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Abstract

A novel method of modeling centrifugal compression sys-
tems for surge control purposes by using bond graphs is pre-
sented. By using the bond graph method, we get a simple de-
scription of compression systems based on physical phenom-
ena and it is straight forward to get the dynamic equations.
It is demonstrated that several active surge control methods
can be represented by the same bond graph. It is also shown
how methods for active surge control can be classified using
energy flow in terms of upstream energy injection or down-
stream energy dissipation. A model of a compression system
with recycle flow is derived in this work.

1. INTRODUCTION

Compressors are widely applied in industries, for exam-
ples in pipeline natural gas transportation system, extraction
of metals and minerals in mining operations, natural gas re-
injection plants, secondary recovery processes in oil fields,
and process chemical and petrochemical plants [1].

A model of a compression system was introduced by Gre-
itzer in [2]. The Greitzer model is able to predict transient re-
sponse of a compression system subsequent to a perturbation
from steady operating conditions. The model was supported
by experiment results in [3].

The operating area of a compressor is commonly described
by plotting compressor pressure rise against flow for varying
compressor speed. This is known as a compressor map and
shown in Figure 1. 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 com-
pressor at flows below the surge line would drive the com-
pression 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, espe-
cially to compressor blades and bearings. It is of interest to
study the surge phenomena because high efficiency operating
points are located around the surge line. However, operating
in such points may endanger the compressor by entering the
surge area due to disturbances. There is a trade off between
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Figure 1. Compressor map for several speeds.

high efficiency operation and compressor stability.

Surge avoidance system (SAS) is a traditional method to
prevent a compressor entering surge. These surge avoidance
systems usually 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 in-
troduction of the surge control line reduces the usable size
of compressor map, thereby restricting the compressor oper-
ational envelope.

Active surge control is fundamentally different to surge
avoidance as unstable equilibria are sought to be stabilized
instead of avoided. The motivation behind this is to overcome
some of the shortcomings of surge avoidance. Active surge
control of compressors was first introduced by [4], and since
then a number of theoretical and experimental results have
been published. Different actuators have been introduced,
and examples include recycle valves, bleed valves and throt-
tle valves, gas injection, variable guide vanes, variable speed
drives, magnetic bearing and piston-actuation [5]-[7].

Bond graph modeling is based on the energy flow in a sys-
tem. It is a domain-independent graphical description of dy-
namic behaviour of physical systems where different domains
(e.g., electrical, mechanical, hydraulics, pneumatics and ther-
modynamics) are described in the same way. Bond graph



modeling is a form of object-oriented physical system mod-
eling. Comprehensive bond graph literature can be found in
[8]-[10] .

This paper is applying the bond graph method for com-
pression system modeling. First, we introduce compressors,
surge, surge avoidance system, active surge control, and bond
graph in Section 1. Compression system is explained in Sec-
tion 2. Bond graph modeling of a compression system is given
in Section 3. Energy flow in a basic compression system will
be studied and the dynamics equations will be derived. Sec-
tion 4 will explain how surge phenomenon is related to the
energy flow in the system. Section 5 discusses surge avoid-
ance system including the bond graph model, dynamics equa-
tion and the effect of recycling flow. Active surge control sys-
tem is presented in Section 6. It is shown that the various ac-
tive surge control method can be represented as an additional
source element at upstream junction or dissipative element at
down stream junction.

2. COMPRESSION SYSTEM

A simple diagram of pipeline gas transportation from sta-
tion A to station B is shown in Figure 2(a). The system con-
sists of a compressor, pipelines, a throttle and a motor. It is
a multi-domain system and including mechanical, fluid dy-
namic, thermodynamic, and electric domains. This study is
focused only on fluid dynamics domain and considering the
system as a lump system.

During the operation, the motor drives the compressor to
suck gas from station A through the inlet, increase the gas
pressure, and then discharge to the long pipeline to reach sta-
tion B. A throttle is placed before the outlet to change operat-
ing point by giving flow resistance. The throttling may cause
the outlet mass flow to be less than the compressor discharged
mass flow such that some fluid is stored in the pipeline. This
is causing a capacitor effect in the pipeline.

