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Abstract: Two significant units in biomass-based hydrogen plants are the compressor and steam
reformer. The compressor works to achieve high pressure for further operations, while the steam re-
former produces H2 gas. For the units to operate well against disturbances that may occur (regulatory
control) or changes in the set point (servo control), as well as the interactions between the relevant
process variables, a Multivariable Model Predictive Control (MMPC) is considered as a controller.
The determination of MMPC parameters, including the sampling time (T), prediction horizon (P),
and control horizon (M), is crucial for achieving such objectives. Therefore, in this study, MMPC
parameter adjustment was performed. The Integral of Absolute Error (IAE) and Integral of Square
Error (ISE) were used as control performance indicators. For comparison, we considered the IAE
and ISE from the Single-Input Single-Output (SISO)-based Model Predictive Control (MPC) from
previous research. As a result, the optimum MMPC parameters were found to be T = 1, P = 341,
and M = 121 for the compressor unit, and T = 1, P = 45, and M = 21 for the steam reformer unit.
The average increases in control performance (IAE and ISE), compared to the MPC (SISO) used
in previous research, were 85.84% for compressor unit 1, 61.39% for compressor unit 2, 94.57% for
compressor unit 3, and 73.35% for compressor unit 4. Meanwhile, in the steam reformer unit, the
increases in control performance were 63.34% for the heater and 80.16% for the combustor.

Keywords: process control; compressor; steam reformer; model predictive control; tuning

1. Introduction

Hydrogen is a substance with many functions. In the chemical industry, hydrogen is
used as a raw material for fertilizers, as a raw material for hydrogen peroxide, as a catalyst
for hydrogenation reactions, and so on [1]. In addition, hydrogen can serve as an alternative
fuel [2].

Indonesia is a country with massive potential for the development of renewable energy,
including the use of power plant waste and biomass pellets as a national energy source [3].
Using biomass as raw material for hydrogen production provides promising opportunities.
With renewable energy, Indonesia and other countries can move away from reliance on
non-renewable raw materials, such as fossil fuels.

Biomass-based hydrogen plants contain raw material processing units, gasification
units, char decomposer units, compression units, steam reforming units, char combustor
units, cooler units, H2S removal units, and pressure swing absorber units (Budianta et al.,
2011) [4]. The function of the compression unit is to increase the pressure of the gasification
unit product. As a result, the pressure required for the H2S removal operating condition
can be achieved. The steam reforming unit converts water in a liquid state into steam. The
heat is obtained from the reaction products between methane and steam, which are stored.

Process control of both of these units aims to maintain the operating conditions of the
plant, such that it operates in its optimal environment. In addition, this control functions
to maintain the operational stability of the plant in the event of an external disturbance,
ensuring safety and preventing damage to the equipment in the two units.
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In 2012, Cortinovis et al. performed a study on controlling compressor air pressure
in the oil and gas industry [5], where MPC was used as the controller. The inputs to this
control are pressure, mass flow rate, temperature, and monitor drive (speed, torque, voltage,
and compressor current). Then, the output includes valve opening and drive command.
This system is called torque-assisted anti-surge control (TASC). They compared this system
with a conventional one using a PI controller, instead of a variable speed drive (VSD). Other
studies have also focused on controlling compressors, and showed that MPC can control
compressors in gas compression systems [6,7].

Some research has considered the control of steam reformer units [8–11]. Wang et al.
(2021) researched controlling steam methane reforming reactors using MPC [10]. The
controlled variables were the temperature of the reactor wall and the composition of the
output hydrogen, achieved by manipulating the mass flow rate. The control test was
carried out by including a disturbance to the mass flow rate as much as 10% of the initial
mass flow rate. A comparison of the performance of a PI controller with the MPC was also
carried out, which showed that the MPC led to a lower overshoot than the PI controller.

Wahid and Taqwallah (2018) studied MPC compressor control and steam reforming,
but the basis was MPC (SISO), which was less effective in capturing the interactions
between existing operating variables and required a lot of MPC, leading to high capital
expenditure (capex) costs [12]. Therefore, in this study, MMPC was used to overcome these
issues, as has been considered for a quadcopter with four rotors, which produced control
performance that is very close to the setpoint [13].

2. Methods
2.1. Research Flowchart

The research methodology consists of several steps. To carry out these steps, re-
searchers may perform simulations using process simulation software. Figure 1 shows the
research method flowchart.
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Figure 1. Research flowchart.

