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Abstract: Controlling the temperature of superheated steam (SST) is essential 
for the safe and efficient operation of combined cycle power plants, but it has 
become challenging due to frequent load variations and safety requirements. 
Traditional PI controllers may struggle to provide optimal performance because 
of non-linearity, time delays, and disturbances, particularly under wide-range 
load conditions. This paper proposes a new feedforward gain-scheduling 
cascade control strategy that compensates for time delays while ensuring stable 
SST without complicating the control system. The method incorporates a well-
defined feedforward control mechanism into a gain-scheduling PI structure, 
enabling quick adjustments of the water spray control valve to prevent SST 
overshoots during sudden power fluctuations. A stability analysis is included, 
and the proposed strategy has been successfully simulated and implemented at 
two real combined cycle power plants in Iran, demonstrating its effectiveness 
in maintaining smooth temperature control and enhancing power output 
without adding complexity to the system. 
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1. Introduction 
As the demand for power continues to rise, managing power plants becomes 

increasingly challenging. Experts predict that global net generation will grow by 2.2% 

annually until 2040 [1]. Controlling superheated steam temperature (SST) is essential for 

the safe and cost-effective operation of combined cycle power plants. The ability to adapt 

to fluctuating power plant load demands heavily relies on the performance of 

superheater control loops. If the SST exceeds its upper limit, it can damage the 

superheater and high-pressure (HP) components of the steam pipelines. Conversely, if 

the SST falls below its lower limit, power generation efficiency may decline, adversely 

affecting the economical operation of the combined cycle power plants. Even a brief 

period with steam temperature above the specified limit can cause irreparable damage 

to the boiler's metal tubes and lead to unscheduled boiler shutdowns. Low superheated 
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steam temperatures can result in water droplet formation, which can severely damage 

turbine blades and reduce boiler efficiency. Frequent fluctuations in superheater 

temperature can impose thermal stresses, leading to premature failures of metal pipes. 

Consequently, most researchers recommend maintaining SST within ±5 °C of its set-point 

to ensure the safe and efficient operation of power plant units [2]. 

Conventional Proportional-Integral (PI) cascade control faces challenges in 

ensuring satisfactory control performance during wide load variations due to process 

model nonlinearity, multi-source disturbances, and the limitations of the PI controller [2]. 

This issue is particularly evident in wide-range load regulation. To address these 

challenges, many improved and advanced control strategies have been developed, 

including neuro-Proportional-Integral-Differential (neuro-PID) [3], Internal Model Control 

(IMC) [4], Fractional-Order PID (FOPID) control [5], nonlinear control strategies [6], [7], 

multivariable constrained predictive control [8], Model Predictive Control (MPC) [9], [10], 

neural networks [11], fuzzy logic control [12], fuzzy model predictive control [13], 

Dynamic Matrix Control (DMC) [14], neuro-fuzzy Generalized Predictive Control (GPC) 

[15], predictive feed-forward control [16], and the Active Disturbance Rejection 

Controller (ADRC) [1], [2], [17], [18], [19]. Additionally, robust PID controllers based on 

data-driven feedback compensation methods have been explored in [20], yielding better 

control performance than the original PID controller.  

Although these control strategies have shown positive results in numerical 

simulations, they are rarely implemented in practical units due to their high 

computational complexity, which renders them unsuitable for deployment in distributed 

control system (DCS) function blocks. Furthermore, some control strategies rely heavily 

on an exact mathematical model of the superheater, which is difficult to achieve and 

varies with working conditions. In fact, the superheater system model can change 

significantly with load variations. Therefore, the superheater temperature control system 

must be robust enough to manage the modeling uncertainties caused by these load 

fluctuations. For instance, a study in [21] presents a Long Short-Term Memory (LSTM) 

model to obtain a model and a MPC controller for the SST control loop, which effectively 

captures the time delay, multivariable coupling, and nonlinear dynamics of steam 

temperatures. However, as noted, the application of advanced control strategies such as 

MPC in DCS environments is typically not feasible. On the other hand, due to non-linearity 

and time delay in the SST process behavior and various disturbances, the traditional PI 

controller with fixed parameters in a cascade control strategy for the SST may not 

guarantee optimal control performance, especially in wide-range load regulation 

conditions. In fact, when using a cascade control loop for the SST control with the fixed 

parameters PI controllers (the structure that is now pervasive in practice), it is observed 

that there is a significant time delay between the change in the load increment and the 

opening of the spray valve. This delay can cause the SST to rise too much, which could 

trigger an alarm or trip that forces the power plant operator to reduce the set-point in 

order to control temperature during these emergency conditions. This reduction in set-

point will consequently cause a loss in the steam turbine produced power. So, a method 

that can compensate for this time delay while maintaining a smooth SST without further 

complicating the control system is preferred. 

In this paper, modifications to the current control logic of the SST loop are 

proposed to compensate for the mentioned time delay and eliminate temperature 

overshoot. The proposed method is based on improving the existing PI-based cascade 

control system by adding a well-defined feedforward controller and using a gain-

scheduling PI feedback controller instead of the current PI feedback controller. The most 
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important feature of the proposed method is its ability to be implemented in the power 

plant DCS without increasing the cost in comparison to the existing control system while 

can effectively address the critical issue of controlling SST in power plants and also 

enhance the power output of a steam cycle. The advantages of the proposed structure in 

this paper are as follows: 

• Reduction of SST overshoots during extreme changes in gas turbine power, flue gas 

temperature, or duct burner fuel flow. 

• The possibility of increasing the SST set-point (from the current value of 517 or 518 

°C to higher values, e.g., 523 °C) and consequently increasing the power produced. 

• Reduction of water spray control valve fluctuations. 

• Because PI controllers are used, this structure can be easily implemented without 

increasing the complexity of the DCS system. 

• By using feedforward control, disturbances are eliminated before they enter the 

outer loop. 

• The use of feedforward control reduces the delay between the spray control valve 

and changes in load. 

• With the implementation of a gain-scheduling structure, the PI controller coefficients 

adjust to faster values during significant fluctuations in the system. 

• By implementing optimization-based tuning methods, accurate coefficients for the 

PI controllers are obtained. 

• The stability analysis and the stability margin for the proposed controller are 

presented. 

