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Abstract−This study proposes a dynamic matrix control strategy that produces control input sequences which are
more robust and reduce power consumption than conventional proportional-integral (PI) controllers when applied to
the C3MR liquefaction process. First, a rigorous process dynamic model was constructed in Aspen HYSYS Dynamics
7.3 and MATLAB 2014a which calculates dynamic responses for two different scenarios of unmeasured step distur-
bances increasing the load of liquefaction energy. Then, a DMC module including the manipulation of the compressor
speed was formulated. The simulations using the proposed DMC module demonstrate that the multivariable optimal
control increases the energy efficiency and robustness of a complex liquefaction cycle process.
Keywords: LNG Liquefaction, C3MR Process, DMC, APC, Cascade PI Control

INTRODUCTION

While the use of the crude oil is mostly concentrated in the trans-
portation sector, natural gas (NG) can be utilized more widely, its
usage covering not only the power generation but also the indus-
trial and residential sectors. Such flexibility, higher BTUs gener-
ated per dollar than crude oil, less emission of greenhouse gas and
polluting oxidants and significantly lower price volatility since the
dawn of the shale gas boom at 2009 [1-4] make NG still an attrac-
tive energy source, despite the current price plunge of the crude oil
[5]. NG occupied 22% of the global energy demand in 2010; this
percentage is expected to rise to 27% by 2040, including an esti-
mated 15% increase in the heavy transportation sector in China
and India [6,7]. Such expansion of the NG market encourages fur-
ther developments of the liquefied natural gas (LNG) production
and transportation industries.

NG is processed into LNG to increase the transport efficiency
by decreasing its physical volume. The propane pre-cooled mixed
refrigerant (C3MR) process developed by Air Products, Inc. has
become dominant in the NG liquefaction industry since the late
1970s [8]. At the current stage, the operation and control meth-
ods of the C3MR process are already fairly standardized with the
proportional-integral-derivative (PID) control algorithm. However,
there is still a significant possibility that the industry could call for
further optimization of the C3MR process as the developments of
new off-shore site gas liquefaction projects such as the floating liq-
uefied natural gas (FLNGs) are gaining attention, with the LNG
demand being expected to rise in long-term [9-13]. If a traditional
liquefaction process goes aboard on off-shore carriers such as an

FLNG, it will be under process constraints that are generally stricter
than those of the on-shore applications. They include not only higher
energy efficiency, a more compact structure and process safety [12,
14], but also robustness against process disturbances. Especially
the latter should be more strongly guaranteed in comparison with
the on-shore equivalents [13,14], since the metocean conditions
may impose various situations causing FLNGs shift away frequently
from the steady-state operation [9].

Considering such current interest regarding the NG liquefaction
industry, we aim to demonstrate that advanced process control
(APC) can be successfully applied to the C3MR process and handle
unmeasured process disturbances with more robustness. Dynamic
matrix control (DMC), which is a branch of the model predictive
control (MPC) algorithm, is a frequently used APC technique applied
to large-scale process plants [15-17]. It is a multivariable controller
that predicts the future behavior of the process outputs with the
moving-horizon control algorithm and achieves more efficient dis-
turbance rejection and constraint satisfaction than the PID con-
trollers, especially if there are significant multivariable interactions
present within the process [4,18-21]. The use of DMC algorithm
on LNG plants has significantly expanded in last decade, includ-
ing some of the widely known projects such as the Oman LNG-
train (U1400) and the APC project based on the Shell DMR pro-
cess. The efficiency of these projects has improved, resulting in 1-
3% higher LNG throughput and stronger stability against process
disturbances [4,22]. Also, several recommended sets of controlled
variables (CV), manipulated variables (MV) and measured distur-
bances for the DMC application for a liquefaction process were
mentioned in a special report [18]. To our knowledge however, a
rigorous research about the application of the DMC method on
the C3MR process needs yet to be proposed.

