyzed using the nonlinear model, optimal parameters for the control structure were found,
and the results were confirmed experimentally.

The three presented works on stabilizing compressor surge are essentially similar to the prin-
ciple of vehicle suspension systems. The work of Williams and Huang (1989) is similar to an
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active suspension system, and the works of Gysling et al. (1991) and Arnulfi et al. (2001) are
similar to a passive suspension system. Motivated by the vehicle suspension system and the
three aforementioned works, we are interested in developing an active damping by using a piston
to suppress the compressor surge. The piston will be connected to the compressor plenum. We
call this system a piston-actuated active surge control system (PAASCS). The principle of this
system is similar to that of the movable plenum wall presented by Williams and Huang (1989),
but the piston will provide more flexibility for practical implementations than the loud speaker.
The PAASCS can be installed in current compression systems in a simple way such that the
installation cost is minimized.

1.2 Scope of the Work

The scope of this work includes the following:

e System modeling
This system modeling aims to develop a model of PAASCS. The model is a modification
of the Greitzer compressor model (Greitzer, 1976) by including the effect of the piston
dynamics to the compression system. The same assumptions as in the Greitzer model are
applied.

e Control design and simulations
The control law for PAASCS is developed based on the PAASCS model. The control law
should be implementable in the experimental setup. The PAASCS is simulated to evaluate
the system performance and improve the system if necessary.

e Piston design
For research purposes, we require a piston that generates a high mass flow and is able to
work at the maximum compressor pressure. Because such a piston is not available on the
market, we design the piston and have it manufactured by our colleagues at the workshop
at Department of Engineering Cybernetic, NTNU.

e Laboratory setup
A compressor-pipeline setup is prepared and constructed at the Compressor Laboratory at
Department of Engineering Cybernetic, NTNU, to test the PAASCS.

e Experimental test
A hardware-in-loop test is performed to test the PAASCS and evaluate its performance.

1.3 List of Publications

The results of the work described in this thesis have been reported in the following publications:

1. Paper A: N. Uddin and J.T. Gravdahl, "Compressor Surge Control Using Piston Actu-
ation", published in the Proceedings of the ASME 2011 Dynamics System and Control
Conference (DSCC 2011) in Arlington, VA, USA, Oct 31 - Nov 2, 2011.

2. Paper B: N. Uddin and J.T. Gravdahl, "Piston-Actuated Active Surge Control of Cen-
trifugal Compressor Including Integral Action", published in the Proceedings of the 11t"
International Conference on Control, Automation and System (ICCAS 2011) in KINTEX,
Gyeonggi-do, South Korea, Oct 26-29, 2011.
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. Paper C: N. Uddin and J.T. Gravdahl, "Introducing Back-up to Active Compressor Surge

Control System", published in the Proceedings of the 2012 IFAC Workshop on Automatic
Control in Offshore Oil and Gas Production in Trondheim, Norway, May 31 - June 1, 2012.

Paper D: N. Uddin and J.T. Gravdahl, "Bond graph modeling of centrifugal compressor
systems", published in the Simulation: Transactions of the Society for Modeling and Sim-
ulation International 2015, Vol. 91(11) 998-1013. The paper is an extension work of a
published conference paper Uddin and Gravdahl (2012b).

. Paper E: N. Uddin and J.T. Gravdahl, "A Compressor Surge Control System: Combina-

tion Active Surge Control and Surge Avoidance", published in the Proceedings of the 13th
International Symposium on Unsteady Aerodynamics, Aeroacoustics and Aeroelasticity of
Turbomachines (ISUAAAT13) in Tokyo, Japan, September 11-14, 2012.

. Paper F: N. Uddin and J.T. Gravdahl, "Two General State Feedback Control Laws for

Compressor Surge Stabilization", submitted to The 24th Mediterranean Conference on
Control and Automation in Athens, Greece, June 21-24, 2016.

Paper G: N. Uddin and J.T. Gravdahl, "Active Compressor Surge Control System by Using
Piston Actuation: Implementation and Experimental Results", accepted in The 11th IFAC
Symposium on Dynamics and Control of Process Systems, including Biosystems (DYCOPS-
CAB 2016) in Trondheim, Norway, June 6-8, 2016.

1.4 List of Contributions

The publications of this research have produced the following contributions:

1.

1.5

Paper A: Introducing a new method for active surge control system (ASCS) by using piston
actuation and including system modeling and control design.

. Paper B: Improving the performance of PAASCS by using integral action to eliminate

piston drift and minimize the required piston stroke.

. Paper C and Paper E: Introducing a backup system for ASCS for fail-safe operation by

using a blow-off mechanism and SAS, respectively.

Paper D: Modeling compression systems from an energy-flow perspective by using bond
graph. Improving a model of a compressor equipped with a surge avoidance system by
showing the effect of recycling flow to the inlet state. Analyzing the bond graph model
of the compression system is able to describe energy flow during compressor surge and
conclude two basic surge solutions: upstream energy injection and downstream energy
dissipation.

. Paper F: Presents two novel state feedback control laws for the basic surge solutions pre-

sented in D. Both state feedback control laws make the closed-loop systems globally asymp-
totic stable (GAS) and minimize the sensor requirements.

. Paper G: Presents the implementation and experimental test results of the PAASCS.

Thesis Outline

Chapter 1 Introduction
This chapter describes the background and motivation of the work, scope of the work, and
the list of publications and contributions.



1.5. Thesis Outline

Chapter 2 Compressor Technology

This chapter presents several types of compressors, their operating ranges, and a compar-
ison of the compressors. The presentation is focused on dynamic compressors, compressor
surge, and the surge solutions.

Chapter 3 Piston-Actuated Active Surge Control System
This chapter presents the highlights in developing PAASCS, piston design, laboratory setup
and experimental test.

Chapter 4 Conclusion and Remarks
This chapter summarizes the work, defines future work, and concludes the thesis.

Chapter 5 Publications
This chapter presents the publications of the work results.






Chapter 2

Compressor Technology

This chapter provides general information about compressors, including compressor types, the
operating ranges of the compressors, comparison of different compressor types, and selection of
compressors. This chapter then focuses on dynamic compressors, which include centrifugal com-
pressors and axial compressors. It describes the principle of the dynamics compressors operation,
performance limitations, the compressor surge problem, and the compressor surge solutions.

A compressor is a device that compresses gas such that the pressure increases. Compression
is required for a variety of purposes, such as providing air for combustion, transporting fluids
through pipelines, providing compressed air for driving pneumatic tools, and circulating process
fluids through certain processes (Boyce, 2003). Compressors are applied in many fields, such
as natural gas pipeline systems, gas turbines, pneumatic systems, gas circulation in industrial
processes, and refrigerators. Compressors are essential in many systems and equipment, includ-
ing aircraft engines, automotive engines, chemical processes, air conditioning, and gas pipeline
systems.

2.1 Compressor Types

There are several types of compressors. Based on the way to increase fluid pressure, the com-
pressors can be classified into two types (Forsthoffer, 2005):
a. Positive displacement compressors
Positive displacement compressors work by trapping a volume of gas in a chamber and
reducing the chamber volume such that the gas pressure increases. The pressure increase
is calculated following Boyle’s law (Nisenfeld, 1982):

Vi

v (2.1)

P2 =P1
where p, is the discharge pressure, p; is the suction pressure, Vi is the volume at suc-
tion, and V5 is the volume at discharge. The positive displacement compressors are further
classified into two types: reciprocating and rotary compressors. The rotary positive dis-
placement compressors include rotary lobe, rotary vane, rotary screw and rotary liquid
ring compressors.

b. Dynamic compressors
Dynamic compressors increase the gas pressure by accelerating the gas using a rotating

7
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Figure 2.1: Compressor classification.

element, which increases to higher velocity and then decelerates. Following Bernoulli’s
equation:
Lo Lo

p1t 511+ prghy = pa + 520 + paghe, (2:2)
where p is density, v is velocity, g is gravity, h is elevation, and the subscribes 1,2 denote the
compressor inlet and the compressor discharge. Because the elevations of the compressor
parts are not significantly different, the deceleration converts the kinetic energy into a
pressure increases. There are two types of dynamic compressors: axial and centrifugal.

Figure 2.1 shows a diagram of the compressor classification.

2.2 Compressors Performance and Selection

Figure 2.2 shows the operating areas of different types of compressors. The positive displacement
compressors dominate the low-flow-rate operating area (10? to 103> CFM!'). The medium-flow-
rate operating area (10 to 10* CFM) is dominated by centrifugal compressors. The multistage
axial compressors operate in the high-flow-rate operating area (more than 10* CFM). Considering
the compression results, positive displacement compressors provide a higher pressure ratio than
dynamic compressors .

The application of the compressor type is dependent on the process requirements. The selec-
tion of compressors is influenced by several factors, such as compressor performance, investment
costs, operating costs, maintenance costs, compressor cost, and environmental aspects. Dynamic
compressors are commonly the first choice because they have the lowest maintenance costs, fol-
lowed by rotary positive displacement compressors and reciprocating compressors Forsthoffer
(2005).

1CFM: cubic feet per minute.
2Pressure ratio is the ratio of the compressor discharge pressure to the compressor inlet pressure.
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Figure 2.2: Application ranges of several compressor types (Brown, 2005).

Reciprocating compressors are generally the choice for processes with low flow rates and
are preferred for high-pressure service. However, the advanced centrifugal compressor is able
to produce higher pressure and operate at lower flow rates and may replace the reciprocat-
ing compressor. The disadvantages of reciprocating compressors are their higher maintenance
requirements and the introduction of vibration to the system (Nisenfeld, 1982). According to
Boyce (2003), reciprocating compressors were the most applied compressor in the process and
pipeline industries up to and through the 1960s. In the 1960s, reciprocating compressors were
replaced by centrifugal compressors. Centrifugal compressors have comparable efficiency to re-
ciprocating compressors, but their maintenance costs are considerably lower. Today, centrifugal
compressors are the main compressors used in the process and pipeline industries. A centrifugal
compressor frequently operates for 2 to 3 years without shutting down.

Rotary compressors have applications over a broad range of flows and pressure. These com-
pressors are generally more suitable for variable compression ratios and wide capacity ranges than
the other types of compressors. Their most frequent application is the compression of "dirty"
or corrosive gases, where special construction materials are needed. However, the application of
rotary compressors is restricted by their higher capital cost (Nisenfeld, 1982).

Axial-flow compressors are primarily used in processes where efficiency is important, high
flows, and low pressure ratios. Figure 2.3 shows a comparison of the typical efficiencies among
rotary compressors, centrifugal compressors and axial compressors. The axial compressor has the
highest efficiency, followed by the centrifugal compressor and the rotary compressor. However,
an axial compressor is more expensive than a centrifugal compressor for the same performance
class (Boyce, 2003). An example of an application for axial compressors is in aircraft engines.

The remainder of this chapter will only discuss dynamic compressors. Readers who are in-
terested in positive displacement compressors are referred to (Brown, 2005; Forsthoffer, 2005;
Bloch, 2006).
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Figure 2.3: Adiabatic efficiency versus specific speed of different types of compressors (Boyce,
2003).

2.3 Dynamic Compressors

Dynamic compressors provide advantages of high reliability, high efficiency and low maintenance
costs. Dynamic compressors work by accelerating and decelerating gas to obtain the pressure
increase. The compressors can be divided into two types depending on the direction of the gas
along the compressor process: centrifugal compressor and axial compressor. The principles of the
both compressors operation are described in the following subsections.

2.3.1 Axial Compressors

The principles of axial compressor operation are explained in many compressor text books, for
example, in Boyce (2003), and it is described as follows based on a diagram of a two-stage axial
compressor shown in Figure 2.4. Gas enters the compressor through the inlet. The gas flow is
directed by an inlet guide vane (IGV) such that the gas enters the first-stage rotor at the desired
angle. The gas is accelerated by the rotor such that the gas velocity increases. The increase in
gas velocity is converted to an increase in gas pressure by a diffusion process at the stator. The
rotor and stator are a row of blades where the rotor is rotating and the stator is stationary. A
pair of rotor and stator is called a compressor stage. An axial compressor commonly contains
several stages. The pressure, temperature and velocity of the gas vary through the stages. The
total pressure and temperature increase at the rotor, where energy is transferred to the gas. The
rotor diameter, stator diameter, and the annulus area (the area between the shaft and shroud)
decrease through the length of the compressor. The reduction in flow area is to compensate for
the increasing gas density due to the compression process and to permit a constant axial velocity.
A single-stage axial compressor produces a pressure ratio of approximately 1.1 to 1.4, and thus,
a multi-stage configuration is commonly applied to obtain higher pressure ratios.
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Figure 2.4: Axial compressor and the thermodynamic properties (Boyce, 2003).
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Figure 2.5: Centrifugal compressor parts (Bohagen, 2007).

2.3.2 Centrifugal Compressor

The elements of a centrifugal compressor are shown in Figure 2.5. The principles of a centrifugal
compressor operation are given in many compressor text books, for an example, in Boyce (2003),

11
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Figure 2.6: An illustration of a typical compressor map.

and is described as follows. Gas is drawn into the impeller eye and expelled outward by the
high-speed rotating impeller. This process results in gas acceleration. The velocity of the fluid
is converted to pressure, partially in the impeller and partially in the stationary diffusers. It is
common in a compressor design that half of the pressure increase is obtained in the impeller and
the other half in the diffuser. The diffuser consists of essentially of vanes, which are tangential to
the impeller. These vane passage diverge to convert the velocity head into pressure energy. After
exiting the diffuser, the air enters a scroll or collector and then to the compressor discharge. Cen-
trifugal compressors range in size from pressure ratios of 1.3 per stage in the process industries,
to 3 to 7 per stage in small gas turbines, and as high as 13 per stage on experimental models.
The applied centrifugal compressors can be a single stage or multiple stages.

2.4 Performance Limitations of Dynamic Compressors

The operating area of a dynamic compressor is commonly shown by a chart of compressor
discharge pressure versus compressor mass flow, and it is called a compressor map. A typical
compressor map of dynamic compressors is shown in Figure 2.6. The operating area of the
compressors is limited by the surge line at low mass flows and by stonewall at high mass flows.
Operating a compressor across the surge line results in compressor surge, and operating it over
the stonewall results in compressor choke.

A compressor surge is a system phenomenon that results from the inability of the compressor
impeller (blades) to produce the amount of energy required by the process (Forsthoffer, 2005).
The compressor surge is an aerodynamic instability in the compression system and results in an
axisymmetric oscillation of the compressor flow and pressure (Gravdahl and Egeland, 1999). The
oscillation results in pressure fluctuations, temperature fluctuations, and severe vibration in the
compression system. It may lead to compressor damage, particularly to the rotating parts, such
as blades and bearings.

12
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Figure 2.7: The Greitzer compression model.

Choke is a condition in which the compressor cannot pump any more gas. This condition
occurs when the gas velocity relative to the blade is equal to the speed of sound (Nisenfeld,
1982). According to Forsthoffer (2005), the compressor can only operate in stonewall if the head
(energy) required by the process system is low enough to allow the compressor to operate in this
high-velocity region of the compressor map. For economic reasons, this is a rare case because the
process pipe is designed to minimize the pipe diameter and therefore increase the head required
at high flow rates. Stonewall is not a destructive phenomenon.

Surge gets a lot of attentions in compressor studies, design, and operation because this phe-
nomenon may damage the compressor.

2.5 Compressor Surge

A model of compression system which is able to predict the transient response subsequent to
perturbation from steady operating condition was introduced in (Greitzer, 1976). The model is
known as the Greitzer compression model and shown in Figure 2.7. The Greitzer model was
developed based on fluid dynamics laws (momentum equation and mass conservation) by the
following assumptions: incompressible flow in the ducts with density equal to the ambient, fluid
velocity in the plenum is negligible, uniform pressure throughout the plenum, process in the
plenum is polytropic and adiabatic, and pressure drop along the ducts are negligible. Dynamics
of the Greitzer compression model are given as follows:

) Ac

w; = fc(pc —Pp) (2.3)
2

. a

Dp = VZ(wi — Wo), (2.4)

where A. is the compressor duct cross-sectional area, L. is the effective length of the equivalent
compressor duct, p. is the compressor pressure rise, p, is the plenum pressure, ag is the speed of
sound, V}, is the plenum volume, w; is the inlet mass flow, and w, is the outlet mass flow. The
plenum is representing a control volume of the downstream line in the compression system. The
Greitzer compression model is mostly referred in compressor surge control studies.
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Figure 2.8: An illustration of compressor surge cycle.

A chronology of compresor surge is explained based on Figure 2.8 as follows (Gravdahl and
Egeland, 1999; Uddin and Gravdahl, 2015):

)

A compressor is initially operating steadily at operating point A located in the stable area,
but close to the surge line. This operation results in the plenum pressure being the same
as the compressor discharge pressure. Due to a disturbance, for example, by closing the
throttle, the compressor mass flow is reduced and the operating point should move to point
B located on the left side of the surge line.

At the point B, the compressor discharge pressure is less than the plenum pressure. This
condition causes the mass flow to decelerate, and the compressor produces less pressure
discharge according to the compressor characteristic curve.

The mass flow continues to decelerate to zero and then to a negative value (reverse flow).
The compressor acts like an orifice in reverse flow. The stored energy in the plenum accel-
erates the reverse flow until it reaches maximum reversal flow at point C.

After reaching the point C, the pressure is decreasing, and the reverse flow is decelerated
and becomes zero mass flow at point D.

At the point D, the compressor begins a normal operation by accelerating the flow until
point E.

The mass flow is reduced to build plenum pressure. However, the compressor operation
from the point E is going to the point A and then to the point B such that the cycle
repeats.

According to Forsthoffer (2005), a surge cycle produces large amounts of energy, which are ab-
sorbed by the mechanical components of the compressor and can result in a significant tempera-
ture increase inside the compressor. The gas flow will oscillate back and forth in the compressor
with a frequency of up to 6 Hz. The flow oscillation is followed by a pressure oscillation and
results in a rapid temperature increase, and thermal expansion can cause major damage during
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Figure 2.9: Flow, pressure and temperature during compressor surge (Forsthoffer, 2005).

surge. This phenomenon can occur most easily in axial compressors. Surge may heat up the
system faster in axial compressors than in centrifugal compressors. Figure 2.9 shows the gas
properties during compressor surge.

2.6 Compressor Surge Solutions

There are two kinds of surge solution: surge avoidance system and active surge control system.
Both are described as follows including the industrial application.

2.6.1 Surge avoidance system

A surge avoidance system (SAS) is a common method for preventing surge in industrial com-
pressors. This method works by recycling flow from downstream to upstream through a recycle
line. Figure 2.10 shows the diagram of a compressor equipped with a SAS. Details of the diagram
and notations are described in (Uddin and Gravdahl, 2015). A recycle valve is the actuator to
control the recycling flow. The SAS works by comparing the compressor operating point to a
line called the surge control line (SCL) as illustrated in the compressor map in Figure 2.11. The
SCL is located to the right of the compressor surge line (SL) and becomes the minimum allowed
mass flow in operating the compressor. The distance between the SCL and SL is called the surge
margin. When the compressor operating point is crossing to the left side of the SCL, the recycle
valve opens and flows the plenum fluid to the compressor inlet. The fluid flow causes the plenum
pressure to decrease and the compressor mass flow to be accelerated such that the operating
point moves to the SCL. This mechanism ensures that the operating point is not going to the
surge condition. In some applications, for an example in aircraft engine, the SAS is implemented
by blowing-off mechanism, where the downstream fluid is ejected to the atmosphere instead of
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Recycle
Throttle

Pe

Figure 2.10: The model of a compressor equipped with a surge avoidance system (Uddin and
Gravdahl, 2015).

Figure 2.11: Operating area of a compressor equipped with a surge avoidance system.

recycled to the compressor upstream. The SAS works well for preventing a compressor from en-
tering surge and has been applied in industrial compressors. However, applying SAS reduces the
compressor operating envelope due to the defined surge control line. The recycling or blowing off
of flow also wastes energy.
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Figure 2.12: Operating area of a compressor equipped with an active surge control system.

2.6.2 Active Surge Control System

An active surge control system (ASCS) was first introduced by Epstein et al. (1986, 1989), and
the main idea is to stabilize compressor surge by using an active element. The active element
works based on a state feedback control. By using the ASCS, the compressor surge is stabilized
and the compressor is safe to operate in the stabilized surge area. This makes the compressor
operating envelope is enlarged toward the lower mass flow. Figure 2.12 illustrates the enlargement
of the compressor operating area by applying the ASCS. The ASCS suppresses the surge line to
the lower mass flow, as illustrated by a new surge line.