The paper is structured as follows. The next section provides a brief introduction 

to the SST process, its model identification and the regular cascade control strategy. In 

Section 3, the proposed feedforward gain-scheduling cascade control structure is 

introduced. Section 4 presents a tuning procedure based on the particle swarm 

optimization (PSO) method and illustrates the control performance of the proposed 

structure through numerical simulation on the identified model of the SST control system. 

In Section 5, the stability analysis and the stability margin for the proposed controller are 

presented. In Section 6, at first, the result of implementing the proposed control structure 

in unit 1 Heat Recovery Steam Generator (HRSG) of 968MW Pareh-Sar combined cycle 

power plant is being investigated. Since duct burners have a great effect on the SST, it is 

necessary to consider the control of the SST loop in 2 states of the duct burner being on 

and off. Due to the fact that the duct burners in Pareh-Sar power plant are always turned 

off due to operational reasons, the effect of the burner on the SST control loop is 

investigated on the unit 4 HRSG of 942MW Parand power plant. The paper conclusion is 

finally presented in section 7. 

2. SST Process Description and Model Identification 

2.1. SST Process Description 
In an HRSG, the saturated and dried steam exits from the top of the HP drum and 

enters the HP superheater section (the closest section to the gas turbine exhaust), and 

after passing through the two stages of the superheater harp tubes, the steam is passed 

through a so called de-superheater, which controls steam temperature by spraying water. 

Then, the steam enters the third stage of the superheater harp tubes and finally, 

superheated steam is produced with a temperature around the set-point. An image of 

the superheated steam temperature control loop can be seen in Figure 1. In some HRSGs, 

the superheater is divided into 3 stages: 1st, 2nd, and 3rd superheaters, and the de-
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superheater is installed between the 2nd stage and 3rd stage superheaters. Next, the 

superheated steam is sent to the steam turbine. The increase in temperature of 

superheated steam is not linear. Therefore, there is a need for a well-designed control 

system for these nonlinear temperature changes. De-superheaters can achieve this goal 

with a cascade PI control structure. 

 

Figure 1. Schematic 
diagram of the power 
plant superheater with 
a cascade control 
system. 

 

 
 

In order to control the SST, the temperature measured in the HP superheater steam 

line is compared with the designed SST set-point of 523°C. Then, the amount of water 

needed to spray the superheater steam is adjusted to limit the temperature of the 

superheater steam. According to Figure 1, this control loop consists of 2 inner (secondary 

or slave) and outer (primary or master) cascade loops. The manipulated variable is the 

position of the water spray control valve to cool the superheated steam at the outlet of 

the 3rd stage superheater. The cooling water is taken from an intermediate stage of the 

HP boiler feed pump (BFP). According to the process type, the secondary steam 

temperature 𝑇𝑖𝑛 responds to rapid water spray changes, so the PI controller is considered 

as the secondary controller to deal with the inner loop disturbances. However, the outer 

loop variable 𝑇𝑜𝑢𝑡 due to the helical harp tubes is a slow process with various 

disturbances, which makes it difficult to design a suitable controller. The primary 

controller forms another set-point by comparing the output steam temperature from the 

last stage of the superheater 𝑇𝑜𝑢𝑡 with the SST set-point (523°C). In fact, the control signal 

of the primary controller forms the set-point of the slave controller, and based on the 

comparison of this new set-point with the temperature of the steam entering the last 

stage of the superheater, the control signal of the secondary controller is created to 

command the water spray control valve to superheat steam. However, due to the 

inefficient structure currently present in the power plants, the set-point is adjusted to 

values lower than the designed set-point of 523°C (e.g., 515°C). This requirement would 

result in a significant loss of power, affected by the limitation in the existing control 

structure. By using the method proposed in this article, we will show that the set-point 

can be set to its initial design value of 523°C. 

2.2. SST Model Identification 
Figure 2 shows the cascade control loop block diagram of the SST control system. 

As it is seen, the SST control system is constructed by the two linear transfer function 

models: 𝐺𝑝𝑠(𝑠) and 𝐺𝑝𝑚(𝑠). The inner loop transfer function model 𝐺𝑝𝑠(𝑠) represents the 

relation between the water spray valve position input and the desuperheater outlet 

temperature output, while the outer loop transfer function model 𝐺𝑝𝑚(𝑠) represents the 
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relation between the desuperheater outlet temperature input and the superheater outlet 

temperature output. The manipulated variable is the water spray valve position, which is 

the output of the inner loop controller 𝐺𝑐𝑠(𝑠) or 𝑃𝐼𝑠(𝑠) denoted as 𝑢𝑖𝑛. The SST set-point 

𝑆. 𝑃. is the expected outlet temperature of the 3rd stage superheater, and the output of 

the outer loop controller 𝐺𝑐𝑚(𝑠) or 𝑃𝐼𝑚(𝑠), which is denoted as 𝑢𝑜𝑢𝑡, is the set-point of 

the inner loop. The SST system is subject to multi-source disturbances such as gas turbine 

load demand, HP superheated steam flow, and duct burner fuel flow. The system's 

complexity makes it challenging to build an accurate mathematical model. Therefore, the 

SST control system's controller must possess a strong ability to reject disturbances while 

maintaining desired robustness and independence from a strict mathematical model.  

 
Figure 2. General block 
diagram of SST cascade 
control system. 

 

 
 

The input-output-disturbance signals for the inner and outer loops are defined in 

Table 1. These signals have been selected with consideration of the inner and outer loops 

process concepts, and with the goal of achieving the best achievable fitness between the 

output signals of the inner and outer loops with the actual measured signals. In this paper, 

identifying the SST inner and outer loop models along with the disturbances affecting 

them is done according to the following points: 

• Identification is done according to the closed-loop measured real data (closed-loop 

identification) 

• In order to reduce the complexity as much as possible, the minimum degree 

identification is performed for the transfer functions. In this paper, transfer functions 

are considered as 2nd order.  

• The identification methods based on prediction error minimization, such as least 

square regression, are used. In this paper, the autoregressive with an exogenous 

input (ARX) model is considered. 

Since the process transfer function shows the ratio of the output changes to the 

input changes, the average of each signal is subtracted from that signal before 

identification (detrending). 