2.2. Data Collection

For this study, we used the design of a hydrogen biomass plant by Budianta et al.
(2011) [4], which includes a compressor unit and a steam reformer. Biogas reforming is the
process of producing hydrogen from natural gas [14,15], with the main reaction being

CH4 + H2O → CO + 3H2. (1)
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This reaction is catalytic and takes place at 1000 ◦C. The heat from the reformed
product functions to produce steam before further processing in a converter, where most of
the carbon monoxide (CO) is converted into carbon dioxide CO2.

Figure 2 shows the process flow diagram of the compressor and steam reformer units
in the biohydrogen plant. The compressor used was a multi-stage type with four stages,
which increases the pressure from 155.25 kPa to 3172 kPa. The operating conditions for the
inlet and outlet pressures of each compressor, with a pressure drop for each inter-cooler of
8–20 kPa, are shown in Table 1. Meanwhile, the outlet temperature of the heater and that
inside the combustor were 650 ◦C and 982 ◦C, respectively.
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Table 1. Inlet and outlet pressure in the compressor units.

Pressure (kPa) Compressor
Unit 1

Compressor
Unit 2

Compressor
Unit 3

Compressor
Unit 4

Input 155.25 339.17 719.6 1563
Output 356 740 1577 3172

The FOPDT models and MPC parameters studied by Wahid and Taqwallah (2018) [12]
are provided in Tables 2 and 3, respectively. These FOPDT models were used in the MIMO
2 model.

Table 2. FOPDT parameters from previous research.

FOPDT
Parameters

Compressor
Unit 1

Compressor
Unit 2

Compressor
Unit 3

Compressor
Unit 4 Heater Combustor

Kp −0.1477 −0.1562 −0.7006 −0.6984 3.4018 0.3128
τp (s) 6.2583 6.9723 1.5563 1.002 0.51 2.0025
θ (s) 1.0863 1.2743 0.8168 1.1697 0.33 0.165

Table 3. MPC control parameters from previous research.

MMPC Specification T (s) P M

Compressor Unit 1 30 20 3
Compressor Unit 2 30 25 2
Compressor Unit 3 30 41 10
Compressor Unit 4 10 40 5

Steam Reformer Unit (Heater) 20 50 4

2.3. System Identification

System identification was carried out to obtain a MIMO model that captures the
interaction between the variables involved in the compressor and steam reformer units for
hydrogen production in the biomass plant. Table 4 lists the CVs (controlled variables), MVs
(manipulated variables), and disturbances in the compressor and steam reformer units.
A test was carried out, using an open-loop system, by changing the value of the MVs by
+10% in compressor units and +20% in the steam reformer. The results obtained provided
process reaction curves (PRC) for all MVs and CVs involved. Using the Smith method, a
First Order Plus Dead Time (FOPDT) model was generated for each PRC obtained [16].

Table 4. Variable Identification.

Unit Controlled Manipulated Disturbance

Compressor Pressure (kPa) Flow rate (kg/s) Feed flow rate (kg/s)
Steam

Reformer Temperature (◦C) Heater energy flow (kJ/h) Feed temperature (◦C)

2.4. Controller Tuning

The next step was to set the MMPC parameters (T, P, and M) using the Shridhar and
Cooper (S&C) method [17], followed by fine tuning (FT).

The control performance test was done in two ways. The first test was carried out
by changing the SP (servo control), while the second was carried out by changing the
disturbance (regulatory control). The disturbance test was carried out by changing the feed
pressure by 4% from the initial pressure. To analyze the control performance, we calculated
the Integral Absolute Error (IAE) and Integral of Square Error (ISE).



ChemEngineering 2023, 7, 7 5 of 18

3. Results and Discussion
3.1. FOPDT Models

The FOPDT models for compressor units 1 and 2 are shown in Equations (2) and
(3), respectively. In both equations, P is the compressor pressure, while the numbers 1–4
indicate compressors 1–4, respectively. The difference between Models 1 and 2 lies in the
FOPDT model on the diagonal of the two matrices. In Model 1, all the FOPDT models
resulted from the new system identification, while Model 2 used the FOPDT model in the
previous study on the matrix diagonal. With these two models, we aimed to test whether
the SISO-based FOPDT model, which has been used before, is still appropriate for use in
the MIMO model.