The necessity of applying the multivariable optimal control on
the C3MR process was brought up in a previous study in which a
process simulation result is validated by the experimental data sug-
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gesting that multiple MVs such as the flow rates of both phases of
cooling mixed-refrigerant (CMR) and the flow rate of LNG stream
interact with multiple CVs, including the CMR temperatures at
different locations of heat exchangers. Hence, rather than a single-
loop control, a cascade control strategy or an MPC method was sug-
gested as a possible breakthrough that may enhance the process
efficiency [23]. Since the cascade feedback control is already included
in commercial LNG liquefaction processes [24], we demonstrate a
case study in which a two-by-three structured DMC module regu-
lates the CMR loop inside the C3MR process against two different
scenarios of unmeasured process disturbances. The process exam-
ple and the control structure are based on a research of the optimal
configuration of the single-input-single-output (SISO) controllers on
the C3MR process [25]. Our purpose is to compare the DMC simu-
lation result with the results of a two-by-two and three-by-three struc-
tured cascade PI controllers run against the same scenarios. A rigorous
process model of the C3MR process is built on the Aspen HYSYS
7.3, which is either regulated by the PI controllers on the same pro-
cess simulator environment or by the DMC method built on the
MATLAB 2014a. The DMC is formulated using a step response
coefficient matrix obtained by the system identification of the dy-
namic process model on the Aspen HYSYS 7.3. The improving
robustness of the MV sequences and their effect on the process power
consumption are discussed in the concluding remarks.

DYNAMIC SIMULATION OF THE C3MR PROCESS

1. Process Description
A detailed explanation of the C3MR process illustrated in Fig. 1

and the operational conditions of the main process units are pro-
vided in this section. The C3MR process is comprised of two sep-
arate cooling cycles: the C3 cooling cycle that includes the pre-cooler
and the CMR cooling cycle with the main cryogenic heat exchanger

(MCHE) having a liquefier and a subcooler subunits [25].
After the pre-treatment process, the NG feed is cooled from 30 oC

to −40 ~−30 oC by passing through the pre-cooler. The feed is fur-
ther cooled by the MCHE module, expanded by the LNG V/V valve
and reaches the final product temperature of −159 oC. The C3 cycle
shares the duty of the CMR cycle and cools both the NG and CMR
prior to the MCHE [26].  mainly illustrates the CMR cycle as the
C3 cycle is out of the scope of this study and thus the C3 cycle is
shown as a simplified single pre-cooler module coming after the
compressor cycle. The average molecular weight of the CMR is
usually lower than C3 because the MCHE must achieve stronger
cooling power than the pre-cooler. The general composition of the
CMR is 90% of methane (C1), ethane (C2) and C3. The remain-
ing 10% consists of nitrogen (N2) and occasionally n-butane (n-
C4) [26,27]. After the CMR stream absorbs heat from the NG
stream, it is condensed and liquefied again by going through the
CMR compressor module and the pre-cooler. The CMR compres-
sor module is a two-stage rotary screw type compressor unit. The
compressors are connected by a single axis that rotates their impel-
lers at the same RPM speed. After the CMR is compressed from
3-5 barA to 40-60 barA by the compressors, it becomes a two-phase
(vapor-liquid) stream when it is cooled to −40 ~−30 oC by passing
through the pre-cooler. The CMR vapor (CMRV) and the liquid
(CMRL) are separated before entering the MCHE. These CMRV
and CMRL streams handle the major duty loads coming from the
liquefier and the subcooler by utilizing the temperature decrease
resulting from the Joule-Thomson (JT) expansion. We assume for
the plate fin heat exchanger model of the MCHE that a layer pat-
tern module is stacked repeatedly inside the heat exchangers. The
stream layer pattern configurations of the liquefier and the sub-
cooler are DCDBDAD repeated 238 times and EAEBEAE repeated
20 times, respectively, where A: NG, B: CMRL, C: CMRV, D: CMR
cold stream, and E: CMRV cold stream.

