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Attilio Brighenti, Cristian Vanzin and Riccardo Giolo,
S.A.T.E. S.r.l., Italy, look at how to avoid hidden traps in

the dynamic simulation of gas compression systems.*

T

his article demonstrates possible solutions to the hidden
problems of dynamic imulation of gas compression systems, as previously discussed1. A sensitivity analysis was
carried out using the same COMPSYS™/SIMULINK® model
and a single set of data.

Phases

The dynamic transient simulated consists of two phases.

Phase 1

From the NOP to maximum flow, speed and discharge pressure obtained by the following changes of the exogenous input
conditions, i.e. boundary and set point values (Figure 1):

l Increase of the feed flow rate by 4% in 20 s.
l Reduction of suction pressure set point by 12% in 30 s.
l Increase of the discharge back pressure by 21% in 50 s.
This phase is characterised by a relatively slow dynamics.

Phase 2

2

After stabilisation at the end of Phase 1 (i.e. 250 s), an emergency shutdown (ESD) is generated while the inlet flow rate is
also shut down with a two second decay time, leaving the train
to coast down in another 150 s.
Phase 2 starts with a very quick boundary condition
change (i.e. the driver trip), thus also a quick change of the
thermodynamic and mechanical states, followed by stabilisation at balanced pressure and very small settling, sometimes
Figure 1. Model boundary and process/speed
oscillating flow rates.
controller set point conditions changes for the
From the physical system point of view, the boundary conexample transient.
dition changes imposed with this run push the compressor
operating point initially to the right side
of the map following
the request for speed
rise due to the moderate increase of the
feed mass flow rate,
then further upwards
by the master pressure controller (suction). When the backpressure increases,
there is a temporary
speed and flow rate
Figure 2. Operating point path across the compressor map (zoom). Fixed step (blue) by
reduction, followed
by a recovery, due
τ = 0.010 s vs. base case solver (magenta). Left: Runge-Kutta, Right: Euler.
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again to the master speed controller
(Figure 2).
ODE
solver Time step (s)
Summary of results
After approximately 150 s, the operalgorithms
ating point touches the surge control line
ODE23/
Variable (max Base case: the minimum step size during Phase 1 of this run was
(SCL), determining a very small openBogacky0.020)
0.002 s, only for a duration of 0.3 s when the antisurge valve FV
ing of the antisurge valve (FV), which
Shampine
starts opening by its controller action. After the ESD in Phase 2,
opens by less than 0.3%. Conditions at
the time step reduces progressively, oscillating due to the very
this stage are stable with a very small
low flow rate and pressures and temperatures settlement that
cause demanding conditions for accuracy. In Phase 2 the step size
recycle. The system fully stabilises very
ranges 10-5 ÷10-2 s, averaging 10-3 s
close to the maximum continuous speed
(MCS) across the SCL before the end
O D E 4 / R u n g e - 0.010
All plots are practically overlapped to the base case. Negligible
Kutta
deviations are observable for the compressor operating point traof Phase 1, which is terminated by the
jectory, during the early phase of the ESD in Phase 2, due mostly
ESD event. Thereafter, the train coasts
to the decimation of the plot curve
down very rapidly, halving the speed in
0.005
All plots are overlapped to the base case. The slight deviation of
less than 10 s.
the compressor operating point trajectory is still observable but is
For the evaluation of results it is
even more negligible and is also due to decimation
worth mentioning that the controller modODE1/Euler
0.010
The comparison with ODE23 solution gives evidence of numerical
els were all set up with a scan period of
instability during both Phase 1 and Phase 2 of the simulation
0.040 s, just as the real one will be.
0.005
The solution instability persists during Phase 2 of the simulation.
The results obtained with the base
Furthermore, an important deviation is observed for the settling out
case and the fixed step solvers in this
temperature (SOT)
simulation are compared in Table 1.
0.002
The solution is stable and practically overlapped to the base case
For the variable step solver, the step
during Phase 1, but significant temperature and mass inventory
size followed the maximum value
cumulative deviations occur during Phase 2 of the simulation due
imposed (0.020 s) almost throughout
to the even small local errors of mass and enthalpy flow rates,
the whole of Phase 1. The sole excepwhich are integrated
tion was a very short interval of approximately 0.3 s, when the antisurge valve
started opening in the middle of Phase
1. During Phase 2 the step size ranged
10-5 ÷ 10-2 s, averaging 10-3 s. This
shorter step size is due to the very low
flow rates and the reduction of the damping factor of the eigenvalues in connection to the acoustic modes between the
vessels and the interconnecting pipes.
These converge to a uniform pressure,
i.e. with higher sensitivity to differential
Figure 3. Operating point path across the compressor map (zoom). Fixed
pressure changes.
step Euler solver (blue) vs. base case solver (magenta). Left: τ = 0.005 s.
Both runs based on the fourth order
Right: = 0.002 s.
Runge-Kutta solver proved very good
as they overlap the results of
the variable step solver, including the more coarse of the two
at 0.010 s step size (Figure 2,
left). The negligible lack of
overlap is due to the fact that
the decimation is identical for
all solvers, but applied to different original time series; this
implies that the points plotted
and joined by straight broken
lines are not necessarily corresponding to the same time values. Due to the very accurate
results, no further comparative
plots are shown for these two
solvers.
The comparison of the
Euler solver results, set by
the coarser step size (0.010 s)
versus the base case solution demonstrates the severe
numerical instability and error
propagation of the former during both Phase 1 and Phase 2 of
Figure 4. Compressor suction and discharge pressure, temperature, mass flow
the simulation (Figure 2, right,
rate and speed. Euler solver (blue) by τ = 0.010 s vs. base case solver (magenta).
and Figure 4). This should
Table 1. Summary of the results obtained with the ODE solver options explored
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not be surprising, given that
the highest system eigenvalues at NOP are in the order of
100 s-1 (Figure 2 in Part 1 of this
article1). Therefore, their product by the step size would be
close to or exceed the limit of
the stability domain of radius 1
(Figure 3 in Part 1 of this article). Besides the instability,
which has high amplitude as
percentage of the local average values, another important
visible effect is the global accumulated error, which exceeds
70 ˚C for the settling out temperature (SOT). Furthermore,
this example shows that, under
slightly different conditions, the
surge occurring on ESD would
be missed by the simulation
made by the Euler method.
The Euler solver set at
0.005 s step size performs
better with regards to stability
during Phase 1 (Figure 3, left,
Figure 5 and 6), but not after
the ESD in Phase 2. Furthermore, in Phase 2 the global error accumulation is still
important, arising in particular
from erroneous flow rates that,
by integration, yield drifting
mass and energy balances.
Even with the smallest step
size tested (0.002 s), these
problems are not completely
solved. While instabilities disappear (Figure 3), the error accumulation does not (Figure 7),
affecting the mass inventory
and SOT. The latter in particular
shows deviations in the order of
20 ˚C in some parts of the plant.