Several actuators have been applied in active surge control studies and examples includes
moveable plenum wall (Williams and Huang, 1989), throttle (Pinsley et al., 1991), close coupled
valve (Simon and Valavani, 1991), torque drive (Gravdahl et al., 2002), and active magnetic
bearing (Yoon et al., 2012). Refer to (Willems and de Jager, 1999) for more actuators.

2.6.3 Industrial Compressor Surge Solution

SAS is commonly used in industrial compressors to prevent the compressor from entering surge.
Although several studies on ASCS have proven the concept experimentally, to the best of our
knowledge, the application of an active surge control system has not yet been reported. Devel-
oping an ASCS that is implementable in industrial compressors remains a research challenge.
The implementation of such a system is determined by several factors, such as cost and safety.
The cost is commonly influence by the ASCS cost, installation costs, and maintenance costs.
The safety of implementing ASCS is very important because the ASCS allows the compressor to
operate in a stabilized surge area. A failure of the ASCS will cause the compressor to surge and
moreover to deep surge. An ASCS which is developed by considering the implementation factors
will give more attraction to industries.
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Chapter 3

Piston-Actuated Active Surge Control
System (PAASCS)

This chapter describes the milestones in the development of PAASCS, the experimental test
preparations, and the experimental test results. The preparations for the PAASCS experimental
test include laboratory setup, piston design and manufacturing, and system implementation.

3.1 Milestones in PAASCS Development

The concept of PAASCS was presented in Gravdahl and Uddin (2012). The milestones in the
design and development of PAASCS were presented in following papers:

1. Paper A

This paper introduces the PAASCS, including modeling and control design. A model of
PAASCS is shown in Figure 3.1 '. The PAASCS model is a modification of the Greitzer
compressor model (Greitzer, 1976) by adding a piston. The assumptions in the Greitzer
model mentioned in Section 2.5 are applied in the PAASCS model. The pressure at Station
A (pa) and pressure at Station B (pp) are the ambient pressures and assumed to be equal.
Fluid pressures in the system are measured relative to the ambient pressure. It is assumed
that pressure drop along the ducts in the system are neglected. Therefore, the inlet pressure
(pi) is equal to p4 and the compressor discharge pressure (pg) is equal to the compressor
pressure rise (p.). The dynamic equations of PAASCS are as follows:

Ac

Wi = 7 Pe—pp) (3.1)
oy = ﬁ(w-—w — wy) (3.2)
Pp = va 7 o s) .

where w; is the inlet mass flow, A, is the compressor duct cross-sectional area, L. is the
effective length of the equivalent compressor duct, p, is the plenum pressure, ag is the speed
of sound, V), is the plenum volume, w, is the outlet mass flow, and wj; is the piston mass

1The notations of the model have been redefined to accommodate more complex compressor systems presented
in other papers.
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Figure 3.1: The model of a compression system equipped with a piston-actuated active surge
control system.

20

flow. The plenum represents a control volume of the downstream line in a compression
system. The piston mass flow is defined as:

dL
T dt
where p is the fluid density, A, is the piston cross-sectional area, and L, is the piston
position. The force to drive the piston is denoted by Fs in Figure 3.1.

ws = pA (3.3)

Two control designs are presented. The first controller is designed using the backstepping
method. This method proves the globally asymptotic stability (GAS) of the closed-loop
system. However, the resulting state feedback control law is complicated and not practical
for implementation. The second controller is a linear controller and is designed by linearizing
the PAASCS dynamics. The state feedback control law is simpler because it is linear and
requires state feedback from the plenum pressure and the piston velocity. However, the
closed-loop system using the second controller is only guaranteed for locally asymptotic
stability (LAS).

. Paper B

The performance of PAASCS is evaluated. The linear quadratic method is applied to de-
sign the PAASCS controller. A simulation result shows that the piston is drifting during
stabilizing surge such that the piston saturates at the end position. The piston saturation
causes the PAASCS does not work properly and the compressor returns to surge. A solution
for the piston drifting is presented by applying integral control action and the simulation
results show that the drift is eliminated and moreover, applying a double-integral action
results in eliminating the drift and minimizing the piston displacement. The minimizing
piston displacement is a positive aspect for minimizing the piston size.

. Paper C

Anticipating a failure in PAASCS that can cause the compressor to enter deep surge as
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shown by the piston saturation case in Paper B, a backup system to the PAASCS is
introduced. The backup system is used to recover the compressor from entering surge if
the PAASCS should fail. This paper presents a study on applying an active surge control
system by using a blow-off valve as the backup system for the PAASCS. Simulation results
show that the backup system is able to recover the compressor from entering surge when the
PAASCS fails. Two types of failures are presented: piston saturation and piston jamming.

. Paper D

The work on backup systems for PAASCS is continued to apply SAS as the backup system.
The SAS model described in (Egeland and Gravdahl, 2002) is applied. However, a numerical
problem in the simulation appears when the operation is switched from PAASCS to SAS.
The algorithm for switching the operating mode from PAASCS to SAS is the same as that
for switching from PAASCS to ASCS using a blow-off valve in Paper C, where a numerical
problem does not appear when the operation is switched from the PAASCS to the ASCS
using a blow-off valve. Therefore, the SAS model needs to be evaluated.

This paper presents compression systems modeling using bond graphs. Bond graph is a
modeling method based on energy flow among the components in a system. Applying the
bond graph in compression system modeling provides another modeling perspective, which
is energy-based modeling rather than fluid dynamic laws. The bond graph applied to model
a compression system equipped with a SAS. The modeling results in an improvement of
the SAS model by taking into account the effect of recycling flow to the inlet state.

Moreover, the bond graph is applied to model the Greitzer compression system. The
energy flows among the components in the compression system system are described in the
bond graph model. Two basis compressor surge solutions are identified through analysing
the bond graph model. The two basic surge solutions are named upstream energy injection
and downstream energy dissipation. Active surge control systems using several types of
actuator are essentially implementing one of the two basic surge solutions. Therefore, we
classify the active surge control systems into two types: upstream energy injection and
downstream energy dissipation. All of the works on bond graph modeling for compressor
systems are presented in (Uddin and Gravdahl, 2012b). Paper D is an extension of (Uddin
and Gravdahl, 2012b) by providing more comprehensive explanations and extending to
compressor network modeling.

. Paper E

This paper presents a study of applying SAS as a backup system for the PAASCS, which
applies the SAS model presented in Uddin and Gravdahl (2012b). Two failure scenarios are
presented as in Paper C: piston saturation and piston jamming. The simulation results in
this study show that the SAS is able to recover the compressor from entering surge when

PAASCS fails.

. Paper F

This paper presents two state feedback controls called ¢-control and )-control for stabilizing
compressor surge through upstream energy injection and downstream energy dissipation,
respectively. Both state feedback controls are derived using the Lyapunov-based control
method, and global asymptotic stability (GAS) of the closed-loop systems is proven. The
¢-control only requires state feedback from the compressor mass flow sensor, and -control
only requires state feedback from the compressor discharge pressure and plenum pressure
Sensors.
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7. Paper G
This paper presents the implementation and experimental work on PAASCS in a laboratory-
scale compressor test rig. The PAASCS controller uses the -control introduced in Paper
F. The experimental results show that PAASCS is able to stabilize surge and proof the
concept of PAASCS.

3.2 Compressor Laboratory Facilities

An experimental test setup for PAASCS was prepared in parallel to the theoretical works for
developing the PAASCS. A compressor test rig was constructed at the Compressor Laboratory
at the Department of Engineering Cybernetics, NTNU. The major components applied in the
compressor test rig are described as follows. Most of the components have been used in an
experimental work on compressor surge control using torque drive (Bghagen, 2007).

a. Compressor

The setup uses a Vortech V-1 S-Trim Race M supercharger as the compressor. Unfortu-
nately, the supercharger is obsolete and the technical information is not available in the
Vortech’s website any more. The following technical information of the supercharger and
the drive refers to Bohagen (2007). The supercharger has a maximum speed of 50000 rpm;
maximum boosting pressure (pressure increase) of 20 PSI or 137.9 kPa, equivalent to a
pressure ratio of 2.36; maximum flow of 1000 CFM; maximum power of 680 HP; and max-
imum efficiency of 72%. A compressor map of the Vortech V-1 S-trim supercharger? is
shown in Figure 3.2. The compressor is driven by an 11 kW electric motor, ABB M3AA-
160-M A2 with specific product code 3GAA-161-101-ASC. The motor is powered by 3-phase
240 VAC/40 A through an ABB frequency converter, ABB 11 kW ACS800 with specific
product ACS800-01-0016-2+D150+L500+4-503. The motor has a nominal speed of 3000 rpm
and can be operated up to 4500 rpm. The frequency converter is used to control the motor
speed, and it also provides information about the motor speed based on the electric current
supplied to the motor. The signal input to the frequency converter is 4-20 mA, and the
signal output is 4-20 mA. The compressor shaft is connected to the motor shaft using a
timing belt. The connection between the motor shaft and impeller shaft has a total gear
ratio of 8.625. Therefore, the compressor can operate up to 38813 rpm.

b. Pressure sensors
The pressure sensors used are Druck PTX610 sensors. These are high-performance pressure
sensors, and the manufacturer claims that the output will not deviate from the straight
line connecting zero full-scale output by more than 0.15%. The measurement range of the
sensors is 0.9-1.6 bara with the sensor output of 4-20 mA.

c. Mass flow sensor
The mass flow sensor used is an Endress+Hauser t-mass 65F80 sensor, specifically series
65F80-AE2AG1IAAAAAA. Tt is a high-performance mass flow sensor for industrial gases
and compressed air. The sensor is configured to measure flow at a range of 0-0.26 kg/s
(Bphagen, 2007). The sensor has high accuracy, with a measurement error of 2% of the
measured value. The signal output of the sensor is 4-20 mA.

2The figure’s title is Vortech V S-trim Compressor Map, but it has been confirmed by Vortech through an
email correspondence that the figure is showing the Vortech V-1 S-trim compressor map.
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Figure 3.2: Compressor map of Vortech V-1 S-trim supercharger (Vortech, 2015)

d. Pipeline and Plenum

The employed pipeline is polypropylene pipe because it is inexpensive and easy to use
for constructing a pipeline setup. The dimensions of the pipe are 75 mm and 70 mm for
the outer and inner diameters, respectively. A cylindrical vessel with a volume of 0.1m3
is installed at the downstream line and used as a replacement for a long pipe, which is
not possible to construct in the laboratory due to space limitations. A plenum is a control
volume of the downstream line. The plenum volume is an accumulation of the cylindrical
vessel volume and the downstream-pipe volume.

e. Throttle
A throttle is installed at the outlet duct to adjust the outlet flow. The throttle used is a
Siemens 2-port seat valve PN10 with a flanged connection, with serial number VVF31.80,
and driven by an electro-hydraulic actuator, SKD60. The actuator receives a 0-10 VDC
input signal for controlling the valve position and provides feedback as a 0-10 VDC signal
representing the valve position. The valve response is not quite fast, where the valve is
typically applied in building systems. The throttle is used to adjust the outlet flow and not
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for surge control purposes such that a fast response valve is not necessary.

f. Control Unit

A dSPACE board DS1103 PPC is used to construct a hardware-in-loop (HIL) simula-
tion. The Matlab and Simulink algorithm codes are embedded in the dASPACE board. The
dSPACE board is used to execute the algorithm in real time, send command signals to
actuators through a DAC (digital-to-analog converter), and receive measurement signals
from the sensors through an ADC (analog-to-digital converter). The dSPACE board has a
20-channel ADC with signal input in the range of 0-10 VDC and an 8-channel DAC with
signal output in the range of 0-10 VDC. Because some of the sensors and actuators use
signals of 4-20 mA, signal converters are required. The dSPACE board provides a dSPACE
Control Desk software for designing a human machine interface (HMI). The HMI is used
for allowing the operator to control and monitor the HIL simulation.

g. Signal Converters
Signal converters are used to convert 0-10 VDC signals to 4-20 mA signals and vice versa.
The used signal converters are Siemens 3RS1705-1FD00 and Nokeval 641.

3.3 Compressor Test Rig

3.3.1 Initial Compressor Test Rig Setup

An initial compressor test rig setup is constructed as shown in Figure 3.3. Eight pressure sensors
are installed at three locations in the setup described as follows, where the fluid pressure is
measured relative to the ambient pressure.

e Pressure measurement at the inlet
Two pressure sensors, PT; and PTs, are installed at the compressor inlet using a pitot
tube. The PT; is used to measure the total pressure while the PT5 to measure the static
pressure.

e Pressure measurement at the compressor discharge
Four pressure sensors are installed at the compressor discharge, two of which (PTs and
PT,) are installed using a pitot tube and the other two (PT5 and PTg) are installed at the
pipe wall. The PTj is used to measure the total pressure while the PT4, PT5, and PTg to
measure the static pressure.

e Pressure measurement at the plenum
Two pressure sensors, PT7 and PTg, are installed at the cylindrical vessel wall. Both sensors
measure the static pressure in the vessel.

The compressor discharge pressure (p,), which is equal to compressor pressure rise (p.), is mea-
sured using pressure sensor PT3. The plenum pressure is approximated by the average of pressure
measurement outputs of PT7 and PTg. The pitot tubes used in the setup are Endress+Hauser
deltaset DPP50-A1F2A11Y tubes. A mass flow sensor is installed in the downstream line be-
tween the compressor discharge and the cylindrical vessel. A throttle is installed at the outlet
line to adjust the mass flow.

A personal computer (PC) in the setup is connected to a dSpace system, in which Matlab and
Simulink codes are embedded to construct a real-time system. The dSpace system is connected
to actuators and sensors through DAC and ADC, respectively. The DAC converts digital signals
from the dSpace processor into analog signals and sends the analog signals to the actuators. The
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Figure 3.3: The diagram of initial compressor test rig setup in Compressor Laboratory, Dept. of
Engineering Cybenetics, NTNU.

DAC provides analog signals in the range of 0 to 10 volts. The ADC receives the analog signals
from the sensors, converts the analog signals into digital signal, and sends the digital signal to
the dSpace processor. The ADC receives analog signals in the range of 0 to 10 volts.

The operation of the compressor test rig is controlled and monitored through a human ma-
chine interface (HMI) as shown in Figure 3.4. The HMI was created using Control Desk software
which is included in the dSpace system package.

A performance test on the initial compressor test rig setup is required to evaluate the perfor-
mance of all components in the setup, to generate a compressor map, and to identify compressor
surge. A performance test was performed on the setup by running the compressor at a con-
stant speed and reducing the throttle opening gradually until the compressor to enter surge. The
compressor mass flow and compressor discharge pressure at a steady operating point for each
throttle setting are recorded. The performance test is repeated for different compressor speeds.
The recorded data of the compressor mass flow and compressor discharge pressure are plotted
to generate a compressor map, and the result is shown in Figure 3.5.

Figure 3.6 shows the measurement outputs of the mass flow sensor and pressure sensors when
the throttle opening is reduced. The figure shows that mass flow sensor response is very slow
and has a time delay. The mass flow sensor requires more than 10 seconds to obtain a steady
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Figure 3.4: The human machine interface (HMI) for the compressor test rig operations.

measurement, whereas the pressure sensors are considerably faster. Pressure sensor P77 measures
the total pressure at the inlet. The output of pressure sensor PT} is approximately zero, which
is the ambient pressure because all pressure measurements are measured relative to the ambient
pressure. Pressure sensor PT, measures the static pressure at the inlet. The output of pressure
sensor PT5 is negative because the inlet fluid is sucked by the compressor. Pressure sensor P13
measures the total pressure at the compressor discharge, and pressure sensor PT; measures the
static pressure at the compressor discharge.

Because a compressor surge can occur at frequencies up to 6 Hz (Forsthoffer, 2005), the mass
flow sensor will not be able to capture the mass flow oscillation during compressor surge. As a
solution, the mass flow will be measured using a pitot tube and will be described in the next
subsection.

3.3.2 Mass Flow Measurement Using a Pitot Tube

Flow measurement using a pitot tube is commonly applied in aircraft and wind tunnel. A pitot
tube is equipped with two pressure sensors to measure the total pressure (p;) and static pressure
(ps). Figure 3.7 shows a pitot tube installed in a pipe. The mass flow in a pipe is calculated using
the following equation:

W= Ac/2p(pt — Ds), (3.4)

where w is the calculated mass flow and A. is the pipe cross-sectional area. The pitot tube
installed at the inlet duct of the initial compressor test rig setup is applied in measuring the inlet
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Figure 3.5: The resulting compressor map from a performance test on the initial compressor test
rig setup.

mass flow. It is assumed that the fluid density is constant and equal to the ambient fluid density,
which is 1.2041 kg/m3.

The calculated mass flow is validated by the measurement data of the mass flow sensor.
Figure 3.8 shows the relationship of the calculated mass flow based on the pitot tube measurement
and the measured mass flow using mass flow sensor of several steady compressor operating points
for different rotational speeds. The relationships of both data are approximated by a linear
function. The linear function is then used to correct the calculated mass flow such that the
corrected mass flow of the pitot tube mass flow measurement is as follows:

w = 0.45w — 0.0035, (3.5)
where w is the corrected mass flow. The main reasons for this correction are a misalignment of

the pitot tube installation and incorrect air density.

3.3.3 Compressor surge test on the initial compressor test rig setup

A compressor surge test was performed on the initial compressor rig setup by running the com-
pressor at 23960 rpm and reducing the throttle opening such that the compressor enters surge.
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Figure 3.6: The measurement outputs of the mass flow sensor and pressure

pressor test rig when the throttle opening is reduced.
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P Ps

Y
fluid flow fluid flow

Figure 3.7: Diagram of a pitot tube installed in a pipe.

Figure 3.8: The relationship of the calculated mass flow based on pressure measurements (mass
flow measurement using a pitot tube) and the measured mass flow using a mass flow sensor of
several steady compressor operating points for different rotational speeds.
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Figure 3.9: The compressor surge test results using the initial compressor rig setup.

The test was repeated for the 26289 rpm compressor speed to gain a stronger flow oscillation
during compressor surge.

Figure 3.9 shows the plot of the compressor discharge pressure and the plenum pressure
against the compressor mass flow obtained from both compressor surge tests on the initial com-
pressor test rig setup. The mass flow in the figure was obtained through a mass flow measurement
using pitot tube. The compressor was experiencing deep surge in the test for both compressor
speeds, where the reverse flows were observed physically in the inlet.

Figure 3.10 shows the measurement of compressor states during the compressor surge at
compressor speeds 26289 rpm. It is shown that the pressures are oscillating with frequency
of 3 Hz. The pressure oscillation frequency is the compressor surge frequency. The mass flow
measurement using the mass flow sensor were not able to capture the flow oscillation during
compressor surge, while the mass flow measurement using pitot tube was able to capture the
mass flow oscillation during surge. This indicates that the mass flow measurement using pitot tube
has a fast response which is sufficient for capturing surge. However, the mass flow measurement
using pitot tube during surge was not accurate as the mass flow should be negative for the reverse
flow and remains a further study. Because a reliable mass flow sensor for measuring compressor
surge is not available in the setup, the surge phenomenon will be presented in terms of pressure
oscillation in this study.
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Figure 3.10: The compressor states during compressor surge at a compressor speed of 26289 rpm.
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Figure 3.11: Piston design.

3.3.4 Piston for PAASCS

The remaining component in the compressor test setup was a piston, which is the actuator of
the PAASCS. The specifications of the piston should be determined by simulating the PAASCS
closed-loop system. However, a proper control law for PAASCS was not yet established at that
time. The control law should be practically implementable and make the closed-loop system GAS.
The exact specifications of the piston could not yet be determined. The result of compressor surge
test on the initial setup shows that the maximum compressor pressure rise of the compressor at
26289 rpm is 21 kPa. We defined 26289 rpm as the maximum compressor speed for operating
the compressor test rig setup, and thus, the piston should be able to work up to pressures of
21 kPa. Because the exact specifications of the piston were not available, we decided to have a
piston that is able to generate the highest possible mass flow and work at pressures up to 21
KPa. A piston of this type was not available on the market, and thus, we had to construct it.

