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Abstract

In this work, a new technique based on Genetic Algorithm for designing multivariable PID filter controller has
been developed and applied to gasifier control of ALSTOM benchmark challenge II. The coal gasifier is the
main component in Modern power generation. Coal gasifier involves several performance and robustness
requirements in addition to actuator constraints under three operating loads (no-load, 50% and 100% load). The
proposed GA optimises the tuning parameters of PID constants in terms of robustness and performance. The
optimised controller meets all design objectives under all operating conditions. Robustness of the controller is
tested for step and sinusoidal pressure disturbances applied at the inlet of throttle valve along with increase and
decrease of calorific value of fuel fed-in (coal). Simulation results obtained confirmed the superiority of
proposed technique for gasifier problems.

Keywords: ALSTOM gasifier, MIMO system, gasifier performance, gasifier control, PIDF controller, Genetic
Algorithm

1. Introduction

Coal gasifier plays an important part in clean coal power generation. It converts coal into syngas under high
temperature and pressure. Control of gasifier becomes vital in producing syngas with higher efficiency. In this
context, ALSTOM, the UK power generation centre, posed the benchmark challenge II to design controller for
gasifier that incorporates pressure disturbance test as well as coal quality variation test. The MATLAB
SIMULINK model (Dixon et. al., 2006) given by ALSTOM controller design should satisfy the design objective
for output magnitude and rate of constraints at the input under three operating loads (no-load, 50% and 100%
load). In this paper, optimised Proportional Integral and Derivative filer controller is designed. Even though,
many optimisation algorithms exist, Genetic Algorithm is mainly used to solve global optimization problems
existing in power systems. In spite of its high computation time, GA based techniques are highly preferred,
because GA works with population of solutions rather than with single solution. In this paper, the parameters of
Proportional Integral Derivative controller with filter approach are optimised using Genetic Algorithm and
multiobjective problem existing in gasifier is converted into single optimisation problem and can be taken as
objective function.

1.1 Gasifier Plant

Gasifier is a chemical reactor with five inputs (coal flow, air flow, steam flow, limestone flow and char extraction
flow) and four outputs (pressure, temperature and calorific value of syngas and bedmass). Coal reacts with steam
and air to produce low calorific value fuel gas and char. Limestone is added to capture sulphur content in the coal.
Oxygen in the fluidising air combine with carbon present in char to form carbon monoxide and carbon dioxide.
Though several endothermic and exothermic equations occur, the main equations involved in gasifier are

Cc+0, —»CO, (D
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C+1/2 O,
Equations 1 and 2 are exothermic gasification.
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The carbon-dioxide reacts more with carbon to form carbon-monoxide. Also steam reacts

with carbon to form carbon-monoxide and hydrogen.
C+CO2
C+H,0O

Equations 3 and 4 are endothermic reactions.
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The un-reacted char is added to the bed, which is maintained at a constant height and will be removed
periodically. The fuel gas is filtered and combusted in a gas turbine to generate electricity. As a result, one of the
disturbances is a change of downstream pressure (Pressure test) at the gas turbine throttle valve. The coal quality
of syngas also affects the power generation (model error test). The objective of benchmark challenge II is to
control the gasifier system with step and sinusoidal pressure disturbances (Psink) with increased and decreased
coal quality variations. The objective is to control the gasifier maintaining the steady state value of output
variable within the limit as well as maintaining the rate of constraints at the input as shown in table 1 and 2. A
group of authors attempted different methods such as Model predictive control (Al Seyab et. al., 2006), Hoo
(Gatley S.L, 2006), optimal PI controllers (Gatley et. al., 2004, Simm et. al., 2006, Koteeswaran et. al., 2014,
Xue Y et. al., 2010), Fuzzy gain scheduled controller (Yong wang, et. al., 2009) and suggested suitable
controllers. While these methods have provided desirable solutions, certain segments remained unattempted
especially with respect to coal quality variations as shown in table 3.