For MIMO model 1,


P1
P2
P3
P4

 =


− 0.278e−0.23s

1.147s+1 − 0.048e−0.28s

1.401s+1 − 0.024e−0.37s

1.846s+1 − 0.022e−0.16s

3.442s+1
− 0.589e−0.36s

1.81s+1 − 0.156e−0.26s

1.265s+1 − 0.077e−0.33s

1.664s+1 − 0.077e−0.33s

1.664s+1
− 0.608e−0.41s

2.123s+1 − 0.104e−0.35s

1.75s+1 − 0.215e−0.28s

1.381s+1 − 0.201e−0.37s

1.845s+1
− 0.023e−0.43s

2.156s+1 − 0.004e−0.35s

1.75s+1 − 0.002e−0.26s

1.30s+1 − 0.503e−0.27s

1.342s+1




OPvalve−1
OPvalve−2
OPvalve−3
OPvalve−4

. (2)

For MIMO model 2,


P1
P2
P3
P4

 =


− 0.148e−1.09s

6.258s+1 − 0.048e−0.28s

1.401s+1 − 0.024e−0.37s

1.846s+1 − 0.022e−0.16s

3.442s+1
− 0.589e−0.36s

1.81s+1 − 0.156e−1.27s

6.972s+1 − 0.077e−0.33s

1.664s+1 − 0.077e−0.33s

1.664s+1
− 0.608e−0.41s

2.123s+1 − 0.104e−0.35s

1.75s+1 − 0.701e−0.82s

1.556s+1 − 0.201e−0.37s

1.845s+1
− 0.023e−0.43s

2.156s+1 − 0.004e−0.35s

1.75s+1 − 0.002e−0.26s

1.30s+1 − 0.698e−1.17s

1.002s+1




OPvalve−1
OPvalve−2
OPvalve−3
OPvalve−4

. (3)

In the steam reformer unit, the control valve is located on the heater flow. This test
was carried out on the heater and the combustor, in order to determine the effect of valve
opening on the heater flow at the output temperature of the heater (THeater) and combustor
(TCombustor) by increasing the valve opening by 20% from its initial opening. The resulting
MIMO model is shown in Equation (4):[

THeater
TCombustor

]
=

[
3.381e−2.56s

6.3277s+1 0
0.0134e−10.14s

0.683s+1
0.311e−10.11s

0.564s+1

][
OPvalve−heater

OPvalve−combustor

]
. (4)

3.2. MMPC Tuning

MMPC adjustment was performed using the S&C method, as well as fine tuning in
order to improve the control performance of the S&C method. Initial guesses for fine-tuning
were made based on the tuning results of the S&C method. Trial and error parameters T, P,
and M were determined to obtain better results. The tuning results for each unit are shown
in Tables 5 and 6.

Table 5. MMPC parameters on the compression unit.

MMPC Specification
MIMO Model 1 MIMO Model 2

T (s) P M T (s) P M

Shridhar and Cooper 1 181 61 1 322 108
Fine tuning 1 341 121 1 341 121
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Table 6. MMPC parameters on the steam reformer unit.

MMPC Parameters T (s) P M

Shridhar and Cooper 1 61 21
Fine tuning 1 45 21

3.3. Control Performance with Setpoint Change

The performance control of MMPC on the compressor unit with the MIMO 1 model is
shown in Figures 3–6, with a change in SP of 7 kPa. MMPC provided better results than
MPC. When the setpoint on compressor unit 1 was increased, the MMPC could respond
more quickly to the change. Both MPC and MMPC on compressor 1 experienced an increase
in pressure until they passed the SP (i.e., overshoot occurs), then decreased until reaching
the SP. As a result of the change in SP of compressor 1, the pressure of the other compressor
changed (interrupted). However, the MMPC managed to return to its SP better than MPC,
as can be seen in Figure 3b–d. For compressor units 1–4, the IAE and ISE values of MMPC
FT showed a significant difference from those of MPC. Meanwhile, the IAE and ISE values
between MMPC S&C and MMPC FT did not have a significant difference, as shown in
Table 7. Similar results occurred in the SP change test on compressors 2–4, as shown in
Tables 8–10. All the CVs demonstrated final stability at their SP (0). Some of the IAE and
ISE of MMPC FT and S&C had the same result but different percentages of improvement.
This is caused by the calculations in the spreadsheet being performed with decimals up to
ten decimal digits. Meanwhile, the results provided in this research were decimal numbers
with two decimal digits.
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Figure 3. Comparison of controller performance with SP changes on the compressor unit 1 (MIMO
Model 1) on: (a) compressor unit 1; (b) compressor unit 2; (c) compressor unit 3; and (d) compressor
unit 4.
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Figure 4. Comparison of controller performance with SP changes on compressor unit 2 (MIMO
Model 1) on: (a) compressor unit 1; (b) compressor unit 2; (c) compressor unit 3; and (d) compressor
unit 4.
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Figure 5. Comparison of controller performance with SP changes on compressor unit 3 (MIMO
Model 1) on: (a) compressor unit 1; (b) compressor unit 2; (c) compressor unit 3; and (d) compressor
unit 4.
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Figure 6. Comparison of controller performance with SP changes on compressor unit 4 (MIMO
Model 1) on: (a) compressor unit 1; (b) compressor unit 2; (c) compressor unit 3; and (d) compressor
unit 4.

