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Abstract

:

As the proportion of power generation using renewable energy increases, it is important to improve the operational flexibility of gas turbines (GTs) for the stability of power grids. Increasing the ramp-rate of GTs is a general solution. However, a higher ramp-rate increases the turbine inlet temperature (TIT), its rate of change, and the fluctuation of the frequency of produced electricity, which are negative side effects. This study proposes a method to optimize the set-point schedule for a PID controller to improve the ramp-rate while decreasing the negative impacts. The set-point schedule was optimized for a 170-MW class GT using a genetic algorithm to minimize the difference between the value of the process variable and the set-point value of the conventional control. The advanced control reduced the fluctuation of the rotation speed by 20% at the reference ramp-rates (12 MW/min and 15 MW/min). The maximum TIT decreased by 6.3 °C, and its maximum rate of change decreased from 0.7 °C/s to 0.4 °C/s. The advantage of the advanced control becomes more marked as the ramp-rate increases. Even at a much higher ramp-rate (50 MW/min), the advanced control decreased the rotation speed fluctuation by 40% in comparison to the conventional control at the reference ramp-rate.
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1. Introduction


1.1. Background and Motivation


As the global climate crisis becomes more serious, the issue of carbon neutrality is attracting attention worldwide. The International Energy Agency (IEA) [1] has presented several possible scenarios for carbon neutrality, and in all scenarios, the proportion of power generation using renewable energy increases rapidly. According to the sustainable development scenario (SDS), it is predicted that the proportion of power generation using renewable energy will be about 52% by 2030. As a result, carbon emissions in the electric power sector would decrease by more than 40% by 2030.



However, there is a disadvantage of power generation using renewable energy sources such as wind and solar energy: the power production is intermittent and depends on the weather conditions. Studies have analyzed problems such as the instability of power grids and frequency fluctuation caused by the intermittency of renewable energy [2,3]. A backup power system can solve this problem by compensating for the insufficient power supply. Studies have suggested gas turbines (GTs) and nuclear power [4,5] as backup power-generation systems as well as energy storage systems (ESSs) and fuel cells [6,7].



This study focused on GTs as a backup power-generation system. One of the major advantages of GTs is that they provide large inertia to the electric grid, which cannot be provided by most other new power-generation systems that generate direct current electricity such as wind power, photovoltaics, fuel cells, and EESs. The degree of frequency fluctuation of the power system depends on the system inertia [8], and the frequency fluctuations of GTs are relatively small due to their large rotating inertia [9,10]. Furthermore, compared to other conventional power-generation systems such as coal-fired power plants and nuclear power plants, GTs have advantages of faster start-up and shut-down, flexible load-following operation, high specific power output, and low emission of pollutants.



Recently, various studies have been conducted to maximize the advantages of GTs. Studies have examined power-to-gas (P2G) systems that store surplus power output from renewable energy in the form of gaseous fuels such as hydrogen or methane [11]. Furthermore, studies have been conducted on power-to-liquid (P2L) systems that store liquid fuel [12]. Studies have also been conducted on the performance of a hybrid system that was combined with a carbon capture system, fuel cell, and GT [13]. Studies were also conducted on a hydrogen turbine using hydrogen as fuel [14].



With the increasing penetration of variable renewable energy, studies to improve the operational flexibility of GTs have become more important. For example, a report from the California Independent System Operator [15] predicted that the electricity demand from a backup power-generation system would rapidly increase as the proportion of solar power generation increases: a surge in the electricity demand of 10,000 MW in three hours was expected. A 2016 report from an energy consulting firm indicated that the actual electricity demand of California surged by 1146 MW more than expected and that the “duck curve” phenomenon has become more severe [16]. The duck curve is widely used to describe the severe imbalance between electricity demand and power generation. Therefore, a more flexible load-following operation of a GT is required to respond to the rapidly changing power demand. Furthermore, the operating environment of GTs has changed from base-load operation to partial-load operation in a wide range. Thus, analysis of the stability of a GT in a wide operation range is required.




1.2. Increase of GT Ramp-Rate for Operational Flexibility


Manufacturers have tried to improve operating flexibility by increasing the ramp-rate [17,18]. However, there is a limit to the improvement in the ramp-rate due to the control characteristics of GTs. At present, the GT power output is adjusted through schedule-based control [19,20]. In this method, the turbine exhaust temperature (TET) is scheduled in advance according to the compressor discharge pressure. When the GT power output changes, the fuel flow rate and the angle of the variable inlet guide vane (VIGV) are manipulated to satisfy the set-point of the rotation speed and schedule of the TET, which are pre-planned.



To control the GT power output, a PID controller using a feedback signal is usually adopted. The control deviation (i.e., error) is the difference between the process variable and set-point and is used as the feedback signal. As shown in Figure 1 [21], a higher fuel flow rate is required to increase the power output at a given ramp-rate. The turbine inlet temperature (TIT) also increases as the fuel flow rate increases. Due to the time delay of the feedback signal, undershoot and overshoot of the GT’s main operation parameters naturally occur. Accordingly, when the power output increases more rapidly, the fuel flow rate and TIT increase more steeply, and the undershoot and overshoot of the main parameters become larger. Factors that limit the ramp-rate include the increase in the maximum TIT, instantaneous increase in rate of change of the TIT, and larger fluctuation in rotation speed.