A piston was designed and shown in Figure 3.11. The piston is driven by an electric linear
actuator. The piston was initially designed to have a diameter of 35 cm, and thus, it requires
a linear actuator to generate a force of 2020 N. Considering speed, maximum displacement and
force, we decided to use a Servomech UAL4RV2C500 (3x230volt, 1.1 kW) with a Toshiba VF-
S11 frequency converter as the linear actuator to drive the piston. The linear actuator has a
maximum speed of 44 c¢m/s, maximum displacement of 50 ¢cm and maximum force of 1700 N.
It was the fastest linear motor available on the market that can generate a high force and long
displacement. Because the linear motor produces less force, the piston diameter has to be reduced.
Considering friction and avoiding high load to the linear actuator, the piston diameter is reduced
to 20 cm such that it only requires a force of 660 N to move the piston. It is expected that the
piston will move at maximum speed with the lower load. The piston displacement is sensed by
a SP1-50 spring-loaded potentiometer. The piston was constructed by our colleagues, Per Inge
Snildal and Terje Haugen, at the workshop of Department of Engineering Cybernetics, NTNU.
The constructed piston is shown in Figure 3.12, and the piston specifications are presented in
Table 3.1.

A system identification of the piston was performed in Uddin and Gravdahl (2016b) and
resulted in a transfer function

Ly(s) 0.251

Gls) = us(s)  s(s+ 5.405) (3:6)
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i,

Figure 3.12: The constructed piston.

Table 3.1: Piston Specifications

Nomenclature Detail
Piston diameter 20 cm
Displacement + 25 cm
Max speed 44 cm/s
Max flow (p=1.2 kg/s) 0.0166 kg/s
Max pressure 54 kPa

where Ly is the piston displacement in meters and ug is the piston input in volts. The idle piston
position is in the middle such that the piston displacement is in the range of 425 cm. The mass
flow generated by the piston is given by:

dLg 0.251

where p is the air density and Ay is the piston cross-sectional area.

3.3.5 Final Compressor Test Rig Setup

A diagram and photograph of the final compressor test rig setup are shown in Figure 3.13 and
Figure 3.14, respectively. The piston is installed between the plenum and throttle. The final
compressor test rig setup has a longer pipe on the line between the plenum and throttle than
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Figure 3.13: The diagram of final compressor test rig setup in Compressor Laboratory, Dept. of
Engineering Cybenetics, NTNU.

Table 3.2: PAASCS Test Setup Parameters

Parameter Value Unit Parameter Value Unit

ap 340 m/s Vo 0.12 m?
L. 0.8 m A, 0.0038  m?
p 1.2041 kg/m? Ag 0.0314 m?

the initial compressor test rig setup. Parameters of the final compressor rig setup are presented
in Table 3.2. It is assumed that the L. is twice the compressor inlet duct length and that
the plenum volume is the accumulation of the cylindrical vessel volume, the downstream pipe
volume, and the half piston volume. The pressures and mass flow measurements strategy in the
final compressor test rig setup is the same as in the initial compressor test rig setup, where the
mass flow is calculated based on the pressure measurements using pitot tube installed at the
inlet, the compressor discharge pressure (pg) is obtained using the pressure sensor PT3, and the

plenum pressure (p,) is the average of the measured pressures using pressure sensors PT7 and
PTs.
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Figure 3.14: A photograph of the final compressor test rig setup.

The pipe extension and piston installation in the final setup cause the system characteristics to
change such that a compressor performance test was required. A performance test was performed
on the final setup by running the compressor at 23978 rpm and 26287 rpm for eight operating
points. The initial operating point is with a throttle opening of 40% and reduced gradually at 5%
up to the final operating point where the throttle opening was 5%. The eight operating points
are labelled by alphabet A to H, where operating point A is with throttle opening 40% and H is
with throttle opening 5%.

Figure 3.15 shows the results of the compressor performance test at 23978 rpm, where the
compressor surge is shown particularly in Figure 3.16. The compressor discharged pressure was
oscillating with peak to peak amplitude of around 250 Pa and the oscillation frequency of around
3 Hz. Figure 3.17 shows the results of the compressor performance test at 26287 rpm and the
compressor surge is shown particularly in Figure 3.18. The compressor discharged pressure was
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Figure 3.15: The compressor time response of several throttle settings at a compressor speed of
23978 rpm.
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Figure 3.16: The compressor time response during surge at a compressor speed of 23978 rpm.
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Figure 3.17: The compressor time response of several throttle settings at a compressor speed of
26287 rpm.
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oscillating with frequency of around 3 Hz and peak to peak amplitude of around 380 Pa. The
figures also show that the throttle is not very accurate, and thus, the measured throttle opening
is not exactly the same as the set point, specially for the smaller throttle openings.

The measured data of the compressor mass flow and compressor pressure are applied in
generating a compressor performance curve of the final compressor test rig setup. The curve
describes the compressor operating points, including stable and unstable operation region. The
stable compressor operating curve is generated by a cubic approximation of the measured data
up to right before compressor surge. Those are shown by "Approximation 1" for each compressor
speed in Figure 3.19, and the peaks of the curves are the surge points. The unstable compressor
operating curve is estimated using a cubic function introduced in (Moore and Greitzer, 1986)
and given as follows:

pc<wi)—p%+H[1+g(;vVi1) ;(;;;1)3] (3.8)

where p., is the shut-off value of the axisymmetric characteristic, W is the semi-width of the
cubic axisymmetric compressor characteristic, and H is the semi-height of the cubic axisymmetric
compressor characteristic; refer to (Moore and Greitzer, 1986) for more detailed definitions.

The value of H is approximated by the amplitude of the compressor discharged pressure (pg)
oscillation of compressor surge as shown in Figure 3.16 and Figure 3.18 for compressor speeds
23978 rpm and 26287 rpm, respectively. The value of W is determined by using the peak point
of curve "Approximation 1" where the mass flow of the peak point is equal to 2W. The value of
De, 18 approximated by subtracting the pressure of the peak point of curve "Approximation 1"
with 2H. The estimated compressor performance curves in unstable operating area for the both
compressor speeds are shown by "Approximation 2" in Figure 3.19.

3.4 PAASCS Implementation

The PAASCS is an active surge control system in the type of downstream energy dissipation
(Uddin and Gravdahl, 2015). A t-control was introduced in (Uddin and Gravdahl, 2016a) to
establish a globally asymptotic stability (GAS) for the closed-loop of this type of active surge
control system and given in the following theorem.

Theorem 3.1. A i-control to generate flow out from the plenum w, = —ky(pc — pp) with the

2
. )
control gain —QB'ZI kpy < ky < 723311 k., where By = %‘z, By = %, km = gﬁi and k,, = anZ .,
1.

makes the operating point of the closed-loop compression system equipped l?]);th PAASCS globrzllliy
asymptotically stable (GAS).

By using the cubical function in (3.8), the compressor map for 26287 rpm in Figure 3.19,

and the compressor test rig setup parameter in Table 3.2, it is obtained k,, = % = 2.5909 x

10* Pa.s/kg and k, = ijﬂ - = 3.3684 x 10° Pa.s/kg, By = 0.0047, and By = 963330. The
calculation of the 1/-control gain results in 2.555 x 10™% < k, < 3.3 x 1072, We choose the surge
control gain k, = 4 x 10~ for the experimental test.

A Dblock diagram of the PAASCS closed-loop system is presented in Figure 3.20. The surge
controller is the -control which provides a command signal to the piston to generate mass

flow w, based on a feedback of pressure different between the compressor discharge pressure
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Figure 3.19: The resulting compressor performance curves of operating the compressor at 23978
rpm and 26287 rpm using the final compressor rig setup.
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Figure 3.20: Block diagram of PAASCS.

and plenum pressure. Because the piston generates mass flow w,, an inner loop with a piston
controller is introduced to make wg close to w,,.

The PAASCS block diagram is implemented according to the test setup facility, as shown in
Figure 3.21. The piston controller is a PID control with &k, = 120, k; = 5, and kg = 1. The piston
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Figure 3.21: Block diagram of PAASCS implementation.

mass flow is calculated by:
dL

dt

ws = pAs (3.9)

where p is the fluid density, As is the piston area, and ddL; is the piston velocity. The fluid
density is assumed to be constant and equal to the ambient air density in this case. The assumed
fluid density is of course not correct as the fluid density of compressed fluid should be greater
than the ambient fluid density. The assumption is taken to simplify the system implementation.
Considering the block diagram of PAASCS implementation Figure 3.19, it is shown that the fluid
density is used as a conversion factor in converting mass flow to velocity. Applying fluid density
less than the actual makes the conversion factor greater than the correct conversion factor, and
it is similar to increasing the surge control gain. In fact, the correct air density is unknown as not
air density sensor is available in the setup, but the range of surge control gain is known. Based
on the range of surge control gain, which is 2.555 x 10™* < k, < 3.3 x 1073, the defined surge
controller with %k, = 4 x 10~* should tolerate the incorrect fluid density up to eight times of the
ambient air density.

Because the piston is not equipped with a velocity sensor but rather with a position sensor, the
piston velocity is obtained by taking a time derivative of the position sensor output. The position
sensor output is voltage, which is proportional to the position with a conversion factor of k,. The
value of kg, is obtained through calibrating the position sensor. The used filter for piston-position
measurement (Filter 1) is the first-order low-pass Butterworth filter with pass band frequency
207 rad/s, while the used filter for pressure measurement (Filter 2) is the first-order low-pass
Butterworth filter with pass band frequency 607 rad/s. The block diagram is implemented in
a Simulink model and embedded into a dSpace board to construct a hardware-in-loop (HIL)
simulation.

3.5 Experimental Test Results

Experimental tests were performed by operating the final compressor test rig setup at a constant
compressor speed and then reducing the throttle opening gradually up to a 5% opening such
that the compressor enters surge. The PAASCS was activated when the compressor was in
surge to stabilize the compressor surge. The results of two experimental tests of the PAASCS at
compressor speeds 24335 rpm and 23550 rpm are presented.

42



3.5. Experimental Test Results

Figure 3.22 shows the experimental result at compressor speed 24335 rpm. The compressor
test rig was operating at a constant compressor speed 24335 rpm and throttle opening of 5%, and
the compressor was entering surge as shown by the pressure oscillations since ¢ = 475 seconds.
The PAASCS controller was then turned on at ¢ = 482 seconds as shown by Control ON in the
figure and suppressed the pressure oscillation such that the compressor surge was stabilized. The
PAASCS controller was then turned off at ¢ = 513 seconds, and as shown, the compressor was
driven back to surge.

Another test result is presented in Figure 3.23, where the compressor run at 23550 rpm.
The compressor speed is lower than that in the previous test. This test result shows that the
compressor surge was stabilized when the controller was activated. The compressor returned to
surge again when the controller was turned off.

Both test results show that the actual piston velocity was not exactly following the reference
signal given by the surge controller. An investigation in Uddin and Gravdahl (2016b) showed
that the piston bandwidth is 1.2 Hz , which is quite low compared to the surge frequency of 3
Hz. The piston response is very slow such that not able to follow the reference signal.

The piston was also experiencing some drift as shown in Figure 3.22. Integral control recom-
mended in (Uddin and Gravdahl, 2011b) to eliminate piston drift was applied, but it did not
show any improvement in this experimental test. The slow response of the piston could be the
main reason of it.

Nevertheless, surge was stabilized with the current piston and proves the concept of PAASCS
experimentally.
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Figure 3.22: Experimental test result of PAASCS at 24335 rpm.



3.5. Experimental Test Results

| Control ON |

kPa

P, ——P :
| | ’ | | | | | + |
530 535 540 1545 550 555 560 565 | 570 575 580 585
| time (s)

pressure

p,-P, (Pa)

530 535 540 545 550 555 560 565 570 575 580 585

T
I
| time (s)
I
@ 1
E 005 .
2
S L 4 ri g " . g ) N
I M M . oy
c
S reférence actual
4% -0.05r .
3 | | I | | | |
530 535 540 | 545 550 555 560 565 : 570 575 580 585
| time (s) |
| I
10 |
5k | -
3
= 0
5° 1
-5+ 1 -
| | | | ! | | |
-10
530 535 540 I'545 550 555 560 565 | 570 575 580 585
: time (s) !
I
1 1
E ! |
c 1 1
2 | |
(72
o
o
c
S
L
2 503 ! ! [ ! ! ! L ! ! !
530 535 540 545 550 555 560 565 570 575 580 585

time (s)

Figure 3.23: Experimental test result of PAASCS at 23550 rpm.
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Chapter 4

Conclusions and Future Works

4.1

Conclusions

A study on the development of a new method for an active compressor surge control system
using piston actuation has been presented. The method is called piston-actuated active surge
control system (PAASCS). The study included system modeling, control design, piston design,
system implementation, and experimental tests. The conclusions of this study are as follows:

a.

The theoretical works including simulation results showed that the PAASCS is able to
stabilize compressor surge, and global asymptotic stability (GAS) of the closed-loop system
is proven.

Two methods for improving the PAASCS were presented. 1) Applying integral control
action to eliminate piston drift under steady state operation and to minimize the piston
displacement. 2) Introducing a backup system by using another surge control method for
fail-safe operation.

Modeling a compression system based on energy flow using bond graphs was able to identify
two basic solutions for compressor surge: upstream energy injection and downstream energy
dissipation. The PAASCS is classified into the downstream energy dissipation. The simple
and systematic modeling of compression systems for control design purposes using bond
graphs was demonstrated.

Two general state feedback control laws were formulated using Lyapunov base control
methof for both basic surge solutions in Paper F. These are called ¢-control for upstream
energy injection and 1-control for downstream energy dissipation. The ¢-control only re-
quires feedback from the compressor mass flow, whereas the -control requires feedback
from pressure measurements at the compressor discharge and in the plenum. Both state
feedback control laws make the closed-loop systems GAS.

The 1-control was applied in the PAASCS. It was implemented in Matlab/Simulink and
embedded in the dSpace system to construct a hardware-in-loop (HIL) simulation for the
experimental test. The experimental test results show that the PAASCS is able to stabilize
a compressor surge and proves the concept of PAASCS. These results also confirm the
1p-control experimentally.

The experimental test results showed that the piston response is very slow to follow the
reference signal. The investigation showed that the piston bandwidth is 1.2 Hz which is
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4.2

too low compare to the compressor surge frequency of 3 Hz. The slow piston limits the
PAASCS performance in stabilizing the compressor surge.

Future Works

Recommendations for further works to improve the PAASSC are as follows:

48

a. The performance of PAASCS can be improved by using a better linear actuator with

a higher bandwidth. It is expected that the linear actuator will be able to follow the
reference command signal as close as possible. Considering the experimental results, the
piston diameter can be reduced such that a linear actuator with a lower force can be
applied.

. It was shown that the piston mass flow is proportional to the piston velocity by assuming

a constant fluid density. The piston velocity was obtained by taking the time derivative
of the piston position measurement. It can be improved by using a velocity sensor rather
than using a position sensor and taking the time derivative.

. The mass flow in the test setup was measured using a pitot tube due to the slow response

of the available mass flow sensor. The pitot tube mass flow measurement has a faster re-
sponse, but it was not able to provide a correct measurement during compressor surge.
The assumption of constant fluid density and equal to ambient air density could be a po-
tential reason for the incorrect measurement because the reverse flow from the compressor
downstream has a higher density than the ambient fluid. It is recommended to consider the
varying fluid density in the system, which can be approximated as a function of tempera-
ture. Another solution for the mass flow measurement is to use an observer as introduced
in Bphagen and Gravdahl (2002) and Backi et al. (2013). A part of the mass flow measure-
ment problem was resolved thanks to t-control, which does not require feedback from the
mass flow measurement. However, having a sufficient mass flow measurement will provide
a better representation of the trajectories of the compressor states during surge and the
stabilization.

. Studies on introducing a backup system to the PAASCS were presented theoretically. The

experimental work has not yet been accomplished and is recommended for a future work.
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Proceedings of the 2012 IFAC Workshop on Automatic FrAT2.4
Control in Offshore Oil and Gas Production, Norwegian
University of Science and Technology, Trondheim,

Norway, May 31 - June 1, 2012

Introducing Back-up to Active Compressor
Surge Control System *

Nur Uddin* Jan Tommy Gravdahl*

* Engineering Cybernetics, Norwegian University for Science and
Technology, O.S. Bragstads plass 2D, Trondheim, Norway N-7491
nur.uddin@itk.ntnu.no, Jan. Tommy. Gravdahl@itk.ntnu.no

Abstract: A novel method for introducing a back-up system to an active compressor surge
control system is presented in this paper. Active surge control is a promising method for
extending the compressor map towards and into the unstable area at low mass flow by
stabilizing the surge phenomenon. The method also has potential for allowing operation at higher
efficiencies. However, a failure in the active surge control system may endanger the compressor
by entering deep surge as the compressor is allowed to operate in the stabilized surge area. We
propose the use of a back-up system applied to the active system to keep the compressor safe
should the active system fail. This paper present an active compressor surge control system with
piston actuation combined with a blow off system as the back-up. Performance of the combined
system is evaluated by simulating the system in situations where the piston is saturated or
jammed. The combination results in a system with increased performance by taking advantage

of both systems.

Keywords: centrifugal compressor, compressor surge, piston-actuated active surge control
system, blow off surge control system, combined surge control system.

1. INTRODUCTION

The operating area of compressors can be described by
plotting compressor pressure rise against flow for varying
compressor speed. This is called the compressor map. The
stable operating area is limited for low mass flows by
the so-called surge line and for high mass flows by the
stone wall or choke line. Operation of a compressor at
flows below the surge line would drive the compression
system into an instability known as surge. This is an
axisymmetric oscillation of mass flow and pressure rise and
is followed by severe vibrations in the compression system.
The vibrations may reduce the reliability of the system
and large amplitude vibrations may lead to compressor
damage, especially to compressor blades and bearings.

Most industrial compressors are equipped with a surge
avoidance system ensuring that the compressor does not
enter the surge area. These surge avoidance systems usu-
ally work by recycling flow from downstream to upstream
when the operating point reach a surge control line that
is located to the right of the surge line. Such surge avoid-
ance schemes successfully ensure safe operation, but the
introduction of the surge control line reduces the usable
size of compressor map, thereby restricting the compressor
operational envelope.

Surge stabilization by using active control system was pro-
posed by Epstein et al. (1989) and since then a number of
theoretical and experimental results have been published.
A number of different actuators and control methods have
been applied, as summarized by Willems and de Jager

* This work was supported Siemens Oil and Gas Solutions Offshore
through the Siemens-NTNU collaboration project.
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(1999). Recent developments in this field include the work
by Arnulfi et al. (2001) on hydraulic actuators as well as
Bghagen and Gravdahl (2008) on drive torque actuation.
Williams and Huang (1989) proposed to employ a movable
plenum wall as an actuator for the surge control problem.
Their experimental results showed that the developed sys-
tem, using a loudspeaker as the movable wall, was able to
stabilize surge and enlarge the operating area in the low
mass flow region of the compressor map. This inspires the
piston-actuation surge control in the current work.

Active surge control systems have mainly been imple-
mented in university laboratories and have not yet found
wide spread use in industrial compression systems. One
reason for this is safety. Although active surge control is a
promising method for compressor map enlargement, the
enlarged area is open loop unstable, and failure in the
active system will cause the compressor to go unstable
and enter surge. The introduction of a back-up system is
therefore necessary.

Active surge control using a blow off valve was presented
by Willems and de Jager (1998). In principle, this is quite
similar to a surge avoidance system using recycle, but the
blow off valve is controlled by a control law that actively
stabilizes the equilibrium or operating point instead of
using a control line. This approach stabilized surge and the
compressor map was enlarged to the left side of the surge
line. The control system was so-called one-sided as it was
only able to discharge flow from plenum and not inject flow
into plenum. An active surge control system with piston
actuation was introduced by Uddin and Gravdahl (2011a)
where the surge stabilization relies on a piston which can
both draw flow from the plenum or inject flow into the
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W—m | Pe — W,

Throttle

Plenum

Compressor

Fig. 1. Compression system equipped with a piston.

plenum. However, there are two situations that could cause
this active system to fail: 1) actuator saturation caused by
limited the maximum piston stroke, and 2) actuator fault
such as jamming of the piston.