Table 1. Output variables with allowable limits

Output variables Steady state value  Steady state value  Steady state value  Limits
for 100% load for 50% load for 0% load

Calorific value of syngas (CVGAS) 4.36 4.49 4.71 +0.01

in MJ/Kg

Bed mass(MASS) in Kg 10000 10000 10000 +500

Fuel gas pressure (PGAS) in bar 20.1 15.5 11.2 +0.1

Fuel gas temperature (TGAS) in K 1223.1 1181.1 1115.1 +1

Table 2. Input variables with allowable limits

Input variable

Maximum value in Kg/s

Minimum value in Kg/s

Peak rate in kg/s”

Coal flow (WCOL)
Air flow (WAIR)
Steam flow (WSTM)

Char Extraction (WCHAR)

10
20
6
3.5

S O OO

0.2
1.0
1.0
0.2

Table 3. Various controller methods for ALSTOM benchmark challenge 11

S.No. Authors Controller methods Change in calorific value with a wide
band of = 18% at three operating
loads- 0%, 50% and 100% (Coal
quality test) and pressure
disturbance test

1 Anthony Multi objective optimization approach Results are not shown for coal quality

Simms et. al., test. Results are available only for
pressure disturbance test.

2. Sarah H-infinity design approach Results are not shown for coal quality

Gatleyet. al., test. Results are available only for
pressure disturbance test.

3. Wilson et. al., state estimators to improve on the base Results shown for +18% coal quality

line performance variations

4. Y. Caoet.al., Model Predictive controller Results shown for 100% load

exceeding the specified output limit
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5 Yong Wang Study on Fuzzy Gain-Scheduled Results not shown for coal quality test.
Multiple Mode Predictive Results are available only for pressure
Control of ALSTOM disturbance test.

Gasifier Problem

6 R Kotteswaran Results shown for +18% to -7% for
and Performance evaluation of optimal PI sinusoidal disturbance at 0% load .
L.Sivakumar controller for ALSTOM gasifier during

coal quality variations

2. Proposed Genetic Algorithm based PID Filter Controller
PID controllers are widely used for complex chemical processes and engineering systems.
The structure of PID controller is given by
C(s) =Kp(1 + SiTi+Tds )=P(I+1(Z }+Ds) Q)

However, one of the most common problems associated with PID is with the synthesis of derivative action. The
ideal derivative has very high gain and susceptible for noise accentuation (Astrom et. al., 1995). Hence the

authors have chosen PID filter controller whose derivative action is represented as D = ;i‘;; . Here Ty is called
f
filtering time The transfer function of a PID controller with a filtered derivative is give in equation (6)
1 sT 1 N.
C(s) =Kp(l + 5o 7 ) = PHIEIDE) ©)
and are schematically shown in Figure 1.
> p yd
1 : .
0— T > .
/ x Output
Input
D N |7

S |«

Figure 1. Schematic for PID filter controller

2.1 Problem Formulation and Implementation

PID tuning can be performed using techniques like empirical methods such as Zeigler Nicholas method (Astrom
et. al.,1995), analytical methods like root locus technique (Blasco et. al., 2000) and optimisation methods such as
Lopez and Ciancone methods (Marlin et. al., 1995). The PID values obtained through these methods can be
applied to a system operating in an particular operating point. When the system is operating under different
operating zones, genetic algorithms can be used to tune PID parameters taking all non linearities and process
characteristics into account.

Genetic Algorithms are the optimisation techniques which apply the law of natural selection to achieve
polulation in a search space (Deepa et. al., 2009). The search space is the objective function. They use
probalisitic transistion method to obtain population of solution called individuals or chromosomes that evolve
iteratively. Each iteration is called generation.
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2.2 Objective Function for Pressure and Coal Quality Disturbance

For the proposed PID filter controller, step disturbance in Psink is applied to closed loop system and IAE
(Integral Absolute errors) are calculated for over 300 seconds. The objective function for step and sinusoidal
disturbance in Psink are given in equations (7) and (8).