 

Table 1. Defining input, output, and disturbances for SST inner and outer control loops. 

 Output Input Disturbances 

Inner Loop 
yin: desuperheater outlet 

temperature (Tin) 
uin: water spray valve position 

Din1: inlet steam temperature 

Din2: steam flow rate 

Outer Loop 
yout: superheater outlet 

temperature (Tout) 

Uout: desuperheater outlet 

temperature (Uout = yin) 

Dout1: gas turbine exhaust temperature 

Dout2: steam flow rate 

Dout3: gas turbine power 

Dout4: duct burner fuel flow 
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For a 2-hour interval of measured data on 30-April-2023 from Pareh-Sar combined 

cycle power plant, and a 3-hour interval of measured data on 23-July-2024 from Parand 

combined cycle power plant, the transfer functions for the inner plant model and its 

disturbances, as well as the transfer functions for the outer plant model and its 

disturbances, are obtained in Equation (1) to (15).  

Pareh-Sar SST model identification: 

𝐺𝑝𝑖𝑛 =
0.0003737 s − 3.54𝑒−6   

𝑠2 + 0.06334 s + 0.000689
 (1) 

𝐺𝑑1𝑖𝑛 =
0.0336 s + 0.0003041

𝑠2 + 0.06334 s + 0.000689
 (2) 

𝐺𝑑2𝑖𝑛 =
−0.007344 s − 0.0003184   

𝑠2 + 0.06334 s + 0.000689
 (3) 

𝐺𝑝𝑜𝑢𝑡 =
−0.006987 s + 0.000353  

𝑠2 + 0.06706 s + 0.000687
 (4) 

𝐺𝑑1𝑜𝑢𝑡 =
−0.006239 s + 0.000476

𝑠2 + 0.06706 s + 0.000687
 (5) 

𝐺𝑑2𝑜𝑢𝑡 =
0.002024 s − 0.0005043

𝑠2 + 0.06706 s + 0.000687
 (6) 

𝐺𝑑3𝑜𝑢𝑡 =
9.982𝑒−6 s +  5.153𝑒−7

𝑠2 + 0.06706 s + 0.0006875
 (7) 

 

Parand SST model identification: 

𝐺𝑝𝑖𝑛 =
4.725𝑒−5s −  9.805𝑒−6   

𝑠2 + 0.1393 s + 0.002254
 (8) 

𝐺𝑑1𝑖𝑛 =
−0.0322 s + 0.0023581

𝑠2 + 0.1393 s + 0.002254
 (9) 

𝐺𝑑2𝑖𝑛 =
−0.0322 s + 0.002358   

𝑠2 + 0.1393 s + 0.002254
 (10) 

𝐺𝑝𝑜𝑢𝑡 =
−0.004535 s + 0.0003348  

𝑠2 + 0.1135 s + 0.001266
 (11) 

𝐺𝑑1𝑜𝑢𝑡 =
0.002011s +  0.0004244

𝑠2 + 0.1135 s + 0.001266
 (12) 

𝐺𝑑2𝑜𝑢𝑡 =
 0.01343 s −  0.0005208

𝑠2 + 0.1135 s + 0.001266
 (13) 

𝐺𝑑3𝑜𝑢𝑡 =
−6.822𝑒−5 s + 4.451𝑒−5

𝑠2 + 0.1135 s + 0.001266
 (14) 

𝐺𝑑4𝑜𝑢𝑡 =
 0.005179 s +  0.0002735

𝑠2 + 0.1135 s + 0.001266
 (15) 

Since the duct burner is turned off in the Pareh-Sar power plant, the transfer 

function Gd4out is not considered for it. Figure 3 shows the real measured and the modeled 

outputs of the inner and outer loops for the Pareh-Sar power plant. As can be seen, the 

identification results for both loops are acceptable. 
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Figure 3. Identification 
result for inner and outer 
loop model outputs of the 
SST control system for a 2-
hour interval of measured 
data on 30 April 2023 
from Pareh-Sar combined 
cycle power plant. 

 

 

3. SST Control Loop Design 

3.1. Motivation 
As previously mentioned, due to overshoots in SST, real data shows that the 

selected SST set-point in many power plants is often set around 512°C to 517°C, while the 

designed SST set-point is 523°C. This difference can lead to a significant loss of power. 

Reducing temperature fluctuations can allow for an increase in the set-point, resulting in 

higher superheated steam temperature and increased power production. Therefore, it is 

desirable to minimize superheater temperature fluctuations and keep the error at or near 

zero. As mentioned, the cause of the overshoots in SST is the time delay in this system. 

To maintain the superheater temperature as constant as possible and compensate for the 

described delay, this paper proposes a feedforward cascade gain-scheduling PI control 

structure, which is explained in the next section. 

3.2. Proposed Feedforward Gain-Scheduling Cascade Control 
The block diagram of the proposed feedforward cascade gain-scheduling control is 

presented in Figure 4. The specified signals in this figure are defined in Table 2. In the 

following sections, details of the constituent functions in the block diagram of Figure 4 

are described. 

 

Figure 4. Block diagram of 
the proposed feedforward 
gain-scheduling cascade 
control. 

 

 
 

  



Gholaminejad et al., Journal of Power, Energy, and Control (2025) vol. 2 no. 2 

139 

Table 2. SST block diagram signals definitions. 

Signal Description 

em Master loop error 

mout Master controller output ≡ slave loop set-point 

es Slave loop error 

sin Slave controller input 

u = sout Slave controller output ≡ loop control signal 

yin Inner loop output 

yout Outer loop ouput 

din Inner loop disturbance 

dout Outer loop disturbance 

S.P Outer loop set-point (SST set-point) 

 

3.2.1. Feedforward Function in the SST Control Logic 
In combined cycle power plants, when the gas turbine load increases, the SST also 

rises; however, there is a significant time delay between the change in load and the 

opening of the spray valve. Such a delay is also seen during changes in the fuel flow of the 

duct burner (with a lower amount than the delay related to load changes).  This delay 

causes the SST to rise excessively. In this context, it is possible to compensate for this time 

delay and eliminate temperature overshoot by modifying the control logic of this loop. 