Table 7. Comparison of IAE and ISE on compressor units with changes on compressor unit 1 (MIMO
Model 1).

CV Error
IAE (kPa·s) and ISE ([kPa]2·s) Improvement (%)

MPC MMPC S&C MMPC FT MMPC S&C MMPC FT

Compressor Unit 1 IAE 6.38 × 102 9.07 × 101 9.04 × 101 85.80 85.84
ISE 3.06 × 103 3.49 × 102 3.48 × 102 88.61 88.64

Compressor Unit 2 IAE 8.40 × 102 2.37 × 102 2.37 × 102 71.78 71.78
ISE 3.47 × 103 1.47 × 103 1.47 × 103 57.58 57.47

Compressor Unit 3 IAE 2.96 × 103 1.54 × 102 1.53 × 102 94.78 94.84
ISE 2.65 × 104 8.14 × 102 8.02 × 102 96.93 96.98

Compressor Unit 4 IAE 9.88 × 101 4.61 × 100 4.64 × 100 95.33 95.30
ISE 2.53 × 101 2.20 × 10−1 2.29 × 10−1 99.13 99.10
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Table 8. Comparison of IAE and ISE on the compressor unit with changes on compressor unit 2
(MIMO Model 1).

CV Error
IAE (kPa·s) and ISE ([kPa]2·s) Improvement (%)

MPC MMPC S&C MMPC FT MMPC S&C MMPC FT

Compressor Unit 1 IAE 4.45 × 102 2.63 × 101 2.65 × 101 94.09 94.05
ISE 3.73 × 102 6.59 × 100 6.70 × 100 98.23 98.20

Compressor Unit 2 IAE 6.18 × 102 2.39 × 102 2.39 × 102 61.37 61.39
ISE 2.53 × 103 6.00 × 102 6.00 × 102 76.31 76.31

Compressor Unit 3 IAE 1.04 × 103 1.18 × 102 1.17 × 102 88.72 88.76
ISE 1.21 × 103 8.98 × 101 8.91 × 101 92.58 92.64

Compressor Unit 4 IAE 2.30 × 101 5.27 × 100 5.23 × 100 77.12 77.29
ISE 9.62 × 10−1 1.16 × 10−1 1.15 × 10−1 87.96 88.04

Table 9. Comparison of IAE and ISE on the compressor unit with changes on compressor unit 3
(MIMO Model 1).

CV Error
IAE (kPa·s) and ISE ([kPa]2·s) Improvement (%)

MPC MMPC S&C MMPC FT MMPC S&C MMPC FT

Compressor Unit 1 IAE 4.38 × 101 2.26 × 101 2.24 × 101 48.52 48.82
ISE 1.77 × 100 8.14 × 100 7.99 × 100 359.36 351.20

Compressor Unit 2 IAE 3.54 × 102 3.46 × 101 3.45 × 101 90.21 90.27
ISE 1.48 × 102 9.50 × 100 9.43 × 100 93.56 93.61

Compressor Unit 3 IAE 2.22 × 103 1.21 × 102 1.21 × 102 94.54 94.57
ISE 9.44 × 103 4.23 × 102 4.21 × 102 95.51 95.54

Compressor Unit 4 IAE 3.00 × 10−2 2.33 × 101 2.32 × 101 −7.74 × 104 −7.73 × 104

ISE 3.00 × 10−4 5.96 × 100 5.95 × 100 −1.99 × 106 −1.98 × 106

Table 10. Comparison of IAE and ISE on the compressor unit with changes on compressor unit 4
(MIMO Model 1).

CV Error
IAE (kPa·s) and ISE ([kPa]2·s) Improvement (%)

MPC MMPC S&C MMPC FT MMPC S&C MMPC FT

Compressor Unit 1 IAE 3.41 × 101 6.95 × 101 6.98 × 101 −103.81 −104.57
ISE 1.50 × 100 1.07 × 101 1.08 × 101 −616.55 −618.56

Compressor Unit 2 IAE 2.15 × 102 3.01 × 101 3.02 × 101 85.98 85.95
ISE 4.18 × 101 3.03 × 100 3.06 × 100 92.76 92.67

Compressor Unit 3 IAE 5.38 × 103 1.83 × 102 1.83 × 102 96.60 96.61
ISE 6.48 × 103 7.64 × 101 7.66 × 101 98.82 98.82

Compressor Unit 4 IAE 7.75 × 102 2.06 × 102 2.07 × 102 73.44 73.35
ISE 3.11 × 103 6.24 × 102 6.24 × 102 79.97 79.96