This paper presents an active compressor surge control
system with piston actuation combined with a blow off
system as back-up. Blow off system is a common method
of controlling surge and piston-actuation was introduced,
but the two methods are combined for the first time in this
paper. Performance of the combined system is evaluated
by simulating the saturation and jamming of the piston.
The combination is expected to give a better system
performance by taking the advantage of each method. A
study case is presenting an application of the combined
surge control method in a centrifugal compression system.
Instability at low mass flow in a centrifugal compressor is
dominated more by occurring surge than stall. Fontaine
et al. (1999) presented a comparison of linear and non-
linear control for axial compressor and concluded that
linear control works well for compressor surge problem but
not for both surge and stall. Based on their result, we are
applying linear control design for the both surge control
methods.

The paper consists of five sections including introduction
in Section I. Section II describes compressor dynamics
and compressor characteristic. Section III describes control
design for piston-actuated active surge control law, blow
off surge control law and active surge control including
back-up. Simulation results are presented in Section IV.
Finally, conclusions and future works are presented in
Section V.

2. COMPRESSOR DYNAMICS

A model of a compression system equipped with a piston
actuator combined with a blow off valve for surge control
is shown in Fig. 1. The compression system dynamics was
introduced by Greitzer (1976) and given as follows:

A
iy = If [pe (w1) = p]
. ad
p= v [w1 — w2 (p) — wy] (2)
P

where wy is the compressor mass flow, wsy is the throttle
mass flow, w, is the control mass flow, p. is the compressor
pressure rise, p is the plenum pressure, ao is the speed

(1)
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of sound, V,, is the plenum volume, A. is the inlet duct
cross section area, L. is the length of the inlet duct. The
control mass flow w, is applied for surge control and will
be controlled by the piston or the blow off valve.

Non-dimensionalization of the equations were done by
using factors: %pU2 for pressure, pU A, for mass flow, ﬁ
for time and L, for length and resulting in:

$1= B (é1) — ] (3)
.1 ‘
P = B (61 = d2(¥) — dul (4)
where B = ﬁ and wy = ag V‘:ZC. The notation ¢ is

the non-dimensional compressor mass flow, ¢o is the non-
dimensional throttle mass flow, ¢, is the non-dimensional
control mass flow, ¢, is the non-dimensional compressor
pressure rise, 9 is the non-dimensional plenum pressure, B
is the Greitzer’s constant, U is the mean rotor velocity, wg
is the Helmholtz resonator frequency, p is the fluid density
and 7 is the non-dimensional time. The non-dimensional
throttle mass flow was defined by Gravdahl and Egeland

(1997):
b2 = VY. (5)

A compressor pressure rise characteristic is modeled by
a qubic function as introduced by Moore and Greitzer

(1986):
()3 () o

where 1), is the shut-off value of the axisymmetric char-
acteristic, W is the semi-width of the cubic axisymetric
compressor characteristic, and H is the semi-height of
the cubic axisymetric compressor characteristic, consult
Moore and Greitzer (1986) for more detailed definition.

'@/}c(qbl) :w0+H

A compressor operating point is an intersection point
between compressor pressure rise ¥ and throttle pressure
drop 7. The throttle pressure drop is given by:

Vr (62) = 63, @)
T

where ~y7 is the throttle setting. Four different compressor
operating points based on the compressor data given in
Table 1 are shown in Fig. 2. Point A is a stable operating
point with the throttle setting 77 = 0.7. The compressor
is operating at surge point when the throttle setting is
yr = 0.6 as shown by point B. A throttle setting less
than 0.6 brings the compressor into surge, for example:
point C with v = 0.5 and D with yp = 0.3. It can be
shown that operating points located at positive compressor
characteristic slope are unstable and thereby leading to
surge, see Gravdahl and Egeland (1999).

3. SURGE CONTROL DESIGN
8.1 System State Equation

For notational convenience, define the system states as
follows:

(®)

T = @1, T2 =1,
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Table 1. SIMULATION PARAMETERS

Parameter  Value Unit Parameter  Value Unit

U 68 m/s ag 340 m/s
Vp 0.1 m? Ac 0.0038 m?
L 0.41 m P 1.2041  kg/m?
ms 1 kg As 0.0038 m?
Yo 0.352 - w 0.25 -

H 0.18 -

1 T 7
—_ ! ’
0.9 Cpe07 ” ,
08 | —=—7v,=06 (surge line) ,/ ,/

— - y=05

— X

Fig. 2. Compressor and throttle characteristics.

and constants as follows:

1
bi=B b=y 9)
such that the dynamics (3) and (4) can be written as:
@1 =by [P (21) — 2] (10)

&g =by [T1 — P2 (T2) — du] .
Define deviation from an operating point as follows:

(11)

(12)

where (z10,220) is the compressor operating point. The
¢y, is assummed to be zero as the piston is idle during
steady operation. The blow off valve is working only if the
piston should fail. Transforming the system dynamics (10)
and (11) into new state coordinates (12) results in:

Ty =21 — x10, To = T — Ta0, ¢u = ¢u - ¢ug

Fr=bi [fe (31) — B (13)
Fo = by [501 — o (&2) — (Z)u] (14)

where the compressor pressure rise, throttle pressure drop
and control mass flow in the new coordinates are defined

by:

Vo (1) = —ky @ — ko? — kny (15)

G2 (F2) =1/ (w20 + F2) — Y /@20 (16)
with ky = 3020 (310 — 2W), ko = 35 (210 — W) and
ks = 5its.

The compression system described in (13) and (14) is
stabilized by control mass flow ¢,, which can be generated
by the piston or blow off valve depending on the chosen
surge control method shown in Fig. 3. The details of the
control laws are explained in the next parts.

Copyright held by the International Federation of
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3.2 Piston-actuated active surge control

Active surge control system using a piston was improved
by using integral control in Uddin and Gravdahl (2011b).
Piston-actuated active surge control is stabilizing surge by
injecting flow into the plenum or drawing flow from the
plenum by moving the piston. Define control mass flow
generated by the piston as:

‘;)u = 4’5;07 (17)
which is a function of the piston velocity as
Op = by, (18)
where b3 is a constant given by
1 /(A
by = — | == 1
=35 (%) (19)
and Z3 is nondimensional piston velocity defined by
d (L
fy = (=2 ). 20
s dr (LC> (20)

The notation Ay is for the piston cross section area, A is
the inlet duct cross section area, L is the piston stroke and
L, is the length of the inlet duct. The closed loop piston
dynamics including integral action is given as follows:

Iy = by [bsa + @) (21)
Iy =i (22)
T5 =4 (23)

The notation by is a constant defined by by = % with Mg
is the non-dimensional piston mass given by M, = pXiSLP
where my is the piston mass. The notations u, is piston
control force and bs is a constant defined by b5 = f‘-‘ . The
states T3 is the piston velocity, Z4 is the piston strokce, and
T is time integral of the piston stroke. A state feedback
control law for the piston control force is defined by:

iy = —KpTy (24)
where K, is the control gain and &, = [%1, &2, i3, T4, 5] .
Uddin and Gravdahl (2011b) applied linear quadratic
regulator for the linearized the system around operating
point A. The computational resulted in a control gain

K, =[4303.2 —2157.2 1707.9 1719.9 316.2] (25)

and closed loop eigenvalues at sy = —1.2400 £ 2.19874,
s3 = —2.3043 and s4 5 = —0.183840.18244. All eigenvalues
are located in the left half plane (LHP) such that the
system locally asymptotically stable. An alternative con-
trol law using feedback from plenum pressure and piston
displacement only can be found in Uddin and Gravdahl
(2011a).

3.8 Blow off surge control

Blow off surge control is stabilizing surge by discharging
the plenum fluid out of the compression system. The
control mass flow is defined by:

éu = (Z)b~ (26)
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The blow off flow is adjusted by a blow off valve and the
function is defined by:

&b = (i) /w20 + F2

where v,(@}) is the opening valve as a function of control
signal u; with nominal value in the range of 0 < () <
1. For simplicity, define ~, (@) := @, such that

Oy = Up\/ 220 + To-

Notice that this actuator model does not include actuator
dynamics as in (21)-(23). The compressor dynamics with
a blow off line are then defined by:

(27)

(28)

iy =b [JJC (#1) - 552] (29)
Zy=by [561 — o (#2) — éb} . (30)
Linearization around an operating point results in
Ty, = AyFy + Byl (31)
where
- T
$b=[171 xQ] ) (32)
—bl kl —bl 0
— —b —
Ap = b 20T |, By = |:—b2\/75720:| . (33)

2./Z20
A state feedback control for the blow off valve is given by:

iy = — Ky (34)
Linearizing the system (29)-(30) around operating point A
and applying pole placement method by selecting closed
loop poles at —1.09 + 1.32 results in

K, = [1.1666 — 0.9978]. (35)
The poles was selected such that the blow off valve will
not be saturated. Another possibility would be to use
saturated control like in Willems et al. (2002). The pole
selection was also intended to makes the closed loop system
using blow off valve has greater damping and shorter
natural frequency than the one using piston. It was due
to the control mass flow in closed loop system with blow
off valve has one direction and not bidirection as in the
closed loop system with piston. It was demonstrated in
Willems et al. (2002) that a compression system described
by (29)-(30) is stabilizable with positive feedback blow off.
The lower constraint on @, does not affect the stability of
the linearized system but reduces the range of stabilizing
control gains.

3.4 Active surge control with back-up

This active surge control system with back-up is combining
the piston actuation and blow off valve to generate a
control mass flow ¢,, for surge control purpose. The piston
surge control is the main system and operates by default.
The blow off surge control is the back-up system and works
if the main system should fail. The main system is said
to have failed if the piston is saturated or the piston is
jammed. The failure in the system is detected by observing
the piston velocity 3 and the piston control law output

Copyright held by the International Federation of
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Compression System

(13)-(14)

Piston
(21)-(28)

Blow off valve A

(

Fig. 3. Control diagram with switching operation of active
surge control with piston actuation and blow off valve.

Uy,. The control law for this combined system is defined as

follows:
5 _
=<7 36
Pu {¢,, for @, # 0 A3 = 0 (36)
where A is AND logic operator. The back-up system is only
applied to save the compressor from entering surge when
the main active surge control system should fail. Block
diagram of the active surge control system including back-
up is shown in Fig. 3.

4. SIMULATION

The performance of the active compressor surge control
with back-up is evaluated by simulating piston saturation
and piston jammed conditions. Four active surge control
systems are simulated in both conditions for comparison.
The first active surge control system called ”Active I
” is a piston-actuated active surge control system with
piston stroke up to £0.35. The second active surge control
system called ” Active II” is a piston-actuated active surge
control system with maximum stroke +0.15. The third
active surge control system called ”Active III” is a blow
off active surge control system. The fourth active surge
control system called ”Active IV” is a piston-actuated
active surge control system with maximum stroke +0.15
combined with blow off active surge control system as
the back-up. The simulation scenario is initialized by
operating the compressor at point A with throttle setting
~yr = 0.7 then at 7 = 20 the throttle is reduced to yp = 0.5
and then to yp = 0.3 at 7 = 100. The valve closing rate is
0.04 per non-dimensional time unit.

First simulation was done by simulating the system in
normal condition and the result is shown in Fig. 4. The
Active I controller performed well in stabilizing surge. The
Active II controller was not able to stabilize surge as the
control law required a piston stroke beyond the saturation
limit. Moreover, closing throttle to vz = 0.3 causes the
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Fig. 4. Compressor states in a condition where the pistons
of Active II and Active IV should be saturated.

7un-actuated” compressor to enter deep surge. The Active
III controller stabilized surge, but the steady state is higher
than the desired due to the blow off moved the system
to a new equilibrium. The Active IV controller was able
to stabilize surge and blew off some flow to compensate
the piston saturation. Only using Active I and Active IV,
the compressor operates stable at the desired operating
point in the left side of the original surge line. Fig. 5
shows the control mass flow and piston stroke of the four
systems. The Active IV control mass flow is a result of
switching operation between the piston and the blow off
valve according to control law (36). Fig. 6 shows the piston
velocity, piston position, and piston control force of Active
v

The second simulation is done by assuming that the piston
is jammed at 7 = 112. At that time 7 will be 0.3. The
simulation is only performed for Active I, Active III and
Active IV, as Active II has been failed to stabilize surge
under saturation. Fig. 7 is showing the results. The Active
I was entering deep surge when the piston was jammed.
The jammed piston did not affect to the Active III as
piston was not used in the system. Active IV was able to
keep the compressor in stable operation by blowing off flow
when the piston is jammed and the compressor operating
point moved to the stabilized operating point by the back-
up system which is exactly the same as the operating point
of Active III.
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Active Il

-0.1 4 = = = Active | Active IV ‘ 4
T

0 50 100 150

Fig. 5. Control mass flow and piston stroke in a condition
where the pistons of Active IT and Active IV should
be saturated.

5. CONCLUSIONS AND FUTURE WORKS
5.1 Conclusions

Piston-actuated active surge control combined with blow
off surge control as back-up was presented. Active surge
control system with piston actuation which is able to
discharge flow from plenum and inject flow into plenum
showed better performance than the blow off surge control
system which is only able to discharge flow from plenum.
The simulation result showed that the combined system
can both enlarged the compressor map and still keep safe
operation even though the piston should fail. Providing
longer piston stroke or applying some control method may
avoid piston saturation, however a back-up system is still
needed to assure safe compressor operation, for instance if
the piston should jam.

5.2 Future works
This work is continued by: 1) analyzing the region of

attraction of each surge control system and the combined
system, 2) applying non-linear control in each surge con-
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Fig. 6. The piston states and control force of Active IV in

a condition where the piston should be saturated.

trol, 3) stability analysis of the switching between the two

mode, and 4) experimental test in a laboratory scale.
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Abstract

A novel approach to model unsteady fluid dynamics in a compressor network by using a bond graph is presented. The
model is intended in particular for compressor control system development. First, we develop a bond graph model of a
single compression system. Bond graph modeling offers a different perspective to previous work by modeling the com-
pression system based on energy flow instead of fluid dynamics. Analyzing the bond graph model explains the energy
flow during compressor surge. Two principal solutions for compressor surge problem are identified: upstream energy
injection and downstream energy dissipation. Both principal solutions are verified in bond graph modelings of single com-
pression system equipped with a surge avoidance system (SAS) and single compression system equipped with an active
control system. Moreover, the bond graph model of single compressor equipped with SAS is able to show the effect of
recycling flow to the compressor upstream states which improves the current available model. The bond graph model of
a single compression system is then used as the base model and combined to build compressor network models. Two
compressor networks are modeled: serial compressors and parallel compressors. Simulation results show the surge
conditions in both compressor networks.

Keywords
bond graph, compressor modeling, compressor surge, surge avoidance system, active surge control system, serial com-
pressors, parallel compressors

I. Introduction the compressor at a higher efficiency and the stability.
Two methods have been developed to overcome the surge

A centrifugal compressor is basically used to increase gas problem, as follows:

pressures. The compressor operating area is described by a
plot of the compressor pressure against the flow for differ-
ent compressor speeds known as a compressor map.
Figure 1 shows an example of a compressor map. The sta-
ble compressor operating area is limited by a surge line
(SL) for lower flow. Operating the compressor at a flow
lower than the SL would cause the compressor to go into
an unstable condition known as surge. It is an axisym-
metric oscillation of the compressor flow and the
compressor-produced pressure followed by severe vibra-
tions. The vibrations may reduce the reliability of the com-
pression system and large-amplitude vibrations may lead
to compressor damage in particular to the compressor
blades and bearings, and also damage to pipe connections. Department of Engineering Cybernetics, Norwegian University of Science
Surge phenomena are of interest as higher compressor  and Technology, Norway
efficiency operating points are located near the SL and
some processes require low mass flow at high pressure. i o . )
Nur Uddin, Department of Engineering Cybernetics, Norwegian

However, operating 'ln such points may'endanger the com- University of Science and Technology, O.S. Bragstads plass 2D, Trondheim
pressor because a disturbance could bring the compressor  N.7491, Norway.
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(a) Surge avoidance system (SAS). SAS works by
introducing a surge control line (SCL) located at a
certain margin to the right of the SL as illustrated
in Figure 1. The margin is known as the surge
margin (SM). The SAS has a recycle line and a
recycle valve. The recycle valve is controlled by a
controller which compares the compressor inlet
mass flow to a reference mass flow. The reference
mass flow is the mass flow at the SCL for a related
compressor speed. The recycle valve will open
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Figure |. A typical compressor map for different rotational
speeds, N.

(b)

when the inlet flow is less than the reference mass
flow. It results in recycling flow from the down-
stream line to the upstream line and increasing the
compressor inlet flow to be the same as the refer-
ence mass flow. This mechanism makes the SCL
be the lower limit for the compressor flow and the
compressor operation will not reach the SL. Such
surge avoidance schemes successfully ensure the
safe operation and are widely used for industrial
compressors. However, introducing the SCL
reduces the usable size of the compressor map and
thereby restricting the compressor operational
envelope.

Active surge control system (ASCS). ASCS works
by stabilizing surge. It was initialized by Epstein
et al.' who introduced surge stabilization by using
an active element. This method could enlarge the
operating envelope towards the lower mass flow
in the stabilized area. Since then a number of the-
oretical and experimental results on active surge
control systems have been published and several
different actuators have been introduced as sum-
marized by Willems and de Jager,” examples
include: closed couple valve, bleed valve, throttle
valve, gas injection, variable plenum, and variable
guide vanes. Active surge control by using vari-
able speed drives,® piston actuation,® and active
magnetic bearing’® have also been reported.
Although ASCS enlarges the operating envelope
which can improve the compressor performance,
it has not yet been applied in an industrial system.
The safety of implementing ASCS is a serious
issue, since a failure in ASCS may bring the com-
pressor into the surge.®

X Station B

Pipeline Throttle

Station A
Electric ;
Motor

Compressor

Figure 2. A pipeline system with a single compressor.

A natural gas pipeline system is an example of an
industrial compressor application. Several compressors are
commonly operated simultaneously in such a system. The
compressors can be arranged in serial, parallel, or serial—
parallel. Serial compressors are used to gain higher pres-
sure and parallel compressors to gain higher flow. It has
been reported that the compressors operation consumes a
significant portion of the transmitted gas in the pipeline
system. Optimizing the compressors operation is a solution
that minimizes the operating cost. Mathematical models of
compressors in pipeline networks are required for the
design and optimization of the network. Several works on
compressors network modeling have been pre-
sented.”®10-1112.13.14 The modelings were focused on sta-
ble operating area and assumed the compressors would not
enter surge as the compressors are equipped with SAS.
However, it is still possible that the compressors in the
network could enter surge, for an example due to the SAS
failure. It is of interest to further investigate surge in such
a compressor network. A model of compressors in a
network which can simulate surge is required for this pur-
pose, and to the best of our knowledge such a model can-
not be found in the existing literature.

A model of a single compression system which is able
to predict the transient response of a compression system
subsequent to a perturbation from steady operating condi-
tions has been introduced by Greitzer.'> The model is then
known as the Greitzer compression model. The Greitzer
model was developed based on fluid dynamics laws.
Another modeling of the compression system by using a
bond graph has also been presented by Uddin and
Gravdahl.'® Both modelings resulted in the same system
dynamics which can be used to predict the transient
response including a surge condition. A bond graph is a
modeling method based on energy flow which is universal
and systematic.'”'® The universality provides the same
description in modeling a system with various energy
domains. A bond graph is systematic such that several
simple models can be combined to build a complex model
and the dynamic equations of the system is obtained in a
straightforward manner by investigating energy flow in
the storage elements. Therefore, the bond graph model of
a single compression system can be extended to model
more compression systems, for example, compressor net-
works as presented in this paper. The modeling of com-
pressor networks will be done by combining the bond
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graph models of single compressor systems. The discus-
sion is limited to incompressible flow and constant com-
pressor speed. This paper is an extension of the work of
Uddin and Gravdahl'® by presenting a more detailed
description of bond graph modelings of the compression
system and compressor networks.