Considering that the HRSG has a time delay compared to the gas turbine, all the signals 

involved in the SST cascade control loop will respond to changes in gas turbine load with 

a delay. Therefore, to enable the HP steam to respond to changes in load demand 

promptly, and for the water spray valve to react quickly during significant changes in the 

temperature of the gas turbine exhaust, signals related to the gas turbine such as gas 

turbine fuel flow rate, gas turbine power, and signals related to the duct burner, like duct 

burner fuel flow rate or gas turbine exhaust gas temperature can be utilized to manipulate 

the spray valve position. 

In this paper, Equation (16) is designed to construct a feedforward control signal 

from an input signal 𝑥(𝑡). 

𝐹(𝑋(𝑠)) = 𝑋(𝑠) −
1

180𝑠 + 1
𝑋(𝑠) (16) 

where 𝐹(𝑋(𝑠)) is the Laplacian transform of the feedforward function 𝑓(𝑥(𝑡)), 𝑥(𝑡) is 

used for the selected disturbances as the gas turbine power 𝑀𝑊(𝑡), the flue gas 

temperature (the temperature of the HRSG flue gas just before it passes through the HP 

superheater harps) 𝑇𝑓𝑔(𝑡), and the duct burner fuel flow 𝐹𝑑𝑏(𝑡). According to Equation 

(16), the function  𝑓(𝑥(𝑡)) calculates the difference between the signal 𝑥 at the current 

time and the signal 𝑥 in 3 minutes prior to it (the time delay 180 seconds), so that in case 

of significant changes in the signal 𝑥 during these 3 minutes, a feedforward signal 

𝑓𝑓(𝑥(𝑡)) will be sent to the water spray control valve to open. In order to limit the 

operation area of the feedforward signal, the value of 𝑓𝑓(𝑥(𝑡)) is saturated to an upper 

limit (𝑈𝐿). So, the function 𝑦 = 𝑓𝑓(𝑥) in Figure 4 is defined as follows: 

𝑓𝑓(𝑥(𝑡)) = {
𝑓(𝑥(𝑡)) 𝑖𝑓   𝑓(𝑥(𝑡)) ≤ 𝑈𝐿

𝑈𝐿 𝑖𝑓   𝑈𝐿 ≤ 𝑓(𝑥(𝑡))
 (17) 

where, the value of 𝑈𝐿 should be specifically set according to the conditions and 

requirements of each power plant. By adding the 𝑓𝑓(𝑥(𝑡)) feedforward signals for the 
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gas turbine power 𝑀𝑊(𝑡), the flue gas temperature 𝑇𝑓𝑔(𝑡), and the duct burner fuel flow 

𝐹𝑑𝑏(𝑡), the error of the inner (slave) loop is defined as follows: 

𝑠𝑖𝑛(𝑡) = 𝐾𝑓𝑓_𝑚𝑤 × 𝑓𝑓(𝑀𝑊(𝑡)) + 𝐾𝑓𝑓_𝑡 × 𝑓𝑓 (𝑇𝑓𝑔(𝑡)) + 𝐾𝑓𝑓_𝑑𝑏 × 𝑓𝑓(𝐹𝑑𝑏(𝑡)) + 𝑒𝑠(𝑡) (18) 

where, 𝐾𝑓𝑓_𝑚𝑤, 𝐾𝑓𝑓_𝑡 and 𝐾𝑓𝑓_𝑑𝑏 are the gas turbine power, the flue gas temperature, 

and the duct burner fuel flow feedforward signal’s gains, respectively. 

Remark 1: Selecting the threshold limit (𝑈𝐿) for the designed feedforward signals 

added to the inner loop deviation causes these signals to saturate out of range. In this 

way, the amount of manipulation in the inner loop control signal is always within a limited 

range. Not limiting the feedforward signal can result in temperature overshoot or 

undershoot during rapid changes in gas turbine power or fuel duct burner flow. 

Remark 2: In Equation (18), each of the 𝑓𝑓(𝑥(𝑡)) signals is added to the inner loop 

error with a different coefficient. These coefficients, in addition to uniting the 

feedforward signals of different types (temperature, flow rate, etc.), show the 

contribution of each signal in improving the error signal to better control the 

temperature. Therefore, they will be set based on the importance of each feedforward 

signal and may differ for each power plant unit according to its requirements. It should 

be noted that since the flue gas temperature 𝑇𝑓𝑔(𝑡)  has a time delay compared to the gas 

turbine power signal 𝑀𝑊(𝑡), the feedforward signal composed of the 𝑀𝑊(𝑡) has a 

greater ability to speed up the opening of the water spray valve and so has more effect 

than the feedforward signal composed of the flue gas temperature signal 𝑇𝑓𝑔(𝑡). 

Therefore, a larger coefficient should be considered for it. These coefficients will be 

computed for Pareh-Sar power plant at section 4. 

Remark 3: In HRSG systems, a duct burner can be used to create additional 

combustion using the oxygen available in the exhaust gases from the gas turbine to 

increase the steam cycle production, provide greater flexibility, and achieve higher 

thermal efficiency. Therefore, when there is a need for increased power generation, the 

duct burners are turned on. The changes in the fuel flow in a duct burner are made based 

on the HP steam flow. This means that when the duct burner is on, if the HP steam flow 

of the HRSGs increases, the fuel flow of the duct burner needs to be decreased in order 

to moderate the HP steam temperature, and vice versa. Therefore, changes in the duct 

burner fuel flow lead to changes in the exhaust gas temperature inside the HRSG, and 

thus affect the water spray control valve opening or closing. It can be shown that the 

changes in the water spray control valve position relative to the duct burner fuel flow 

have a time delay. Therefore, the duct burner fuel flow is also considered as a 

feedforward signal.  