Figure 3 shows the results with the increased SP on compressor unit 1. The change in
the SP of compressor unit 1 can be seen in Figure 3a. The simulation results showed that in
each compressor unit, MPC responded and achieved stability more slowly than MMPC. In
addition, MMPC S&C and FT provided almost the same results and showed barely any
difference in the graphs. However, the difference in the performance of the two controllers
can be seen in the IAE and ISE, which are listed in Table 7. When the SP on compressor unit
1 was increased, the pressure on the next compressor unit decreased. It is because when
the flow pressure increases, the flow rate decreases. This pressure drop will be stabilized
by the controller. In Figure 3a, the shapes of the MMPC and MPC graphs were the same,
but the MMPC responded more slowly and had almost no noise. The performance of
other compressor units is shown in Figure 3b–d, where the patterns of the three graphs
are not much different. In the three graphs, generally, there was no pressure drop on the
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MMPC, while the MPC experienced a significant pressure drop. This is because when the
pressure drops, the MMPC immediately responds to stabilize the flow according to its SP.
However, before reaching stability, the flow controlled by MMPC experienced a pressure
increase shortly. MMPC S&C and MMPC FT had almost the same results, but MMPC FT
generally had a slightly better percentage increase in performance than MMPC S&C, except
for compressor unit 2. In the compressor, both IAE was the same, and ISE MMPC S&C was
slightly superior. Meanwhile, compressor unit 4 showed a better MMPC S&C.

The performance of controlling the change in SP on compressor unit 2 is shown in
Figure 4 and Table 8. The change in SP on compressor unit 2, as shown in Figure 4b, caused
an increase in pressure in compressor unit 1 and a decrease in pressure in compressor unit
after compressor unit 2. It can be concluded that changes in SP in a compressor unit will
cause a pressure increase in the previous unit and a pressure decrease in the following unit.
Figure 4b also shows that MMPC can immediately stabilize the pressure in the flow without
having to exceed its SP, while the MPC has exceeded its SP. MMPC’s response to pressure
increase in compressor unit 1 (Figure 4a) was faster and better than MPC. It is because
the flow pressure at the MMPC only experiences a slight increase and can be stabilized
more quickly. In addition, the control response to the pressure drop in compressor units 3
and 4 had a similar pattern (shown in Figure 4c,d) but with different line shapes. When
the pressure decreases, the controller will respond to increase the pressure. In compressor
unit 3 (Figure 4c), the MMPC can immediately stabilize the flow pressure according to
the SP, while the MPC experienced an increase first. In Figure 4d, both MPC and MMPC
experienced an increase in pressure before returning to their SP, but MMPC can restore the
flow pressure according to its SP more quickly. Based on Table 8, MMPC FT generally had
better control performance results than other controllers.

Figure 5 and Table 9 show the simulation results of process control with SP changes in
compressor unit 3. A graph of SP changes is shown in Figure 5c, where MMPC can stabilize
flow much faster than MPC. When the SP on compressor unit 3 changes, the MMPC-
controlled flow pressure on compressor units 1 and 2 decreased instead of increasing
(shown in Figure 5a,b). It is due to the response of the MMPC to excessive pressure
increases, thus causing a decrease in pressure. Even so, MMPC still provided the best
control performance results compared with MPC. Altogether, MMPC FT has the best results
for compressor units 1, 2, and 3. However, for compressor unit 4, MPC provided the best
control performance results because it has the fewest errors. The cause of this is the tuning
factor in MPC, which is better than MMPC.

The simulation results for SP changes in compressor unit 4 are shown in Figure 6
and Table 10. SP changes in compressor unit 4 (shown in Figure 6d) caused the flow
pressure in all compressor units to increase. In compressor units 1, 2, and 3 shown in
Figure 6a–c, the MMPC controlled flow did not experience a pressure drop past its SP, but
the pressure increase was directly lowered to its SP. The response from MMPC provided the
best performance results for compressor units 1, 2, and 3, except for compressor unit 1. In
compressor unit 1 (Figure 6a), the flow controlled by MMPC experienced a higher rise and
a slower response than MPC. As previously explained, this can be caused by tuning factors.
The results of this simulation differed from the changes in SP on the previous compressor
units because the MMPC S&C generally has fewer errors.