Figure 5. Temperatures at significant points: Euler solver (blue) by τ = 0.005 s
vs. base case solver (magenta). Range of 150 ˚C in all plots.

Conclusion

From the above discussion, it
can be concluded that:

l The selection among the
Figure 6. Mass flow rates at significant points. Euler solver (blue) by τ = 0.005 s
various solver options for
vs. base case solver (magenta).
a ODE set simulating a
physical system must be
accuracy and speed, even at larger step size, rather
paid due attention before using or implementing a simulathan the Euler method solver at smaller step size.
tor, each having their own field of application.
l
Variable
step solvers must be the reference for testing
l Although within each family (fixed or variable step size)
and
validating
real time simulators, whether or not comthe choice depends on the specific system to be simuplete and consistent experimental data are available,
lated and its parameters, which determine the problem
as these would add other uncertainty aspects not disstiffness1, some clear criteria apply:
cussed in this document and not necessarily associated
s Variable step solvers are the best and sometimes the
to models faults or limitations. Instrument types and
sole feasible solution to perform dynamic simulation
signals filtering applied should be clearly known prior to
studies or diagnostic tasks of all kind of systems within
comparing simulations and experiments.
acceptable time and output data throughput.
s Fixed step solvers are the sole solution for real time
simulators due to computational time considerations.
However, care should be taken in selecting the step size
in relation to the global error accumulated along with the
simulation. In any case, the fourth order Runge-Kutta
solver should be preferred, as the best tradeoff between

As demonstrated in this example, the use of the Euler
method, even the more accurate implicit one, does not
ensure accuracy of results, despite the apparent lack of
numerical instabilities in the resulting plots. Indeed, both
theoretically and practically, this method has an intrinsic
tendency to accumulate truncation errors due to its lower
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2 ms for moderately dynamic conditions
but shall be smaller if events such as
normal emergency shutdown or startup
must be simulated to ensure important
conditions (e.g. to ensure unwanted
surge or stonewall flow conditions are
not missed by the simulations).
This analysis shows that, when fixed
step methods must be used (e.g. because
of real time execution requirements), an
extensive set of simulations should also
be available by variable step solvers for
validation of the others.
It is for the these reasons that dynamic
simulation studies performed for design
verification purposes should always
be carried out with the best numerical
method (i.e. variable step solvers), with
the twofold purpose of obtaining reliable
design results and validation data sets
Figure 7. Total mass and temperature in the separator, suction drum
for real time simulators that may evenand suction piping during Phase 2. Euler solver (blue) by τ = 0.002 s vs.
tually be required for operator training
base case solver (magenta).
or diagnostic systems. This synergistic
interaction between the two approaches
order nature, compared with other fixed step methods such
should
be
taken
into
account when planning dynamic simulaas the Runge-Kutta.
tions for new projects.
In quantitative terms with regards to gas compression
systems, temperature errors can be in the order of 5 ˚C in
Note
moderately dynamic conditions and as large as 20 - 70 ˚C in
* Part 1 of this article appeared in the February 2006 issue of Hydrocarbon
strongly dynamic conditions, followed by stabilisation, such
Engineering.
as the settling out after an ESD, with a tendency to uncontrolled drift of some state variables.
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