2. Single compression system

A simple diagram of a gas pipeline with a single compres-
sor is shown in Figure 2. The electric motor rotates the
compressor blades such that the gas at station A is pulled
into the compressor through an inlet. The gas is then accel-
erated towards the compressor impeller, de-accelerated at
the compressor diffuser, and collected in the compressor
volute before being discharged. Such processes result in a
gas pressure rise. The gas is then discharged and directed
to the station B through the pipeline. A throttle is installed
before the pipeline outlet to adjust the flow arriving at sta-
tion B. A model of such a compressor system which is able
to predict the transient response subsequent to a perturba-
tion from steady operating condition was introduced by
Greitzer in 1976."> The model is known as the Greitzer
compressor model. The Greitzer model was developed
based on fluid dynamics laws (momentum equation and
mass conservation) and used the following assumptions:
quasi-steady compressor behavior, uniform pressure
throughout the plenum, isentropic fluid behavior in the
plenum, incompressible flow in the duct, negligible throt-
tle inertance, quasi-steady flow through the throttle, and
constant ambient conditions.

Following the Greitzer model, the pipeline compression
system in Figure 2 is modeled as in Figure 3. The model is
identical to the Greitzer model except the addition of a
motor drive which generates torque 7 to rotate the com-
pressor with rotational speed w, which is also covered by
Fink et al.'” and Gravdahl and Egeland.?® Furthermore, by
neglecting friction flow along the pipeline, the inlet pres-
sure (p;) is equivalent to the pressure at station A (py4), the
inlet mass flow (w;) is equivalent to the discharged mass

flow (wy), and the outlet pressure (p,) is equivalent to the
pressure at station B (pg). The space inside downstream
pipeline is modeled as a plenum with volume ¥, and pres-
sure p,. It is assumed that the mass flow through the ple-
num is steady and the pressure is uniform, that there is no
pressure drop. A throttle is applied to adjust the outlet flow
(w,) and thereby generating throttle pressure drop (pr,)
between the plenum and the outlet. The dynamic equations
of the Greitzer compression system is given as follows: '

A

W = L_C(ptr _Pp) (1)
. q
Pp = V(Wi —W,) (2)

P

where A, is the compressor duct cross-sectional area, L. is
the effective length of the equivalent compressor duct, p,
is the compressor pressure rise, and g is the speed of
sound. The compressor pressure rise is typically presented
in a compressor map as a function of mass flow and com-
pressor speed which is commonly provided by the com-
pressor manufacturer. A compressor map can also be
generated by performing a compressor test to collect sev-
eral compressor operating data (e.g. pressure, mass flow
and speed) and approximated by one of two following
mathematical functions:

(a) Compressor pressure rise approximation for a con-
stant compressor speed:?!

Pe(Wi) = pa, + H{l + %(WW— 1) _%(%_ 1)3]
(3)

where p,, is the shut-off value of the axisymmetric
characteristic, W is the semi-width of the cubic axi-
symmetric compressor characteristic, and H is the
semi-height of the cubic axisymmetric compressor
characteristic; consult Moore and Greitzer?' for
more detailed definitions.

Station A 'z P Station B
Pa w, ¢ Py
Inlet |
r |
@ P i Throttle |
Motor Compressor | | i
L % 1
Compressor duct ‘ Plenum Outlet duct

Figure 3. Model of a single compression system.
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Table I. Effort and flow of various system domains.

Energy domain Effort (e)

Flow (f)

Translational mechanics
Rotational mechanics
Electrical

Hydraulics

Pneumatics
Thermodynamics

Force F [N]

Torque T [Nm]

Voltage E [V]

Total pressure p [N/mz]
Total pressure p [N/mz]
Temperature T [K]

Velocity v [m/s]

Angular velocity o [rad/s]
Current i [A]

Volume flow q [m3/s]
Volume flow q [m*/s]
Entropy flow S [J/(Ks)]

(b) Compressor pressure rise approximation for vary-
ing compressor speed:*

pc(wa Wi) =
| BB — 0503w — aw)’ — 4w =
4cpTOI

(4)

where w is the compressor speed, d; is the mean
inducer diameter, d, is the impeller diameter, &y
is the fluid friction constant, 7, is the inlet stag-
nation temperature, c, is the specific heat at con-
stant pressure, ¢, is the specific heat at constant
volume, and k = % is the ratio of specific heat.
Consult Gravdahl et al.> for more detailed defini-
tions of w and a.

The outlet mass flow is given by

Wo = urkr\/Pp — Po (5)

where u7 is the throttle opening with the range value from
0 to 100% and k7 is the throttle constant.

3. Bond graph modeling

Bond graph is a modeling method based on energy transfer
among the components in a system. The energy is trans-
ferred through the components port. The energy transfer is
shown as a line with a half arrow which is called a bond.
The half arrow is showing the energy transfer direction. A
bond has two variables: effort (e) and flow (f) to describe
energy. Table 1 shows the definitions of effort and flow of
various energy domains. Multiplication of effort and flow
results in power P,

P=cef (6)

It is common to place an effort variable above or on the
left of a bond and a flow variable below or on the right of
a bond. The direction of effort is shown by a perpendicular
bar at the tip of a bond which known as the causality. The
flow direction is always opposite to the effort direction.

Bond graph modeling defines components in a system
as: effort source (S,), flow source (Sy), resistance (R), iner-
tia (/), capacitor (C), transformer (7F), and gyrator (GY).
Source effort is a component which supplies effort. Source
flow is a component which supplies flow. Resistance is a
component which dissipates energy. Inertia is a storage
element which integrates the effort. Capacitor is a storage
element which integrates the flow. A transformer is a com-
ponent which converts effort at one port into effort at
another port with the transformer ratio n and separately
converts the flow in the opposite direction with the same
transformer ratio. A gyrator is a component which relates
the effort of one port to the flow of another port with the
gyrator ratio r, and vice versa. If the conversion ratio
depends on another variable, the transformer is called a
modulated transformer (MTF) and the gyrator is called a
modulated gyrator (MGY).

A bond graph component is connected by a bond to
another component or junction. A junction is a connecting
point and the energy is neither stored nor dissipated. There
are two types of junctions:

(a) O-junction, which connects bonds with equal effort
and the total flow is zero

fitht =0 (7)
ep=e= - =g, (8)

(b) I-junction, which connects bonds with equal flow,
and the total effort is zero

h=h==h )

epte+ - +e,=0 (10)
Dynamic equations of a bond graph model are obtained by
an effort—flow relation of the storage energy elements (C
and 7). A more detailed description of bond graphs can be
found in the bond graph literature ?>!”-'8
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S, ip =P 0 s, i,
Station A Station B
q; pp q,
pC
r 1 C R
Sprot—_"—= MGY Fluid Plenum  Throtile
inertia
Motor Compressor
Figure 4. Bond graph model of the single compression system.
4. Bond graph model of a single
. Sprorl 2 ygy Peagyp 29—y p
compression system 7w ~1 q
The single compression system shown in Figure 2 includes q; Py
several physical domains. The transmitted gas is in the 4 6
pneumatic domain, the electric motor transfers energy 1 C

from the electrical domain into the mechanical domain, the
compressor transfers energy from the mechanical domain
into the pneumatic domain, and the valve dissipates the
pneumatics energy into heat. There are energy transfer
from the pneumatic energy into heat due to friction flow
along the pipeline and the mechanical energy into heat due
to friction in the rotating parts of the compressor. Taking
all of the domains into account in the system makes the
system modeling extremely complicated. Limiting the
modeling scope of the compression system by using sev-
eral assumptions is necessary as in the Greitzer model. By
considering only the pneumatics domain and the mechani-
cal domain of the motor drive, using the same assumptions
as in the Greitzer model, and assuming that friction on the
piping is insignificant, the components in the single com-
pression system shown in Figure 3 are modeled as follows.

(i)  Stations A and B are modeled as effort source
elements S,, and S, as both are providing pres-
sure p4 and pp, respectively.

(i) The electric motor provides angular velocity to

the compressor and is modeled by a flow source

element Sy.

The compressor converts the angular velocity

into fluid pressure is a kind of gyrator. Since the

produced pressure is also dependent on the mass
flow, the compressor is defined as a modulated
gyrator MGY. The gyrator ratio is given the com-
pressor pressure rise which can be approximated

by (3) for a constant compressor speed and (4)

for varying compressor speed. This study is only

considering compressors at a constant compres-
sor speed.

The fluid inertia along the compressor duct is

modeled by an inertia element (7).

(iif)

(iv)

Figure 5. Simplified bond graph model of the single
compression system.

(v)  The pipeline volume or plenum provides a capa-
citance effect and is modeled by a capacitor ele-
ment (C).

(vi) The throttle produces flow resistance and is mod-
eled by a resistor element (R). Flow resistance
due to friction in the pipeline is assumed to be
extremely small compared with the throttle resis-
tance and is neglected. Then the effort and flow
relation in the throttle is given in (5).

Following the bond graph procedures,'®!” the bond graph
model of a single compression system is given in Figure 4.

By assuming that pressures at station A and B are
equivalent to the ambient pressure and the pressures in the
system are measured relative to the ambient pressure, the
compressor pressure discharge is equal to the compressor
pressure rise (pg = p.). Therefore, the bond graph model
can be simplified as shown in Figure 5. The bonds in the
model are identified by index numbers started by number
two. Table 2 shows the effort and flow of each bond in the
model.

The compressor dynamics are obtained by the effort—
flow relation at storage energy elements (C and /) con-
nected by bonds number 4 and 6, respectively, and given
as follows:

d
I‘—ﬁ‘:egfq

i (11)

4= 1e—p) (12)
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Table 2. Effort and flow of the compressor model.

Bond Effort Flow Note
2 e=1 fh=o _
3 e =pe fi=q —
4 €4=¢€—¢5 fa=q Inertia: a:l%
> es=pp fi=a . dee
6 € =Pp fo=fs—f  Capacitor: fo=C-—_"
7 €7 =pp f1=4o Resistor: f; = %57
d€6
C—==fs =/ 13
ar S5 =1 (13)
. 1
Dy = E(‘]i —4o0) (14)

The relation of mass flow and volume flow is given by

w=pq (15)

where p is the fluid density. Since the flow is assumed as
incompressible flow, the fluid density is constant and
Equations (12) and (14) can be expressed in mass flow as

i =L —py) (16)

. 1
pp = p?(wf - Wo) (17)

By defining 7/ = % and C = 1:5, Equations (16) and (17)
are equivalent to (1) and (2), respectively.

5. Energy analysis of compressor surge

Compressor surge is defined as a condition at which the
pressure developed by the compressor is less than the pres-
sure in the system (downstream).?® It occurs due to inabil-
ity of the impeller to produce the amount of required
energy for the process system.** It results in an axisym-
metric oscillation of mass flow and pressure as shown by
a limit cycle. The chronology of surge is explained as fol-
lows (refer to Figure 6).°

(1) A compressor initially operates at steady state at
operating point A located in the stable area,
though near the surge line (SL). This operation
results in the plenum pressure being the same as
the discharge pressure. Due to a disturbance, for
example, by reducing the throttle opening for a
certain value such that the compressor mass flow
is reduced, the operating point is moving to B
located to the left of the SL.

(2) At point B, the compressor discharge pressure is a
bit lower than the plenum pressure, which makes
the mass flow decelerate as formulated in (16), and

pressure

surge line

s
stone wall

mass flow

Figure 6. Compressor surge cycle.

the compressor produces less pressure discharge
according to the compressor characteristic curve.
The mass flow continues to decelerate to zero.

(3) The mass flow deceleration continues to negative
flow (reverse flow). The compressor acts like an
orifice in the reverse flow. The stored energy in
the plenum accelerates the reverse flow until it
reaches the maximum reversal flow which is at
point C.

(4) After reaching point C, the plenum pressure is
rapidly decreasing and the reverse flow is deceler-
ated to zero at point D.

(5) At point D, the compressor begins to the normal
operation by accelerating the flow until point E.

(6) The mass flow is then reduced to build plenum
pressure. However, the compressor operation
from point E is going to point A and then to point
B such that the cycle repeats.

Surge occurs due to the compressor pressure discharge
(pc) being less than the plenum pressure (p,) which results
in decelerating the inlet mass flow such that the operating
point crosses the SL. The bond graph model shown in
Figure 5 expresses p. as e3 at bond 3 and p, as es at bond
5, respectively. Both the bonds are connected together
with bond 4 by a 1-junction and the equations are given as
follows:

€4=1ﬁ=63765 (18)
fL=l=) (19)

where f4 is the inlet volume flow. Surge occurs when
e3 < es Or e4 is negative. It can be eliminated by maintain-
ing e4 non-negative through the following methods.

(a) Increasing e3. Effort e; is the effort output of the
gyrator (compressor) where the input—output rela-
tion is given by

e3 = 1fs (20)

where r is the gyrator ratio. Effort e3 (compressor
pressure rise) can be increased by increasing f>
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(motor speed). It is illustrated in Figure 1 and
shown by Gravdahl et al® that the compressor
produces a higher pressure at higher motor speeds
for the same mass flow.

(b) Decreasing es. Effort es comes from the 0-junc-
tion. Based on the junction properties, the con-
nected bonds have the same effort (es = e = €7)
and only one bond has an effort inward to the
junction, i.e. the bond of the C element (eg). The
relation between effort and flow in the C element
is given by

eg = éjﬁ)dt + e6(0) (21)

where the flows equation in the O-junction is
given by

Je=fs—h (22)

The effort ¢ can be reduced by making f; nega-
tive, which can be done by increasing f7.
Reducing fs may also result in fs becoming nega-
tive. However, this is not physically possible
because f5 is the compressor mass flow (w;) and
reducing the mass flow will bring the compressor
into surge. Flow f;7 is the flow of the R element
(throttle), where the relation between flow and
effort is given by

fi= 112@7 (23)

Flow f7 can be increased by reducing the R value
which means increasing the throttle opening.

The direct methods to eliminate surge are by increasing the
compressor speed and/or the throttle opening. However,
those options are not always applicable, for example if
surge occurs when shutting down the compressor, where
the motor speed and the mass flow should decrease. We
introduce terms of upstream energy injection for increasing
e and downstream energy dissipation for reducing es as
the two principals for solving the compressor surge. Both
principal solutions will be evaluated through a discussion
about compressor surge control in the next section.

6. Surge control solutions

Two methods to overcome compressor surge have been
presented, i.e. the surge avoidance system (SAS) and the
active surge control system (ASCS). We are going to use a
bond graph to model the systems implementing both meth-
ods. The models will show explicitly how to maintain
e4 >0 in a practical system or in an experimental setup.

6.1. Surge avoidance system

A SAS is commonly used as surge solution in industrial
compressors. SAS introduces a surge control line (SCL)
located at a certain margin to the right of the surge line
(SL). The distance between SCL and SL is called the surge
margin (SM) and is defined as*®

WscL — WsL
WscL

SM = (24)
where wg; is mass flow at the SL and wgc; is mass flow at
the SCL for corresponding compressor speed. SAS has a
recycle line and a recycle valve. The recycle valve is con-
trolled by a controller which compares the compressor mass
flow to a reference mass flow (wsc;). When the compressor
operating point is crossing the SCL (w; < wscy), the SAS
controller gives a command to the recycle valve to open such
that the plenum fluid is flowing back to the compressor inlet
through the recycle line. The recycling flow reduces the ple-
num pressure and the compressor mass flow is accelerated
such that the operating point goes to the SCL (w; = wscy).

The recycling flow (w,) is giving an additional fluid
flow to the upstream such that the inlet states will be
affected. The effect is investigated by considering a capa-
citance effect in the space around the connection of the
feeding line, the recycle line, and the inlet line. The space
is then called a buffer, as shown in Figure 7.

A bond graph is applied to model the compression sys-
tem equipped with a SAS as shown in Figure 7. The same
assumptions as in modeling the single compression system
are applied. By following the bond graph procedures, in
particular on causality, we have to take into account the
inertia effect in the feeding line (/) due to the recycling
flow; otherwise, we cannot get a proper causality at the 0-
junction connecting the buffer (Cy). The fluid inertia along
the compressor duct is modeled by /., the capacitance
effect in the plenum is modeled by C,,, the throttle is mod-
eled by Ry and the recycle valve is modeled by R,.

The resulting bond graph model is shown in Figure 8.
The model shows that the recycle line is decreasing the
downstream (plenum) energy and increasing the upstream
(inlet) energy. The dynamic equations of the model are
obtained by evaluating the effort—flow relation at the stor-
age elements (/;, Cy, I, and C,) and given as follows:

1
b= — — 2
Wy P (25)

by = L [wr + w, — w] (26)
Cy

o

Wi = = [ps + pe—p)) (27)

= [ ] (28)

Pp Cp Wi Wo Wy

Downloaded from sim.sagepub.com by guest on November 19, 2015

91



Paper D

Uddin and Gravdahl 1005
-—
Recycle line 4\
w, Recycle
Throttle
e
|
|
Station A T i il st i v )
Pe < Py Vo W, StatonB
[ | N (IR R B Dy
I I I |
I I I T |
I I I |
| 0 — ]
| | Motor Compressor ! ! I
| Feeding i i | | Outlet !
1, duct | Buffer | Compressor duct | Plenum L oduct J
I L I I L ‘" A
/ .
Figure 7. A compression system equipped with a surge avoidance system (SAS).
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Figure 8. Bond graph model of the compression system equipped with a SAS.

— P = W vy

— pLe —
I C pres I. o and C, s Here 7,

denotes the volume of the buffer, L, denotes the length of
the feeding duct, and 4, denotes the cross-sectional area
of the feeding duct. Equations (25) and (26) show the
effects of recycling flow to the compressor inlet states
which improves the model presented by Gravdahl and
Egeland® by showing the effect of the recycling flow to
the feeding flow.

A recycle valve is similar to a throttle; however, it usu-
ally has a faster actuation than the throttle. The recycled
mass flow is defined by

Wy = krur V (pp _Pb)

where Iy

(29)
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where £, is the recycle-valve constant and u, is the valve
opening control signal with the range value of 0 to 100%.
The recycle valve is controlled by a controller which com-
pares the inlet mass flow to the reference mass flow (wscy)
to compute #,. We demonstrate a PI (proportional and inte-
gral) controller for the SAS as follows:

u, = Kyw, + K,-/wedt (30)

where K, is the proportional gain, K; is the integrator gain,
and w, is the error mass flow. The error mass flow is

defined by

31

We = WscL — Wi
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Table 3. Simulation parameters.

Parameter Value Unit Parameter Value Unit
U 68 m/s ao 340 m/s
A 0.009 m? A 0.9 m?
L¢ 0.41 m L 0.41 m
Ac=Ar 0.0038 m? p 1.2041 kg/m?
Py 16646 Pa w 0.0775 kg/s
H 500 Pa kr =k, 0.75 Pa~%%kgls
krs 0.6 Pa05kg/s kr, 1.5 Pa~0%kg/s
W 0.155 kg/s WscL 0.2 kg/S
0.4 ) . .
i g 03}
g o2r
1 ot
£
, 0
= 35
<
e i x 10°
2 2 . . .
] 5 150 ,
osr compressor opraing rctory ] = ]
’ E
osp i 7 % 20 5 50 55
0.05 0.1 0.15 0.2 0.25 03 0.35 04
mass flow (kg/s) 600 i i i
Figure 9. Trajectory of the compression system equipped with & 400} ]
a SAS when the compressor should be entering surge. €
< 2001 1
. . . 0
An example simulation of a compression system 35 40 45 50 55

equipped with a SAS using the parameters in Table 3 and
the control gain K, = 5 and K; = 10 is given as follows.

A compressor is initially operating at steady state at
point E where the throttle is fully open (u7 = 100%) as
shown in Figure 9. The throttle opening is then reduced to
ur = 20% at ¢ = 40 s such that the compressor should
operate at point F located to the left of the SCL, which is
in the surge area. The operating point is moving from E to
the left and crossing the SCL such that the SAS controller
detects w; < wgcr and gives a command to the recycle
valve to open. Figure 9 shows the mass flow and pressure
trajectories of the simulation and Figure 10 shows the sys-
tem time responses. The plenum fluid is recycled to the
inlet (w, > 0) such that compressor mass flow stays at the
SCL (wscz = 0.2 kg/s). The pressure fluctuation in the
buffer (p;) shows the effect of the recycling flow to the
inlet states. The magnitude of the buffer pressure fluctua-
tion is dependent on the pipe size and the recycled mass
flow. The steady-state value of the feeding flow (wy) is
the mass flow at point F.

Figure 10. The time responses of a compression system when
the SAS is preventing the compressor from entering surge.

