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Abstract: Biomass gasification features a feasible and sustainable option to move forward as a net
carbon-negative energy technology. Its maturity and capability to produce hydrogen-rich syngas make
it sensible to supersede conventional fossil fuel as clean energy source. In this work, a previously
developed empirical model of biomass gasification with CHP system is embedded with PID and MPC
algorithms. The agility and robustness of the proposed PID and MPC are demonstrated through the
servo and regulatory problems which translated by the intermittent power output. MPC exhibits
superior control performance with minimal overshoot and diminutive oscillation compared to PID
controller. The outcomes obtained from present study are valuable in identifying the feasibility of PKS
gasification with CHP system as a sustainable and clean technology.
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1. Introduction

Global energy demand has been heavily reliant on fossil fuels for ages. Recent anthropogenic global
warming and climate change phenomena are apparent to put coercive transition to clean and renewable
energy. Bioenergy emerges as an alternative and greener option to overcome this daunting issue. This
evident with the emphasis on the bioenergy movement in Net Zero Emission by 2050 Scenario [1].
Concomitantly, interest in second generation of biomass originating from non-food source contributes
to the stimulation of national policies support and massive activities of agriculture and forestry sectors
[2], thus promoting waste-to-energy technology [3].

From gasification technology, biomass can be converted into gaseous, liquid, and solid fuels via
thermochemical conversion. Integration of biomass gasification with combined heat and power (CHP)
emerges as an alternative approach towards sustainable development, which focuses on the energy
security, environmental protection, and social well-being. Thereby, gasification with the CHP system
not only offers the benefit of mitigating the greenhouse gas emissions but also the omission of the
electricity transmission and distribution network, which contributes to reduction in energy costs for
consumers. However, a major problem of biomass gasification is its bulkiness and inconvenient form
of biomass. Most of the biomass has a low energy density in comparison to fossil fuels. For instance, the
low energy density of palm kernel shell is at 18 M]J/kg while natural gas has an energy density of 55 MJ/kg
[4].
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Biomass gasification is a complex chemical process that involves gas-solid two-phase flow, heat
and mass transfer, cracking and steam reforming of tar vapour, heterogeneous gas-solid reactions, and
homogeneous gas phase reactions. Moreover, the amount of syngas heating value is dependent on many
variables including raw material, gasifying agents, design of gasifier, and catalysts, thus enhancing the
complexity and contributing to the extreme condition of the gasifier [5]. Due to the dynamics imposed
on the gasification system with consideration of CHP hybrids, an agile and robust control system is
important to accommodate and stabilize the plant operation to ensure it achieve the product portfolio
(in this case, power generation) and meeting the energy demand and operational safety. The
aforementioned scenarios underpin that much effort need to be exerted to comprehend the dynamic of
biomass gasification with CHP and their large-scale suitability [3], whereby plant-wide control strategy
play significant measure to it.

Seepersad et al. (2015) [5] have carried out a study on the Proportional, integral (PI) controller of
steam methane reformer tubes in a gasifier radiant syngas cooler. In their study, both counter-current
and co-current flow configurations were compared to obtain the performance objectives. As a result,
changing the tube flow rate and the steam-to-carbon ratio affects the tube gas exit temperature and
CH, slip. The counter-current configurations of the control system exhibited a lot better performance
than the co-current configurations in terms of control error and settling time. Mary et al. (2015)[6] used
a Proportional, integral and derivative (PID) controller with a filter to analyze the gasifier dynamics
when the variations in coal quality are applied to the design value. It deals with the pressure control,
temperature, and syngas calorific value with a sink pressure disturbance and sinusoidal disturbance at
a rate of 18%. As a result, the PID controller with filter gives the best performance compared to other
control approaches deployed in their study. Prior to that, Gong (2014) [7] investigated the gasifier
temperature and oxygen content of flue gas that was affected by the change of biomass calorific value,
material feed flow, and primary air flow of the biomass gasifier. A PID controller has been developed by
using a fuzzy neural network control algorithm and the traditional fuzzy control system. The results
showed that the fuzzy neural network control gave a better control effect than the traditional one.
Because of its performance, it provides a stable control in improving the gasifier temperature and
oxygen content of the gasification product.

Vijay and Gandhi (2017) [8] have studied a design of mathematical modelling and control of
downdraft biomass gasifier. PID controller was used to control the temperature to achieve an optimal
result by manipulating the airflow. It was observed that the PID controller was able to improve the
performance of the downdraft gasifier in terms of time-domain specifications, set point tracking, and
regulatory changes and also provides optimum stability. Nevertheless, their study only focused on the
gasifier performance without considering the CHP system. Recently, Huang and Shen [9] have carried
out a study by adjusting the amount of water to improve the output of syngas and reduce the slag in an
updraft gasifier based on the adaptive control design. From their study, a combination of multiple
adaptive neural fuzzy inference systems (MANFIS) and particle swarm optimization (PSO) was useful
to improve the hydrogen production efficiency by 25.43% and reduction of slag formation of the gasifier
by 36.8%.