Fig. 1. Overall scheme of the C3MR process.
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2. Process Simulation
Two separate property methods are selected for the process

simulation of a high-pressure nonpolar hydrocarbon system. First,
the Peng-Robinson equation in Eq. (1) is employed as the main
equation of state (EOS) of the Aspen HYSYS simulation, where
descriptions of the additional accompanying parameters are found
in [28,29]. This EOS provides accurate results of the vapor-liquid
equilibrium (VLE) calculations for a hydrocarbon mixture system
over a wide range of operation conditions.

(1)

In addition, the Lee-Kesler method is specified as the calculation
method for the enthalpy and the entropy deviation since it pro-
vides an accurate enthalpy model for nonpolar gas mixtures [30].
This method utilizes the compressibility factor Z that is obtained
by the Pitzer’s correlation in Eq. (2), where Zr and Z0 are calcu-
lated by the Benedict-Webb-Rubin (BWR) EOS in Eq. (3).

(2)

(3)

(4)

where Tr, Pr, Vr
0, Z0 and Zr are calculated at the specified tempera-

ture T and the pressure P, the deviations of the enthalpy H and the
entropy S from the ideal state are computed by Eqs. (4)-(5). Fur-
ther detailed calculation procedures of these departure functions
are illustrated in various references including [31,32].

(4)

(5)

The process flow diagram (PFD) in Aspen HYSYS environment
shown in Fig. 2 is used for both the steady-state and the subsequent
dynamic simulations with a time step of Δt=0.5 s and the actuator
travel time of the control valves being 5 s/%. The operational con-
ditions of both NG feed and CMR stream used in both simula-
tions are shown in Table 1.

Initially, a steady-state process simulation is conducted using the
boundary condition of the NG feed and the CMR stream shown
in Table 1. The operating parameters used in this simulation are
summarized in Table 2. The steady-state solution then acts as the
initial condition of the subsequent dynamic simulations. Additional
information about the compressor performances is provided in
the Appendix.
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Fig. 2. PFD of the C3MR process built in Aspen HYSYS dynamics 7.3.
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CONTROLLER FORMULATION

1. Control Structure Configuration
A multi-input-multi-output (MIMO) control structure of the

DMC controller is chosen using the MVs and CVs suggested in a
reference study. The validity of this multivariable control structure
is supported by studying the interactions between the process vari-
ables which are obtained through the steady-state relative gain array
(RGA) analysis. The control performance of the proposed DMC
control structure is then compared with the counter-examples of
two different cascade PI controllers.

In the first step, the control structures available in the C3MR

process need to be configured. We refer to a previous research that
identified the available SISO feedback control structures of the same
process [25] by following the rule of counting the actual degree of
freedom (DOF) [33]. There are initially total 9 available MVs in
the C3MR process which are mentioned in the following list:

- CMRL flow rate (CMRL JT valve) (1), CMRV flow rate (CMRV
JT valve) (2)

- LNG flow rate (LNG V/V) (3)
- CMR compressor speed (4)
- Pre-cooler refrigerant flow rate (Pre-cooler refrigerant JT valve)

(5)
- Cooling medium flow rates for the CMR compressor inter-

cooler (6) and the aftercooler (7)
- CMR anti-surge valves (8, 9)
The equipment name in the parentheses is the actuator valve

related to each MV. It is desirable if the dynamic model structure
is simple and the number of the available process variables for the
control structure configuration is limited. Hence the counting of the
actual DOF is done based on the following preconditions which
assume a tightly controlled C3 pre-cooler module [25].

- The LNG throughput rate is directly controlled by the LNG
V/V.

- The pre-cooler keeps constant initial temperatures of the NG
feed and the CMR loop.

- The streams passing through the intercooler and the after-
cooler modules in the compressor cycle are kept at 30 oC.

