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 Reducing a gas emission of shipping transportations become a main goal of 

international maritime organization to achieve a clean energy. One of best 

scenarios to achieve this goal is to shift a fossil fuel to a renewable energy-

based fuel of a ship propulsion. This paper studies an optimization of a control 

system of the renewable-based small gas turbine engine for the ship 

propulsion. Proposed control system consists of a proportional-integral with 

engine performance limiters to avoid an engine damage. Proportional-integral 

gains are tuned by a whale optimization algorithm. A gain scheduling analysis 

of a step response is performed to obtain a searching area of tuning parameters 

and values of constant gains. In this step, the gains are modeled as function of 

plant variables. After the searching area is obtained, the proportional-integral 

gains are optimized using the whale optimization algorithm while the 

additional gains are set as constant values. Using this scenario, stable and 

optimal gains have been successfully achieved. Results show that the 

proposed method has better performance than that of the previous methods, 

i.e. gain scheduling and gain scheduling optimized by the whale optimization 

algorithm. The proposed method has lowest fitness value and does not have 

an overshoot problem.  
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1. INTRODUCTION 

Maritime transportation has significant contributions in global economy through world trade and 

shipping. The maritime transportation activities also contribute the emissions to environment. It has been 

predicted that the CO2 emission from maritime transportation in 2050 will increase by 50-250% compare to 

2012. International Maritime Organization (IMO) has created regulations and amendments to reduce this 

environment issue [1]. Recently, IMO has the new policy to reduce of the SOx emission for the maritime 

transportation to 0.5 % (5,000 ppm) since 2020 [2].  

The main factor which responsible to the dirty environment is the fossil fuel. Shifting to renewable 

energy-based fuel is the best option toward the clean environment goal [3]. Biodiesel is one of the promising 

renewable fuels [4]. It is a clean energy which has almost no Sulphur and aromatics [5]. Some Asian countries, 

which are Indonesia, Malaysia, and Thailand have relatively high resources of plant-based oil so that they can 
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produce quite high amount of the biodiesel fuel. These countries have focused on increasing the use of the 

biodiesel for the power generation. For example, Indonesia has mandated blended diesel and biodiesel to 30% 

(B30) since January 2020 [3]. It has been increased from previously B20 mandate. Considerable effort through 

regulations and amendments have been conducted to achieve more clean energy; however, it is still a challenge 

to shift the fossil fuel-based engines to the renewable-based engine. Some issues, such as fuel cost and 

controlling the engine for renewable fuel-based engine need to be solved to completely shift into the renewable 

fuel-based propulsion systems [6]. Udeh and Udeh [7] has reported that using the blend biodiesel was viable 

for the gas turbine (GT) engine. Some researchers have also reported the promising of using the biodiesel-

based fuel for the GT engine [8], [9].  

Control system of aero-derivative engines is an establish research where considerable numbers of research 

papers have been published; however, mostly they present the control system of fossil-fuel based GT engine. The 

GT dynamics model as plant in the control system contains many nonlinear equations consisting many parameters 

which need to be designed and tuned. Using analytical solutions to find the optimum solution will not be effective 

to solve the GT optimization problem [10]. The meta-heuristic optimization is very promising approach for gain 

tuning/scheduling controller since it does not rely on the gradient function. Tajalli and Tajalli [11] presented 

thermodynamics model considering the cooling effect to estimate the design point, the steady state performance, and 

the transient performance of the two-shaft GT engine. The min-max control approach was utilized as the control 

system employing the invasive weed optimization (IWO) to optimize controller gains. Wei et al. [12] presented 

model-based method, namely A self-enhancing active transient protection (SeATP), to handle the limit of surge 

margin and turbine inlet temperature. Montazeri-Gh and Rasti [13] employed the GA to tune the min-max algorithm 

and model predictive control of the turbofan engine. Pang et al. [14] proposed direct thrust control based on an 

improved model predictive control using a certain strategy that reduced the control sequence dimension. Using this 

approach, the normal direct thrust control was achieved and the thrust level was also maximized within the engine 

safe operational range.  

Liu et al. [15] enhanced the gain scheduling approach by modifying the scheduling parameters, 

enabling an aero-engine to attain the desired performance and stability. Pang et al. [16] introduced a model 

predictive control approach based on optimization strategies for the purpose of regulating the aviation engine. 