The MMPC performance control on the compressor units using the MIMO 2 model is
shown, in Figures 7–10, with a change in SP of 7 kPa (as before). The control performance
was not much different from the MIMO 2 model, as shown in Tables 11–14. The MMPC
with MIMO 2 model did not produce a significant graph pattern difference compared to
the MIMO 1 model, and neither did the analysis. It also becomes the reason why the MIMO
2 model and MIMO 1 model are not plotted in one graph. Both overlapped, so it would be
hard to analyze them. Therefore, IAE was used to compare the performance between MPC
and MMPC with the MIMO 2 and MIMO 1 models, as provided in Table 17.
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Figure 7. Comparison of controller performance with SP changes on compressor unit 1 (MIMO
Model 2) on: (a) compressor unit 1; (b) compressor unit 2; (c) compressor unit 3; and (d) compressor
unit 4.
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Figure 8. Comparison of controller performance with SP changes on compressor unit 2 (MIMO
Model 2) on: (a) compressor unit 1; (b) compressor unit 2; (c) compressor unit 3; and (d) compressor
unit 4.
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Figure 9. Comparison of controller performance with SP changes on compressor unit 3 (MIMO
Model 2) on: (a) compressor unit 1; (b) compressor unit 2; (c) compressor unit 3; and (d) compressor
unit 4.
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Figure 10. Comparison of controller performance with SP changes on compressor unit 4 (MIMO
Model 2) on: (a) compressor unit 1; (b) compressor unit 2; (c) compressor unit 3; and (d) compressor
unit 4.
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Table 11. Comparison of IAE and ISE on the compressor unit with changes on compressor unit 1
(MIMO Model 2).

CV Error
IAE (kPa·s) and ISE ([kPa]2·s) Improvement (%)

MPC MMPC S&C MMPC FT MMPC S&C MMPC FT

Compressor Unit 1 IAE 6.38 × 102 7.51 × 101 8.20 × 10 88.23 87.15
ISE 3.06 × 103 2.24 × 102 2.72 × 102 92.69 91.11

Compressor Unit 2 IAE 8.40 × 102 2.37 × 102 2.37 × 102 71.78 71.78
ISE 3.47 × 103 1.47 × 103 1.47 × 103 57.58 57.47

Compressor Unit 3 IAE 2.96 × 103 1.54 × 102 1.53 × 102 94.78 94.84
ISE 2.65 × 104 8.14 × 102 8.02 × 102 96.93 96.98

Compressor Unit 4 IAE 9.88 × 101 4.61 × 100 4.64 × 100 95.33 95.30
ISE 2.53 × 101 2.20 × 10−1 2.29 × 10−1 99.13 99.10

Table 12. Comparison of IAE and ISE on the compressor unit with changes on compressor unit 2
(MIMO Model 2).

CV Error
IAE (kPa·s) and ISE ([kPa]2·s) Improvement (%)

MPC MMPC S&C MMPC FT MMPC S&C MMPC FT

Compressor Unit 1 IAE 4.45 × 102 2.60 × 101 2.60 × 101 94.15 94.15
ISE 3.73 × 102 4.01 × 100 4.01 × 100 98.92 98.92

Compressor Unit 2 IAE 6.18 × 102 2.58 × 102 2.58 × 102 58.22 58.22
ISE 2.53 × 103 6.89 × 102 6.89 × 102 72.81 72.81

Compressor Unit 3 IAE 1.04 × 103 1.03 × 102 1.03 × 102 90.16 90.17
ISE 1.21 × 103 6.32 × 101 6.31 × 101 94.78 94.79

Compressor Unit 4 IAE 2.30 × 101 1.31 × 100 1.31 × 100 94.31 94.31
ISE 9.62 × 10−1 2.99 × 10−2 2.99 × 10−2 96.89 96.89

Table 13. Comparison of IAE and ISE on the compressor unit with changes on compressor unit 3
(MIMO Model 2).

CV
IAE (kPa·s) and ISE ([kPa]2·s) Improvement (%)

Error MPC MMPC S&C MMPC FT MMPC S&C MMPC FT

Compressor Unit 1 IAE 4.38 × 101 5.91 × 100 5.91 × 100 86.51 86.51
ISE 1.77 × 100 3.94 × 10−1 3.94 × 10−1 77.78 77.78

Compressor Unit 2 IAE 3.54 × 102 4.70 × 101 4.70 × 101 86.73 86.73
ISE 1.48 × 102 1.92 × 101 1.91 × 101 87.02 87.02

Compressor Unit 3 IAE 2.22 × 103 1.90 × 102 1.90 × 102 91.45 91.45
ISE 9.44 × 103 7.58 × 102 7.58 × 102 91.97 91.97

Compressor Unit 4 IAE 3.00 × 102 1.27 × 101 1.27 × 101 −4.21 × 104 −4.21 × 104

ISE 3.00 × 10−4 1.20 × 100 1.20 × 100 −3.99 × 105 −3.99 × 105

MMPC S&C and FT with MIMO 2 model almost provided the same control perfor-
mance results. Generally, MMPCs had better controller performance results, except on
compressor unit 4 with SP changes on compressor unit 3 and compressor unit 1 with SP
changes on compressor unit 4. The performance of MMPC S&C with SP changes on com-
pressor unit 1, as shown in Figure 7 and Table 11, had better results than other controllers.
MMPC FT had slightly better performance with SP changes on compressor unit 2, which
are shown in Figure 8 and Table 12. Based on Figures 9 and 10 and Tables 13 and 14, MMPC
S&C and MMPC FT had the same control performance due to the same amount of error.