- The compressor systems include the anti-surge control scheme.
Above assumptions eliminate variables 5-9. Then the remain-

ing MVs are the LNG flow rate controlled by LNG V/V, the flow
rates of the cold mixed refrigerant liquid (CMRL) and the cold
mixed refrigerant vapor (CMRV), respectively, and the CMR com-
pressor speed (C Speed). Among these, the LNG flow rate is selected
as the measured disturbance. Then the possible candidates of MVs
for the CMR loop in the C3MR process are CMRL and CMRV
and C Speed.

A recommended selection of the CVs, also according to the ref-
erence study [25], is the temperature (LNG T) of the LNG prod-
uct stream since LNG T affects both the composition and the
throughput of LNG. Besides LNG T, the temperature difference of

Table 2. Operating parameters of the C3MR process units in Fig. 2
CMR 1st stage compressor CMR separator
Description [Unit] Value Description [Unit] Value
Speed [rpm] 03531 Vessel volume [m3] 200.00
Actual volume flow rate [m3/h] 86250 Operating temperature [oC] −33.15
Head [m] 17680 Operating pressure [barA] 49.07
Efficiency [%] 00082
CMR 2nd stage compressor Control valves
Description [Unit] Value Description CV

Speed [rpm] 03531 CMRV JT valve 75.00
Actual volume flow rate [m3/h] 15180 CMRL JT valve 177.50
Head [m] 06302 LNG V/V valve 265.60
Efficiency [%] 00083

Table 1. Operation condition of the NG feed and the CMR stream
at steady-state

NG feed
Description [Unit] Value
Mass flow rate [ton/h] 214.70
Inlet pressure [barA] 65.00
Outlet pressure [barA] 1.25
Inlet temperature [oC] 30.00
Outlet temperature [oC] −159.10
Pressure after pre-cooler [barA] 58.79
Temperature after pre-cooler [oC] −33.15

CMR stream
Description [Unit] Value
Mass flow rate [ton/h] 482.00
CMRV flow rate [ton/h] 135.20
CMRL flow rate [ton/h] 346.80
Suction pressure of the 1st compressor [barA] 4.03
Discharge pressure [barA] 51.82
Suction temperature [oC] −38.87
Discharge temperature [oC] 29.96
Pressure after pre-cooler [barA] 49.07
Temperature after pre-cooler [oC] −32.82
Temperature difference of liquefier [oC] 5.86



Dynamic matrix control applied on propane-mixed refrigerant liquefaction process 291

Korean J. Chem. Eng.(Vol. 34, No. 2)

between the CMR outlet and CMRV inlet in the liquefier (dT of
HEX) can be selected as an auxiliary CV among the several candi-
dates of potentially self-optimizing variables to control the energy
efficiency. Drawing a steady-state optimality map of a given lique-
faction process is a good way to evaluate the relationships between
the compressor duty and other process variables by studying their
stable operational trajectories [34]. In the reference study, the fixed
value of dT of HEX produces the most similar trajectory to the
optimal compressor duty curve drawn on the steady-state optimality
map of the C3MR process. It is shown on the optimality map that
by controlling dT of HEX, the compressor duty curve does not
violate the infeasible region limited by the dew point of the CMR
stream that enters the condensing cycle. Thus dT of HEX can be
utilized as a CV that is indirectly related to the energy efficiency of
the compressors. Summing these up, the control structure of the
DMC is configured to have three MVs and two CVs in total. This
list of MVs and CVs is summarized in Table 3, and it is shown
that the flow rate of a given CMR stream is regulated by the open-
ing of the corresponding actuator valve.
2. Interaction Analysis

Although the reference study in [25] excluded the C speed from
the suggested MV candidate by assigning a fixed value, our exam-
ple adds one more DOF to the system control by including it as a
possible MV. One of the aims of this study is to show that it is
possible to control the CMR loop more efficiently if the C Speed is
included among the MVs, since it is directly related to the com-
pressor power usage and the CMR flow rate. Step input tests and
steady-state RGA analyses are conducted for all one-on-one com-
binations of MVs and CVs to understand how strong the interac-
tions between MVs and CVs are. The RGA analysis of the Aspen
HYSYS Dynamics model given in Table 4 demonstrates that the C
Speed has a certain influence over LNG T and dT of HEX and sup-
ports the argument that it is appropriate to include the C Speed as
a possible MV. The results of the RGA analysis are calculated as
scaled values in percentages which are normalized with respect to
their allowed ranges [35].

