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Abstract— This paper presents the application of a lumped
parameter model to describe the dynamic behavior of a
centrifugal compression system including surge. The response
of the model is compared with experimental surge measure-
ments from an industrial single stage compressor test rig. A
parametric analysis of the model reveals the large influence
of the stability parameter on the transient response. However,
a good value for this parameter is not easily obtained from
surge data. Therefore, an identification method is proposed to
uniquely determine the stability parameter that is based on an
approximate realization algorithm, making use of the fact that
the step response of the system has the characteristics of a first
order system. Simulation results show that this method can
provide an estimate for the stability parameter of a centrifugal
compression system.

I. INTRODUCTION

Compressor surge is a large amplitude oscillation of the
total annulus averaged mass flow through the compressor.
This unstable axisymmetric flow pattern and the associated
pressure rise fluctuations limit the stable operating range
of the compressor towards low mass flows. Surge not only
reduces performance and efficiency, it can also damage the
compressor due to large mechanical and thermal loads.

Over the last decade, much work has been done on the
analysis and modeling of compressor instabilities. In partic-
ular we mention the development of the nonlinear Greitzer
model of transient compression system behavior [1]. This
model exploited the analogy between surge oscillations and
a Helmholtz resonator. To this day it is the most widely
used dynamic model in the field.

The Greitzer lumped parameter model contains an im-
portant parameter that characterizes the dynamic response
of the compression system. This stability parameter is
usually determined from geometric data of the system.
But for centrifugal compressors this is not straightforward
due to the complex geometry of a centrifugal compression
system [2], [3]. The authors solved this problem by tuning
the parameters in such a way that good agreements between
the model predictions and actual surge measurements were
obtained.

Corresponding author is J. van Helvoirt, E-mail: j.v.helvoirt@tue.nl

This paper presents the application of the Greitzer model
to an experimental compression system. We will adjust the
model to account for the effect of the return piping, a
feature of the setup usually not encountered in industrial
compression systems. The model predictions will then be
compared with data from surge experiments and we will
carry out a parametric analysis of the developed surge
model. We will reveal the existence of a non-uniqueness
when the stability parameter is tuned to match surge data.

The main contribution of this paper is a method to
determine a realistic stability parameter for the Greitzer
model of a centrifugal compression system. The stability
parameter is determined from a linear time-invariant (LTI)
system that approximates the relevant dynamics of the
actual system. This LTI system is extracted from measured
step response data, using a modified approximated real-
ization algorithm [4]. Simulation results are presented to
show that the proposed method is suitable for estimating
the stability parameter of the studied compression system.

II. COMPRESSION SYSTEM MODELING

This section deals with the development of a dynamic
model for an industrial compressor test rig. After introduc-
ing the actual compression system, the nonlinear lumped
parameter model will be presented. Despite some minor
modifications, this model will be similar to the original
Greitzer model.

A. Experimental setup

Experiments were done on an single stage compressor
test rig that is normally used to test industrial compressors.
The centrifugal compressor is driven by an electric motor
that is connected to the shaft through a gearbox. The
rotational speed can be varied between 8, 000 and 16, 000
rpm. Surge experiments are performed for rotational speeds
of 9, 000, 11, 000, 13, 000, and 15, 000 rpm.

The compressor operates in a closed circuit that makes
it possible to use different pure gases or gas mixtures. Fur-
thermore, this configuration allows for varying the average
pressure in the system between 1 and 15 bar. All results
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TABLE I

PARAMETERS OF THE COMPRESSION SYSTEM

Element Parameter Value Unit

Impeller number of blades 17 -

inlet diam. at casing di,c 0.1592 m

inlet diam. at hub di,h 0.1450 m

exit diameter de 0.2840 m

exit width 0.0043 m

Vaned diffuser number of vanes 10 -

inlet diameter 0.2870 m

outlet diameter 0.4409 m

width 0.0036 m

System piping volume V1 3.0693 m3

discharge volume V2 0.3204 m3

compressor duct area Ac 0.0034 m2

compressor duct length Lc 0.1970 m

presented in this paper were obtained from experiments with
N2 gas (28.0134 · 10−3 kg/mol) and an average suction
pressure of 10 bar.