6.2. Active surge control system

An ASCS works to stabilize compressor surge such that
the compressor can operate in the stabilized surge area.
This enlarges the compressor operating envelope to the
lower mass flow. The ASCS method has been implemen-
ted experimentally by several different actuators and some
of them are illustrated together in Figure 11.

As described in Section 5 for two basic solutions for
compressor surge, the different actuators for ASCS can be
classified as follows.

(1)  Upstream energy injection. The examples of
upstream energy injection are fluid injection,”’
close-coupled valve,*® drive torque control,” and
active magnetic bearing.” Defining a new bond
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Figure 12. Bond graph model of active surge control in a class
of upstream energy injection.
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graph component S, as an active component for
injecting energy, the bond graph model of a com-
pressor equipped with upstream energy injection
ASCS is shown in Figure 12. The model shows
that S, gives additional effort to the 1-junction
and the effort equation the junction is given by

e; =e3 +ejg—es (32)

where e9 is an additional effort from the active
element to maintain e4 being non-negative. The
examples of implementing ej9 can be found in
additional upstream pressure by fluid injection,>’
additional compressor-produced pressure by con-
trolling the compressor speed through the drive
torque control,”” and additional compressor-
produced pressure by controlling the axial clear-
ance between the impeller and the static shroud
using an active magnetic bearing.’

Downstream energy dissipation. The example of
downstream energy dissipation are movable ple-
num wall,>%! piston actuation,* and blow-off
valve.*? A bond graph model of a compressor

equipped with a downstream energy dissipation
ASCS is shown Figure 13, where R, is an active
component for dissipating energy. The flow equa-
tion at the O-junction is given by

S5 =Jfs T f1+ fo
Jo =fs —f1—fo
The active element R, is mainly dissipating the
downstream energy by creating additional flow
out of the system (plenum control volume). The
implementations of R, can be found in a movable

plenum wall, 303! piston actuation,” and a blow-
off valve.>?

The active elements S, and R, are not always single
components, but they can be a subsystem consisting of
several components as given by the following example of
ASCS using a piston actuation. Details of the system are
described by Uddin and Gravdahl.* The bond graph model
of a compressor equipped with ASCS using piston actua-
tion and the detailed model inside the R, is shown in
Figure 14. The active element R, consists of a source
effort S, to generate force Fy, a transformer 7F which
transforms the force Fy into pressure p, and an inertia /g
which is the piston mass.

The ASCS using a close-coupled valve is of the type of
upstream energy injection. The valve is placed between the
compressor discharge and the plenum. Closing the valve
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will reduce flow from the compressor discharge to the ple- outlet is due to the pipeline pressure drop and the throttle
num and increase the upstream pressure. The bond graph  pressure drop (pr, = pr,, + pr,). Several approximations
model is shown in Figure 15. to calculate pressure drop due to fluid friction along the
pipeline can be found in Menon.>

In this serial connection, we assume that the first outlet
states are equal to the second inlet states such that
A compressor network is commonly applied in industry to  p,, = p;, and w,, = w;,. Bond graph model of the serial
satisfy a process requirement, e.g. flow and pressure. The compressors is shown in Figure 17.
compressor network can be serial, parallel, or serial— Dynamics equations of the serial compressor networks
parallel configurations. The serial configuration is used to are obtained by the effort—flow relation of the storage ele-
attain a higher pressure rise, while the parallel configuration —ments (/1, Cy, /> and C>) and given as follows:
is to gain higher mass flow, and the serial-parallel config-

7. Modeling of compressor networks

uratiop is to .attain.both higher mass flow and higher pres- Wi, = Ae, (Pil + P, — Ppu) (35)
sure rise. This section presents bond graph modeling of the L,
compressor networks in serial and parallel configurations. 2
The modeling uses the same assumptions as in modeling Dy = V—O(W,-1 — W) (36)
the single compression system in the previous section. »
. Acz
. . Wi, = _(Pp —Pr, T Doy —Pp, ) (37)

7.1. Bond graph modeling of serial compressors Le, 7 ' L
Figure 16 shows two compressors in a serial configuration. . a

y ’ N e Y (38)

=~

The first compressor outlet is connected to the second
compressor inlet such that the fluid properties are the
same. A throttle is installed at the outlet of the second
compressor to adjust the flow in both compressors.
Pressure drop along the pipeline is denoted as pg, and B
assumed to be accumulated at the outlet. Therefore, total Wo, = krur\/Pp, = PR, — Poy (39)
pressure drop at the outlet denoted by pg is an accumula-  yhere 7, is the throttle constant for the serial compressors
tion of pressure drop along the pipeline pg, and pressure configuration. Figure 18 shows the compressor maps of a
drop due to a throttle pg, if available. Total pressure drop  gingle compressor and a serial interconnection of two such

at the first outlet is solely due to the pipeline pressure  jdentical single compressors where the pipeline pressure
drop (pr, = pr,,) and the total pressure drop at the second drop is neglected.

P2

The outlet mass flow of the second compression is
defined as

Serial compressors are characterized by the same mass

.7 2 Pes, s, 2 T flow through each compressor unit and the overall pres-
I MGY- A1t 1] 0 i R .. . .

® q, sure rise is an accumulation of the pressure rise at each

l% p{ », unit, which is twice in this case. Therefore, serial compres-

¢ % s sors are applied to produce a higher pressure rise. Serial

1 R, C compressors might be found in a process with a higher

pressure requirement or in a long pipeline gas transporta-
tion system to compensate for the pressure drop. The surge
point (the peak of compressor map) of the serial

Figure 15. Bond graph model of active surge control using
close-coupled valve.
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Figure 16. Two serial compressors.
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Figure 18. Compressor map of a single compressor and two
identical compressors in serial configuration.

compressors is located at the same mass flow as the single
compressor surge point.

The surge simulation of two identical compressors in
serial configuration is now presented. The pipeline pressure
drop is neglected. The first and second compressors are ini-
tially operating steadily at throttle opening ur = 100% as
the operating points are shown by Q; and Q, in Figure 19,
respectively. The operation points are then changed by
reducing the throttle opening to uy = 20% at ¢ = 40 s. The
result is that both compressors are entering surge. Figure 19
shows the system trajectories and Figure 20 shows the time
responses.

7.2. Bond graph modeling of parallel compressors

Parallel compressors are used to attain a higher total mass
flow by connecting several compressor discharge lines into

351

pressure (Pa)

‘‘‘‘‘ single compressor curve
1k serial two identic compressors curve
first plenum pressure (p, )

g

second plenum pressure (p, )
05} 2

-01 -005 0 005 01 015 02 025 03 035 04
mass flow (ka/s)

Figure 19. Serial compressor operating trajectory.

one line. The discharged lines should have the same pres-
sure to avoid back flow. A model of a pipeline system with
two compressors in parallel is shown in Figure 21 and the
bond graph model is shown in Figure 22.

The dynamic equations of the parallel compressors are
derived by evaluating the effort—flow relation of the stor-
age elements (/;, I, and C) in the bond graph model and
given as follows:

. Ae

Wi, = L_l (Pn +p01 _pp) (40)
cy

. Ae,

Wi, = L_ (piz +p€z _pp) (41)
)
2

. a

Pp = 70(W11 Wi, — W) (42)
P
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mass flow (kg/s)

pressure (Pa)

39 40 41 42 43 44 45 46 47
time (s)

Figure 20. Mass flow and pressure of two serial compressors
in surge condition.

The outlet flow is defined as

wo = kpur\/By —Pr —Po (43)
where k7, is the throttle constant for the parallel compres-
sors configuration. Figure 23 shows the compressor maps
of a single compressor and the parallel configuration of the
two identical single compressors where the pipeline pres-
sure drop is neglected.

Surge simulation of two parallel identical compressors
by ignoring the pipeline pressure drop is now presented.
Both compressors are initially operating steadily at throttle
opening ur = 100% as the operating points are shown by
P, for the two compressors in parallel and P; for each sin-
gle compressor. The operation point is then changed at
t =40 s by reducing the throttle opening to ur = 20%.
The result is that compressors are entering surge as shown
by Figure 24 for the system trajectories and Figure 25 for
the time responses.

8. Conclusions

Bond graph modeling of compressor networks has been
presented. The Greitzer model was used as the reference
such that the developed model can represent the transient
response of the fluid dynamics. The modeling was started
by developing a bond graph model of a single compression
system. The resulted bond graph model was used as the
basic model to build more complex compression system
models. The bond graph model of the single compression
system was analyzed to explain compressor surge.
Solutions to compressor surge control were presented as
upstream energy injection and downstream energy dissipa-
tion. The bond graph model of the compression system
with SAS improves the current model by showing the
effect of recycling flow to the feeding flow. Several actua-
tors applied in the ASCS were classified into the upstream
energy injection and the downstream energy dissipation,
and modeled by using bond graph. The modelings of
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Figure 21. Two parallel compressors.
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Figure 24. Operating trajectory of two identical compressors
in parallel configuration during the surge condition.
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SURGE CONTROL SYSTEM AND SURGE AVOIDANCE SYSTEM
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ABSTRACT

A novel method for combining active surge control sys-
tem (ASCS) and surge avoidance system (SAS) for a cen-
trifugal compressor is presented. ASCS is a promising
method to improve compressor operating area by stabilizing
surge. However, this method is not applied yet in industrial
compressors. Safety issue is considered in implementing the
ASCS. A failure in ASCS may endanger the compressor by
entering deep surge as the compressor is allowed to oper-
ate in the stabilized surge area. Combination of ASCS and
SAS is proposed to improve the safety by utilizing the SAS
as a back-up system. SAS is a reliable method in surge con-
trol and widely applied in industrial compressors. However,
the compressor operating area is reduced by applying the
SAS. An ASCS by using piston actuation is used as a case
study and performance evaluations of the combined system
are done by simulations.

1 INTRODUCTION

Compressor operating area can be described by plotting
compressor pressure rise against flow for varying compres-
sor speed and called a compressor map. The stable com-
pressor operating area is limited for low mass flows by the
so-called surge line and for high mass flows by the stone wall
or choke line. Operating the compressor at mass flows below
the surge line will drive the compression system into an insta-
bility known as surge. This is an axisymmetric oscillation of
mass flow and pressure rise and is followed by severe vibra-
tions in the compression system. The vibrations may reduce
the reliability of the system and large amplitude vibrations
may lead to compressor damage, especially to compressor
blades and bearings.

The compressor surge phenomenon can be solved by
preventing the compressor operating point from entering the
surge area. This solution is known as a surge avoidance sys-
tem (SAS). The SAS usually works by recycling flow from

*Address all correspondence to this author.

Jan Tommy Gravdahl
Engineering Cybernetics
Norwegian University of Science and Technology
Trondheim, Norway 7491
Email: Jan.Tommy.Gravdahl@itk.ntnu.no

downstream to upstream when the operating point reaches a
surge control line (SCL). The SCL is located to the right of
the surge line and becomes the minimum allowed mass flow
for the compressor equipped with SAS. Such surge avoidance
schemes successfully ensure safe operation, but the introduc-
tion of the SCL reduces the usable size of compressor map,
thereby restricting the compressor operational envelope.

Another surge solution is to stabilize the surge phe-
nomenon by using an active control system. This method is
known as active surge control system (ASCS) and was pro-
posed by Epstein et al. in [1]. Since then a number of theoret-
ical and experimental results have been published. A number
of different actuators and control methods have been applied,
as summarized by [2]. Recent developments in this field in-
clude the work by [3] on hydraulic actuators as well as [4] on
drive torque actuation.

Active surge control systems have mainly been imple-
mented in laboratories and have not yet found wide spread
use in industrial compression systems. To our best knowl-
edge, an industrial compressor equipped with ASCS has not
been reported yet and it is believed that concerns about safety
is the main reason. Since ASCS works by stabilizing surge
to enlarge the operating area, the enlarged area is open loop
unstable such that a failure in the active system may cause
the compressor to go unstable by entering surge. A back-
up system can be a solution to improve the safe operating
of the compressor equipped with ASCS. We have introduced
blow-off surge control as the back-up of a main ASCS us-
ing piston actuation [5]. The PAASCS as the main system is
working by default and the back-up system is working only
if the PAASCS should fail. The changing operation from the
main system to the back-up system is carried out by a switch.
The result shows the back-up system was able to keep the
compressor in a safe operation when the ASCS is fail. The
ASCS with piston actuation or known as piston actuated ac-
tive surge control system (PAASCS) was proposed in [6]. A
piston is applied to absorb plenum energy during compressor
surge. An improvement in control design to minimize the re-
quired piston stroke was done by including integral action as
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TABLE 1. Dimensional and non-dimensional variables

Variable Dim. Non-Dim.
.Q = _P

Pressure P v = Tp0?

Compressor pressure rise  p. VA

Throttle pressure drop Dt W

Mass flow w o= PJA('
Effective duct length L
Sound velocity ag
Duct cross section area A
Piston stroke Ly A= %:
Piston cross section area Ay
Mean rotor velocity U
Fluid density p
Volume |
Subscripts
f  feed line b buffer s piston

¢ compressor d discharge p plenum

1 inlet t  throttle r  recycle line

presented in [7]. Active surge control using a blow off valve
was presented in [8].

Considering the application of blow-off surge control is
limited and not applicable in several industrial process, for
example in natural gas, petrochemical or toxic gas, then re-
cycling surge control (SAS) should be applied. A model of a
compressor equipped by SAS including the effect of the re-
cycling flow to the upstream states was studied in [9]. It was
also presented an example of PI controller for the SAS. This
paper builds on the work in [5] by combining ASCS and SAS
where the SAS is used as the back-up of the ASCS to improve
the safe operation of ASCS. Since the SAS is widely applied
in industrial compressors, it also is proposed as a bridge to
make the ASCS closer to the industrial implementation. A
case study using piston actuated active surge control system
and a failure due to piston saturation is presented. Stability
of the switching operating of the both system is shown by the
system trajectories.

This work is carried out by using non-dimensional equa-
tion. The paper consists of five sections as started by intro-
duction in section I. Section II is describing compressor dy-
namics including surge phenomenon. Section III is present-
ing compressor surge and control. Active surge control using
piston actuation and surge avoidance system are described.
Section IV presents an active surge control with a back-up
system by combining PAASCS and SAS.

Motor

Station A Station B
—»| P
Pa w,

Inlet

Throttle

Compressor j Plenum

L

FIGURE 1. Model of basic compression system.

2 Compressor Dynamics

A model of a compression system was introduced by
Greitzer in [10] and shown in Fig. 1. It is assumed that the
pressure at station A and B are same at a constant value and
all pressures in the system are measured relative to the pres-
sure at the both stations. Dynamics of the compression sys-
tem are given as follows:

Ac

Wy = Z[Pc_pp] (9]
2
pp = %[WI —w] @

and the non-dimensional form are:

¢ = B(ye—vp) 3
1
Y = E(d’l — &) 4)

where B is the Greitzer parameter defined by B = ﬁ and

wy is Helmholtz frequency defined by wy = ag /ﬁA The
time derivative is done using non-dimensional time defined
by T =twpy.

The compressor pressure rise is given as a function of
mass flow and compressor rotational speed p.(w;,®) and
usually presented in a compressor map provided by the com-
pressor manufacturer. The function can also be obtained in
experiments by performing engine test to collect data and ap-
proximated by a function. Moore and Greitzer introduced a
cubic function to approximate compressor pressure rise for a
constant rotational speed [11]:

3/ 1/¢ }
HE(WI),E(VM ®

where Y, is the shut-off value of the axisymmetric charac-
teristic, W is the semi-width of the cubic axisymetric com-
pressor characteristic and H is the semi-hight of the cubic
axisymetric compressor characteristic, consult [11] for more
detailed definition. Non-dimensional throttle mass flow is
defined by:

Ve (1) = Ve, +H

¢ =%V (6
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FIGURE 2. System trajectory during surge.

where yr is a function of the throttle setting.

3 Surge and Control
3.1 Surge

Compressor operating point is defined as an intersection
between compressor characteristic curve and the load (throt-
tle) characteristic curve. Two operating points O and D are
shown in Fig. 2. The operating point O is a stable operat-
ing point as located in the right side of surge line, but the
operating point D is unstable operating point (in the surge
area) as located in the left side of the surge line. Figure 2 is
showing the system trajectory when the compressor operat-
ing point moves from O to D by reducing the throttle setting
from ¥ = 0.8 to % = 0.4. Surge as defined by an axisymmet-
ric oscillation of mass flow and pressure rise is shown by a
limit cycle in that figure.

Compressor surge can be stabilized either by increas-
ing upstream energy or decreasing downstream energy [9].
Flowing out fluid from the plenum will decrease the down-
stream energy such that it can be applied in surge control.
Compressor dynamics including surge control by plenum
flow-out is given by:

¢ = B(ye—vp) @)
1
Yy = §(¢1 — 0 —0u) ®)

where ¢, is plenum flow-out as the control flow. Surge avoid-
ance system (SAS) and piston-actuated active surge control
(PAASCS) are the examples of surge control based on the
plenum flow-out control. PAASCS is not only able to re-
move fluid from the plenum, but also to inject fluid back into
the plenum such that the value of ¢, can be positive and/or
negative.

T
Motor
Station A
Pa w, Pe
et
Compressor Plenum Throtdle
%

FIGURE 3. Model of compressor with PAASCS.

3.2 Piston Actuated Active Surge Control System
A model of a compression system equipped with pis-

ton for active surge control is shown in Fig. 3 and the non-

dimensional dynamics equations are given as follows [6]:

1 = By — ) ©
PP 1 ka A

Yp = B {‘pl — 0 — ﬁl] (10)
s 2B

A:E(kalyp‘i’ux)- (11)

The control flow in PAASCS is a function of the piston ve-
locity as given by:

ka 5
0= ﬁk (12)

where k, = %. The control force to drive the piston can be
designed by Jsing the available control methods. An exam-
ple design by using linear quadratic control including integral
action was presented in [7] and the control law was given as
follows:

us = ily — kaWpo (13)

where @iy = —K % and ¥ is states deviation frpm operating
point O given by 1 = [(¢1 — 91,), (Wp — Wpo)s A, A, [ AdH]T.
It is assumed that the piston is idle at zero position at oper-
ating point O. A control design using the method results in
Ky = [5867.2 —476.4 260.9 1328.8 316.2] and the closed
loop eigenvalues at 51, = —4.9292 £ 5.5060i, s3 = —6.7789
and s4 5 = —0.2117 £0.2037i. All eigenvalues are located in
the left half plane (LHP) such that the system locally asymp-
totically stable.

Figure 4 shows the system trajectory of compressor
equipped by PAASCS. It is shown the system is stable even
though the operating point moves in the left side of surge
control line. Figure 5 shows the piston displacement during
the surge stabilization.

An alternative control law using feedback from plenum
pressure and piston displacement only can be found in [6].
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FIGURE 4. System trajectory of compressor with PAASCS when
the operating point changed from O to D.
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FIGURE 5. Piston displacement during the surge stabilization.
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FIGURE 6. Model of compressor with SAS.

3.3 Surge Avoidance System

A compression system equipped with SAS is shown
Fig. 6. The effect of the recycling flow to the inlet flow is
shown by a control volume in the inlet called buffer. The
non-dimensional dynamic equations are given as follows [9]:

ér = —Bry, (14)
v = B—C[wwﬁm (15)
¢1 = B[Wb""l’c*y/p] (16)

Vo= 5 01—9 0 an

AL
AL;
as the plenum flow-out control. The recycled mass flow is a
function of plenum pressure as described by:

where B; = B, Bc = %B and ¢, is recycled mass flow

Or = ky,ur\/ (Wp — W) 18)

where ky, is recycle-valve constant and u, is the valve control
signal signal. The range value of u, is from 0 to 100 %.

A control design using proportional and integral (PI)
control was presented in [9] as follows:

ur=K,,¢e+K,'/¢gdt (19)

where K, is proportional gain, K; is integrator gain, and ¢, is
mass flow error defined by:

0 = OscL — P (20)

where @scz, is mass flow at the surge control line. Only the
non-negative mass flow error is used to generate the valve
control signal, such that:

¢, for ¢, >0
9. = (21)
0 for ¢, <O.

‘We choose Wscr, = 0.55 in the case study. Figure 7 shows the
system trajectory of a compressor equipped by SAS when the
operating point moves from O to D. It shows the operating
point is not able to reach the point D and goes to point E
located at the SCL.