3.2.2. PI Controllers Block 
In the SST control logic, with the aim of achieving a desired performance by using 

the simplest available controllers, PI controllers with the following definitions are used: 

𝑃𝐼𝑚(𝑠) = 𝐾𝑚 (1 +
1

𝑇𝑖𝑚𝑠
) 

(19) 

𝑃𝐼𝑠(𝑠) = 𝐾𝑠 (1 +
1

𝑇𝑖𝑠𝑠
) 

where, 𝑃𝐼𝑚 and 𝑃𝐼𝑠 are the master and slave PI controllers, respectively and 𝐾 and 𝑇𝑖 are 

the PI controller parameters. On the other hand, as it was said, this loop does not perform 

properly using the PI controllers with fixed parameters. In this paper, it is shown that only 

by changing the slave PI parameters, the performance of the SST control loop can be 

significantly improved. The gain-scheduling PI in inner loop is defined according to the 
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designed feedforward signal 𝑓𝑓(𝑥(𝑡)). In such a way that, if magnitude of the 

feedforward signal 𝑓𝑓(𝑥(𝑡)) is above a lower threshold limit 𝑇𝑅𝑆, the slave controller 

parameters will switch over to faster parametes (larger 𝐾𝑠 and smaller 𝑇𝑖𝑠 named as 𝐾𝑠𝑓  

and 𝑇𝑖𝑠𝑓). The activation condition for the inner loop gain-scheduling PI is defined as 

follows:  

𝑔𝑎𝑖𝑛_𝑠𝑐ℎ_𝑎𝑐𝑡(𝑥(𝑡)) = {
0,           𝑖𝑓  𝑎𝑏𝑠(𝑓𝑓(𝑥(𝑡))) < 𝑇𝑅𝑆 

1,           𝑖𝑓  𝑎𝑏𝑠(𝑓𝑓(𝑥(𝑡))) ≥ 𝑇𝑅𝑆 
 (20) 

The value of 𝑇𝑅𝑆 shall be specifically set according to the conditions and 

requirements of each power plant.  

Figure 5 shows the gas turbine power signal 𝑥(𝑡) = 𝑀𝑊(𝑡), its corresponding 

feedforward signal 𝑓𝑓(𝑀𝑊(𝑡)) and also the corresponding gain-scheduling activation 

signal 𝑔𝑎𝑖𝑛_𝑠𝑐ℎ_𝑎𝑐𝑡(𝑥(𝑡)). In fact, by applying the gain-scheduling PI controller, in 

addition to adding the feedforward signal that accumulates with the inner loop error 𝑒𝑠, 

when the changes in the gas turbine power signal are extreme, the parameters of the 

inner PI controller also change. So, the inner loop PI controller in (19) can be rewritten as 

follows: 

𝑃𝐼𝑠(𝑠) =

{
 
 

 
 𝐾𝑠 (1 +

1

𝑇𝑖𝑠𝑠
) ,                    𝑖𝑓  𝑔𝑎𝑖𝑛_𝑠𝑐ℎ_𝑎𝑐𝑡(𝑥(𝑡)) = 0

𝐾𝑠𝑓 (1 +
1

𝑇𝑖𝑠𝑓𝑠
) ,                 𝑖𝑓  𝑔𝑎𝑖𝑛_𝑠𝑐ℎ_𝑎𝑐𝑡(𝑥(𝑡)) = 1 

 (21) 

 

Figure 5. Gas turbine 
power signal. Its 
feedforward signal and 
the gain-scheduling 
activation signal for a 
measured data on 30-
April-2023 from Pareh-
Sar. 

 

 
 

3.2.3. Block Function g 
The 𝑦 = 𝑔(𝑥) block in the SST control loop in Figure 4 is used to connect the master 

loop error to the slave loop error. It is a function of the master loop absolute error that is 

multiplied by the slave loop error (as a variable gain). This function is actually a “look up 

table function” which is designed as Table 3, where 𝑎𝑏𝑠(𝑥) is the absolute value of the 

signal 𝑥. 
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Table 3. y = g(x) function detail. 

abs(x) y 

0 10 

0.5 10 

1 20 

3 50 

4 100 

10 130 

11 130 

1,000 130 

 

According to Table 3, this block considers a coefficient for the inner loop error 

according to the outer loop error. By looking carefully at the values in Table 3, it can be 

seen that the bigger the error of the outer loop, the bigger is this coefficient and vice 

versa. In fact, the design logic of this table is based on the proximity to the main set-point. 

The further we are from the set-point, it is necessary to open or close the valve faster to 

reach the set-point, so we apply a larger coefficient to the inner loop. On the contrary, 

when we are close to the set-point, we need to slow down to avoid swings around the 

set-point. However, this block can also be viewed as an adaptive coefficient that is 

multiplied by the error of the slave loop. In fact, the existence of 𝑔 helps to reach an 

optimal and general coefficient setting. If we remove 𝑔 from the loop, to compensate for 

the slowness of the loop, it is necessary to choose a larger 𝐾𝑚 coefficient and a smaller 

𝑇𝑖𝑚, which may cause fluctuations in the steady-state and ultimately makes it more 

difficult to reach the optimal coefficients. 

3.2.4. Saturation Block 
In cascade control loops, a strict threshold limit has been included for the output 

of the master controller. In a cascade control loop, the master controller is considered as 

a set-point for the slave controller. Hence, the master controller's output must be 

satisfied a rational region. In this paper, the following relation is considered for the master 

controller output: 

𝑦𝑖𝑛 − 5 <  𝑚𝑜𝑢𝑡 <  𝑦𝑖𝑛 + 10             if valve is open 
(22) 

𝑦𝑖𝑛 − 5 < 𝑚𝑜𝑢𝑡 < 𝑦𝑖𝑛 + 20             if valve is closed 

Equation (22) means that the output of the master controller is always within a 

range of 15 or 25 degrees around Tin and depending on the conditions, it may enter the 

upper or lower saturation limits. The Sat block in the inner loop also applies the upper 

and lower saturation limits of the control signal, which is generally necessary for any 

control loop. Since the control signal of the inner loop is applied to the valve control, the 

saturation limits are between 0 and 100%. 

3.2.5. Derivative Block 
In the SST control loop block diagram, both inner and outer controllers are of PI 

type. But a derivative function is also placed separately before the inner controller. As 

shown in the block diagram in Figure 4, the derivative of the outer loop error is summed 

with the inner loop error before entering the inner controller. 𝐷 controller is defined as 

follows: 

𝐷 =
500𝑠

80𝑠 + 1
 (23) 
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where adding the pole in the denominator of the above relation is to make the controller 

causal. Using the D controller has a similar rationale to defining the feedforward function 

𝑓𝑓(𝑥(𝑡)). This controller intends to increase the valve opening speed and then reduce 

temperature peaks by adding the changes in the outer loop error to the inner loop error. 