A high ramp-rate rapidly changes the main parameters of the GT. Various studies have been conducted to analyze the problems that this causes. A high ramp-rate increases the fluctuation in rotation speed, which increases the frequency fluctuations. It is well-known that the quality of electricity decreases as the frequency fluctuation increases [22]. Studies have been conducted to analyze the change in rotation speed according to the load change [21,23].



A high ramp-rate also increases the turbine temperature rapidly. Studies were conducted to analyze the effect of rapid temperature rise on the hot section of GT components [24]. The effect of the temperature rise of the blades on the creep life was analyzed, and various methods to predict the creep life were studied [25,26]. A study was conducted to suggest a method for calculating the lifetime of components through thermal stress change [27,28]. Changes in thermal stress during start-up and shut-down of a GT were analyzed [29,30]. Kim et al. [31] tried to inject compressed air to prevent the rapid rise of TIT while increasing the ramp-rate. Moon et al. [32] tried to improve the operational flexibility through new control logic based on an artificial neural network (ANN).




1.3. Research Objective


The objective of this study was to reduce the fluctuations of the main operating parameters while increasing the ramp-rate. An advanced control method has been proposed to optimize a set-point schedule for the TET and rotation speed. The schedule is used for the PID control of a conventional GT to increase the ramp-rate. Unlike conventional control, in which the set-point is linear or constant, the advanced control optimally changes the set-point to compensate for the expected overshoot and undershoot.



Through this method, the main operating parameters such as the temperature of the hot part and rotation speed can be stably maintained, even when the power output fluctuates. For quantitative adjustment, the new set-point schedule was optimized using a genetic algorithm. The dynamic behavior was analyzed in a wide range of partial load operation using the advanced control. When the advanced control was applied to the GT in partial load operation, the effect on the dynamic behavior of the main operating parameters was compared with conventional control.





2. GT Simulation Model


2.1. Design Modeling


The target gas turbine in this study was the GE MS7001F-PG7241 (FA) [33]. Figure 2 shows the configuration of the GT model. The GT is composed of inlet and outlet ducts, a compressor, a combustor, and a turbine. A rotating shaft connects the compressor and the turbine. The air flow rate into the compressor inlet is manipulated by changing the angle of the VIGV at the compressor inlet. In a real GT, the compressor and turbine are composed of multiple stages, and some of the compressor inter-stage air is extracted as a turbine coolant. However, information on the flow rate of cooling air and the exact extraction location from the manufacturers is not well-known. Therefore, a simplified model consisting of a compressor and turbine as a single stage was used in this study. In the model, all the cooling air is extracted from the outlet of the compressor and enters the turbine nozzle and rotor. This modeling method has been used in various studies to predict GT performance, and its rationality and accuracy have been verified [34,35,36].



Table 1 compares the field data and simulation results. Some design parameters that were not measured in operation were referenced from the values of another paper on the same GT [37]. A program developed in MATLAB® [38] was used for the GT simulation. Table 1 shows that the design performance of the simulated GT using the program was almost consistent with the design performance of the operation data. In previous studies, the GT simulation program was verified [37,39]. To accomplish the purpose of this study, some options were added to the program such as improving the correction factor according to the angle of VIGV and optimizing the set-point schedule.



In the program, the conservation of mass and energy conservation equations were used as the governing equations for analysis of all components. All working fluids such as air, fuel, and combustion gas were assumed to be ideal gas mixtures. Enthalpy and entropy were calculated with the polynomial equations of the specific heats of constant pressure provided by NASA [40]. The fuel was natural gas composed of 91.33% methane, 5.36% ethane, 2.14% propane, 0.95% n-butane, and 0.22% nitrogen by volume. The LHV of the fuel is 49,299.1 kJ/kg.



The outlet enthalpy of the combustor was calculated using the energy conservation equation:


   h  c o m b , o u t   =        m ˙  h     c o m b , i n   +  η  c o m b        m ˙    h + L H V       f u e l       m ˙   c o m b , i n   +   m ˙   f u e l      



(1)







In Equation (1), the combustor efficiency was determined by assuming heat loss. The method proposed by Kim et al. was used to estimate the cooling air flow rate [37]. The cooling air flow rate was calculated through energy balance of the compressor outlet, combustor, turbine nozzle, and turbine rotor inlet. As a result, the total cooling air flow rate was calculated to be approximately 19.42% of the compressor inlet air flow rate.



The pressure loss of the ducts was set to 0.5% by referring to the literature on the same F-class GT [37]. The output and efficiency of the compressor and turbine were calculated using Equations (2) and (3) under the assumption of steady state. In Equation (2),  f  is the fraction of rotor cooling air chargeable to turbine power output and was set to 0.5 [32]. The enthalpy of the rotor inlet refers to the enthalpy after the fluids of the turbine inlet, nozzle coolant, and half of the rotor coolant are mixed. The enthalpy of the rotor outlet refers to the enthalpy before mixing of the fluid of the rotor coolant, which does not participate in turbine power output. The power output and efficiency of the GT were calculated using Equation (4).