Throttling of the compressor is done by means of a
butterfly valve. A parallel control valve is used for more
precise adjustments of the mass flow rate. The return piping
contains a measurement section with a flow straightener, an
orifice flow meter, and a gas cooler. With the combination of
the throttle, return piping, and cooler, the conditions of the
gas at the compressor inlet, are kept approximately constant.
Some characteristics of the installation are summarized in
Table I. We remark that V2 represents the combined volume
of the discharge pipe and the compressor volute.

The compression installation is equipped with numerous
temperature probes and static pressure transducers to de-
termine the steady-state performance of the compressor. A
dedicated data-acquisition and control system is used for
operating the installation, converting and recording sensor
outputs, and for online monitoring.

Additional pressure transducers were installed in the
suction and discharge pipes to measure the pressure rise
fluctuations during surge. For data-acquisition a SIGLAB

system with anti-aliasing filters and A/D convertors was
used. All dynamic pressure signals were measured at a
sampling rate of 5.12 kHz.

B. Model equations

To describe the dynamic behavior of the compression
system we used a lumped parameter model, following the
geometry of Fig. 1. The derivation of the proposed model
was analogous to [1], yielding

dφc

dt̃
= B (ψc(φc) − ψ) (1)

dψ

dt̃
=

F

B
(φc − φl(ψ, ul) − φs(ψ, us)) (2)

φc φl

φs

ψ

ψc

V1

V2

Fig. 1. Lumped parameter model.

where φc and ψ are defined as

φc =
ṁc

ρ1AcU
and ψ =

∆p
1
2ρ1U2

(3)

and time is scaled with the Helmholtz frequency ωH

t̃ = t · ωH = t · a2

√
Ac

V2Lc
(4)

The Greitzer stability parameter B is given by

B =
U

2ωHLc
=

U

2a2

√
V2

AcLc
(5)

This parameter can be regarded as the ratio between the
resistive and inertial forces within the system [1]. Stated
differently, large values of B imply that the time scale of the
surge oscillation is set by a balance between resistive and
restoring forces. Here, the restoring forces are associated
with the potential energy of the compressed fluid in the
plenum. For lower values of B the time scale of the
motions is set basically by a balance between the inertial
and restoring forces.

The difference with the original Greitzer model is that in
Fig. 1 the return piping couples the throttle exit to the com-
pressor inlet. Therefore, the principle of mass conservation
was applied to both volumes V1 and V2 separately. Because
the total amount of mass in the system is constant we then
combined the two resulting mass balances. This yielded a
single differential equation for the pressure difference ∆p.
The effect of the coupling is now accounted for in (2) by
the parameter F

F = 1 +
Z1T1V2

Z2T2V1
(6)

that was obtained from the aerodynamic scaling of the
combined mass balance. When V1 becomes infinitely large,
the original Greitzer model is obtained.

Similar to [5], the dimensionless compressor character-
istic ψc(φc) is approximated by a cubic polynomial in φc.
The point ψc(0) is determined analytically according to [6].
The resulting curves are shown in Fig. 2. For subsonic flow
conditions, the dimensionless throttle characteristics can be
approximated by

φi(ψ, ui) = ciui

√
ψ, i = l, s (7)

The throttle parameters cl and cs were determined from
valve data, yielding cl = 0.56 and cs = 0.017.
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Fig. 2. Dimensionless compressor curves for N = 7, 829 rpm (+);
8, 961 rpm (�); 10, 091 rpm (∗); 11, 510 rpm (�); 13, 410 rpm (×); and
15, 061 rpm (◦).

TABLE II

ADDITIONAL NOMENCLATURE

Symbol Description Unit

a speed of sound m/s

A area m2

cp specific heat at constant pressure J/kg·K

d diameter m

fs sample frequency Hz

L length m

ṁ mass flow rate kg/s

N rotational speed rpm

p pressure Pa

t time s

t̃ scaled time -

T temperature K

u normalized valve position -

U impeller tip velocity m/s

Z compressibility factor -

γ specific heat ratio -

∆p pressure difference p2 − p1 Pa

ρ density kg/m3

φ flow coefficient -

φc,s flow coefficient at surge point -

ψ pressure coefficient -

Subscript Description

0 nominal value

1 piping, suction side

2 plenum, discharge side

c compressor

l large throttle

s small throttle

Supercript Description

ˆ estimation

˜ perturbation
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Fig. 3. Simulation (- -) and experimental (-) results for N = 9000 rpm
and B = 4.16.