ChemEngineering 2023, 7, 7 14 of 18

Table 14. Comparison of IAE and ISE on the compressor unit with changes on compressor unit 4
(MIMO Model 2).

CV Error
IAE (kPa·s) and ISE ([kPa]2·s) Improvement (%)

MPC MMPC S&C MMPC FT MMPC S&C MMPC FT

Compressor Unit 1 IAE 3.41 × 101 3.06 × 101 3.06 × 101 10.33 10.33
ISE 1.50 × 100 1.45 × 100 1.45 × 100 3.14 3.14

Compressor Unit 2 IAE 2.15 × 102 4.75 × 101 4.75 × 101 77.89 77.89
ISE 4.18 × 101 3.72 × 100 3.72 × 100 91.10 91.10

Compressor Unit 3 IAE 5.38 × 103 4.37 × 102 4.37 × 102 91.89 91.89
ISE 6.48 × 103 3.16 × 102 3.16 × 102 95.13 95.13

Compressor Unit 4 IAE 7.75 × 102 2.58 × 102 2.58 × 102 66.71 66.71
ISE 3.11 × 103 8.75 × 102 8.75 × 102 71.90 71.90

Control performance in the steam reformer and combustor units was carried out by
changing the SP by +10 ◦C for both types of equipment (heater and combustor units).
Figure 11 shows that, for the heater, MMPC FT was better than MPC and MMPC S&C,
as detailed in Table 15. MPC produced an oscillating control behavior, leading to worse
performance. The same thing happened when testing the SP change on the combustor unit,
as shown by Figure 12 and Table 16.
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Figure 11. Comparison of the controller performance with SP change on the heater on: (a) the heater;
and (b) the combustor.

Table 15. Comparison of IAE and ISE on the heater and combustor units due to changes in SP on the
heater unit.

CV Error
IAE (◦C·s) and ISE ([◦C]2·s) Improvement (%)

MPC MMPC S&C MMPC FT MMPC S&C MMPC FT

Heater
IAE 4.06 × 102 3.06 × 102 1.49 × 102 24.73 63.34
ISE 2.60 × 103 2.20 × 103 1.05 × 103 15.48 59.57

Combustor
IAE 2.49 × 100 2.50 × 10−1 1.20 × 10−1 89.96 95.18
ISE 6.52 × 10−2 8.00 × 10−4 2.00 × 10−4 98.77 99.69
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Figure 12. Comparison of controller performance with SP change on the combustor on: (a) the heater
and (b) the combustor with SP change.

Table 16. Comparison of IAE and ISE on the heater and combustor units due to changes in SP on the
combustor unit.

CV Error
IAE (◦C·s) and ISE ([◦C]2·s) Improvement (%)

MPC MMPC S&C MMPC FT MMPC S&C MMPC FT

Heater
IAE 2.49 × 100 2.50 × 10−1 1.20 × 10−1 89.96 95.18
ISE 6.52 × 10−2 8.00 × 10−4 2.00 × 10−4 98.77 99.69

Combustor
IAE 2.01 × 103 5.75 × 102 5.75 × 102 71.36 71.36
ISE 1.42 × 104 2.81 × 103 2.81 × 103 80.16 80.16

Figure 11 and Table 15 show the results of controlling the steam reformer unit with
changes in SP on the heater. Changes in SP on the heater caused temperature oscillations
in the equipment, except for the flow controlled by the MMPC FT. This oscillation can be
stabilized by any type of controller. The MMPC FT controlled flow has no oscillations and
can be stabilized more quickly than other controllers. Considering Equation (3), the change
in SP on the heater should not affect the combustion chamber. However, this is not the case.
It may be caused by little changes in temperature, which are immediately responded to
by the controller. When a sensitivity analysis was performed, the logger could not record
these changes.

In Figure 12, the change in SP on the combustor did not produce oscillations in
the tool but still occurred in the heater. Meanwhile, Table 16 shows that the MMPC FT
could stabilize heater flow oscillations with the best control performance results. On the
combustor, the resulting graph did not oscillate. MMPC S&C and FT had no difference in
control performance.