Table 4 also illustrates the necessity of a MIMO control algorithm
on the C3MR process. Note that while dT of HEX primarily inter-
acts with CMRL OP and secondly with C Speed, LNG T can be

mainly controlled by changes on both CMRV OP and C Speed.
Hence Table 4 supports the argument that for the given C3MR
process, the use of the multivariable optimal control such as the
DMC could result in a more efficient control than the PI or PID
algorithm since it takes account of interactions among multiple
process variables while predicting process outputs.
3. Controller Setups

To support the result of the steady-state RGA analysis in Table 4
that indicates the necessity of a multivariable optimal controller on
the C3MR process, we test the efficiency of the DMC algorithm
by comparing its control result with those from two PI control set-
ups, which are defined as Case A and Case B. The two PI control
loops differ by whether the C Speed is among the MVs or not.
Case A is a two-by-two PI controller with CMRV OP - LNG T and
CMRL OP - dT of HEX control loops, whereas case B is a three-
by-three PI controller in which the C Speed - Compressor suction
pressure control loop is added on the existing control loops in Case
A. According to the RGA analysis in Table 4, the C Speed should
be controlling the LNT Temp since its relative gain is nearer to
one than that of the CMRV OP. However, the prerequisite of this
study is that the compressors should operate in a stable condition,
not overrunning the compressor surge lines. Thus, Case A and
Case B are adjusted so that the CMRV OP controls the LNG T and
the C Speed is manipulated to maintain a constant CMR pressure
in the CMR compression loop to reduce instabilities in the com-
pressor units which might occur during the dynamic simulations.
All the configurations of the DMC module and the two PI con-
trol modules are separately illustrated in Fig. 3 and Fig. 4.

The DMC in MATLAB 2014a environment calculates and trans-
mits the current input signals directly to the valve openings and
compressor units in Aspen HYSYS. This transfer of process infor-
mation between MATLAB and Aspen HYSYS spreadsheet is exe-

Table 3. Suggested MVs and CVs for the DMC configuration with pairing descriptions
Variables Description

MV
CMRL OP (CMRL flow rate) CMRL JT valve opening
CMRV OP (CMRV flow rate) CMRV JT valve opening
C Speed Compressor speed

CV LNG T LNG temperature
dT of HEX Temperature difference of CMR and CMRV in Liquefier

Table 4. Steady-state RGA analysis of the C3MR process based on
Table 3

Variables CMRL OP CMRV OP C Speed
LNG T 0.1826 0.3464 0.4710
dT of HEX 0.8170 0.0539 0.1291 Fig. 3. Multivariable DMC scheme applied on the C3MR process.
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cuted with a process changing rate of 5%/s via HYSYSlib function
developed by Berglihn [36]. All of the PI controllers excluding the
C Speed controller operate in a two-step cascade control procedure
on Aspen HYSYS environment so that the slave (secondary) con-
trollers calculate the current inputs using the setpoint errors pro-
vided by the master (primary) controllers [37]. Cascade control
loops can effectively limit the propagation of disturbance effects
throughout the entire process by enhancing the control response
speed with a fast-responding slave control loop. This is a widely
accepted approach in LNG processing plants having multiple sen-
sors measuring different variables such as the stream temperatures
and the flow rates [24,25]. Although the derivative control action
could be added in the master control loop of the cascade control
[37], it is excluded for this case study to simplify the controller tun-
ing process. This is because the C3MR process has multiple paral-
lel cascade control loops having up to five feedback controllers
which need to be tuned simultaneously. One additional control
parameter, the derivative time constant not only significantly raises
the difficulty of tuning for the already complex control system, but
also potentially requires an additional design of a low-pass filter to
reduce response sensitivity of disturbances [38,39].