oo

(0= Bma Smady e -3 0] ™)
oo

B Domt Lot fy e -2 ) ®)

similarly the objective function for coal quality change is given in equation (9).

z w4 00,7 ud
By oreon = Bujmt Bima lg | ¥isp® — 5 O ©)
where f1(x) step is the objective function for step disturbance of -0.2 bar applied at Psink

f2(x) sine is the objective function of sinusoidal disturbance of amplitude 0.2 bar and 0.04Hz frequency applied
at Psink. f3(x) cv of coal is the objective function for disturbance at fuel fed-in.

yjisp (t) is the steady state value for output number i at operating load.

i=1 means CV of syngas; i=2 means bedmass output; i=3 means pressure output of the syngas; i=4 means
temperature output for syngas; also j=1 means 100% load; j=2 means 50% load and j=3 means 0% load.

yij (t)= measured output value at the three operating loads.

D(x) = f1(X)stepf2(X)sineTT3(X) v of coal 18 the fitness value.
The objective is to minimise D(x)
2.3 Objective Function for Output Constraints

When the disturbances are applied, the controller must be tuned in such a way that output limits should not
exceed.

F ol
mgema |1y =gl

Cstep = (1 O)

ey

RIZX ullrf—rfﬂ Il
; B
Csine= ?-
oy

an
4 . . . o
where ¥y _measured variable for output i at operating point j

}}éy - steady state value for output i at operating point j.

Di = allowable deviation of output i
Combining equations (10) and (11), the output objective function is given by
O = max (Cstep, Csine )
Therefore, the overall objective function is to minimise D(x) if O <1.
The procedure for optimising PID filter controller with genetic algorithm is given below:
The PID tuning parameters (P,I,D,N) must be encoded in real numbers or vectors or binary strings
Population size and limits are noted
Normalised Geometric selection is applied to select any random values of parameters based on fitness value.
Reproduce the selected parameters to get optimised solution.
Arithmetic crossover and uniform mutation are performed to alter the parameters to optimised values.
Calculate the fitness value D(x) for each iteration
Repeat steps  8-10 for ‘n’ off springs

Using fitness function, find value of error in the Generation.

e IR S

The parameters with highest fitness value are chosen as the final parameter values.

_.
e

If the obtained values are not up to the mark, repeat step 2
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The flow chart for GA based PID tuning is shown in Figure 2 and tuning parameters obtained by proposed and

other methods are given in Table 4.

P(I+1C)+D() )

Objective function

Actual output
—>

Figure 2. Flow chart for PID tuning using Genetic Algorithm
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Table 4. Tuning parameters by various controller methods

Parameter Baseline = Multi objective Optimal PI Multivariable  Proposed GA based PIDF

PI[Dixon PI controller [Kooteeswaran PID [Farag controller
2006] [Xue et. al., et. al., 2014] 2006]
2010]
CV _Kp -0.1226e¢- -0.016972 -0.2937e-03 0.000044 -0.002098
03

CV_Ki 0.80e-03 -0.024813 0.747e-03 0.000068 0.000362
CV_Kd - - - 0 0 N=100
BM_Kp 0.145070 0.18498 0.227116 -0.000367 0.000260
BM Ki 1.032797 1.741 1.857655 -0.000113 0.000147
BM-Kd - - - 0 0.2163021 N=100
Pr Kp 0.201e-03 0.0003055 0. 1558e-03 1.16e-05 0.000189
Pr Ki 0.656e-04 0.00001077 0.51e-04 0.000118 0.000011
Pr Kd - - - 0.00026 0.00001  N=100
Tg Kp 1.701288 2.2825 1.692696 2.622e-02 1.724918
Tg Ki 0.009479 0.097237 0.009555 0.3881 0.009927
Tg Kd - - - 0.512 0.151923 N=0.001574

3. Simulation Results and Discussion

The performance of gasifier during coal quality along with step and sinusoidal disturbance in PSINK is of prime
concern according to challenge II. Coal quality is allowed to change incrementally within the range = 18% with
respect to design value of the coal, and the transient performance of the gasifier output variables are monitored
using MATLAB/ SIMULINK simulation tools. A step disturbance of -0.2 bar from the steady value of Psink and
sinusoidal disturbance of 0.2 bar as amplitude and 0.04 Hz are applied along with + 18% calorific value of coal.
Further, an auto tuning option has been chosen.