4 Active Surge Control with a Back-up System
4.1 Combining PAASCS and SAS

It has been shown that both PAASCS and SAS are able to
maintain the stable compressor operation. However, it should
be noted that PAASCS is stabilizing surge by moving the pis-
ton such that the surge control performance depends on the
piston performance. The piston performance has some limi-
tations and one is the maximum stroke. In a condition when
the required stroke is more than the maximum stroke then the
piston is saturated. It has been shown in Fig. 5 that the system
stabilization for the changing operation from point O to D re-
quires piston stroke up to 0.56. In the case the available pis-
ton has maximum stroke £0.40, the piston will be saturated
during the stabilizing surge. Figure 8 shows the system tra-
jectory of surge stabilization by using a piston with maximum
stroke +0.40. The piston saturation makes the PAASCS fail
to stabilize the system and the compressor is entering surge.
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FIGURE 7. System trajectory of compressor with SAS when the
operating point changed from O to D.
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FIGURE 8. System trajectory of compressor with PAASCS when
the piston saturates during changing operation from O to D.

A back-up system is then necessary for the active surge
control system to recover the compressor when the active sys-
tem should fail. For that purpose, we use SAS as the back-up
of PAASCS as shown in Fig. 9. A switch is used to change
the operation from the PAASCS to SAS and works only if
the PAASCS should fail. We only consider the failures of
the PAASCS due to piston saturation. The failure is detected
by observing the piston velocity A and the piston control law
output ;. Since both PAASCS and SAS use plenum flow-
out (¢,) for surge control then switching algorithm can be
defined as follows:

_ [0
‘1’“*{(;), forit; Z0AL =0 22)

where A is AND logic operator. The switching is only one-
way from the main system to the back-up system and not
in the reverse way. Figure 10 shows the control loop of

Recycle
Valve

Station A

Pa

— L
W, W,
iV, Poi=tme | P

inlet,

—————————— = Throttle

|
|

|

|

! Compressor Plenum
|

|

L

FIGURE 9. A model of compressor with PAASCS and SAS as
the back-up.

PAASCS including SAS as the back-up system.

Figure 11 shows the trajectories of the compressor sys-
tem with PAASCS and SAS as the back-up. The SAS recov-
ers the compressor system from entering surge by moving the
operating point to point E when the piston is fail. The system
trajectories shows the switching system is locally asymptotic
stable.

Figure 12 shows the SAS is recycling the flow when the
piston saturates for recovery the compressor from entering
surge. The compressor mass flow and plenum pressure dur-
ing the recovery are shown in Fig. 13. The compressor is re-
covered and operates steady at mass flow 0.55 which is value
of the chosen ¢scy.

5 Conclusions

An active surge control system using piston actuation
combined with SAS as the back-up system was presented. A
failure in ASCS may make a disaster to the compressor sys-
tem by occurring surge. Applying a back-up for the ASCS is
necessary to improve the system safety as shown by the sim-
ulation result. The back-up system is only used to recover
the compressor system from entering surge when the active
system should fail by using one-way switching mechanism.

6 Future Works

This study is remaining an analytic proof for the switch-
ing stability and is taken in account as a future work. By us-
ing the analytic proof, the case study could be extended to a
possibility of using two-way switching and a failure case due
to jamming piston. A test rig in laboratory scale is prepared
to do experiment for evaluating this concept.

ACKNOWLEDGMENT
This work was supported Siemens Oil and Gas Solutions
Offshore through the Siemens-NTNU collaboration project.

Copyright (© 2012 by ISUAAAT Scientific Committee with JSASS Publication

109



Paper E

PAASCS

FIGURE 10. Control loop of compressor with PAASCS and SAS
as the back-up.
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FIGURE 11. System trajectory of compressor with PAASCS and

SAS as the back-up compared to the compressor with PAASCS only
when the piston saturates during changing operation from O to D.
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Two General State Feedback Control Laws for Compressor Surge
Stabilization™

Nur Uddin and Jan Tommy Gravdahl

Abstract— Active surge control system (ASCS) can be classi-
fied into two types: upstream energy injection and downstream
energy dissipation [1]. Two novel state feedback control laws
termed ¢-control for the upstream energy injection and y-
control the downstream energy dissipation are pr d. Both
state feedback control laws are derived by using the Lyapunov
based control method such that the closed loop systems are
global asymptotic stable (GAS). The ¢-control applies feedback
from the compressor mass flow sensor to generate extra
pressure to the compressor upstream line, while the y-control
generates an extra flow out of the plenum using feedback from
the compressor discharged pressure and the plenum pressure.
Both state feedback control laws offer a minimum number of
sensors requirement. Moreover, the y-control requires feedback
from pressure sensors only which are readily available and
make real-time implementation of the system to be easier.

I. INTRODUCTION

The operating area of a compressor is commonly shown
by a compressor map. The map shows curves of compressor
produced pressure versus compressor mass flow. Figure 1
shows an example of compressor map for a constant com-
pressor speed. The compressor operating area at lower mass
flow is limited by a surge line and stone wall at the hight
mass flow. Surge line is a limit of stability where the right
side area of the line is stable while the left side area is
unstable. Operating the compressor in the unstable area result
in compressor surge. Operating a compressor beyond the
stonewall result in compressor choke.

Compressor choke is a condition when the gas velocity
relative to the blade is equal to the speed of sound such that
the compressor cannot pump any more gas [2]. According to
[3], a compressor can only operate in stonewall if the head
(energy) required by the process system is low enough such
that the compressor operates in the high-flow-rate region of
the compressor map. The high flow rate requires a larger
pipe diameter, which is more costly. For economic reasons,
this is a rare case because the process pipe is designed to
minimize the pipe diameter and therefore increase the head
required at high flow rates. Stonewall is also not a destructive
phenomenon. Therefore, surge receives more attention in
compressor studies. Moreover, the high-efficiency compres-
sor operating points are located close to the surge line.

*This work was supported by Siemens Oil and Gas Solutions Offshore
through the Siemens-NTNU research collaboration project.

Nur Uddin and Jan Tommy Gravdahl are with Depart-
ment of Engineering Cybernetics, Norwegian University of
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Fig. 1. A compressor map with surge line.

Compressor surge is an aerodynamic instability in the
compression system and results in an axisymmetric oscil-
lation of the compressor flow and the compressor produced
pressure. It is also defined as a condition where the pressure
developed by a compressor (upstream pressure) is less than
the system pressure (downstream pressure) [2]. It occurs
due to inability of the impeller to produce the amount
of required energy for the process system [3]. Surge is
physically indicated by pressure fluctuation, reversal of flow,
temperature fluctuation and followed by severe vibration.
Surge leads to compressor damage especially at the rotating
parts, for examples: compressor blades, shaft and bearing,
and also pipeline connections and structure. Therefore, a
compressor is always prevented to enter surge during the
operation. There are two methods to prevent a compressor
from experiencing surge: surge avoidance system (SAS) and
active surge control system (ASCS).

SAS is the traditional method to prevent a compressor
entering surge. SAS works by defining a surge control line
which is located on the right side of the surge line as a limit
of the minimum compressor flow. It makes the compressor
operating point not reach the surge line. The margin between
surge control line and surge line is known as surge margin.
The surge margin is defined by a compressor operator and
10 % is commonly used. The SAS method is implemented
through a recycling flow mechanism by using a recycle valve
and recycle line or blowing-off flow mechanism by using
a blow-off valve. When the compressor operating point is
crossing the surge control line, the recycle valve or the
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blow-off valve will open to discharge the downstream fluid
and result in increasing the flow such that the compressor
operating point will stay at the surge control line. This
method works well to prevent a compressor from entering
surge and is commonly applied in industrial compressors.
However, applying SAS reduces the compressor operating
envelope as the limit of minimum compressor flow is surge
control line instead of surge line. Moreover, the compressor
operating points with high efficiency are commonly located
closed to the surge line such that a compressor equipped with
SAS may not be able to reach the highest efficiency.

As opposed to the SAS which limits the compressor oper-
ating area by a surge control line, ASCS is stabilizing surge
by an active element such that the compressor operating
point is allowed to cross the surge line into the stabilized
surge area such that the operating envelope is enlarged.
The active element, or actuator, is driven by a controller
based on a state feedback control law. The ASCS method
was introduced by [4]. ASCS is offering an enlargement
of the compressor operating envelope towards lower flows
and an opportunity to reach higher compressor efficiency.
Several studies by applying different control methods and
different actuators have been presented. Nonlinearity in the
compressor dynamics gives a challenge in designing the
surge control. Several studies by applying linear and non-
linear control methods to design ASCS controller have been
presented. The linear control design is done by linearizing
the compressor dynamics at an operating point to get a
linear compressor model such that linear control methods
can be applied. Examples of ASCS designed by using linear
control theory have been presented in [S]-[7]. The linear
control design is able to stabilize compressor surge, but it
only achieves local asymptotic stability with limited region
of attraction (operating area). On the other hand, nonlinear
control methods are promising global asymptotic stability
(GAS). The GAS is proved by the Lyapunov stability method
which is requiring a Lyapunov function. Backstepping is a
systematic non-linear control method to find a state feedback
and Lyapunov function such that GAS of the closed loop
system is guaranteed. Several works on applying Lyapunov-
based or backstepping methods for active surge control were
presented in [8]-[10]. However, the method may result in a
complicated and impractical state feedback [10].

A compressor model is required in surge control design.
Greitzer compression model [11] is one of the most applied
models in surge control studies. The Greitzer model is able
to predict the transient response subsequent to a perturbation
from steady operating condition.

Several actuators have been applied in active surge control
and example includes: moveable plenum wall [5], close
coupled valve [8], drive torque [12], magnetic bearing [13]
and piston actuation [10]. Consult [14] for more actuators
applied in ASCS. Considering the working principle of
the actuators in stabilizing surge, ASCS can be classified
into two types: upstream energy injection and downstream
energy dissipation [1]. The upstream energy injection is
increasing the pressure at compressor upstream line while

. . pc

Throttle |
Compressor | |

L,

C
Compressor duct

Motor

Plenum "Outlet duct.

Fig. 2. Model of single compression system.

the downstream energy dissipation is decreasing the pressure
at the compressor downstream line (plenum) by flowing out
more fluid from the plenum.

This paper presents two new general state feedback con-
trols called ¢-control and y-control for compressor surge
stabilization by using ASCS in the types of upstream energy
injection and downstream energy dissipation, respectively.
Both state feedback controls are derived by using Lyapunov
based control method such that the GAS of the closed loop
system is guaranteed.

II. COMPRESSION SYSTEM

The Greitzer compression model is shown in Figure 2 and
the dynamic equations are given as follows [11]:

. A[

wi = L*C(pcfpp) (€3]
2

s — g,

Pp = Vp (Wl W0)7 )

where w; is the inlet mass flow, A. is the compressor
duct cross-sectional area, L. is the effective length of the
equivalent compressor duct, p. is the compressor pressure
rise, pp is the plenum pressure, ao is the speed of sound,
Vp is the plenum volume, and w, is the outlet mass flow.
It is assumed that the pressures are measured relative to the
ambient pressure.

The outlet mass flow is the set point which represents the
desired mass flow of a compressor operation. The inlet mass
flow will be equal to the outlet mass flow at steady state.
The compressor operating point is changing by adjusting the
outlet mass flow, where it is physically done by adjusting a
throttle. The outlet mass flow is defined by:

Wo = krur\/Dp 3)
where k7 is the throttle constant and u7y is the throttle
opening with range value from 0 to 100 %.

Defining constants B = %ﬁ_‘ and B, = %ﬁ] the dynamic
equations can be expressed as:

Wi = Bl(pc_Pp) )

Dp Ba(wi —wo). (©)

The compressor pressure rise is plotted as a function of the

flow for several compressor speeds in a compressor map and



Paper F

is commonly provided by the compressor manufacturer. The
map can be obtained by collecting data in a compressor per-
formance test and approximated by a mathematical function.
Approximation by a cubic function for constant compressor
speed was introduced by [15] as follows:

e =pen i3 G -4 o

where p., is the shut-off value of the axisymmetric char-
acteristic, W is the semi-width of the cubic axisymetric
compressor characteristic, and H is the semi-height of the
cubic axisymetric compressor characteristic; consult [15] for
more detailed definitions.

III. PRINCIPAL WORK OF ACTIVE SURGE CONTROL

Modeling a compressor system by using bond graph was
presented in [1]. Analysis of the bond graph model results in
two basic surge solutions for stabilizing compressor surge:
upstream energy injection and downstream energy dissipa-
tion. Several presented actuators for ASCS are basically
working based on one of the two approaches. Based on
the Greitzer model, the upstream energy injection results
in additional upstream pressure and the downstream energy
dissipation results in additional flow out from the plenum
in order to stabilize compressor surge. Derivations of state
feedback control law for the both basic surge solutions by
using Lyapunov control method are presented as follow.

A. Upstream energy injection

A bond graph model of a compression system with active
surge control system in the class of upstream energy injection
is shown Figure 3. Dynamic equations of the system based
on the bond graph model are given as follows':

14; Pe—Ppten N
Cpp = 4i— 4o, ®
where I = pL‘ C = #, e9 is an effort (pressure p,)

generated by an active elgment Su, and ¢ is volumetric flow.
The relation with mass flow is w = pg. By assuming the
flow is incompressible and using the defined constants Bj
and B;, the dynamic equations (7) and (8) can be expressed
as follows:

W = Bl(l’c_Pp"‘pu) )

Pr = Ba(wi—w,). (10

Theorem 1: A ¢-control with a state feedback p, =
—ky (wi — w,nf) where k| > k,, and k,, = ga‘ , makes the

operating point of a compressor system in (8) and (10) at
mass flow w;, . to be GAS.
Proof: Define new variables z; = p. — pp+p, and 22 =
w; —w,, and a Lyapunov function candidate
B
w=bz2,2

5 an

22

'Notation according to [1]

1 0 = R

| C

Fig. 3. Bond graph model of active surge control in a class of upstream
energy injection [1].

The time derivative of V) is given as follows:

Vi = Bizizi+Bnih
= Bl(Pc_Pp"‘Pu)(Pr Pp+Pu>+BZ( —Wo) (Wi —W,)
= Wi(pr - pp +pu) +P17Wi - ppwo
= Wipc— Wiﬁp +Wipu+ leWi - ppwo
d ow,
= ap(W +Wpu a Upi
Let pu = 7klwia
d aw,
= (5 -a )=
Wi apy
ap aw,
(awf _k|> B%(Pc —Pp +Pu)2 - ap; Z(Wi _Wo)z
dpe ) Iw, 2.2
-~k B B3z, (12)
< 1<1 apP 242
where a”” = W” - > 0, see the Appendix for the derivation of

BW; Selectmg k1 > k,, where k,, = ‘;ﬂ results in V5 < 0
such that the closed loop system of (9) ana (10) is GAS. The
state feedback control is given as

Pu= —k /Widt _kl( - Wl,ﬂf)

where w; ; is the desired compressor mass flow which is the
desired throttle mass flow w,,. ]
The value of ki can be obtain by using (6) and it is resulted
in k, = 2W Equation (13) is the state feedback control to
stabilize surge by maintaining the compressor to operate at
the desired mass flow and called as ¢-control.

(13)

B. Downstream energy dissipation

A bond graph model of a compression system with active
surge control system in the class of downstream energy
dissipation is shown in Figure 4. Dynamic equation of the
system based on the bond graph model is given as follows:

(14)
15)

1g; Pe—Pp
CP]I = —qo— f20.

where fpo is a flow out from the plenum generated by an
active element R, and it is defined as the volumetric flow

2Notation according to [1]
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O

Fig. 4. Bond graph model of active surge control in a class of downstream
energy dissipation [1].

qu. By assuming the flow is incompressible and using the
defined constants B; and B;, the dynamic equations (14) and
(15) can be expressed as:

16)
an

wp = Bl(pc *pp)

ﬁp = BZ(WI —Wo _Wu)‘

Theorem 2: A w-control with a state feedback w, =

7’%31 (pe — pp), where ky, < ky <k, with k,, = ga“ and
2 5 i Imax
kn = ai 2| , makes the operating point of a compression

system in rrf'i‘6) and (17) at a desired mass flow w, to be
GAS.

Proof: Recall the defined variables 6; = p. — p, and

6, = w; —w,, and define a Lyapunov function candidate:
By , By,
Vo = —O0i+—6;. 18
63 5 Y + e (18)

Time derivative of V, is given as follows:

Vo = Bi6,6+B16,6,

= Bi(pe—pp)(Pe = pp) + Ba(wi —wo) (Wi — o)

= Wi(pe _Pp) +Ba(wi — wo — Wy +wy,) (Wi — Wo)

= W,']jg - Wi]jp +Bz(wi — Wy Wu)<Wl' - W,,)
+Bzwu(W,' 7W0)

= Wipc— Wipp +pp(Wi - Wo) +BZWH(WI' - WU)
Wipe — Wiljp +ppwi - ijwo +Bawy (W,‘ - WO)

= WiPe — PpWo + Bawy Wi — Bawyv,

= gfv 7 Bawa — Bawi — i (19)

Let w, = 71%1&,- such that

. d
V) = (aﬁ _ k2> W2+ kaWidio — Pp¥ia,s

and by applying Young’s inequality:

. Ipe W2 W2
VW o< <afv‘_ 71(2) W2 +ky (7’+7“> — ppie
13
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2
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(awi 2>Wz+2wo PpWo
_ (e R ke (dwe NP (O
- ow; 2 Wit app”” Py Bpppp
_ ap. k .2 ky ((dw, 2 I, )
B <3Wi77>w"+ 2\ap,) " ap, |7
2
Iwe
_ (e kY |k (O ()
dw; 2 ) 2 \dpy Iwo P
Ipp

ka 3171: Iw, k2 2
*(?’awo ap, 2\ TR 5e )| GO

Selecting k,, < ko < k,, where k, = g” ‘

()

and k, =

max

Wi

’ ~, results in V3 < 0 such that the closed loop system

dw,
in (l&mand (17) is GAS by a state feedback control
kaBy
Wu:_Bi(pc_ p) (21)
bl
|
It is shown in Appendix that g% = %’ and therefore k, =

2pp

Wo

. The value of k, can be obtained by finding the
operzﬁﬁlg point at the maximum mass flow in the compressor
map for the corresponding compressor speed. Equation (21)
is the state feedback control to stabilize surge by maintaining
the compressor discharged pressure to be equal to the plenum
pressure and we call it as y-control. Note that the (21)
requires feedback from pressure only, a quantity that is more
readily available for measurement than mass flow. It makes
real-time implementation of the system to be easier.

C. Actuator

Block diagrams of ASCS in the class of upstream energy
injection and downstream energy dissipation are shown in
Figures 5 and 6, respectively. Actuator is the mean to execute
the state feedback control into physical action. The type of
actuator is not limited as long as it can generate mass flow w,
or pressure p,. The actuator should have fast response and
accurate value. However, an ideal actuator may not available
such that it will be a trade-off between actuator and the surge
control performance.
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Fig. 5. Block diagram of active surge control with upstream energy
injection (¢-control).
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Fig. 6. Block diagram of active surge control with downstream energy

dissipation (y-control).

IV. SIMULATION

Simulations are presented to demonstrate the performance
of the ASCS in the class of upstream energy injection and
downstream energy dissipation for stabilizing compressor
surge. The simulations use parameters given in Table I and
a compressor map in Figure 1. The compressor map shows
that the surge point, which is the minimum stable compressor
mass flow, is located at mass flow 0.02 kg/s and pressure
20.93 kPa, while the choke point, which is the maximum
compressor mass flow, is located at mass flow 0.07 kg/s
and pressure 18.1 kPa. Based on the available data, we
obtain k,, = 4.725 x 10* kPa.s/kg, k, = 5.17 x 10° kPa.s/kg,
B1 =9.3x1073 m, and B = 1.156 x 10° m~'s 2. Therefore,
the control parameters for the upstream energy injection (¢-
control) is k; > 4.725 x 10* and the downstream energy
dissipation (y-control) is 4.725 x 10* < ‘7 <5.17%x10°. In
this simulation, we choose k; = 6.24 x 10* and k, = 10°.

Two simulations will be carried out to show the perfor-
mance of the the @-control and the y-control in stabilizing
surge and the simulation scenario is give as follows. Both
simulations will be done by operating the compressor at point
A where the mass flow is 0.06 kg/s as the initial point and at
t =40 seconds the operating point is shifted to B where the
mass flow is 0.01 kg/s by closing the throttle. The operating
points A is located in the stable operating area while B is in
the surge area. The compressor will enter surge and the surge
control will be activated a few second after the compressor
surge. The simulation results are given as follows.