    W ˙   c o m p   =  m ˙     h  o u t   −  h  i n     ,       W ˙   t u r b   =     m ˙   t u r b , i n   +   m ˙   N C , i n   + f ⋅   m ˙   R C , i n        h  R , i n   −  h  R , o u t      



(2)






   η  c o m p   =    h  o u t , s   −  h  i n      h  o u t   −  h  i n     ,      η  t u r b   =    h  R , i n   −  h  R , o u t      h  R , i n   −  h  R , o u t , s      



(3)






    W ˙   G T   =   W ˙   t u r b   −   W ˙   c o m p   −   E ˙   l o s s   ,      η  G T   =     W ˙   G T       m ˙   f u e l   ⋅ L H  V  f u e l      



(4)







    E ˙   l o s s     represents all the losses including the generator, mechanical, and heat losses. The heat losses might play a major role in the low-load regime in this study because the data used were for the start-up operation. During the start-up process, a considerable amount of the heat energy is accumulated in the metal due to the large temperature difference [41].



In our analysis, the energy loss of Equation (4) was obtained from the difference in the measured GT power and the simulated GT power using the turbine and compressor modeling. The simulation tried to match the TET and fuel flow rate to the measured values as much as possible. It was confirmed that the energy loss became larger as the GT power decreased. Then, the energy loss was curve-fitted with the GT power and incorporated in the main simulation for various GT operations.




2.2. Off-Design Modeling and Validation


2.2.1. Overview


For all components, the control volume affects the time it takes for the fluid to reach equilibrium. The control volume is very small compared to the velocity of the fluid, so the time to reach equilibrium is very small. Therefore, the overall process of GT analysis can be assumed to be in quasi-equilibrium [32,37,42,43]. The program was verified through off-design performance modeling and prediction under the quasi-equilibrium assumption before the dynamic characteristic analysis of the GT.




2.2.2. Compressor


In the off-design analysis of the compressor, the air flow rate, compressor pressure ratio (CPR), and compressor efficiency are calculated by matching the operating point with the turbine. Working-point matching was conducted using a performance map [44] consisting of the semi-dimensionless mass flow rate, pressure ratio, isentropic efficiency, and rotation speed, as shown in Figure 3. The definitions of each parameter are shown in Equation (5).


  M =    m ˙     T  i n        p  i n     ,      PR    c o m p   =    p  o u t      p  i n     ,   Ω  =       T  i n      ω   



(5)







The changes of the inlet air flow rate, CPR, and compressor efficiency were performed through scaling of the speed lines according to the change of the IGV angle (   α  V I G V    ) in the compressor performance map. The method was basically similar to that used in commercial software such as GateCycle 6.1.2 [45]. Scaling of the speed lines was performed using the correction factors (   C m   ,    C p   , and    C e   ).


   M  c o r r e c t e d   =  M  o r i g i n a l   ⋅  C m   



(6)






  P  R  c o r r e c t e d   = P  R  o r i g i n a l   ⋅  C p   



(7)






   η  c o r r e c t e d   =  η  o r i g i n a l   ⋅  C e   



(8)







The factors were tuned based on the corresponding GT operation data. Figure 4 shows the variations in the correction factors with    α  V I G V    .    C m    and    C p    were set to be the same because it has been shown that the changes in air mass flow rate and CPR are nearly equal [36,46].




2.2.3. Duct


When the operating point changes, the pressure loss also changes. Therefore, Equation (9) was used to correct the change in pressure loss according to the change of inlet flow rate, pressure, and temperature [47].


      Δ P /  P  i n           Δ P /  P  i n      d    =        m ˙     T  i n     /  P  i n      2         m ˙     T  i n     /  P  i n      d    2     



(9)








2.2.4. Combustor


The combustion was assumed to be complete combustion [48]. Thermal energy loss was reflected via the combustor efficiency. As for the duct, Equation (9) was used to correct the pressure loss according to changes in flow rate, pressure, and temperature.




2.2.5. Turbine


Off-design analysis was conducted using a tuned performance map based on operation data, as shown in Figure 5. The definitions of each parameter are shown in Equation (10).


  M =    m ˙     T  i n        p  i n     ,      PR    t u r b   =    p  i n      p  o u t     ,   Ω  =     T   ω   



(10)







The expansion ratio and efficiency were calculated by matching the compressor and operating point. Equation (11) was used to correct the cooling air flow rate according to the change in operating point using [49].


    m ˙   c o o l a n t   =   m ˙   c o o l a n t , d        p  c o o l a n t      p  c o o l a n t , d              T  c o o l a n t , d      T  c o o l a n t         0.5    



(11)








2.2.6. Validation


Figure 6 shows the validation of the model through a comparison of the simulation of the off-design performance and field data. The compared operating variables include the TET, compressor discharge temperature (CDT), CPR, fuel flow rate, compressor air flow rate, and VIGV angle. All of them are expressed as a relative value to the full load value. The right vertical axis shows the absolute value of the VIGV angle.