3.3. Algorithm of the Proposed Feedforward Gain-Scheduling Cascade 

Control Approach 
Algorithm below illustrates the steps of implementing the proposed feedforward 

cascade gain-scheduling control: 

• Input. Identified models of inner and outer loop systems and disturbance models (1) 

to (8), initial values for input, output and disturbance signals in Table 1. 

• Do the following steps for 𝑡 = 1,2, … , 𝑇𝑠𝑖𝑚, where 𝑇𝑠𝑖𝑚 is the simulation time. 

• Step 1. Compute the master error signal 𝑒𝑚(𝑡). 

• Step 2. Apply the error signal 𝑒𝑚(𝑡) to the master controller 𝑚𝑜𝑢𝑡(𝑡). 

• Step 3. Compute the upper and lower limitations (15) and check whether the 

computed 𝑚𝑜𝑢𝑡(𝑡) satisfies the limitations. 

• Step 4. Compute the error signal 𝑒𝑠(𝑡) according to Fig. 4 as follows: 

• 𝑒𝑠(𝑡) = ℒ−1 (
500𝑠

80𝑠+1
𝑒𝑠(𝑠)) (𝑡) + 𝑔(𝑒𝑠(𝑡))(𝑚𝑜𝑢𝑡(𝑡) − 𝑦𝑖𝑛(𝑡)) 

• Step 5. Calculate the slave error signal 𝑠𝑖𝑛(𝑡) from (11). 

• Step 6. If 𝑔𝑎𝑖𝑛_𝑠𝑐ℎ_𝑎𝑐𝑡(𝑀𝑊(𝑡)) or 𝑔𝑎𝑖𝑛_𝑠𝑐ℎ_𝑎𝑐𝑡 (𝑇𝑓𝑔(𝑡)) or 

𝑔𝑎𝑖𝑛_𝑠𝑐ℎ_𝑎𝑐𝑡(𝐹𝑑𝑏(𝑡)) is equal to 1, 𝑃𝐼𝑠(𝑠) = 𝐾𝑠𝑓 (1 +
1

𝑇𝑖𝑠𝑓𝑠
), otherwise 𝑃𝐼𝑠(𝑠) =

𝐾𝑠 (1 +
1

𝑇𝑖𝑠𝑠
). 

• Step 7. Apply the error signal 𝑠𝑖𝑛(𝑡) to the slave controller to compute 𝑢(𝑡). 

• Step 8. If 𝑢(𝑡) is between 0% to 100%, then apply it to the inner loop system to 

calculate 𝑦𝑖𝑛(𝑡). 

• Step 9. Apply 𝑦𝑖𝑛(𝑡) to the outer loop system to calculate 𝑦𝑜𝑢𝑡(𝑡). 

• Step 10. Set 𝑡 = 𝑡 + 1 and return to Step 1. 

In the next section, an analysis is presented for stability proof of the proposed 

control approach. 

4. Stability Analysis 
In this section, we conduct a thorough stability analysis of the proposed 

feedforward gain-scheduling cascade control illustrated in Figure 4. Figure 6 presents a 

modified block diagram for this control strategy. In this figure, the function 𝑦 = 𝑔(𝑥) is 

replaced by an adaptive gain AG. As previously mentioned, this function can be 

interpreted as an adaptive coefficient that is multiplied by the error of the slave loop. To 

assess the stability of the cascade control block diagram shown in Figure 6, we propose 

the following lemma at first. 
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Figure 6. Block diagram of 
the proposed feedforward 
gain-scheduling cascade 
control. 

 

 
 

Lemma 1. Consider a cascade control system where both the inner and outer system 

models are stable. If the inner loop is internally stable and the outer loop controller is a PI 

controller, then a stability margin can be readily computed for the outer loop PI 

coefficients. 

Proof. The proof is straightforward. In a cascade control system (such as the one 

illustrated in Fig. 2), if the inner loop is stable, we can represent the closed-loop transfer 

function for the inner loop as 𝐺𝑐𝑙𝑝𝑖𝑛
(𝑠). Consequently, the characteristic equation for the 

cascade loop is as follows: 

1 + 𝐺𝑐𝑙𝑝𝑖𝑛
(𝑠)𝐺𝑝𝑜𝑢𝑡(𝑠)𝐾𝑚 (1 +

1

𝑇𝑖𝑚𝑠
) = 0 (24) 

where 𝐺𝑐𝑙𝑝𝑖𝑛
(𝑠) and 𝐺𝑝𝑜𝑢𝑡(𝑠) are two stable transfer functions with specific coefficients, 

the stability margin for the PI controller coefficients 𝐾𝑚 and 𝑇𝑖𝑚 can be easily computed 

using classical stability analysis methods, such as the Routh-Hurwitz criterion. 

According to Lemma 1, if we can prove the stability of the inner loop control 

system, then the stability of the entire cascade control system is straightforwardly 

established. Therefore, we will focus on the stability of the inner loop system. 

Figure 7 provides a modified sketch of the inner loop block diagram presented in 

Figure 6, which is used to analyze the internal stability of the designed feedforward-

feedback control system depicted in this figure. In Figure 7, three disturbances affecting 

the feedback loop 𝑑1, 𝑑2 and 𝑑3 are identified as internally generated signals. Let 𝑟𝑖𝑛
∶= 𝑆𝑎𝑡(𝑚𝑜𝑢𝑡). We also assume that the inputs 𝑟𝑖𝑛(𝑡), 𝑑𝑖𝑛(𝑡) and 𝑒𝑚(𝑡) are bounded 

signals, i.e., 𝑟𝑖𝑛(𝑡), 𝑑𝑖𝑛(𝑡), 𝑒𝑚(𝑡) ∈ ℒ2[0,∞), where ℒ2[0,∞) denotes any continuous 

signals on [0,∞) that possess a finite 2-norm [22]. The following definitions and remarks 

are presented to prove the stability of the inner loop system. 

 
Figure 7. Internal stability 
of the feedforward-
feedback control system. 