III. MODEL ANALYSIS

This section focuses on the analysis and validation of the
compression system model. We make a comparison between
the simulation results and actual surge measurements. We
then show that the model parameters cannot be uniquely
defined on the basis of surge measurements alone. Finally
we illustrate the effect of this ambiguity on the local
dynamics of the linearized compression system model.

A. Surge simulations

The model was validated by simulating all the experi-
mental operating conditions and comparing the results with
experimental data. The initial values for the geometric
parameters of the model can be found in Table I. Values
for a, Z , and ρ were obtained from gas property tables.

Results obtained with the presented model are shown in
Fig. 3 for one operating condition. The plots show that both
the pressure rise fluctuations and the frequency of the surge
oscillations were predicted well. Next to the surge frequency
also the first five higher order harmonics of the oscillation
were accurately predicted. Similar results were obtained for
other operating conditions.

B. Parametric analysis

The effect of the value for B on the dynamic behavior
during surge will now be discussed in greater detail. For
our initial simulations we have used a rather small value
for Lc (yielding a large B), similar to [6, p. 33]. In
literature normally a larger value is used, based on the
length between the compressor inlet and a large plenum
volume [2], [7]. The problem of the investigated test rig is
that the duct and volume cannot be distinguished clearly
within the system. This difficulty is common for industrial
compression systems, in contrast to dedicated laboratory
setups.

Despite the uncertain physical interpretation, we in-
creased Lc from 0.197 to 1.8 and 3 m. With the resulting
values of B, new simulations were carried out. The remain-
ing parameters of the model were kept the same during
these simulations. The resulting pressure rise data in Fig. 4
and 5 show that the predicted surge frequencies were still in
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Fig. 4. Results with Lc increased from 0.1970 to 1.8 m, N = 9000 rpm
and B = 1.38: simulated (- -) and measured (-) pressure rise (left figure);
surge oscillations (-) and steady-state (- -) compressor curve (right figure).
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Fig. 5. Results with Lc increased from 0.1970 to 3 m, N = 9000 rpm
and B = 1.07: simulated (- -) and measured (-) pressure rise (left figure);
surge oscillations (-) and steady-state (- -) compressor curve (right figure).

relatively good agreement with the measurements, despite
the different B parameters.

Furthermore, the results showed that the minimum pres-
sures of the simulated surge cycles were lower than the
measured values. However, the calculation of ψc(0) (see
the Appendix) was not believed to be very accurate, given
the complexity of the flow patterns in the impeller and
diffuser at zero mass flow. Therefore it seemed justifiable
to shift the valley point of the compressor characteristic,
in order to reduce the difference between simulated and
measured surge oscillation amplitudes. We verified that
shifting the valley point upwards (max. 8%) again resulted
in good agreement between simulations and measurements.
Note that the plots of the limit cycle oscillations in the
φc − ψ plane do not contain any experimental data, since
no instantaneous mass flow measurements were available.

So far we have showed that using different values for
the stability parameter B barely influenced the agreement
between predictions and measurements of both surge am-
plitude and frequency. We will now take a closer look
at the effect of Lc (i.e., the value of B) on the local
dynamic behavior. Therefore, we linearize (1)-(2) around
(φc0, ψ0, ul0, us0). For the resulting linear system we have
plotted the location of the system poles1 as a function of
B. From the results shown in Fig. 6 it becomes clear that

1Roots of the characteristic equation det(sI − A) = 0

−10 −8 −6 −4 −2 0
−1

−0.5

0

0.5

1

Re

Im

B = 4.16

B = 1.38

B = 1.07

−2 0 2 4 6 8 10
−1

−0.5

0

0.5

1

Re

Im

B = 4.16

B = 1.38

B = 1.07

Fig. 6. Root locus for the linear compression system with varying B at
N = 9000 rpm: φc0 = 1.1 φc,s (left figure); φc0 = 0.9 φc,s (right figure).

varying B has a drastic effect on the local dynamic behavior
of the compression system in the unstable flow regime.