The performance of the upstream energy injection (¢-
control) ASCS is shown in Figure 7 for the time response
of the system and Figure 8 for the system trajectory. The
compressor operating point is shifted from point A to B by
reducing the mass flow from 0.06 to 0.01 kg/s at t = 40.
The compressor enters surge after the the operating point
passed the surge point as shown in compressor operating
trajectory in Figure 8.The surge is shown by oscillations at
compressor mass flow oscilation (w;) and plenum pressure
(pp) in Figure 7 and limit cycle in Figure 8. The surge is
stabilized after the surge control is activated at t = 43 seconds

TABLE I
SIMULATION PARAMETERS

Parameter  Value  Unit  Parameter  Value Unit
ao 340 mis v, 0.1 m’
Le 0.41 m Ac 0.0038  m?
Pey 203 kPa H 0.315 kPa
w 0.01 kg/s

and the system is finally operating stable at point B where
the mass flow is 0.01 kg/s.

The performance of the downstream energy dissipation
(y-control) ASCS is shown in Figure 9 for the time re-
sponses and Figure 10 for the system trajectory. Figure 9 is
shown that the compressor enters to surge at ¢ = 40 seconds
after the operating point is shifted to point B. The surge
is stabilized after the surge control is activated at t = 43.6
seconds and the system is operating stable at point B where
the mass flow is 0.01 kg/s. The reason of activating the surge
control at t = 43.6 seconds and not at t =43 seconds as in
previous simulation is solely to give more clear visualization
of the compressor operating trajectory in Figure 10.

Figure 9 also shows that the control mass flow w, in-
stantaneously jumped when the surge control was activated.
It requires the actuator to generated a high mass flow
instantaneously and is not practical. The jump of w, is the
effect of derivative control where the w,, is proportional to w;
and it can be eliminated by limiting w, in a reasonable value.
The w, should not more than w;. Figure 12 shows simulation
result of applying limiter to the w, with limitation range
—0.02 <w, <0.02 kg/s. The surge is stabilized although
the w,, is limited. A limiter is not necessary for the upstream
energy injection as it is not a derivative control. The p, is
proportional to the deviation of w; to w,, .

V. CONCLUSION

Two state feedback controls called ¢-control for ASCS
with upstream energy injection and y-control for ASCS with
downstream energy dissipation were presented including the
GAS proof of the closed loop systems. Both state feedback
controls stabilize surge and the closed loop system is GAS.
An advantage of the proposed schemes is the reduced sensor
requirements, ¢-control is only requiring a mass flow sensor
and the y-control is only requiring two pressure sensors
to measure compressor discharge pressure and the plenum
pressure. The ¢-control can be directly implemented in real-
time system as the pressure sensor is readily available.
However, it is not the same for the y — control due to the
available mass flow sensor has slow response and not able
to capture compressor surge. As an alternative mass flow
observer introduced in [16] can be used to get an estimated
mass flow. Application of the both feedback controls depends
on the actuator type for ASCS, whether it is in the class of
upstream energy injection or downstream energy dissipation.
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APPENDIX
Ipp .. .
The value of # is given as follows: Py = 1 w2
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= = 2
7 = 3 =3 dw, (krur) Wo
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Abstract: A novel implementation and experimental test results of a piston actuated active
surge control system (PAASCS) on a laboratory scale pipeline-compressor system are presented.
The experimental test is done to prove the concept of stabilizing compressor surge by
dissipating the plenum energy using a piston actuation. The PAASCS’s controller is applying
1-control introduced in (Uddin and Gravdahl, 2016), which only uses feedback from pressure
measurements at the compressor discharge and in the plenum. Practical aspects of implementing
the PAASCS are presented including: flow measurement, generating a compressor map based
on a compressor performance test, piston design, and the test setup. The experimental test
results show that the PAASCS is able to stabilize surge and prove the concept of PAASCS with
the advantage of 1-control which stabilizes compressor surge by using feedback from pressure

measurements only.

Keywords: Compressor, active surge control, pitot tube flow measurement, linear actuator,

hardware in the loop test, experimental.

1. INTRODUCTION

A centrifugal compressor operating area is commonly
shown by a compressor map, where the compressor op-
eration at low mass flows is limited by a surge line. The
operating area on the left side of the surge line is unstable
and will lead to surge, while it is stable operating area
on the right side of the line. Compressor surge is an
aerodynamic instability in the compression system and
results in an axisymmetric oscillation of the compressor
mass flow and the compressor pressure. The instability is
physically indicated by pressure fluctuation, reversal flow,
temperature fluctuation and followed by severe vibration.
Compressor surge leads to compressor damage especially
at the rotating parts, for examples: compressor blades,
shaft and bearing, and also pipeline and structure (Grav-
dahl and Egeland, 1999).

A method to stabilize surge by using a state feedback con-
trol was introduced by Epstein et al. (1986). The method
is known as active surge control system (ASCS). Several
actuators have been applied in the ASCS as summarized in
(Willems and de Jager, 1999; Uddin and Gravdahl, 2015),
for examples: movable plenum wall, close couple valve,
drive torque, active magnetic bearing, and piston actu-
ation. Based on how the actuators work to stabilize surge,
the ASCS can be classified in two types: upstream energy
injection and downstream energy dissipation (Uddin and
Gravdahl, 2015). The upstream energy injection ASCS

* The authors acknowledge the financial support of Siemens Oil
and Gas Solutions Offshore through the Siemens-NTNU research
collaboration project.

is stabilizing surge by increasing the upstream pressure
to increase the upstream energy, while the downstream
energy dissipation ASCS is stabilizing surge by flowing
extra fluid out from the plenum to decrease the down-
stream energy. Two general state feedback control law
for the both ASCS types were introduced by Uddin and
Gravdahl (2016), and named ¢-control for the upstream
energy injection and -control for the down stream energy
dissipation. Both control laws make the closed loop system
globally asymptotically stable (GAS) and the advantage
of them are the minimum sensor requirement. The ¢-
control requires feedback from the compressor mass flow
measurement only, while the t-control requires feedback
from pressure measurements at the compressor discharge
and in the plenum only.

Piston actuated active surge control system (PAASCS)
was in introduced by Uddin and Gravdahl (2011b). It is
in the class of ASCS with downstream energy dissipation.
Theoretical works to improve the PAASCS performance
have been done by: introducing integral action to eliminate
piston drift (Uddin and Gravdahl, 2011a), and introducing
a back-up system by using blow-off mechanisms (Uddin
and Gravdahl, 2012b) and by using surge avoidance system
(SAS) (Uddin and Gravdahl, 2012a) for fail-safe operation.

This paper presents the implementation and the exper-
imental test results of a PAASCS on a laboratory scale
pipeline-compressor system running at a constant com-
pressor speed. An experimental test setup is built in
Compressor laboratory at Departement of Engineering
Cybernetics, NTNU. The PAASCS control law is applying
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Fig. 1. Piston actuated active surge control system.

the t-control. The control gain is determined by using
the test setup parameters and a compressor map. The
compressor map is obtained through a compressor per-
formance test. The control law algorithm is written in
Matlab and Simulink and embedded in a dSpace board
to build a hardware in loop simulation. The PAASCS is
tested experimentally to see the performance of the system
in stabilizing surge. The test is started by running the
compressor at a constant speed and reducing the flow
by closing an outlet valve (throttle) such that the com-
pressor is entering surge while the PAASCS is inactive.
The PAASCS is then activated after the compressor is in
surge. The surge is shown by pressures oscillation sensed
by pressure sensors at the compressor discharge and in
the plenum. This is the first experimental confirmation
of actively stabilizing compressor surge by using piston
actuation.

2. SYSTEM DYNAMICS AND CONTROL

A model of PAASCS is shown in Figure 1. The PAASCS
model is a modification of the Greitzer compressor model
(Greitzer, 1976) by adding a piston. The assumptions in
the Greitzer model are applied in the PAASCS model.
The pa and pp are the ambient pressures and assumed
to be equal, and fluid pressures in the system are mea-
sured relative to the ambient pressure. It is assumed that
pressure drop along the ducts in the system are neglected.
Therefore, the compressor discharge pressure (pg) is equal
to the compressor pressure rise (p.), and the compressor
discharge mass flow (wq) is equal to the inlet mass flow
(w;). Dynamic equations of the PAASCS model are given
as follows (Uddin and Gravdahl, 2011b):

. AC

wi:fc(pc*pp) 1)
; —ﬁ(w-—w — wy) (@)
pp_vp (2 o s)s

where A, is the compressor duct cross-sectional area, L. is
the effective length of the equivalent compressor duct, p,
is the plenum pressure, ag is the speed of sound, V,, is the
plenum volume, w, is the outlet mass flow, and wy is the
piston mass flow. The outlet mass flow is the set point of
the desired compressor operating mass flow. A compressor
operating point is an equilibrium point where w; = 0 and
pp = 0. The piston mass flow is defined by:
dLs
)

ws = pAs——

o ®3)

Table 1. Major components of test setup.

Detail
Supercharger Vortech V-1 S-Trim Race M
Druck PTX 610

Endress+Hauser t-m:

Component
Compressor
Pressure sensor
Mass flow sensor

ass 65F80

Valve Siemens PN 10

Pipeline Polypropylene pipe with diameter 75mm
Plenum Cylindrical vessel

Control board dSpace DS1103

Piston See Section 3.3

where p is the fluid density, A is the piston cross-sectional
area, and L, is the piston position. To simplify the surge
control design, we ignore the piston dynamic and assume
that the piston will generate a mass flow w; followingza
2—;‘ and By = %,
and substitute them into (1) and (2) such that results in:

w; = B, (p(: - pp) (4)

Pp = Ba(w; — w, — wy). (5)
The PAASCS is in the class of downstream energy dis-
sipation ASCS (Uddin and Gravdahl, 2011b) such that
the ¢-control introduced in (Uddin and Gravdahl, 2016)
is applicable.
Theorem 1. The 1)-control states that an equilibrium
point of (4) and (5) is globally asymptotically stable (GAS)
if wy = w,,, where w,, = —ky,(p. — p,) with

2B
2Bk < b <

2B, _ Ope

B, kny km = el and k

reference signal. Define constants B; =

_ 9pp
n T dw,

min

The stability proof can be found in (Uddin and Gravdahl,
2016). The surge control requires wy to behave as w,, and
it is the task of a piston as the actuator of PAASCS.

3. LABORATORY TEST SETUP

The concept of PAASCS is implemented and tested on a
laboratory scale pipeline-compressor system at Compres-
sor Laboratory in Department of Engineering Cybernetics,
NTNU. A PAASCS test setup is built as shown in Figure 2.
Major components in the setup are listed in Table 1 and
most of the components have been used in an experimen-
tal work on compressor surge control using torque drive
(Bghagen, 2007). Fluid pressures in the setup are measured
relative to the ambient pressure.

3.1 Mass flow measurement

The mass flow sensor used in the setup is Endress+Hauser
t-mass 65F80-AE2AGIAAAAAA. Tt is a high performance
mass flow sensor for industrial gases and compressed air.
The sensor is configured to measure mass flow at a range of
0 to 0.26 kg/s. The sensor has high accuracy with measure-
ment error 2% of the measured value (Endress+Hauser,
2015). However, the sensor response is quite slow such that
it is only applicable for measuring steady flow and not for
measuring unsteady flow. Because surge is unsteady flow,
we measure mass flow using a pitot tube as an alternative
solution. The pitot tube is installed at the compressor inlet
duct and equipped with two pressure sensors to measure
the total pressure (p;) and the static pressure (ps). The
mass flow is calculated by following equation:

2p(pt — ps), (6)
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Fig. 2. Compression system with PAASCS test setup at Compressor Laboratory, Dept. of Engineering Cybernetics,

NTNU.

where w is the calculated mass flow and A. is the inlet
pipe cross-sectional area. The fluid density (p) is assumed
to be constant and equal to the ambient air density. The
calculated mass flow is corrected by calibrating the mass
flow measurement using pitot tube with the mass flow
measurement using the mass flow sensor. The corrected
mass flow is given as follows:

w = 0.45w — 0.0035, (7)
where w is the corrected mass flow. The main reasons for
this correction are misalignment of pitot tube and incor-
rect air density. The pitot tube mass flow measurement
provides a much faster response than the mass flow sensor.

3.2 Compressor Performance Test

A compressor map of the test setup is obtained through
a compressor performance test. The performance test is
done by running the compressor at a constant speed for
several operating points and recording data of the com-
pressor mass flow and the compressor discharged pressure
for each operating points. The compressor mass flow is
measured using the pitot tube and calculated using (7).
The operating point is changed by adjusting the throttle
opening.

A test was done by running the compressor at 23978 RPM
for eight operating points. The initial operating point is

at throttle opening 40% and reduced gradually at 5% for
the other seven operating points. The operating points
are labelled sequentially by alphabet A to H. The test
results show that the compressor is operating stable at the
operating points A to G (throttle opening 40% to 10%),
but not at the operating point H (throttle opening 5%).
Figure 3 shows the compressor states for operating points
A to G. The compressor entered surge at operating point
H as shown in Figure 4. The compressor surge is shown by
oscillations of the compressor mass flow, the compressor
discharge pressure, and the plenum pressure. The mass
flow measurement is not accurate because reversal flows
(negative flows) were physically observed during surge in
the performance test, but the measurement output is not
negative. The surge phenomenon is therefore presented by
pressure oscillations in this study. A further study on flow
measurement during surge using a pitot tube is suggested.

A compressor map for stable compressor operating points
are obtained by approximating the compressor states of
the seven operating points (A to G) by a cubic function
as shown by ” Approzimation 17 in the Figure 3. The peak
point of curve ” Approximation 1” is the surge point. The
compressor map for unstable compressor operating points
are estimated by a cubical function introduced in (Moore
and Greitzer, 1986) and given as follows:
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Fig. 3. Compressor map obtained by a performance test.
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where p,, is the shut-off value of the axisymmetric char-
acteristic, W is the semi-width of the cubic axisymetric
compressor characteristic, and H is the semi-height of
the cubic axisymetric compressor characteristic; consult
(Moore and Greitzer, 1986) for more detailed definitions.
The value of H is approximated by the amplitude of the
compressor discharged pressure oscillation during com-

3 w;
Pe (Wi) = Pe, +H[1+§(W

Fig. 5. Piston design.

Fig. 6. Piston unit.

pressor surge as shown in Figure 4. The mass flow of
the surge point is equal to 2W. The value of p, is ap-
proximated by subtracting 2H from the pressure of the
surge point. The estimated compressor performance curve
at unstable operating area is shown by ” Approximation 2”
in Figure 3.

3.3 Piston

A piston as the actuator of PAASCS is required to have
sufficient power and speed to generate mass flow wy to sta-
bilize compressor surge. Based on the compressor map, the
piston must be able to work at pressure 21 kPa. The piston
mass flow is determined by the piston cross-sectional area
and the piston speed. To minimize the length of the piston,
the piston should have a larger cross-sectional area. By
considering further applications of the piston, we decided
to have a piston with diameter 0.2 m. The piston was
designed as shown in Figure 5. The piston is driven by
a linear actuator Servomech UAL4RV2C500 which has
maximum speed 0.44 m/s, maximum displacement 0.5 m,
and maximum force 1700 N (Servomech, 2015). The piston
displacement is sensed by a spring loaded potentiometer
Multicomp SP1-50 Transducer. The piston displacement is
set up in the range of £+ 0.25 m. The piston was manufac-
tured by the workshop staff at Engineering Cybernetics,
NTNU as shown in Figure 6.

The piston dynamics is obtained through a closed loop
system identification using the data of the piston displace-
ment and the input signal. Figure 7 shows a block diagram
of the closed loop system identification where Ly, is the
position input as the reference signal, L, is the piston
displacement, kg, is a proportional control gain, ks, is
the position sensor gain which is a conversion factor from
meter to volt, and G, is the piston transfer function. An
initial test by exciting the piston using a step function
reference signal showed that the piston movement is very
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Fig. 7. Block diagram of piston system identification.

slow. Therefore, a proportional controller, ks, = 10, is
applied to get a faster response. The value of kg, is 6.17
volt/m, which was obtained through a calibration of the
piston position sensor. Processing the data of the piston
input and the piston displacement using Matlab Toolbox
for System Identification results in a model with transfer
function:

(s 0.251
Gl = 005) = 56 + 5.408) ©)

where L is the piston displacement in meters and ug is
the piston input voltage in volts.

4. PAASCS IMPLEMENTATION

Figure 8 shows block diagram of PAASCS implementation
and the values of parameters in the test setup are given
in Table 2. The algorithms in the block diagram are

Table 2. PAASCS Test Setup Parameters

Parameter  Value Unit Parameter ~ Value  Unit
ap 340 m/s Vp 0.12 m?
Le 0.8 m Ac 0.0038 m?
p 1.2041  kg/m? A 0.0314 m?2

implemented in a Simulink model and embedded into a
dSpace board DS1103 to build a hardware in the loop
(HIL) simulation. The dSpace board has a 20-channels
digital to analog converter (DAC) and an 8-channels
analog to digital converter (ADC) as the interfaces to
connect with actuators and sensors, respectively.

The surge control gain k,, is calculated by using Theorem 1
where 25; km < ky < 2]_521 kn. By using (8), compressor
map in Figure 3, and the test setup parameters, it can
be obtained k,, = 23—12’, = 2.5909 x 10* Pa.s/kg, k, =
| = 3.3684 x 10° Pas/kg, By = 0.0047, and By =
° Imin

963330. The calculation results in 2.555 x 107* < k, <
3.3 x 1073, We choose k, = 4 x 10~* for the experimental
test. The output of the surge controller is w, which is a
reference mass flow for the piston. Since we only have a
position sensor in the piston, the reference mass flow is
converted to velocity with a conversion factor p%a. The
velocity is a reference velocity for the piston. An inner
closed loop with a piston controller is required to assure
that the piston movement follows the reference velocity.
The piston controller is a PID controller with k, = 120,
k; =5, and kg = 1. The Filter 1 is a first-order low-pass
Butterworth filter with passband frequency 207 rad/s and
the Filter 2 is a first-order low-pass Butterworth filter with
passband frequency 60m rad/s.

5. EXPERIMENTAL RESULTS

An experimental test is performed to test the PAASCS
performance. The compressor is running at 24335 RPM
and the throttle opening is reduced to 5% such that the
compressor enters surge as shown by the pressure oscil-
lations since ¢t = 475 seconds in Figure 9. The PAASCS
controller is then turned on at ¢ = 482 seconds and is
suppressing the pressure oscillations. It results in stabi-
lizing the compressor surge. The PAASCS controller is
then turned off at ¢ = 513 seconds and as can be seen
the compressor is driven back to surge.

The experimental results in Figure 9 show that the piston
velocity is not following the reference signal given by the
surge controller. An investigation of the piston using the
closed loop system identification data shows that piston
bandwidth is about 1.2 Hz. The piston bandwidth is quite
low compared to the surge frequency which is 3.5 Hz. This
indicates that the piston response is quite slow to follow
the reference signal.

The piston was also experience with some drift. Integral
control was recommended by (Uddin and Gravdahl, 2011a)
to eliminate the piston drift. It has been applied in
this experimental test but it does not give to much
improvement in this experiment. The slow response of the
piston is the main reason of it.

It is expected that a faster linear actuator for the piston
would lead to better performance. Nevertheless, surge was
stabilized with the current actuator.

6. CONCLUSION AND FURTHER WORKS

An implementation and experimental test of PAASCS
were done and the results were presented. The PAASCS is
able to stabilize compressor surge and prove the concept
of PAASCS. The PAASCS by using t-control makes the
implementation simple as only requiring feedback from
pressure measurements.

Recommendation of further works to improve the PAASSC
are given as follows. The performance of PAASCS can be
improved by using a better linear actuator with higher
bandwidth. The measurement of piston velocity can be
improved by using velocity sensor instead of using the time
derivative of the position sensor output. The mass flow
measurement by using pitot tube can be improved by con-
sidering that the air density is varying instead of assuming
it as a constant. The air density can be approximated as
a function of temperature. Another solution for the mass
flow measurement is by using an observer as introduced in
(Bghagen and Gravdahl, 2002).
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