DMC SIMULATION

1. System Identification
The DMC algorithm can utilize step response coefficient matri-

ces as the model information when definite dynamic model equa-
tions are not available. The step response coefficient matrix is
obtained by the system identification when several different step
input responses are fitted into an empirical transfer function model.
Fig. 5 shows the results of the step response tests from the Aspen
HYSYS dynamic model in Fig. 2. The data sequences from this sim-
ulation are used to fit a transfer function matrix through MATLAB
using the ‘tfest’ function. The result is shown in Eq. (6), where u1:
CMRL OP; u2: CMRV OP; u3: C Speed; y1: LNT T and y2: dT of
HEX.

(6)
The normalized root-mean-square error (NRMSE) fitnesses of the
transfer functions in Eq. (6) and the original Aspen HYSYS dynamic
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Fig. 4. Two-by-two PI controller (Case A) and three-by-three PI controller (Case B) schemes applied on the C3MR process.

Fig. 5. Dynamic step responses of the C3MR process (top: step
response of CMRL OP, middle: step response of CMRV OP,
bottom: step response of C speed).
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PFD are shown in Table 5 which are calculated using the ‘com-
pare’ function in MATLAB.

(7)

Based on these values calculated using Eq. (7) where  is the PFD
data and y is the transfer function output, we may conclude that
Eq. (6) depicts the general dynamics of the C3MR process with an
acceptable accuracy. Consequently, a step response coefficient matrix
is obtained from Eq. (6) also by MATLAB using the ‘tfd2step’ func-
tion.
2. DMC Application

The DMC module is formulated by using the step response
coefficient matrix obtained in the previous section. In the DMC
module, a quadratic objective function that is the sum of output
measurement errors and input changes over a finite prediction hori-
zon is minimized to result in an optimal future input sequence.
This optimization step is repeated at each time step and lets the
initial element of the newly calculated input sequence update the
process feedback error. The steps of constructing the mentioned
quadratic objective function are shown below; for an input vector
u(k)∈Rnu and an output vector y(k)∈Rny, a step response coeffi-
cient matrix Sk∈Rny×nu is defined for the time step k as follows;

(8)

k=n is the time when the process reaches a steady state with Sn=
Sn+1=…=S∞. Hence the first n time steps of the state vectors are
sufficient to capture the total dynamic process change. Then y(k) is
augmented for n time steps to form a new state vector Y(k)∈Rn×ny

shown in Eq. (9) and Eq. (10), where it is updated at each k by a
new input change Δu(k−1).

Y(k)=[y(k)T y(k+1)T … y(k+n−1)T]T (9)

Y(k)=MY(k−1)+SΔu(k−1) (10)

Δu(k)=u(k)−u(k−1) (11)

(12)

Secondly, a new vector (k+1|k) that predicts the future outputs
for a prediction horizon p is calculated by using the future inputs
ΔU(k) for a control horizon m with the addition of measurement
errors. For the prediction, we assume there is no modeled distur-
bance present in the process.

(13)

(14)

(15)

(16)

In the final step, (k+1|k) is inserted in the objective function J
that is minimized in the optimization problem in Eq. (17) to pro-
duce an optimal sequence ΔU(k).

(17)

The overall steps repeat themselves when the first value in the
resulting ΔU(k) vector is used as the new input change Δu(k) that
updates the new Y(k+1) [15-17,40,41].