The significant change in the transient response of the
compressor model (solely caused by selecting another value
for B) does not affect the predictions of the surge amplitude
and frequency, as shown in Fig. 4 and 5. However, the
pole locations (real or complex conjugate) of the linear
compressor model can have a significant impact on, for
example, the design of active surge controllers [3], [8].

From the above analysis, we conclude that the B param-
eter characterizes the dynamic behavior of the compression
system. Therefore, in order to develop an accurate model
for the investigation of the local dynamics during compres-
sor surge, an accurate value for B must be available. In
industrial compression systems however, the determination
of B from the compressor geometry is not straightforward.
We suggest a solution to this problem in the next section.

IV. STABILITY PARAMETER IDENTIFICATION

A new identification method for B that is based on
measurements from the actual system will be proposed in
this section. First we briefly discuss an approximate real-
ization algorithm that forms the basis for the identification
method. The approximate realization algorithm is chosen
for its straightforward implementation and computational
simplicity, while providing enough flexibility and insight
in order to tune the algorithm properly. With the iden-
tification method we can resolve the ambiguity between
the local dynamics and measurements of surge amplitudes
and frequencies. This is confirmed through simulations. We
finish by giving some additional suggestions for making
the method applicable in practice and presenting the final
simulation results.

A. Approximate realization

A straightforward way to obtain an approximate real-
ization for a stable discrete-time LTI system is via the
construction of a Hankel matrix from a finite sequence of
Markov parameters. A model of appropriate order ρ is then
calculated from a singular value decomposition (SVD) of
this Hankel matrix [9].

Since the exact Markov parameters are almost never
available in practice, the realization will only be an ap-
proximation of the actual dynamics. In [10] a method is
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B̂ =
F (1 − mcmt) + λ2 +

√
F 2(1 − mcmt)2 + 2Fλ2(1 + mcmt) + λ4

2λmc
(8)

suggested to obtain such an approximate realization from
impulse response data. The modification suggested in [4]
that allows the use of step response data, forms the basis
of the identification method for the stability parameter B.
The details of the algorithm can be found in [11, p. 25].

B. Identification method

We now return to the compression system and the prob-
lem of determining the stability parameter B. To solve
this problem, we propose a straightforward identification
method. The idea of this method is to obtain an approxi-
mated realization (Â, B̂, Ĉ, D̂) that accurately describes the
relevant compression system dynamics. When such a real-
ization is available, the eigenvalue(s) of Â will approximate
the eigenvalues of the system matrix for the actual system.
An estimate for B is then easily obtained from the analytical
solution of the characteristic equation det(λI− Â), with λ
the corresponding eigenvalue of Â.

So, the first step of this identification method is to obtain
an approximated realization for the compression system.
The previously discussed algorithm suits our needs, because
the required step response sequence is relatively easy to ob-
tain from forced response measurements on the compression
system. Such measurements are done by applying a step to
the control valve and measuring the resulting pressure rise
over a certain period of time. Note that, when the applied
perturbation is not equal to a unit step, the response should
be normalized accordingly.

The size of the applied step must be large enough to
result in a measurable response. However, the perturbation
must remain small to stay close to the nominal operating
point. Otherwise, the linear approximation for the local
dynamics would no longer be valid. The choice for a
suitable length n of the step response mainly depends on
computational limitations. A longer sequence would provide
a better approximation at the cost of longer computer times.
In the following subsection we will discuss these issues in
somewhat greater detail.

Bode diagrams of the extended LTI system, obtained
after linearizing (1)-(2) with us as input, showed that the
input-output behavior has the characteristics of a first order
system. This “order reduction” was caused by the zero in
the transfer function H(s) = C (sI − A)

−1
B. This zero

is located close to one of the poles and therefore the linear
model effectively behaved like a first order system. From
this observation we concluded that a first order approximate
realization should be sufficient to describe the compression
system dynamics. The pole of such a first order approximate
realization is equal to λ. This scalar provides an estimate for
the pole of the linear system. By analyzing the root locus
plots we verified that this estimate corresponds to the pole

that is located closest to the imaginary axis. An estimate B̂
for the actual stability parameter can now be calculated via
(8) where

mc =
∂ψc

∂φc

∣∣∣∣
φc0

mt =
∂(φl + φs)

∂ψ

∣∣∣∣
(ψ0,ul0,us0)

followed from the linearization.