A nonlinear state-space was used to build a predictive model, which employs an extended Kalman filter to 

estimate the present engine operating state. Chen et al. [17] devised an innovative adaptive predictive control 

method using subspace-based improved model predictive control (SIMPC) to provide predictive control across 

all engine operating points. The results demonstrated that the engine's performance has been enhanced in 

comparison to the min/max limit controller. Gaudet [18] introduced the GT dynamical model and examined its 

performance under non-standard conditions. The proposal for gain scheduling control considers engine 

performance limiters specifically for maritime applications. Machmudah et al. [19] introduced a gain-

scheduling optimization approach for a thermodynamics-based gas turbine utilizing the whale optimization 

algorithm (WOA). The suggested approach involved implementing a PI control system with proportional gains, 

gain scheduling, and a min-max controller. The impact of using bioethanol has also been examined.  

To support the goal of the clean energy of the maritime transportation, this research presents the control 

system optimization of biodiesel based-small GT engine for shipping propulsion. Small/micro-GT has been 

obtained a great attention because it has very good adaptability to the renewable fuel [20]. Boyce has categorized 

the small GT for the GT with output in the range 0.5 to 2.5 MW [21]. Barsi et al. [22] performed assessment of 

mini gas turbines application to naval transportation with power output range from 1 MW to 10 MW.  

The presented paper is organized as follows: section 2 presents the GT dynamics modeling which 

involves the steady-state and transient off-design performances. Input and thermodynamics model are 

described. Proposed control system is described in section 3. Step response analysis and PI control with engine 

protection limiters are presented. Section 4 presents the results and discussions. Conclusions are presented in 

section 5. 

 

 

2. METHODS 

Figure 1 shows the step-by-step computation of GT dynamics models and control system 

optimization. It is started with input and design point modeling and continue with the off-design performance 

modeling. The steady-state off design performance is conducted to obtain the operating line thermodynamics 

data. Engine performance limiters are computed to acquire the engine operation area and they are inputted to 

the control system so that the controller response should be kept within the fuel boundary graph. The off-design 

transient performance deals with the condition of changing the engine operation to accelerate or decelerate. 

The step response analysis is necessary to obtain the searching area of controller gains. The PI controller 

optimized with the WOA incorporating the performance limiter is proposed as the GT control system. There 

are additional gains which are set as the constant gains. 
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Figure 1. Methodology 

 

 

2.1.  Inputs 

Obtaining the design point performance data is necessary for the GT dynamics modeling. There are some 

design point parameters required as input in the design point performance computation. The design point can be 

modeled using the standard thermodynamics model of the GT components [23]. The design point performance 

data will be inputted to the off-design performance modeling. The system under consideration is two-shaft GT 

with power 1.5 MW. The GT consists of engine components where each engine component is modeled in the 

form of thermodynamics. Two-shaft GT consist of an inlet, a compressor, a combustor, a gas generator (GG) 

turbine, a power turbine (PT), and a load. These engine components collaborate each other to create an engine. 

For two-shaft GT, the design point parameter inputs are indicated in Table 1. 

 

2.2.  Off-design performance 

The GT is implemented to the marine application where the ship has quite low velocity so that the static 

and stagnation inlet difference can be simply neglected. The inlet has inputs which are the ambient temperature, 

the ambient pressure, and the flow velocity. Important characteristic at inlet modeling is pressure loss of the design 

point as (1) [24],  

 

𝛥𝑃𝑖𝑛𝑙𝑒𝑡 = (𝛥𝑃𝑖𝑛𝑙𝑒𝑡)𝑑𝑒𝑠 (
(
�̇�𝑎√𝑇𝑜𝑎𝑅𝑎

𝑃𝑜𝑎
)

(
�̇�𝑎√𝑇𝑜𝑎𝑅𝑎

𝑃𝑜𝑎
)
𝑑𝑒𝑠

)

2

 (1) 

 

where 𝛥𝑃𝑖𝑛𝑙𝑒𝑡, �̇�𝑎, 𝑇𝑜𝑎, 𝑃𝑜𝑎, and Ra are loss of pressure, inlet air mass flow, stagnation temperature at inlet 

intake, stagnation pressure at exit inlet and gas constant for air, respectively. 