The average error of the off-design simulation under the quasi-equilibrium assumption and operation data is defined in the following equation. The result was within 0.78%, and the off-design performance prediction of the program was verified.


  A v a r a g e     e r r o r  %  =     ∑  t = 0  n        x  f i e l d    t  −  x  s i m u l a t i o n    t       x  f i e l d    t       n  ⋅ 100  



(12)









2.3. Dynamic Modeling


2.3.1. Start-Up Data


Figure 7 shows the operation data from when the load of the target GT increases from 15% to 100% during the start-up process. When the load increased from 15% to 35%, the power output was increased with a ramp-rate of 15 MW/min by increasing only the fuel flow rate in the state where the VIGV angle was maximally closed (43.5 degrees). When the load was 35%, the power output was maintained for a while because TET reached 650 °C, which was set as the limit. The power output then increased at a ramp-rate of 12 MW/min until the load reached 60%. There are two important ramp-rates in the start-up sequence: 12 and 15 MW/min. These were used as reference ramp-rates in our analysis and denoted as such in Section 3.



At this time, the VIGV angle opens, and the air flow rate into the compressor inlet increases. Thus, the TET is controlled so that it does not exceed 650 °C. When the load reaches 60%, which is the minimum load, the combustor operation mode is changed from diffusion mode to the premix mode [50], and the power output is maintained without increasing for a certain period of time in consideration of the flame stability. At 100% load, the VIGV angle reaches its maximum (84 degrees), which means that the air flow rate also reaches its maximum.




2.3.2. Rotating Inertia


The rotor’s time constant is determined by the rotor’s moment of inertia and is significantly larger than the volume time constant. Therefore, only the rotating inertia was considered [51]. During load-following operation, the rotation speed of the shaft changes due to imbalance between the load (i.e., power demand) of the generator and the actual power output of the GT. The change in rotation speed was calculated using Equation (13), which reflects the rotating inertia. The rotating inertia was set to 42,000 kgm2 by referring to the value in the literature on the same F-class GT [37].


  I   d ω   d t   =     W ˙   G T   − L o a d   /   N ⋅   2 π   60      



(13)








2.3.3. Conventional PID Controller Design (Control Unit)


The control unit of a GT consists of a governor (or controller), an actuator, and a measurement system [52]. In this study, it was assumed that the effect of the delay time of the actuator and measurement system was insignificant, and the governor was assumed to use only a PID controller by referring to various literature on the control system [37,53]. The controller manipulates a manipulated variable to obtain a pre-planned value of a process variable according to the change of the load [19,54]. The process variables are the rotation speed and the TET, and the manipulated variables are the fuel flow rate and the VIGV angle.



The rotation speed of the shaft was controlled to a constant value to generate a constant power frequency of 50 or 60 Hz. The target GT was connected to a power grid with a frequency of 60 Hz. The rotation speed was set to 3600 rpm by controlling the fuel flow through the PID controller. Another PID controller manipulated the VIGV angle to match the TET to a pre-planned control curve. In the control curve, the TET was planned according to the compressor discharge pressure to control the TIT, which is difficult to measure [31,55].



Figure 8 shows measured TET data. Two trends were clearly observed: the TET decreased with increasing compressor discharge pressure (i.e., CPR), but was limited to 650 °C. Based on these observations, the control curve for our simulation was set as the line in the figure.



Figure 9 shows the control logic that was applied to the model to simulate partial load operation. When the load changes, the rotation speed changes due to the imbalance of the shaft power and the load of the generator, and the fuel flow rate was manipulated to maintain the rotation speed at the set-point value of 3600 rpm. If the measured TET according to the change in the manipulated fuel flow rate is different from the TET set-point value of the control curve, the VIGV angle is adjusted to match it.



The difference between the process variable and the set-point is called the control deviation or error, and the PID controller uses Equation (14) to obtain the manipulated variable through the control deviation. The proportional gain (KP), integral gain (KI), and derivative gain (KD) values were obtained through trial and error. Based on operation data, only the fuel controller was operated from 15% to 35% of the full load, and the VIGV controller was added at loads of 35% to full load.


  M V   t + d t   = M V  t  +  K P  e  t  +  K I     ∫ 0 τ   e  τ     d τ +  K D    d e  t    d t   ,   e  t  = S P − P V  



(14)








2.3.4. Optimization of the Set-Point Schedule for the Advanced Control


The advanced control proposed in this study used the same control logic as the conventional control but uses an optimized set-point schedule. In the conventional control, the set-point values of the rotation speed and the TET are 3600 rpm and the values from the control curve (the line of Figure 8), respectively. The rotation speed undershoots and the TET overshoots in the conventional control [21,37] when the load to the GT increases. Therefore, when overshoot is expected, the set-point value should be decreased, and when undershoot is expected, the set-point value should be increased so that the values of the process variables (rotation speed and TET) can better follow the target values, which are the set-point values of the conventional control.