 

 
Definition 1. Assume there is no mismatch between the actual plant and the linear 

time-invariant (LTI) nominal models. Additionally, assume that the disturbances 𝑑𝑖𝑛(𝑡) 

and 𝑒𝑚(𝑡) are bounded. Disturbance rejection is achieved using the feedforward 
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controller 𝐺𝑓 if this controller belongs to the subspace ℛℋ∞ where ℛℋ∞ is the real 

rational subspace of ℋ∞ comprising all proper, rational, and stable transfer functions.  

Definition 1 emphasizes the fact that feedforward control provides the unique 

ability to perfectly reject disturbances, a feat that cannot be achieved with feedback 

control alone. The following analysis aims to assess the performance of feedforward 

control under realistic conditions where model uncertainties are present.  

Definition 2. The system shown in Figure 7 is internally stable if all the transfer 

functions from the inputs [𝑟𝑖𝑛(𝑡)  𝑑𝑖𝑛(𝑡)  𝑒𝑚(𝑡)]
𝑇 to the outputs 

[𝑦𝑖𝑛(𝑡)  𝑢(𝑡)  𝑑1(𝑡)  𝑑2(𝑡)  𝑑3(𝑡)]
𝑇 belong to the ℛℋ∞ for all bounded inputs 

𝑟𝑖𝑛(𝑡), 𝑑𝑖𝑛(𝑡), 𝑒𝑚(𝑡). 

Remark 5. For feedforward–feedback internal stability, it is necessary that 𝐺𝑓(𝑠), 

𝐺𝑑𝑖𝑛(𝑠) and 𝐷(𝑠) be stable functions. Otherwise, for any bounded 𝑒𝑚(𝑡) and 𝑑𝑖𝑛(𝑡) ∈

ℒ2[0,∞), the outputs 𝑑1(𝑡) or 𝑑2(𝑡) or 𝑑3(𝑡) may not be bounded. So, the feedforward–

feedback control system in Figure 7 is internally stable if 𝐺𝑓(𝑠) and 𝐺𝑑(𝑠) belong to ℛℋ∞. 

According to Equations (16), (23), and the identified transfer functions for inner 

loop disturbances (𝐺𝑑1𝑖𝑛  and 𝐺𝑑2𝑖𝑛 in (1) to (15)), it is observed that the conditions 

mentioned in Remark 5 are satisfied. Therefore, based on Definition 2 and Remark 5, the 

feedforward-feedback control system illustrated in Figure 7 is internally stable. However, 

we would like to further investigate the general conditions under which the feedforward-

feedback control system will remain internally stable. 

4.1. Robust Stability Conditions for the Feedback-Feedforward Control Loop 
Assume we have two nominal models along with their corresponding uncertainty 

limits to represent the real plant. Consequently, the dynamics of the entire plant can be 

described using two perturbed models defined through classic multiplicative uncertainty, 

namely: 

𝐺𝑝𝑖𝑛(𝑠) = 𝐺𝑝𝑖𝑛0(𝑠)(1 + 𝑢(𝑠)) 
(25) 

𝐺𝑑𝑖𝑛(𝑠) = 𝐺𝑑𝑖𝑛0(𝑠)(1+ 𝑑(𝑠)) 

where 𝐺𝑝𝑖𝑛0(𝑠) and 𝐺𝑑𝑖𝑛0(𝑠) are the nominal models and the uncertainties are limited as 

follows: 

|𝑢(𝑗𝜔)| ≤ 𝑢(𝜔) 
(26) 

|𝑑(𝑗𝜔)| ≤ 𝑑(𝜔) 

where 𝑢(𝜔) and 𝑑(𝜔) are the upper bounds for the considered uncertainties in plant 

and disturbance, respectively.  

Definition 3. The feedforward–feedback control system has robust stability if the 

feedback controller 𝑃𝐼𝑠(𝑠) gives internal stability to the closed-loop system for all 

𝐺𝑝𝑖𝑛(𝑠), 𝐺𝑓(𝑠), 𝐷(𝑠) and 𝐺𝑑𝑖𝑛(𝑠) belong to ℛℋ∞. 

According to definition 3, assuming that all 𝐺𝑝𝑖𝑛(𝑠), 𝐺𝑓(𝑠), 𝐷(𝑠) and 𝐺𝑑𝑖𝑛(𝑠) belong 

to ℛℋ∞, the feedback controller 𝑃𝐼𝑠(𝑠) can lead to the stability of the internal closed-

loop system with proper tuning. So, the performance of the feedforward–feedback 

control system can be investigated by the following relation: 

𝑦𝑖𝑛(𝑠)

𝑑𝑖𝑛(𝑠)
=
𝐺𝑑𝑖𝑛0(𝑠)(1+ 𝑑(𝑠)) + 𝑃𝐼𝑠(𝑠)𝐺𝑓(𝑠)𝐺𝑝𝑖𝑛0(𝑠)(1 + 𝑢(𝑠))

1 + AG (𝑃𝐼𝑠(𝑠)𝐺𝑝𝑖𝑛0(𝑠)(1 + 𝑢(𝑠)))
 (27) 
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The right side of relation (20) introduces the definition of the closed-loop output 

resulting from the disturbance signal 𝑑𝑖𝑛, referred to as 𝐺𝑐𝑙𝑑𝑖𝑛
(𝑠). Therefore, it is evident 

that the condition: 

|𝐺𝑐𝑙𝑑𝑖𝑛
(𝑗𝜔)| ≤ 𝛾, ∀ 0 ≤ 𝜔 < ∞ (28) 

ensures: 

‖𝑦𝑖𝑛(𝑗𝜔)‖ ≤ 𝛾‖𝑑𝑖𝑛(𝑗𝜔)‖ (29) 

It is clear from (29) that disturbance attenuation of the output variable is achieved 

when 𝛾 < 1. This condition indicates that both the feedforward and feedback controllers 

must be simultaneously tuned to ensure effective disturbance rejection. Then, the 

following lemma expressed the required condition for robust performance of the 

feedforward–feedback control system in Figure 7.  

Definition 4. The feedforward-feedback control system achieves robust 

performance if, for every 𝑒𝑚(𝑡) and 𝑑𝑖𝑛(𝑡) ∈ ℒ2[0,∞),  the desired performance 

condition is satisfied for every perturbed model 𝐺𝑝𝑖𝑛(𝑠), and 𝐺𝑑𝑖𝑛(𝑠). This sufficient 

condition can be formalized as follows: 

‖𝛼𝐺𝑐𝑙𝑑𝑖𝑛
‖
∞
≤ 1 (30) 

where |𝛼| = 𝛾−1 ≥ 1. 