Improved control performance on SP changes was achieved when using MMPC FT
on compressor units with the MIMO 1 model, based on the IAE of 85.84% for compressor
1, 61.39% for compressor 2, 94.57% for compressor 3, and 73.35% for compressor 4 (or
about 61– 95%); while, for the MIMO 2 model, it was 88.23% for compressor 1, 58.22% for
compressor 2, 91.45% for compressor 3, and 66.71% for compressor 4 (or around 58–91%).
Thus, the MIMO 1 model performed better than the MIMO 2 model, as detailed in Table 17.
In the steam reformer unit, the increase in control performance using the MMPC FT based
on IAE was 63.34% (heater) and 71.36% (combustor), as shown in Table 18.
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Table 17. MMPC performance (IAE) and performance improvement in the compressor unit.

MMPC
Specification

IAE MPC
(kPa·s)

MMPC S&C MIMO Model 1 MMPC FT MIMO Model 1 MMPC S&C MIMO Model 2 MMPC FT MIMO Model 2

IAE (kPa·s) Improvement
(%) IAE (kPa·s) Improvement

(%) IAE (kPa·s) Improvement
(%) IAE (kPa·s) Improvement

(%)

Compressor
unit 1 6.38 × 102 9.00 × 101 85.80 9.00 × 101 85.84 7.50 × 101 88.23 8.20 × 101 87.15

Compressor
unit 2 6.18 × 102 2.38 × 102 61.37 2.39 × 102 61.39 2.58 × 102 58.22 2.58 × 102 58.22

Compressor
unit 3 2.22 × 103 1.21 × 102 94.54 1.21 × 102 94.57 1.90 × 102 91.45 1.90 × 102 91.45

Compressor
unit 4 7.75 × 102 2.05 × 102 73.44 2.07 × 102 73.35 2.58 × 102 66.71 2.58 × 102 66.71

Table 18. MMPC performance (IAE) and performance improvement in the steam reformer unit.

MMPC
Specification

IAE MPC (◦C·s)
MMPC S&C MMPC FT

IAE (◦C·s) Improvement (%) IAE (◦C·s) Improvement (%)

Heater 4.06 × 102 3.05 × 102 24.73 1.48 × 102 63.34
Combustor 2.01 × 103 5.75 × 102 71.36 5.75 × 102 71.36

3.4. Controller Performance with Disturbance

As previously mentioned, the disturbance test was carried out by changing the feed
pressure by +4%. The MIMO model used in the compressor unit was MIMO 1, as MIMO 2
showed significantly poor performance. The results indicated that MMPC FT had better
control performance for compressors 1–3 while, for compressor 4, MMPC S&C performed
better (Figure 13 and Table 19). Meanwhile, the MMPC FT steam reformer unit showed
better control performance (Figure 14 and Table 20).
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Figure 13. Controller performance on: (a) compressor unit 1; (b) compressor unit 2; (c) compressor
unit 3; and (d) compressor unit 4 (Disturbance Test).
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Table 19. Comparison of controller performance on the compressor unit (Disturbance Test).

Controlled Variable Error
IAE (kPa·s) and ISE ([kPa]2·s)

MMPC S&C MMPC FT

Compressor Unit 1 IAE 3.09 × 102 1.92 × 102

ISE 1.81 × 103 9.46 × 102

Compressor Unit 2 IAE 6.25 × 102 3.77 × 102

ISE 6.83 × 103 2.52 × 103

Compressor Unit 3 IAE 5.81 × 102 5.83 × 102

ISE 6.04 × 103 6.07 × 103

Compressor Unit 4 IAE 2.94 × 101 2.02 × 101

ISE 1.74 × 101 7.71 × 100
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Table 20. Comparison of controller performance on the steam reformer unit (Disturbance Test).

Controlled Variable Error
IAE (◦C·s) and ISE ([◦C]2·s)

MMPC S&C MMPC FT

Combustor
IAE 3.50 × 102 2.88 × 102

ISE 2.46 × 103 2.66 × 103

Heater
IAE 1.42 × 101 1.42 × 101

ISE 1.42 × 100 1.41 × 100

4. Conclusions

MMPC FT with the MIMO 1 model presented T, P, and M values of 1, 341, and
121, for the compressor unit, respectively; and 1, 45, and 21 for the steam reformer unit,
respectively. These results demonstrated its better performance over the MPC and MMPC
S&C, as well as MMPC and MIMO 2 models. The improvement in control performance
of the MMPC FT with the MIMO 1 model in the SP change test on compressor unit 1 was
85.84% for compressor 1, 61.39% for compressor 2, 94.57% for compressor 3, and 73.35%
for compressor 4 (or about 61%–95%), whereas, for the steam reformer unit, the MMPC FT
performance increases were 63.34% for the heater and 71.36% for the combustor. The same
trend was observed in the disturbance change test. Therefore, MMPC produced better
control performance.
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