The simulation responses pertaining to the change in calorific value of the fuel along with step and sinusoidal
disturbance in Psink are shown in figures 3 -14. For the purpose of analysis, the input and output limits within
which the input and output variables should lie during transient region are shown in Table 1 and 2.

3.1 Step Disturbance at Psink Coupled with +18% CV of Coal Variation

Figure 3 shows that the output variables (pressure, temperature and calorific value of the syngas) are reaching
the respective set point values (11.2 bar, 1115.1 K and 4.71 MJ/Kg) corresponding to 0% load. Figure 4 shows
that the input variable flow rates for coal air and steam are also within the allowable limits corresponding to 0%
load. Similar figures for input and output variables corresponding to 50% and 100% loads are shown in Figure 4-
8. It is observed that Coal flow rates are deviating from the allowable band at 100% load for coal quality
variation in the negative direction.

3.2 Sinusoidal Disturbance Coupled with Coal Quality Variations

Figure 9 shows that the output variables (pressure, temperature and calorific value of the syngas) are reaching
the respective set point values (20 bar, 1223.2 K and 4.36 MJ/Kg) corresponding to 100% load. The input
variable flow rates for coal air and steam are also within the allowable limits corresponding to 100% load.
Similar figures for input and output variables corresponding to 50% and 0% loads are shown in Figure 10 to
Figure 14.

However the following deviations have been observed during the sinusoidal disturbances:

e  Coal and steam flow rates are deviating from the allowable band at 0% load for coal quality variation in the
negative direction.

e  Temperatures of syngas are not within the limit for 100% load when the coal quality is increased to +18%.

It has been observed that GA based PIDF controller applied to lower order modelling provides better results
during all situations as compared to (Dixon et. al., 2002, Simm et. al., 2006, Farag et. al., 2006, Koteeswaran et.
al., 2014).
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Figure 3. Output and Input response for +18% coal quality change with step disturbance for 100% load
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Figure 4. Output and Input response for -18% coal quality change with step disturbance for 100% load
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Figure 5. Output and Input response for +18% coal quality change with step disturbance for 50% load
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Figure 6. Output and Input response for -18% coal quality change with step disturbance for 50% load
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Figure 7. Output and Input response for +18% coal quality change with step disturbance for 0% load

Figure 8. Output and Input response for -18% coal quality change with step disturbance for 0% load
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Figure 9. Output and Input response for +18% coal quality change with sinusoidal disturbance for 100% load
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Figure 10. Output and Input response for -18% coal quality change with sinusoidal disturbance for 100% load
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Figure 11. Output and Input response for +18% coal quality change with sinusoidal disturbance for 50% load
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Figure 12. Output and Input response for -18% coal quality change with sinusoidal disturbance for 50% load
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Figure 13. Output and Input response for +18% coal quality change with step disturbance for 0% load

Figure 14. Output and Input response for -18% coal quality change with step disturbance for 0% load
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4. Conclusion

Considering the four inputs (char flow rate, coal flow rate, air flow rate and steam flow rate) and four outputs
(pressure, temperature, calorific value of syngas and bed mass), an appropriate 4x4 MIMO model has been
formed for gasifier. PID controllers have been augmented with these models and a simulation setup has been
made in MATLAB environment for various disturbance analysis. The overshoot and under shoot related to
various process parameters such as pressure, temperature and calorific value of syngas (the transient
performance requirements of gasifier) are found to be well within the limits during step and sinusoidal variations
at Psink (output side) along with coal quality variations for different loads (0%, 50% and 100%). The variation
and rate of variation of the input variables (manipulated variables) are also found to be well within the specified
limits. These results fulfilled the requirement of challenge problem II.
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