C. Simulations

The proposed identification method was evaluated
by applying it to the nonlinear model (1)-(2). Sim-
ulations were carried out with the following sets of
parameter values: φc0/φc,s ∈ {1.1, 1.25, 1.5, 2, 2.5},
ũs ∈ {0.005, 0.001, 0.01}, Lc ∈ {0.197, 1.8, 3}, n ∈
{500, 1000, 2000}, and fs ∈ {1024, 5120}.

From the results of those simulations, the following
conclusions were drawn. First of all, the identification
method resulted in accurate estimations of the stability
parameter B. The order of magnitude of the estimation
error, defined as |B − B̂|, was 0.1 or less for all cases.
Secondly, varying φc0/φc,s and ũs did not lead to significant
differences in the estimation error. With respect to n and fs,
simulations showed that these parameters should be chosen
large enough. Jointly, they should assure that the resulting
step response sequence {Sk}

n
k=0 includes the steady-state

part of the response. Finally, we concluded that the largest
estimation errors were obtained from simulations with a
low B value. This is due to the fact that the first order
approximation becomes less accurate for low B values,
because the two system poles are located closer together
in those cases. Based on these findings, we selected the
following appropriate parameter settings for further simula-
tions: φc0/φc,s = 2.5, ũs = 0.01, n = 2000, and fs = 1024.

In order to obtain a more realistic simulation model, the
non-ideal dynamics of the control valve should be taken into
account. Therefore, the ideal step input was replaced by the
step response of a dynamic filter. We used a second order
filter, with an undamped natural eigenfrequency of 10 Hz
and a dimensionless damping of 0.7, to represent the valve
dynamics. Furthermore, we added artificial measurement
noise to the step response of the simulation model. For this
purpose we used a white noise sequence with a variance
equal to that of the experimental data.

Simulations showed that both modifications of the
model drastically reduced the accuracy of the identification
method. We solved this problem by performing a zero-
phase, low-pass filter operation on the noisy data, in order
to reduce the influence of measurement noise. Moreover,
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we constructed a compensator for the non-ideal valve dy-
namics. By filtering the measured step response with this
compensator, an almost ideal step response signal could
be obtained that was usable in the identification method.
Of course, the construction of a compensator in practice
requires accurate knowledge of the valve dynamics. If
not available from the manufacturer, these data should be
obtained from measurements.

Figure 7 shows the results from simulations with the more
realistic compression system model. An approximation for
the linearized system is shown in Fig. 8. The averaged
estimation errors for various cases, obtained from 25 simu-
lations each, were about 3–5%. We also point out that the
singular value plot in Fig. 7 justifies the use of a first order
approximation. From the presented results we conclude that
the proposed identification method is suitable to obtain an
accurate estimate of the stability parameter B for the actual
compression system.

V. SUMMARY AND CONCLUSION

In this paper we have presented a dynamic model for
an industrial centrifugal compressor test rig. Two nonlin-
ear differential equations are derived for the compression
system, analogous to the well-known Greitzer model. To

account for the return piping in the system, an additional
dimensionless parameter F was introduced.

By comparing simulation results with surge measure-
ments, we showed that both the amplitude and frequency of
the surge oscillations were accurately predicted. However,
the model parameters, in particular the important stability
parameter B, were not uniquely defined when only pre-
dicted and measured surge cycles were matched. Different
parameter values resulted in totally different local dynamic
behavior, while the surge cycle predictions remained almost
the same.

In this paper we proposed a solution for this problem,
namely a straightforward identification method to determine
the actual B parameter. Based on step response data and an
approximate realization algorithm, a value for B could be
determined. The proposed method makes use of the fact
that the effective input-output behavior of the model can
be captured by a first order dynamical system. With some
extensions to make it applicable in practice, we performed
simulations to show that the identification method can pro-
vide an estimate for the stability parameter in a centrifugal
compression system.

Further work should now focus on applying the identifi-
cation method to actual step response measurements of the
setup. More detailed measurements should be performed
in order to link the value of B to the geometry of the
compressor ducts and volumes.
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