Figure 10 illustrates the idea of improving the set-point schedule during the start-up of the target GT. The load profile was exactly the same as that in Figure 7. According to the load profile, the entire start-up sequence can be divided into six sections: A, B, C, D, E, and F. A load-changing section is followed by a constant-load section. The pattern repeats three times (A/B, C/D, and E/F) and reaches the full load condition.



Figure 10a illustrates the set-point schedule of the rotation speed. The dotted line with unfilled square marks is the original rotation speed set-point of the conventional control. The solid line with solid square marks is an arbitrary (or interim) set-point schedule in the middle of the optimization process, which is shown here only for the purpose of illustrating the idea of the advanced control. The set-point schedule consists of set-point values.



For optimization of the set-point schedule of the rotation speed, the set-point schedule was changed to reduce the overshoot and undershoot. The optimization of the schedule was performed by a genetic algorithm, which will be explained later in this section. It is clear from the figure that the set-point value changes, converges to a certain value, and returns to the set-point value of conventional control (see processes A/B, C/D, and E/F).



The targets for optimization were three parameters of the load-changing periods (A, C, and E): the maximum change of the set-point value, the shape of the change, and the duration of the change. Similarly, in sections B, D, and F, the parameters for optimization were selected as the shape of the change of the return of the set-point value to that of the conventional control and the duration of the change.



Figure 10b illustrates the set-point schedule of the TET. The dotted line with unfilled square marks is the original set-point of the conventional control, while the line with solid square marks is an example (or arbitrarily interim setting) of the new set-point schedule. The TET schedule was studied only for sections C through F because the VIGV control was not used in sections A and B. In sections C and E, the initial value and the decreasing slope of the set-point were selected as the parameters for optimization. In sections D and F, the original set-point values were used as they were because the load was constant, so there was no overshoot or undershoot.



The objective function for the optimization is defined in Equations (15) and (16). The objective function is the sum of the deviation, which is the difference between the set-point value of the conventional control and the value of the process variable simulated with the change in set-point value. When the deviation is a negative value, it means that undershoot occurs, and when it is a positive value, it means that overshoot occurs. A value of deviation close to zero indicates that the undershoot and overshoot are minimized.


  d e v i a t i o  n  n e w , i    t  = P  V  n e w , i     S  P  n e w , i     a , b , c , ⋯ , t     − S  P  c o n v e n t i o n a l , i    t   



(15)




where,  i  = 1: corresponding to speed,  i  = 2: corresponding to TET,  a : maximum change,  b : shape of change,  c : duration of change,  t : time


  o b j =    1 n    ∑  i = 1  2     ∑  t = 1  n       d e v i a t i o  n  n e w , i    t     2         



(16)







The set-point schedule was optimized using the optimization toolbox provided by MATLAB® [38]. A genetic algorithm was used to solve the optimization problem of a multivariate function. The genetic algorithm searches for solutions using Darwin’s theory of evolution and the principles of natural selection and survival of the fittest. Conventional optimization techniques have many local optimal points, whereas a genetic algorithm can overcome this disadvantage by probabilistically searching for a solution. Since genes are designated as individual parameters, it is easy to solve an optimization problem of multivariate functions.



The optimization process of the genetic algorithm is shown in Figure 11, where small squares represent genes. A combination of genes is called a chromosome, and a group of chromosomes is defined as a population. An initial generation with a random population is formed, and the fitness of each chromosome of the initial generation is evaluated. In the fitness assessment, a suitable chromosome is selected, and the population of the next generation is determined through processes called crossover and mutation. This evolutionary process goes through several generations to obtain the optimal chromosome [56].



Figure 12 shows the concept of the optimization process of the set-point schedule through the genetic algorithm and illustrates an arbitrary generation. Figure 12a,b show the optimizing processes of the speed set-point schedule in section A and the TET set-point schedule in sections C and E, respectively. Sections D and F in Figure 12b are expressed as a single point because the TET does not change in these sections.



The value of the objective function in Equation (16) is minimized as the set-point schedule changes. In the figure, a gene is a set-point value at a certain time in the set-point schedule. Chromosomes A, B, C, D, E, and F are sets of genes and are each an arbitrary set-point schedule. For each chromosome, the optimal genes are selected through the evolution process, and the objective function value is gradually minimized in the next generation. As a result, the optimal solution is selected as the set-point schedule with the minimum value of the objective function in the last generation.






3. Results and Discussion


3.1. Impact of the Optimized Control


Figure 13 shows the impact of the optimized control using the simulated results of a part of the start-up sequence in Figure 10. Figure 13a shows the details of the optimized speed set-point schedule in sections A and B of Figure 10a. The optimized set-point schedule of the rotation speed had a trapezoidal shape. It was confirmed that the maximum change in the schedule increased as much as the maximum undershoot of the speed obtained with the conventional control.



The optimized set-point value gradually increased in the form of an arc until the set-point value converged to the maximum change. The duration of change in section A was 21 s. When the load started to become constant, the optimized set-point value gradually decreased in the form of an arc. The duration of change in section B was 15 s.



Figure 13b shows the details of the optimized TET set-point schedule on the control curve in sections C and E. It was confirmed that the optimized set-point value decreased as much as the overshoot in the conventional control. In addition, the set-point value follows the set-point value of the conventional control again when the load becomes constant.