The fluid flow and pressure in the pipeline transportation
system are described by a compression model in Fig 2(b). The
capacitor effect in the pipeline is modelled by a plenum. The
notations py4 is the pressure at station A, 7 is motor torque,
o is the angular motor speed, w; is the inlet mass flow in
to compressor, p. is the compressor pressure rise, pg is the
pressure at compressor discharge, p), is the plenum pressure,
V), is the plenum volume, p; is the outlet pressure drop due to
the throttle, w» is the outlet mass flow, and pp is the pressure
at station B.

It is assumed that the process in the system is adiabatic
and pressure drop along pipeline is neglected as the throttle
pressure drop is more dominant. Therefore, p; is equal to p4.
Itis also assumed the compressor discharge mass flow is same
as to the inlet mass flow. The compressor discharged pressure
and the throttle pressure drop are given as follows:

pa=patp. and p>=p,—pp. (D
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Figure 2. Pipeline gas transportation diagram and the com-
pression system model.
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Figure 3. Bond graph model of the basic compression sys-
tem.

3. BOND GRAPH MODEL OF A COM-
PRESSION SYSTEM

Bond graph is a domain independent modeling method
based on energy flow behaviour in the system. Energy flow of
each component in the system is represented by a bond which
is a line with half arrow and two variables: effort (¢) and flow
(f). Torque and angular velocity are the effort and flow in ro-
tational mechanical system, respectively. Pressure and mass
flow are the effort and flow for the fluid system, respectively.
The bonds are connected to each others by a junction. There
are two kind of junctions, 0— junction and 1— junction. There
is no energy storage or dissipation in the junctions. In the 1—
junction, all connected bonds have equal flow and the total ef-
fort is zero. The effort of all connected bonds in a 0— junction
are equal and the total flow is zero.

The bond graph model of the compression system is shown
in Fig. 3. Stations A and B are modelled as the effort source
elements S,, and S., where both are providing pressure py
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Figure 4. Simplified bond graph model of the basic com-
pression system.

and pp, respectively. The motor which rotates the compres-
sor is modelled as a flow (angular velocity) source element
S¢. The compressor which converts rotational speed into fluid
pressure is modelled as a modulated gyrator (MGY) with
the compressor pressure rise as the gyrator ratio. The throt-
tle and plenum are modelled by R—element (resistor) and
C—element (capacitor), respectively. Fluid inertia is modelled
by /—element (inertia). However, the outlet fluid inertia is ne-
glected.

By assuming the pressures at station A and B are the at-
mospheric pressure and all pressure are measured as pressure
gauge, the compressor discharged pressure and the throttle
pressure drop become:

@)

pa=pc and pr=p,p.

Then, the bond graph model can be simplified as shown in
Fig. 4. The numbers starting from 2 in the bond graph model
are the bonds index number.

Dynamic equations of the system can be obtained by using
effort-flow relation of the energy storage elements (C and /
elements) as follows:

1

W = ;(Pc—Pp) ©))
1

Pp = E(WI—WZ) (€]

where I and C is the inductance and capacitance. Equations
(3) and (4) have the same form as the Grietzer’s model equa-
tions in [2] and are exactly the same by defining I = If{—z and

C= Z—g The notations ayg is the speed of sound, A, is the in-

0
let duct cross section area, and L. is the length of the inlet
duct. It is common in compression system analysis to present
the equation in non-dimensional form. The non-dimensional
form of (3) and (4) are given as follows:
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(Wc - Wp) (5)

(01 —92)

e

Vp (6)

(@)

where 7 = B! and €
itzer constant defined by B = ﬁ with Wy = ag

B. The constant B is the Gre-
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Figure 5. Compressor surge cycle.

The notation ¢; is the non-dimensional compressor mass
flow, 0, is the non-dimensional throttle mass flow, . is the
non-dimensional compressor pressure rise, Y, is the non-
dimensional plenum pressure, U is the mean rotor velocity,
and g is the Helmholtz resonator frequency.