An advanced and intelligent control approach features significant elements in the modern and
high-end industrial plant due to its capability to accommodate robust operation, generate feasible
income and provide plant safety. MPC exhibits several advantages including the process model capable
to capture the dynamic and steady interaction between input, output and disturbance variables.
Additionally, control calculations can be coordinated with the calculation of optimum set points thus
providing early warnings of potential problems [10]. Li et al. (2018) [u] have studied on MPC of
biomass/coal co-gasification. The control objective is to control the co-gasification system at the most
sustainable operating region via syngas production rate and H./CO ration while manipulating the coal
flow rate, oxygen flow rate and water flow rate. MPC can stabilize the output at desired level where all
the set points are attainable MPC can also keep the system in a pre-defined set point in transient
scenarios.

He and Lima (2019) [12] have studied set point tracking for power generation by simulating a step
increase and rejecting the disturbance in the coal feed quality. It was observed that the proposed non-
linear MPC has the shortest settling time compared to the dynamic matrix controller (DMC). NLPC can
process the demand change quickly at approximately 4 times steps faster while other suggested
controllers featured sluggish performances with some overshooting. Moreover, NLPC can stabilize the
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power generation back to its original set point quickly after introducing disturbance in about 4-time
steps when compared to PID and other suggested controllers. Elmaz and Yiicel (2020) [13] have
presented a MPC system for biomass gasification in a downdraft gasifier to maximize energy production.
Their study focused on controlling syngas composition and stabilizing high heating value (HHV) output
at 10 MJ/kg by manipulating the equilibrium ration (ER) variable. MPC was able to reach and stabilize
a high heating value at the desired level in steady-state successfully. MPC approach for real-time control
of the biomass gasification process has obtained a satisfactory result due to its high consistency with
the experiment data and its success as a controller.

Based on the existing studies, most researchers only focused on the plant-wide control of gasifier
reactors without consideration of the down-stream process, such as CHP system. Therefore, this wok
performs a control analysis (closed loop analysis) of biomass gasification with CHP system to evaluate
the plant behaviour under the intermittent power output (known as plant control objective). Here, the
objective is to evaluate the plant’s feasibility and overall operability of this conceptual device. Since
many studies have focused on syngas composition and yield [14] and not many realize the significance
of understanding the process or the attribution of syngas to energy and heat generation.

2. Materials and Methods
2.1 Dataset acquisition

A set of data based on the dynamic simulation of biomass gasification with the CHP system was
obtained and adopted from a previous study conducted by our research team [15]. Present work used
PKS as the feedstock rather than empty fruit bunches (EFB) and oil palm frond (OPF) since it has the
highest lignin content which is proven to be the most preferred fuel for thermal combustion [16]. The
adopted dynamic flowsheet model PKS gasification with CHP system flowsheet model consists of a
downdraft gasifier equipped with spark fired internal combustion engine (ICE), cyclone, air filtration,
flare system and process control unit (PCU) which is based on the actual pilot plant purchased from All
Power Labs, Berkeley, CA. A total of 21,601 data with 6 mins interval time was generated from the Aspen
Dynamic simulation [15].

2.2 System Identification

A data-driven model is conducted using System Identification Toolbox via the non-linear
autoregressive with exogenous input (NLARX) technique. A data-driven model of PKS gasification
with a CHP system built in Simulink, MATLAB 2020b is shown in Figure 1via 4 inputs (u) and 1 output
(y) model with model ranges described in Equation 1. Detail of this model development can be referred
to [15]. For the preliminary control study, an NLRAX model was linearized based on tangent around
the operating point.

Syngas flowrate, u; (kg/s) ——»

Syngas temperaturg u; (°C) ———»
——> Power, y1(kW)
02 flowrate, u; (kg/s) ———p

Oz temperature, u, (°C) ——p

Figure 1. A simplified 4 x 1 NLARX model of PKS gasification with CHP system.
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2.3 Agile control system

This work uses the Simulink environment as the control analysis platform due to its computational
efficiency in evaluating and simulating the controller performance with more realistic plant dynamics
[17]. A conventional feedback PID controller and MPC algorithm are deployed to evaluate the agility
(robustness) of the proposed control strategy via servo and regulatory problems. For simplification and
a quick evaluation process, a control pairing for the PID controller and MPC is set between the syngas
flow rate (as the manipulated variable) and power output (as the control variable). This pairing was
based on the previous study conducted by Ashok and Siby [18]. Furthermore, this study can highlight
the influence of syngas on energy and heat generation [14].