Compressor modeling needs to estimate the compressor exit conditions using the compressor map 

information. In the case that the compressor map is not available, the compressor map can be estimated using the 

published compressor map. To digitize the compressor map, the auxiliary coordinates, namely beta lines, are 

added in the compressor map, as shown in Figure 2. From choke line to surge line, the beta lines are spaced 

equally with values from 0 to 1. The compressor map is digitized and function (2) is defined. This paper uses 

Sexton [25] as component map extrapolation based on modified similarity laws of incompressible fluids as (3).  
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𝑃𝑅𝑐,𝑚𝑎𝑝 = 𝑓𝑛(𝛽𝑐 , %𝑁𝑐) ; (�̇�𝑎√𝜃/𝛿)
𝑚𝑎𝑝

= 𝑓𝑛(𝛽𝑐 , %𝑁𝑐); 𝜂𝑐,𝑖𝑠𝑒𝑛,𝑚𝑎𝑝 = 𝑓𝑛(𝛽𝑐 , %𝑁𝑐) (2) 

 

𝜃 = 𝑇𝑜/288.15𝐾 ; ; 𝛿 = 𝑃𝑜/101.325𝑘𝑃𝑎 ; %𝑁𝑐 =
𝑁𝑔𝑔∕√𝜃

(𝑁𝑔𝑔∕√𝜃)
𝑑𝑒𝑠

  

 

Where 𝑃𝑅𝑐,𝑚𝑎𝑝, 𝜂𝑐,𝑖𝑠𝑒𝑛 , 𝛽𝑐, 𝑁𝑔𝑔 are compressor pressure ratio of the map, isentropic efficiency of the 

map, compressor beta line, and GG spool speed, respectively,  

 
(�̇�𝑎√𝜃/𝛿)

𝑏

(�̇�𝑎√𝜃/𝛿)
𝑎

= [
%𝑁𝑏

%𝑁𝑎
]
𝑝

; 
𝑤𝑏

𝑤𝑎
= [

%𝑁𝑏

%𝑁𝑎
]
𝑝

 ; 
�̇�𝑏

�̇�𝑎
= [

%𝑁𝑏

%𝑁𝑎
]
𝑟
; %𝑁 =

𝑁/√𝜃

𝑁𝑑𝑒𝑠/√𝜃
 (3) 

 

where 𝑁𝑎, 𝑁𝑏, 𝑤𝑏 , 𝑤𝑏 , �̇�𝑎, and �̇�𝑏 are low-speed spool rotational speed, high-spool rotational speed, low-speed 

spool specific work, high-speed spool specific work, low-speed spool power, and high-spe ed spool power, 

respectively.  

 

 

Table 1. Parameters of design point of two-shaft GT 
GT components Parameter 

Inlet 
∆Pinlet Inlet total pressure loss 

�̇�𝑎 Inlet air mass flow 

Compressor 

Bc Compressor bleed fraction 

PRc Compressor pressure ratio 

𝜂𝑐,𝑖𝑠𝑒𝑛 Compressor isentropic efficiency 

Combustor 

𝜂𝑏 Combustion efficiency 

∆PRb Combustor total pressure loss 

HV Fuel heating value 
Vb Combustor volume 

Turbine 

TIT GG turbine inlet temperature 

𝜂𝑡, 𝑖𝑠𝑒𝑛 GG turbine isentropic efficiency 

Ngg GG spool speed 

Igg GG polar moment inertia 

Power turbine 

𝜂𝑝𝑡, 𝑖𝑠𝑒𝑛 PT isentropic efficiency 

Npt PT spool speed 
Ipt PT polar moment of inertia 

Exhaust ∆PRexhaust Exhaust total pressure loss 

Shaft 𝜂𝑚𝑒𝑐ℎ Mechanical efficiency 

Load 𝜂𝑔𝑒𝑎𝑟 Gear box efficiency 

 

 

 
 

Figure 2. Mapping of β line 

 

 

Off-design steady-state performances deal with the engine conditions when there is no acceleration and 

deceleration. Off-design steady-state performances are computed using Newton-Raphson method considering to 

solve five iteration errors, which are flow compatibility between combustor and GG turbine, work compatibility 

between compressor and GG turbine, flow compatibility between GG turbine and power turbine, work 

compatibility between power turbine and load, pressure compatibility of between ambient conditions and 

exhaust. To accelerate or decelerate the engine, the mismatch conditions between the compressor and gas 
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generator turbine or between the power turbine and the load are necessary in the off-design transient 

performances. The step-by-step computation of transient off design performance is illustrated in Figure 3. Rate 

of change of GG spool speed, power turbine spool speed, and pressure can be expressed as (4),  

 
𝑑𝑁𝑔𝑔

𝑑𝑡
=

(𝐺𝑡−𝐺𝑐)