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 compressor
manufacturer. The function can also be obtained in laboratory
by performing engine test to collect data and approximated by
a function. [11] introduced a cubic function to approximate
compressor pressure rise for constant rotational speed:

(-)-3(-)] o

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.

The non-dimensional throttle mass flow is defined by:

02 =Yrv/ V2

where Yr is the throttle setting.
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4. COMPRESSOR SURGE AND ENERGY

Compressor surge is a limit cycle of pressure and mass flow
in compressor operation. The surge cycle is shown in Fig. 5
and is explained as follows [12]:

1) A compressor is initially operating steady at operating
point A located in the stable area, but close to the surge



line. This operation results in the plenum pressure be-
ing the same as the discharge pressure. Due to a dis-
turbance, for example by closing throttle, the compres-
sor mass flow is reduced and the operating point should
move to the new point at B located in the left side of
surge line.

2) At the point B, the compressor discharge pressure is less
then the plenum pressure. This condition makes the mass
flow decelerate as formulated in (3) and the compressor
produces less pressure discharge according to the com-

pressor characteristic curve.

The mass flow continue to decelerate to zero and then
to negative value (reverse flow). The compressor acts
like an orifice in reverse flow. The stored energy in the
plenum accelerates the reverse flow until it reaches max-
imum reversal flow at point C.

3)

4) After reaching point C, the pressure is decreasing and
the reverse flow is decelerated and becomes zero mass

flow at point D.

5) At point D, the compressor begins operation by acceler-
ating flow until point E.

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

The energy flow in the compression system is explained
through the bond graph model in Fig. 4 as follows. The equa-
tion at the 1-junction is given by:

€))

where e is the effort and the subscript number describes the
bond index number. The efforts e3 is p, es is pp, and ey is the
effort of fluid inertia. The differential equation of the inertia
component is given by:

€4 — €3 —¢€;5

Ifs=e3—es (10)
where f; is wi. Equation (10) is exactly same as (3).

It is known that the surge problem is due to the com-
pressor pressure discharge being less than the plenum pres-
sure (e3 < es) or e4 is negative which results the compressor
mass flow deceleration. Therefore, surge can be eliminated
by maintaining e4 not negative. It can be done by increasing
e3 and/or reducing es when e4 should be negative.

The effort e3 is the effort output of the gyrator (compressor)
where the input-output relations are given by :

an
12)

e3=rfa
er=rf3
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where r is the gyrator ratio. The effort e3, which is the com-
pressor pressure rise, increases by increasing the flow input
(f2) which is the motor speed. It is shown in Figure 1 that the
compressor produces higher pressure at higher motor speed
for the same mass flow.

The effort es comes from the O—junction where the con-
nected bonds have the same effort (e5 = e¢g = e7) and only
one bond has 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:

1
eq = C /f6dl+e6(0) (13)
where fg is the capacitor flow which defined by:
fe=fs—f1 (14)

The effort e can be reduced by making fg negative which can
be done by increasing f7. Reducing f5 may also result in fg
becoming negative. However, this is not possible physically
because f5 is the compressor mass flow (w;) and reducing
the mass flow will bring the compressor into surge. The flow
f7 is the flow of the R—element (throttle) where the relation
between flow and effort is given by:

1

f7:E€7~

The flow f7 can be increased by reducing the R value which
means more throttle opening. Therefore, the direct methods to
eliminate surge are by increasing motor speed and/or opening
throttle. However, those are not always applicable, for exam-
ple if the surge is happen during shutting down the compres-
sor where the motor speed and the mass flow should decrease.