3.2. Effect of Using the Advanced Control for the Reference Ramp-Rates


Figure 14 and Figure 15 show the dynamic behavior simulated by the advanced control for the entire start-up process and the comparison with those obtained by the conventional control. Figure 14 shows the results of the optimized set-point schedules of the rotation speed and TET as well as the predicted deviations of the two process variables. In Figure 14a, the maximum changes of the optimized speed set-point in sections C and E (the second and third changes) were different from that in section A (the first change; see Figure 13 for the details of section A). This occurs because the maximum undershoot of the conventional control varies according to the ramp-rate. The durations of change were 19, 14, 18, and 17 s in sections C, D, E, and F, respectively. In Figure 14b, the TET set-point had to be decreased more significantly as the full load approached. This occurs because the air flow rate changes rapidly, and the overshoot of the TET increases in the conventional control as the full load approaches.



Figure 15 compares the variations in the main operating parameters between the conventional and advanced controls. The fuel flow rate and VIGV angle are expressed as relative values to those at full load. First, the results of the conventional control are discussed. When the load first increases at 15%, which corresponds to the beginning of section A, the load becomes higher than the power output momentarily due to the delay time of the controller. The rotation speed is temporarily reduced. More fuel flow rate is required due to the decrease in the rotation speed. The power output increases to be almost equal to the load as the fuel flow increases. If there is no VIGV angle change, the TET and TIT also increase due to the increase in the fuel flow rate. The load then becomes constant at 35% (section B), the rotation speed recovers quickly from the undershoot, and it returns to the equilibrium state.



The power output momentarily becomes higher than the load due to the delay time of the controller, and overshoot of the fuel flow rate, TIT, and TET occurs, as shown in the dotted line of the enlarged part of Figure 15a. When the load increases above 35% (section C), the VIGV angle is adjusted to control the TET according to the planned schedule. The VIGV angle opens, and the TIT slowly increases compared to the section where the load is less than 35% because the air flow rate increases. When the load becomes constant at 60% (section D), the TET and TIT recover quickly from overshoot and return to the equilibrium state. When the full load is reached, the overshoot of the TIT is the maximum value because the change in air flow rate is large and rapid, as shown in the dotted line of the enlarged part of Figure 15b (sections E and F).



Next, the results of the advanced control are explained. The general trend is the same as that of the conventional control, but a striking difference was observed in the maximum deviations. In the enlarged parts of the figure, the maximum deviations of both the rotation speed and the TET decreased. The undershoot of the rotation speed and the overshoot of the TET were much smaller than with the conventional control. For this reason, the optimized set-point schedule makes the manipulated variable change more quickly in Equation (14). The fuel flow rate begins to increase more quickly, and the VIGV angle opens more quickly as the load begins to increase, while the fuel flow converges to the equilibrium value quickly. Furthermore, the VIGV angle closes more quickly once the load increase stops (see the solid line of the enlarged part of Figure 15b).



When comparing the advanced control with the conventional control, the maximum difference between the power demand (load) and actual power output decreased from 0.54 MW (0.30%) to 0.23 MW (0.13%). The maximum speed deviation decreased from 2.08 rpm (0.06%) to 0.41 rpm (0.01%). The ratios are relative to the full load values. The maximum TET decreased by 2.3 °C from 652.8 °C to 650.5 °C, and the maximum TIT decreased by 6.3 °C from 1401.1 °C to 1394.8 °C. The maximum rate of change of the TIT at full load was decreased from 0.7 °C/s to 0.4 °C/s. The reduction in all these fluctuations, especially those of the TIT, would play an important role in preventing blade damage while improving the ramp-rate.




3.3. Effect of Using the Advanced Control for an Increased Ramp-Rate


The advantage of the advanced control is expected to be greater as the required ramp-rate becomes larger. Accordingly, a case was simulated with a ramp-rate of 50 MW/min, which is much higher than the reference rates, and results are presented in Figure 16 and Figure 17. Figure 16 shows the results of the optimized set-point schedules and predicted deviations of the rotation speed and TET, and Figure 16 compares the variations in the main operating parameters between the conventional and advanced controls.



The trends are similar to those in Figure 14 and Figure 15 for the reference ramp-rates, and all the operating parameters changed more rapidly. Thus, the change in the set-point values of the rotation speed and TET should also be larger. With the conventional control, there was a larger difference between the power demand (load) and power output at the end of the load increasing period (see the enlarged parts of the figure) in comparison to the case of the reference ramp-rate (Figure 15a and Figure 17a). Therefore, the overshoot and undershoot also becomes larger. Consequently, the maximum TIT of the conventional control was as high as 1418.6 °C, which is 17.5 °C higher than that of the reference case (1401.1 °C). The maximum speed deviation increased from 2.08 rpm (0.06%) in the reference case to 6.92 rpm (0.20%). These results clearly show the negative side of increasing the ramp-rate and show why the ramp-rate should be limited.