SIMULATION RESULTS

The simulation result in which the DMC algorithm is applied
on the C3MR process is compared with the simulation results in
which the two-by-two (Case A) and three-by-three (Case B) cas-
cade PI controllers are adopted. The PI controllers are tuned by
the relay-based tuning method, which is an embedded function in
Aspen HYSYS. The control parameters of the DMC and the PI
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Ŷ
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J = min
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UΔU k( )
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[ ]

umin u k + j( ) umax≤ ≤

Δu k + j( ) Δumax≤

ymin y k + j( ) ymax, j 0≥∀≤ ≤

Table 5. NRMSE fitness of the transfer functions in Eq. (6) obtained
from the Aspen HYSYS dynamic model of the C3MR pro-
cess

CV
MV

u1: CMRL OP u2: CMRV OP u3: C Speed
y1: LNG T 75.59% 76.82% 76.62%
y2: dT of HEX 95.60% 65.10% 77.55%

Table 6. Control parameters of DMC
Parameters Values
umin [−10 −35 −50]T

umax [16 30 50]T

Δumax [6 8 10]T

p 100
m 20
(Γ Y)2 diag(20, 1)
(Γ U)2 diag(80, 50, 20)
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in Table 7.
We consider two examples for the analysis of the controller effi-

ciency. The following unmeasured disturbances are added to the
dynamic process simulation in the direction of increasing the load
of the liquefaction energy; the first scenario is a 3% step input on
the NG flow rate and the second scenario is a −1 barA step decrease
in the NG injection pressure. The results of the dynamic simula-
tions for each scenario of the unmeasured disturbance are illus-
trated in Fig. 6, Fig. 7 and Table 8. The noise present on the process
output sequence in the DMC example could be attributed to the
time lapse during the transferring information between Aspen
HYSYS and MATLAB at each time step. In both scenarios, the
dynamic simulations using the DMC show better efficiency of han-

controllers are shown in Table 6 and Table 7, respectively. Note that
the master and the slave controllers in the cascade control loops
are paired with the same superscript in the controller description

Table 7. Control parameters of PI controllers
Controller description KC τI [min]
LNG Temp controller (Master)a 3.48 0.624
dT of HEX controller (Master)b 0.0961 0.312
CMRL flow rate controller (Slave)a 0.139 0.00671
CMRV flow rate controller (Slave)b 0.36 0.00577
C speed controller 2.8 0.0204

Fig. 6. Dynamic simulation results of the DMC and the PI controllers (Case A, Case B) for a 3% step input addition to NG injection flow rate.

Fig. 7. Dynamic simulation results of the DMC and the PI controllers (Case A, Case B) for a -1barA step decrease of NG injection pressure.
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dling the increased load of cooling duty with more robust control
input sequences compared to the PI controller counterparts.
1. Increasing NG Injection Flow Rate

As the liquefaction load is increased by the unmeasured distur-
bance, the amount of power consumption naturally is increased in
all three control cases, with the DMC using the least amount of
power. According to Fig. 6, the PI controller in Case A has a fixed
C Speed and hence raises the flow rates of both CMRL and CMRV
to handle the extra required cooling duty. The PI controller in
Case B increases all of the MVs including the flow rates of CMRL
and CMRV and the C Speed. It saves more power than Case A,
slightly less than the DMC, as it utilizes C Speed as one of the MVs.
However, the instability of Case B on the output variables is con-
siderably larger than that from the DMC, especially on the dT of
HEX. The DMC increases both the CMRL flow rate and the C
Speed but reduces the CMRV flow rate, unlike the PI controllers.
The reason why the DMC alone reduces the CMRV flow rate is
because the discharge pressure of the compressor rises when the C
Speed is increased. Then the ratio of CMRL rises also, whereas the
CMRV flow rate is decreased. Although the total amount of the
CMR flow rate is decreased by the DMC due to the lesser CMRV
flow rate, the MCHE is now able to handle a larger amount of
cooling duty than before, since the CMRL has higher specific heat
than the CMRV. Reduced power consumption is thought to result
from the decrease in the total amount of the CMR flow rate, reduc-
ing the overall amount of work added to the compressor despite
the increased C Speed.
2. Decreasing the NG Injection Pressure

At a constant temperature, the enthalpy of the NG stream is in-
creased when the injection pressure of the NG feed is reduced by
an external disturbance, which also forces larger cooling duty on
the C3MR process. However, pressure decrease of −1 barA has
relatively small effect on the system compared to the NG flow rate
increase in the first scenario. Therefore, the magnitudes of the pro-
cess response to the disturbances are smaller, although the general
tendencies of the dynamic sequences of the C3MR process are simi-
lar in both Fig. 6 and Fig. 7. Hence we may conclude that the DMC
produces not only the control input sequences that are more robust
and optimal but also uses less amount of power than the PI con-
trollers by taking the interactions between the process variables into
account.