15)

S. SURGE AVOIDANCE SYSTEM

A surge avoidance system (SAS) is a common method
for surge prevention in industrial compressors. The method
works by recycling flow from downstream to upstream
through a recycle line. A compression system equipped with
SAS is shown Fig. 6. A recycle valve is the actuator to con-
trol the recycling flow. The SAS works by comparing the
compressor operating point to a line called surge control line
(SCL). The SCL is laid to the right of the compressor surge
line (SL) and become the minimum allowed mass flow in op-
erating the compressor. The distance between SCL and SL is
called the surge margin and be defined as [13]:

Oscr — s
dscr

SM = (16)
where ¢ is mass flow at surge line and Qgcz is mass flow
at surge control line. The surge margin is determined by the
operator. The SL and SCL are shown in the compressor map
in Fig 1 and in Fig 8.
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Figure 7. Bond graph model of compression system with
recycle line.

When the compressor operating point is crossing the SCL,
the recycle valve is opening and flowing the plenum fluid to
the compressor inlet. The fluid flow causes the plenum pres-
sure to decrease and the compressor mass flow to be accel-
erated such that the operating point moves to the SCL. This
mechanism ensures that the operating point is not going to
surge condition.

The recycling flow gives an additional fluid flow to the inlet
such that the inlet states is affected. The effect is investigated
by modeling the junction of inlet flow and recycling flow as
a plenum and called the inlet plenum as shown in Fig. 6. The
inlet plenum has two input flows (feed flow wy and recycled
flow w,) and one output flow (compressor inlet flow wy).

A compressor equipped with SAS is now modelled by us-
ing bond graph. Following the procedure of bond graph mod-
eling, the causality suggests that we also have to take account
of inertia effect in the feed line due to the recycling flow. The
bond graph model of the system is shown in Fig. 7. Dynamic
equations of the system are then derived from the bond graph
model by using the same assumptions as previously. Evalu-
ating the effort-flow relation at the storage elements in the
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system (I, Cy, I, and C,) results in:

Wy = P (17)
p1 = a [wo 4w, —wi] (18)
W= ey (19)
pp = Ciz (Wi —wa —w,]. (20)
where I} = f‘—i, C = Z—;, L = fTi, and C; = Z—‘z’ The notations

0
V1 is the volume of the inlet plenum, L; is the length of the
feed pipe, and A cross sectional area of the feed pipe. The
dynamic equations are non-dimensionalized as:

. 1
% = —Fwi 2D
1
Vi = = [0o+ 0 —01] (22)
G
. 1
o = A W1 +ve— )] (23)
. 1
y, = & (01 — 02— /], (24)

where [} = %Bil, ¢ = %B, I, =B7!, and &, = B. Effects
of the recycling flow to the compressor inlet states are shown
in (17)-(18) for the dimensional form and in (21)-(22) for the
non-dimensional form.

The recycled mass flow is defined by:

(Pp—p1) (25)

where k,, is recycle-valve constant and u, is the valve control
signal signal. The range value of u, is from O to 100 %. The
non-dimensional form of the recycled mass flow is given by:

q)r - kY,- Uy

wy =ky u,

(¥p —w1). (26)

where k, = .
Y} /2pA%

The valve control signal can be designed by using available
control methods, for example PI control as given as follows:

Uy = qu)e +Kl/¢edt

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

0c = OscL — 91 (28)

where ¢gcr is mass flow at the surge control line. Only the
non-positive mass flow error is used to generate the valve con-
trol signal, such that:

27)

e

0

for ¢, > 0

e (29)

for ¢, < 0.



Table 1. SIMULATION PARAMETERS

Parameter Value  Unit Parameter Value  Unit
U 68 m/s ag 340 m/s
4] 0.005 m’ v, 0.1 m?
Ly 0.41 m L. 0.41 m
A.=A;  0.0038 m? P 1.2041 kg/m?
Yo, 0352 - w 0.25 -
H 0.18 - OscL 0.5513 -
ky, 0.05 - K, 20 -
K; 15 -

T T 77 ‘I‘

pressure
° ° ° ° ° ° ° o
0 [N = & > 3 ® ©

o

o

0 0.1 0.2 0.3 0.4 05 06 07
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Figure 8. Trajectory of surge avoidance system.