From Figure 16 and Figure 17, it is clear that the advanced control would be very effective in decreasing all the deviation, especially those related to temperatures. The maximum difference between the power demand (load) and actual power output was decreased from 2.19 MW (1.24%) to 0.76 MW (0.42%) by adopting the advanced control. The maximum speed deviation decreased from 6.93 rpm (0.19%) to 0.84 rpm (0.02%). The maximum TET decreased by 7.3 °C from 659.2 °C to 651.9 °C. The maximum TIT decreased more significantly by 22.7 °C from 1418.6 °C to 1395.9 °C. The maximum rate of change of the TIT at full load also showed a large decrease from 2.3 °C/s to 0.6 °C/s.



Table 2 summarizes the quantitative results of the major factors for various operation strategies. The advantage of the advanced control becomes clearer when we compared the results of the advanced control for a ramp-rate of 50 MW/min to those of the conventional control for the reference ramp-rates (12 and 15 MW/min). Even though the ramp-rate was increased by more than three times, with the advanced control, all of the major factors were much lower. The maximum speed deviations were 2.08 rpm (0.06%) and 0.84 rpm (0.02%), the maximum TITs were 1401.1 °C and 1395.9 °C (more than 5 °C reduction), and the maximum rates of TIT change at full load were 0.7 °C/s and 0.6 °C/s. These results verify that the advanced control enables a significantly higher ramp-rate while reducing the fluctuations of all the operating parameters or at least maintaining them at their original levels.





4. Conclusions


In this study, an advanced control was proposed to suppress the overshoot of the TIT to improve the ramp-rate of a GT. The advanced control used optimized set-point schedules that minimized fluctuations in the rotation speed and TET. The optimized set-point schedules were derived using a genetic algorithm.



The key to the optimized set-point schedule is to decrease the set-point value in a section where overshoot occurs in the conventional control and to increase the set-point value in a section where undershoot occurs. Thus, the advanced control suppresses the occurrence of overshoot and undershoot of the operating parameters. Furthermore, it is possible to reduce the rate of change of the TIT at full load.



When the load increased, the advanced control significantly reduced the fluctuations in the rotation speed and TET compared to the conventional control. This occurred because the manipulated variables (such as the fuel flow rate and VIGV angle) changed more rapidly through the set-point adjustment. In addition, even when the ramp-rate was increased by more than three times the reference values to 50 MW/min, the advanced control decreased the maximum fluctuation of the rotation speed by 40% and decreased the maximum TIT by 5.2 °C compared with the operation using the conventional control at the reference ramp-rate. Furthermore, the rate of change of the TIT was reduced from 0.7 °C/s to 0.6 °C/s at full load.



These results confirm that the advantage of the advanced control becomes clearer as the ramp-rate becomes larger. It would enable a significantly higher ramp-rate while even reducing the fluctuations of all the operating parameters. There are three major expected advantages of using the advanced control: (1) improving the quality of electricity; (2) extending the lifespan of high-temperature components; and (3) the possibility of improving the ramp-rate. First, it is possible to reduce the fluctuation of the rotation speed caused by the change in the power output of the GT. This has the effect of improving the quality of the electricity produced by the GT because it reduces the frequency fluctuations. Second, the reduction in the TIT fluctuation reduces the thermal stress applied to the high-temperature components, so the lifespan of the high-temperature components can be extended. Third, even if the ramp-rate is increased by more than three times, the fluctuations of the rotation speed and TIT are reduced in comparison to when using the conventional control at the reference ramp-rate.



In conclusion, a strong possibility of stably improving the ramp-rate using the advanced control was found. As a result, the advanced control is expected to be effectively utilized when more flexible operation of a GT is required with the expansion of renewable energy. Possible future studies include (1) simulation of the control of the GT in the lower load and start-up regimes and (2) technology to shorten the start-up time by stably controlling the temperature.
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Nomenclature








	C
	Correction factor



	   E ˙   
	Energy



	e
	Error



	f
	Fraction of rotor coolant chargeable to power



	h
	Specific enthalpy (kJ/kg)



	I
	Rotating inertia (kg∙m2)



	K
	Gain



	Load
	Load (kW)



	M
	Semi-dimensionless mass flow rate (kg·K0.5/kN·s)



	   m ˙   
	Mass flow rate (kg/s)



	MV
	Manipulated variable



	N
	Rotation speed (rpm)



	obj
	Objective function



	P
	Pressure (kPa)



	PR
	Pressure ratio



	PV
	Process variable



	SP
	Set-point



	s
	Specific entropy (kJ/kg)



	T
	Temperature (°C)



	t
	Time (sec)



	   W ˙   
	Power (kW)



	Greek
	



	α
	Inlet guide vane angle (°)



	η
	Efficiency (-)



	Ω
	Semi-dimensionless speed (rpm/K0.5)



	ω
	Rotation speed (rad/s)