CONCLUSION

We analyzed the effectiveness of a multivariable optimal control
algorithm on the C3MR process by comparing the dynamic simu-
lation including a DMC module with two counter-examples with
different structures of cascade PI controllers. A dynamic model of
the C3MR process developed on Aspen HYSYS 7.3 was combined
with the DMC built on MATLAB 2014a using the rigorous step
response coefficient matrix produced by the dynamic process sim-
ulation. Each control structure was analyzed by its ability on how
robust it responds to the two scenarios with unmeasured distur-
bances increasing the cooling duty and also by its influence on the
process efficiency. Based on the RGA analysis, we have expanded
the range of the possible MVs to include the C Speed, which has
been avoided by the previous researchers. The dynamic simula-
tion shows that it is capable of enhancing the process efficiency
when manipulated within the safety margin not overrunning the
compressor surge line. In conclusion, the DMC application demon-
strates that it is capable of considering the multivariable interac-
tion during the process regulation, unlike the other PI controllers.
Also, its control actions generally undergo less overshooting, possi-
bly with the help of the prediction algorithm of the future process
variables and the addition of the process variable constraints.
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NOMENCLATURE

H : stream enthalpy
Iy : identity matrix with dimension of y
P : stream pressure
Pc : critical pressure
R : gas constant
Ri×j : set of real numbers with a dimension of i×j
S : stream entropy
Sk : step response coefficient matrix at kth time step

Table 8. Comparison between the dynamic simulation results of the DMC and the PI controllers (Case A, Case B)
Scenario Process variable DMC PI control (case A) PI control (case B)

NG flow rate: +3%

CMRL flow rate [ton/h] 357.36 353.30 355.72
CMRV flow rate [ton/h] 131.12 157.00 140.90
Total CMR flow rate [ton/h] 488.483 510.22 496.62
Power consumption [kW] 39673 40083 39798
Power consumption difference [kW] 0 +411 +125

NG injection pressure: −1 barA

CMRL flow rate [ton/h] 347.61 345.63 346.46
CMRV flow rate [ton/h] 131.20 143.51 138.07
Total CMR flow rate [ton/h] 478.81 489.14 484.53
Power consumption [kW] 38621 38742 38661
Power consumption difference [kW] 0 +121 +40
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T : stream temperature
Tc : critical temperature
ΔU : optimized augmented vector of Δu for m time steps start-

ing from t=k
Vm : stream molar volume
Y : augmented vector of y for n time steps starting from t=k
Z : compressibility factor
Γ

U : weighting factor of ΔU
Γ

Y : weighting factor of Y
k : order of the time step
m : control horizon
nu : dimension of u
ny : dimension of y
p : prediction horizon
s : frequency variable
si, j, k : step response coefficient of uj and yi at t=k
t : time
Δt : length of a time step
u : input vector
ui : ith input variable
Δu : change in u
y : output vector
yi : ith output variable

(k+i|k) : estimated output value at t=k+i based on y(k)
ω : acentric factor
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APPENDIX

The performance curves of two compressors positioned in the
CMR loop in the C3MR process are illustrated in Fig. 8 and Fig. 9,
respectively. These data are obtained by the steady-state simulation
in Aspen HYSYS 7.3.

Fig. 8. Performance curves of the first compressor in the CMR loop
(top: compressor head, bottom: compressor efficiency).

Fig. 9. Performance curves of the second compressor in the CMR
loop (top: compressor head, bottom: compressor efficiency).
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