An example simulation of a compression system equipped
with SAS by using parameters in Table 1 is given as follows.
A compressor is initially operating steady at point E where
the throttle is fully open (yr = 1.0) as shown in Fig. 8. At non-
dimensional time T = 20, the throttle is closed to 60% (yr =
0.4) such that the compressor should operate at F located to
the left of SCL and also in the left of SL which is in the surge
area. The operating point is moving from E to the left and
crossing the SCL such that giving signal to open the recycle
valve.

Figure 9 shows the recycle valve is then opening and
plenum fluid is recycled to the inlet (¢, > 0). It makes the
plenum pressure decrease and accelerate the compressor mass
flow. Finally, the operating point stays at point G in the stable
area instead of at the point F in the unstable area as shown in
Fig. 8. The transient response of the inlet state affected by
the recycling flow is also shown in Fig. 9 .

0.8 T T T
’ """ bo =———¢1 = = =¢,
0.6 \
b
© 04f . 1
02f S L L R |
4
/,
0 ; i ; ; ; ;
0 10 20 30 40 50 60 70 80
T
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04 i i i i
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T

Figure 9. Surge avoidance system response and the recy-
cling flow effect to the inlet .
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Figure 10. Several methods in active surge control

6. ACTIVE SURGE CONTROL

In previous section, it was explained from the bond graph
model of the compression system that surge can be eliminated
by keeping e4 non-negative. Several of the proposed methods
and actuators for active surge control are shown in Fig. 10.
Basically, the actuator works to maintain e4 positive by in-
creasing e3 and/or reducing es. Those methods can be clas-
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Figure 11. Bond graph model of active surge control by in-
jecting upstream energy.
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Figure 12. Bond graph model of active surge control by dis-
sipating downstream energy.

sified as upstream energy injection to increase e3 and down-
stream energy dissipation to reduce es. A bond graph model
of active surge control by upstream energy injection is shown
in Fig. 11. The active actuator for injecting energy is noted by
Su. Active surge control method by using fluid injection [15]
and drive torque control [6] are examples of upstream energy
injection. Bond graph model of active surge control by down-
stream energy dissipation is shown in in Fig. 12. The active
actuator for dissipating energy is noted by R,. It is shown
the effort e5 is reduced indirectly through the flow f3. Mov-
able plenum wall [16]-[17], piston-actuation [7], and blow
off valve [18] are examples of the R, element in this bond
graph configuration. Close coupled valve is also dissipating
the downstream energy, however the valve is placed between
the compressor discharge and the downstream plenum. The
bond graph model of the compression system with close cou-
pled valve is given in Fig. 13.

The active actuator S, and R, can be a component or a
system which consists of several components. Figure 14 is
showing the components inside R,, of the piston-actuated ac-
tive surge control. The actuator R, consist of an /-element, a
transformer, and an S.-element. Detail description of the sys-
tem is found in [7].

Figures 13 and 14 are examples of bond graph models
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Figure 14. Bond graph model of piston-actuated active
surge control

of active surge control using close couple valve and piston-
actuation, respectively. Derivation of dynamics equation from
the both bond graph models will give the same results as in
[14] and [7], respectively.

7. CONCLUSIONS AND FUTURE WORKS

It was shown how modeling of compression systems based
on energy flow can be done by using the bond graph method.
The dynamic equations of the system were derived in a
straight forward manner using the bond graph model and re-
sulting in the same equations as the Greitzer model. The en-
ergy flow shown in the bond graph gives a simple description
of surge phenomenon. The main idea of several active surge
control methods was described by two kind of bond graph
models, i.e.: upstream energy injection and downstream en-
ergy dissipation. The bond graph was also used to derive
dynamics equation of a compressor equipped with SAS and
showing the the effect of the flow recycling.

Ignoring pressure drop along the pipeline is not realistic in
the real long distance pipeline system. The pressure drop is
due to interaction between fluid flow and pipeline. The inter-
action results in heat transfer from the fluid to the pipeline.
It will be a future work to take account the pressure drop
along the pipeline by adding thermodynamics effect in the



bond graph model and modeling the system as a distributed
system.
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