𝐼𝑔𝑔
× (

60

2𝜋
); 

𝑑𝑁𝑝𝑡

𝑑𝑡
=

(𝐺𝑝𝑡−𝐺𝑝𝑟𝑜𝑝)

𝐼𝑝𝑡
× (

60

2𝜋
) ; 

𝑑𝑃𝑜2

𝑑𝑡
= (�̇�02 + �̇�𝑓 − �̇�03)

(𝑇02×𝑅𝑎)

𝑉𝑏
 (4) 

 

where �̇�𝑓, 
𝑑𝑁𝑔𝑔

𝑑𝑡
, 
𝑑𝑁𝑝𝑡

𝑑𝑡
, and 

𝑑𝑃𝑜2

𝑑𝑡
 are fuel flow, GG spool sped rate of change, PT spool speed rate of change, and 

rate of change of Po2, respectively.  

Then, the new operating conditions can be predicted,  

 

𝑁𝑔𝑔,𝑛𝑒𝑤 = 𝑁𝑔𝑔,𝑜𝑙𝑑 +
𝑑𝑁𝑔𝑔

𝑑𝑡
∆𝑡 ; 𝑁𝑝𝑡,𝑛𝑒𝑤 = 𝑁𝑝𝑡,𝑜𝑙𝑑 +

𝑑𝑁𝑝𝑡

𝑑𝑡
∆𝑡; 𝑃𝑜2,𝑛𝑒𝑤 = 𝑃𝑜2,𝑜𝑙𝑑 +

𝑑𝑃𝑜2

𝑑𝑡
∆𝑡 (5) 

 

 

 
 

Figure 3. Flow chart of transient off design performance 

 

 

3. CONTROL SYSTEM OPTIMIZATION 

This section presents the proposed control system which consists of the PI control optimized by the 

WOA considering the engine performance limiter. The step response analysis, which involve gain scheduling 

to obtain gains range, is presented first. Then, integration of PI control, which is the prime control, engine 

performance limiters, and meta-heuristic optimization are presented. 

 

3.1.  Step response analysis 

From thermodynamics analysis, the fuel flow is the control variables; however, for 2-shaft GT the 

measured variable is the PT speed, NPT. The control system should accommodate the PT speed, the GG speed, 

and the fuel flow in the control system. Gains Scheduling is performed during the step response analysis. The 

gains are modeled as function of plant variables as in (7). The calculation of the gains scheduled is performed 

every step function from idle speed to maximum speed. The step function of the acceleration phase involves the 

fuel flow step change from the idle speed to the maximum speed. For the deceleration phase, it consists the fuel 

flow step change from the maximum speed to the idle speed.  

After scheduled gains have been obtained, the range of gains Kp and Ki can be detected and these gains 

are used as the optimization variables as illustrated in Figure 1. For gains K1, K2, and K3, this paper selects the 

mean value of the gain schedules obtained from the gain scheduling of the step response analysis. 𝐾𝑝 and 𝐾𝑖 gains 

are designed as the second-order system as (6) [19],  

𝐾𝑝 = 2𝜉𝜔𝑛 ; 𝐾𝑖 = 𝜔𝑛
2𝜏  (6) 

 

where 𝜏 is time constant obtained as the value when it is achieved 63.2% demand change.  

Additional gains, K1, K2, and K3 are defined as plant variables functions as expressed in (7). After the 

gains have been computed, the area of [Kmin, Kmax] can be observed and the value of K1, K2, and K3 in the GT 

control system are selected as mean of scheduling gains data as in (8). Then, the meta-heuristic optimization is 

applied to tune PI gains, Kp and Ki, as illustrated in Figure 1.  

 



Int J Artif Intell ISSN: 2252-8938  

 

Control system optimisation of biodiesel-based gas turbine for ship propulsion (Affiani Machmudah) 

1997 

𝐾1 =
1

∆𝑁𝑝𝑡
  ; 𝐾2 = ∆𝑁𝑔𝑔 ; 𝐾3 =

∆�̇�𝑓

∆𝑁𝑔𝑔
  (7) 

 

Where,  

 

∆𝑁𝑝𝑡 = 𝑁𝑝𝑡,𝑚𝑎𝑥 − 𝑁𝑝𝑡,𝑚𝑖𝑛; ∆𝑁𝑔𝑔 = 𝑁𝑔𝑔,𝑚𝑎𝑥 − 𝑁𝑔𝑔,𝑚𝑖𝑛; ∆�̇�𝑓 = �̇�𝑓,𝑚𝑎𝑥 − �̇�𝑓,𝑚𝑖𝑛𝐾𝑛 = 𝐾 (8) 

 

where Kn and 𝐾 are nth additional gain and mean of corresponding additional gains data, respectively.  