Figures 2 (a-b) illustrates the PID and MPC algorithms integrated with PKS gasification with the
CHP system (plant model). A random step-wise set point (servo problem) represented by the
intermittent power output at 15-18-12-15-20 kW is simulated to feature a hypothetical operation of PKS
gasification with CHP system at peak and off-peak load (illustrated by the “Set point” box in Simulink
platform). While disturbance is introduced in random during 10-hour simulation period to illustrate the
regulatory problem. In this analysis, perturbation is featured by the “Step-change” box. A 10-hour
simulation period using a ready-to-use PID and MPC toolbox are used and embedded into the plant
model with control parameter setting illustrated in Table 1. These parameter values were obtained after
applying the auto-tuning method for PID and the on-line optimization method for the MPC.

3. Results and Discussion

3.1 Servo problem

Figure 3 shows the control performance of PID and MPC controllers based on the power output as
the set-point trajectories (servo problem). Visually, it can be seen that both controllers feature
comparable performance. However, significant performance can be observed in terms of control agility
between the PID and MPC. For instance, throughout the constant set-point (power output at 12 kW), a
minor oscillation was observed which showed that PID was unable to stabilize the power output as
depicted in block A (Figure 2). Meanwhile, MPC was able to competently track the power output’s set
point without any fluctuation. This outcome exhibits the agility of MPC to explicitly predict the future
behavior of the plant as well as capable of optimally reduce the process variance.
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Figure 2. a) PID controller embedded with PKS gasification with CHP model, b) MPC controller

embedded with PKS gasification with CHP model

Table 1. Control parameter setting in PID and MPC toolbox in Simulink, MATLAB.
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Figure 3. Control performance of PID and MPC algorithm for servo problem.

The peak and off-peak load can be reflected via the set point change as illustrated in Figure 2. It
can be seen that an overshoot is displayed at the onset of the set-point change (power output changed).
This performance showed the incapability of the PID controller to robustly stabilize the PKS gasification
with CHP system under the unprecedented and dynamic conditions/operation.
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Under a similar situation (set-point transition), MPC has ramped up the gasifier power output to
the required demand whenever the set-point changes. A similar result is obtained by Ashok and Siby
[18]. The MPC algorithm took around 6 minutes to respond to the changes/transition of power output
with minimal overshoot. It can be observed that the MPC provides satisfactory control performance
which is translated by the capability of MPC to eliminate control error with faster response, as the model
did not show significant overshoot and damping when stabilizing to its set point.

3.2. Regulatory problem

Figure 4 shows the control performance of PID and MPC controllers based on the disturbance
rejection scenario (regulatory problem). In this analysis, perturbation is introduced at a time of 5 hours
to represent the dynamic operation of PKS gasification with the CHP system. MPC exhibits efficient
disturbance rejection (green line) compared to PID controller (red line). Whereby, PID is unable to
competently reject the disturbance featured by the positive/negative spike. Contrary,

Disturbance

Power Output (kW)

Hour (hr)
Figure 4. Control performance of PID and MPC algorithm for regulatory problem.

3.3 Root mean square error (RMSE)

The control error between both controllers are evaluated in Simulink, MATLAB by via root mean
square error (RSME) as illustrated in Eq. 2.

RSME = |-%iL;(np — ng)? (2)

Where nj is the set point of power output, na is the actual measured power output and n is the number
of measured samples. Diminutive control error was in both PID and MPC controllers were at
approximately 1.978 %. Nevertheless, in this case, MPC is technically preferable to be embedded with
PKS gasification with CHP system due to it robustness and agility to work under the complex process
and unprecedented disturbances.

4. Conclusions

A previously developed data-driven PKS gasification with a CHP model is embedded with two
different controllers, which are PID and MPC. A comparative analysis is conducted based on the servo
and regulatory problems. It is evident that the MPC algorithm outperformed the performance of the
PID controller, which was reflected during the constant set point trajectory, transition set point
trajectory, and disturbance introduction. Minimum overshoot with stable set points trajectory exhibited
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when plant is installed with MPC. Results obtained in this study indicated the robustness (agility) of
the developed MPC thus enhancing the dynamic performance and providing good process
controllability. Nevertheless, present work possesses some limitation where it only represents the
characteristic of gasification-based CHP system with similar operating range and plant capacity. For
future research, a comprehensive model can be developed and enhanced by considering detailed
composition of syngas (i.e H., CO, CH, and CO.) and other key important parameters which are CO.
emission reduction and cold gas efficiency. With the cooperation of sophisticated digital tools, one is
able to evaluate the feasibility of gasification-based CHP system as a smart waste-to-energy technology.
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