	Subscripts
	



	Coolant
	Cooling air flow



	Comb
	Combustor



	Comp
	Compressor



	Conventional
	Conventional value



	Corrected
	Corrected value



	D
	Derivative



	d
	Design



	e
	Efficiency



	field
	Field data



	fuel
	Fuel flow



	GT
	Gas turbine



	I
	Integral



	in
	Inlet



	loss
	Losses



	m
	mass flow rate



	N
	Nozzle



	NC
	Nozzle coolant



	new
	New value



	original
	Original value



	out
	Outlet



	P
	Proportional



	p
	Pressure ratio



	R
	Rotor



	RC
	Rotor coolant



	ref
	Reference



	shaft
	Shaft



	s
	Isentropic



	simulation
	Simulation data



	turb
	Turbine







Abbreviations




	ANN
	Artificial neural network



	CDT
	Compressor discharge temperature (°C)



	CPR
	Compressor pressure ratio



	GT
	Gas turbine



	LHV
	Lower heating value (kJ/kg)



	PID
	Proportional-integral-derivative



	P2G
	Power to gas



	P2L
	Power to liquid



	RMSD
	Root mean square deviation



	TET
	Turbine exhaust temperature (°C)



	TIT
	Turbine inlet temperature (°C)



	VIGV
	Variable inlet guide vane
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Figure 1. Variations in fuel flow rate and turbine inlet temperature according to load change [21]. 
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Figure 2. Configuration of the gas turbine. 
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Figure 3. Performance map of the compressor. 
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Figure 4. Correction factors of performance map. 
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Figure 5. Performance map of the turbine. 
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Figure 6. Validation of the simulation of GT operation. 
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Figure 7. Operating data of the start-up process of the target GT. 
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Figure 8. Control curve of the turbine exhaust temperature. 
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Figure 9. Block diagram of the PID control. 
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Figure 10. Examples of rotation speed and TET set-point schedules. (a) Rotation speed. (b) TET. 
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Figure 11. Flow chart of the genetic algorithm. 
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Figure 12. Set-point schedules in an arbitrary generation. (a) Rotation speed. (b) TET. 
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Figure 13. Impact of the optimized set-point schedules. (a) Rotation speed. (b) TET. 
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Figure 14. Set-point schedules and deviations of rotation speed and TET for the entire start-up process with reference ramp rates (15 MW/min and 12 MW/min). (a) Rotation speed. (b) TET. 
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Figure 15. Variations in the operating parameters for the entire start-up process with reference ramp rates (15 MW/min and 12 MW/min). (a) Load, power, and TET. (b) Relative VIGV angle, relative fuel flow rate, and TIT. 






Figure 15. Variations in the operating parameters for the entire start-up process with reference ramp rates (15 MW/min and 12 MW/min). (a) Load, power, and TET. (b) Relative VIGV angle, relative fuel flow rate, and TIT.



[image: Energies 14 08024 g015]







[image: Energies 14 08024 g016 550] 





Figure 16. Set-point schedules and deviations of rotation speed and TET for the entire start-up process with an increased ramp rate (50 MW/min). (a) Rotation speed. (b) TET. 
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Figure 17. Variations in the operating parameters for the entire start-up process with an increased ramp rate (50 MW/min). (a) Load, power, and TET. (b) Relative VIGV angle, relative fuel flow rate, and TIT. 
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Table 1. Design specifications of the gas turbine.
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	Parameters
	Field Data
	In House Code





	Ambient temperature [°C]
	15
	15



	Ambient pressure [kPa]
	101.325
	101.325



	Ambient relative humidity [%]
	60
	60



	Air mass flow rate [kg/s]
	N/A
	421.371 [37]



	Compressor pressure ratio [-]
	15.2
	15.2



	Compressor polytropic efficiency [%]
	91.84
	91.84



	Fuel flow rate [kg/s]
	9.1437
	9.1437



	Turbine inlet temperature [°C]
	N/A
	1397 [37]



	Turbine rotor blade inlet temperature [°C]
	N/A
	1327 [37]



	Turbine exhaust gas temperature [°C]
	608.1
	608.1



	Turbine polytropic efficiency [%]
	N/A
	88.57



	Total cooling air flow rate [kg/s]
	N/A
	81.84



	Shaft speed [rpm]
	3600
	3600



	Mechanical efficiency [%]
	N/A
	99 [37]



	Generator efficiency [%]
	N/A
	98.5 [37]



	Net power [MW]
	166.4
	166.4



	Gas turbine Efficiency (LHV) [%]
	36.91
	36.91
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Table 2. Results of the major factors for the operation strategies.






Table 2. Results of the major factors for the operation strategies.





	
Parameters (Maximum Value)

	
Reference Ramp-Rates (15 MW/min and 12 MW/min)

	
Increased Ramp-Rate (50 MW/min)




	
Conventional Control

	
Advanced Control

	
Conventional Control

	
Advanced Control






	
    W ˙   G T   − L o a d   [%]

	
0.30

	
0.13

	
1.24

	
0.42




	
Speed deviation [%]

	
0.06

	
0.01

	
0.19

	
0.02




	
TET [°C]

	
652.8

	
650.5

	
659.2

	
651.9




	
TIT [°C]

	
1401.1

	
1394.8

	
1418.6

	
1395.9




	
Rate of TIT change [°C/s]

	
0.7

	
0.4

	
2.3

	
0.6
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