 

3.2.  PI control with engine performance limiters 

Previous section has presented the gains as function of the plant variables. PI gains are the tuned gains 

while additional gains are selected as constant value based on the step response analysis. The PI control is 

designed as the prime control. Engine performance limiters should be considered in the control system to make 

sure the engine operates in the safe operational area. Overall GT control system is illustrated in Figure 4. The 

engine performance limiter should be kept win over the PI control as the prime control to avoid the engine 

damage. The low selection is chosen for the engine protection limiters and the high selection is chosen for the 

engine operation limiters. Engine performance limiter consists of the engine protection limiters and engine 

operation limiters. Engine protection limiters involve over temperature protection and over speed protection. 

Engine operation limiters consider minimum spool speed limit, flame out limit, and compressor surge limit.  

 

 

 
 

Figure 4. Proposed control system 

 

 

3.3.  WOA 

The WOA is a meta-heuristic optimization approach introduced by Mirjalili and Lewis [26]. It draws 

inspiration from the hunting tactics of humpback whales. The search agents adjust their locations in order to 

converge towards the optimal search agent, as described by (9) and (10). Humpback whales engage in 

synchronized swimming around their prey, following a spiral-shaped trajectory as described by (11). During 

the exploitation phase, the search agent's position is modified based on a search agent that is randomly selected, 

as described by (12) and (13). 

 

�⃗⃗�  = |𝐶  𝑋 ∗(𝑡) − 𝑋(𝑡)| (9) 

 

𝑋 (𝑡 + 1) =  𝑋 ∗(𝑡) − 𝐴 . �⃗⃗�  (10) 

 

where t, 𝐶 , 𝐴 , 𝑋 , X∗, | | and are the current iteration, a coefficient vector, a coefficient vector, the position vector, 

the current position vector of the best solution, the absolute value, and an element-by-element multiplication, 

respectively. 𝑋∗ is updated when there is a better solution. 

 

𝑋 (𝑡 + 1) = {
𝑋 ∗(𝑡) − 𝐴  . �⃗⃗�                     𝑖𝑓 𝑝 ≤ 0.5

�⃗⃗� ′. 𝑒𝑏𝑡 . 𝑐𝑜𝑠(2𝜋𝑙) + 𝑋 ∗(𝑡)      𝑖𝑓 𝑝 ≥ 0.5          
 (11) 

 

where p is a random number generated in [0. 1].  
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�⃗⃗� = |𝐶.  𝑋 𝑟𝑎𝑛𝑑 − 𝑋 | (12) 

 

𝑋 (𝑡 + 1) =  𝑋 𝑟𝑎𝑛𝑑 − 𝐴.⃗⃗  ⃗  �⃗⃗�   (13) 

 

where  𝑋 𝑟𝑎𝑛𝑑  is a random position vector chosen from the current population. 

 

 

4. RESULTS AND DISCUSSION  

This section presents numerical results of the proposed control system of 1.5 MW GT fueled with 

biodiesel. The input values of GT dynamics model are the same with [19]. Integral of time multiplied by 

absolute error (ITAE) is used as the performance index in the PI gains optimization. 

 

4.1.  Step response analysis 

Figures 5(a) to 5(e) show the step response analysis of the gain scheduled of Kp, Ki, K1, K2, and K3, 

respectively. From these results, the searching area of Kp and Ki can be selected. The searching area of the 

metaheuristic optimization can be predicted from the graph and simulation. Through few simulations, it has 

been detected that the ranges of Kp and Ki for meta-heuristic optimization can be selected in the range [0.1, 27]. 

These range become the searching area of the optimization variable. The values of K1, K2, and K3, which are 

selected as mean of the gain schedules data, are 9.6373 × 10−4, 679.2399, and 1.0303 × 10−5, respectively.  

 

 

  
(a) (b) 

  

   
(c) (d) (e) 

 

Figure 5. Gains schedules (a) Kp, (b) Ki, (c) K1, (d) K2 and (e) K3 

 

 

4.2.  Optimization results 

Figure 6 shows the evolution of the fitness value during 15 generations by the WOA. Figure 7(a) 

shows the controller response of proposed control system for PLA=25%. The optimal gains by WOA are [Kp, 

Ki] = [2.0154, 6.8883]. The controller responses of the gain scheduling proposed by Gaudet [18] and the method 

in [19] using biodiesel fuel of 1.5 MW small GT engine are illustrated in Figures 7(b) and 7(c), respectively. 

Detail value of the fitness value by these three methods are presented in Table 2. It can be observed that the 

proposed method has outperformed than that of the other methods where it has the lowest fitness value. The 

proposed method also does not have overshoot problem as compare with the method in [20]. Using the stopping 

criteria as in [19], the time to achieve it by the proposed method is also minimum, i.e. t= 1.7 second, as can be 

seen in Figure 7(a). 
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Figure 6. Fitness value by the WOA 

 

 

   
(a) (b) (c) 

 

Figure 7. Controller response (a) proposed method, (b) gain scheduling-WOA [20], and (c) gain scheduling [19] 

 

 

Table 2. Fitness value 
 Fitness Value (ITAE) Best Parameter Value 

Proposed method 0.35328 Kp=2.0154; Ki=6.8883 
Gain scheduling-WOA [19]  0.5673 a=3.4462 

Gain scheduling [18] 0.6659 - 

 

 

4.3.  Comparison with diesel no.1 and bioethanol 

Design point comparison of the biodiesel fuel with other fuels, i.e. diesel no.1 and bioethanol, under 

the same input parameters of gas turbine dynamic model is presented in Table 3. These results agree with the 

micro-GT results reported in [6], [7] where the lower the heating value, the shaft power is higher but the specific 

fuel consumption (SFC) is also higher. The low heating value (LHV) of the diesel no.1, the biodiesel, and the 

bioethanol are 43,100 kJ/kg, 37,600 kJ/kg, 27,200 kJ/kg, respectively.  

Figures 8(a) to 8(c), provide a detailed comparison of the compressor surge limit, the turbine inlet 

temperature (TIT) limit, and the steady-state operating line for biodiesel, diesel no.1, and bioethanol, 

respectively. The limiter graphs delineate the fuel boundary, representing the operational range of the engine. 

The data indicates that the compressor surge limit, the TIT limit, and the steady-state operating line all exhibit an 

upward trend when the LHV of the fuel lowers. Therefore, the SFC likewise rises when the fuel's LHV drops. 

The control system incorporates many limiters to safeguard the engine, including the compressor surge limit, TIT 

limit, and maximum RPM limit. On the other hand, the engine operation limiters, as shown in Figure 4, consist 

of the minimum RPM limit and the flameout limit. The fuel boundary graph, which is dependent on the fuel's 

LHV, must be carefully taken into account while designing the control system for the GT engine. This is 

necessary to prevent any engine damage that may occur when using renewable-based fuel in the GT engine.  

 

 

Table 3. Design point comparison between diesel no. 1, bioethanol, and biodiesel 
Parameters Diesel no.1 [20] Bioethanol [20] Biodiesel 

Shaft power (MW) 1.4994 1.5347 1.5082 
Thermal efficiency 0.2839 0.2853 0.2842 

Specific fuel consumption (kg/kWh) 0.2942 0.4639 0.3369 
Fuel flow (kg/s) 0.1226 0.1978 0.1411 
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Figure 8. Comparison of Biodiesel, diesel No.1 and bioethanol; (a) compressor surge limit, (b) TIT limit, and 

(c) steady-state operating line 

 

 

5. CONCLUSION  

The proposed control system of small GT engine for ship propulsion fueled with the biodiesel has 

been presented. The control system consisted of the PI controller with additional gains considering the engine 

performance limiter. The PI gains were tuned with the WOA. Engine performance limiters were kept win over 

the PI control to avoid the engine damage. To avoid trial and error, the searching area of the optimization was 

selected based on the result of the step respond analysis which consisted gain scheduling. It has been observed 

that the WOA had success to find the fixed gain of PI controller that was stable and optimal. Similar with the 

micro-GT results previously reported, for the small GT, the lower LHV exhibits the higher SFC. The power 

output and SFC of the biodiesel fuel is higher than that of the diesel no.1 while as compare to the bioethanol, 

the power output and SFC of the biodiesel fuel is lower than that of the bioethanol fuel. Designing the optimal 

acceleration/deceleration schedule of the renewable-based small/micro-GT engine can be considered as future 

research to improve the renewable-based GT engine performance.  
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