Lemma 2. The feedforward–feedback control system in Figure 7 achieves robust 

performance if the following condition is satisfied for any perturbed model 𝐺𝑝𝑖𝑛(𝑠) and 

𝐺𝑑𝑖𝑛(𝑠) that satisfy Equation (26): 

 |𝐺𝑑𝑖𝑛0(𝑗𝜔)(1 + 𝑑(𝑗𝜔)) + 𝑃𝐼𝑠(𝑗𝜔)𝐺𝑓(𝑗𝜔)𝐺𝑝𝑖𝑛0(𝑗𝜔)(1 + 𝑢(𝑗𝜔))| + |AG (𝑃𝐼𝑠(𝑗𝜔)𝐺𝑝𝑖𝑛0(𝑗𝜔)(1 + 𝑢(𝑗𝜔)))| ≤ 1, ∀ 0 ≤ 𝜔 < ∞ (31) 

Proof. According to Equation (30), we have: 

|𝛼𝐺𝑐𝑙𝑑𝑖𝑛
(𝑗𝜔)| ≤ 1, ∀ 0 ≤ 𝜔 < ∞ (32) 

Then, according to Equation (27), we have: 

|𝛼
𝐺𝑑𝑖𝑛0(𝑗𝜔)(1 + 𝑑(𝑗𝜔)) + 𝐺𝑓(𝑗𝜔)𝐺𝑝𝑖𝑛0(𝑗𝜔)(1 + 𝑢(𝑗𝜔))𝑃𝐼𝑠(𝑗𝜔)

1 + AG (𝑃𝐼𝑠(𝑗𝜔)𝐺𝑝𝑖𝑛0(𝑗𝜔)(1 + 𝑢(𝑗𝜔)))
| ≤ 1 , ∀ 0 ≤ 𝜔 < ∞ (33) 

 

Rearranging the above condition gives: 

|𝛼
𝐺𝑑𝑖𝑛0(𝑗𝜔)(1 + 𝑑(𝑗𝜔)) + 𝐺𝑓(𝑗𝜔)𝐺𝑝𝑖𝑛0(𝑗𝜔)(1 + 𝑢(𝑗𝜔))𝑃𝐼𝑠(𝑗𝜔)

1 + AG (𝑃𝐼𝑠(𝑗𝜔)𝐺𝑝𝑖𝑛0(𝑗𝜔)(1 + 𝑢(𝑗𝜔)))
| = 

(34) 𝛼
|𝐺𝑑𝑖𝑛0(𝑗𝜔)(1 + 𝑑(𝑗𝜔)) + 𝐺𝑓(𝑗𝜔)𝐺𝑝𝑖𝑛0(𝑗𝜔)(1 + 𝑢(𝑗𝜔))𝑃𝐼𝑠(𝑗𝜔)|

|1 + AG (𝑃𝐼𝑠(𝑗𝜔)𝐺𝑝𝑖𝑛0(𝑗𝜔)(1 + 𝑢(𝑗𝜔)))|
≤ 

𝛼
|𝐺𝑑𝑖𝑛0(𝑗𝜔)(1 + 𝑑(𝑗𝜔)) + 𝐺𝑓(𝑗𝜔)𝐺𝑝𝑖𝑛0(𝑗𝜔)(1 + 𝑢(𝑗𝜔))𝑃𝐼𝑠(𝑗𝜔)|

1 − |AG (𝑃𝐼𝑠(𝑗𝜔)𝐺𝑝𝑖𝑛0(𝑗𝜔)(1 + 𝑢(𝑗𝜔)))|
 , ∀ 0 ≤ 𝜔 < ∞ 

From Equation (33) and (34), we have: 

𝛼
|𝐺𝑑𝑖𝑛0(𝑗𝜔)(1 + 𝑑(𝑗𝜔)) + 𝐺𝑓(𝑗𝜔)𝐺𝑝𝑖𝑛0(𝑗𝜔)(1 + 𝑑(𝑗𝜔))𝑃𝐼𝑠(𝑗𝜔)|

1 − |AG (𝑃𝐼𝑠(𝑗𝜔)𝐺𝑝𝑖𝑛0(𝑗𝜔)(1 + 𝑢(𝑗𝜔)))|
≤ 1 , ∀ 0 ≤ 𝜔 < ∞ (35) 
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Rearranging again, we get: 

𝛼|𝐺𝑑𝑖𝑛0(𝑗𝜔)(1 + 𝑑(𝑗𝜔)) + 𝐺𝑓(𝑗𝜔)𝐺𝑝𝑖𝑛0(𝑗𝜔)(1 + 𝑑(𝑗𝜔))𝑃𝐼𝑠(𝑗𝜔)| + |AG(𝑃𝐼𝑠(𝑗𝜔)𝐺𝑝𝑖𝑛0(𝑗𝜔)(1 + 𝑢(𝑗𝜔)))| ≤ 1, ∀ 0 ≤ ω < ∞  (36) 

which is the result in Equation (31). 

The stability proof presented above has focused on the analysis of a feedforward-

feedback loop for a controller with fixed parameters. However, it is important to note 

that the inner loop PI controller described in this paper is designed as a gain-scheduling 

PI controller, where its parameters switch between two values. Additionally, the adaptive 

gain (AG) also influences the performance of the inner loop. Therefore, in the following 

section, we will investigate the stability margin for both the adaptive gain and the gain-

scheduling PI controller. 

4.2. Stability Analysis of Inner Loop Adaptive Gain-Scheduling PI Controller 
Based on the structure shown in Figure 7, the characteristic equation of the inner 

loop closed-loop system is obtained as follows: 

1 + AG (𝑃𝐼𝑠(𝑠)𝐺𝑝𝑖𝑛0(𝑠)(1 + 𝑢(𝑠))) = 0 (37) 

If we define 𝐺𝑝𝑖𝑛(𝑗𝜔) = 𝐺𝑝𝑖𝑛0(𝑗𝜔)(1 + 𝑢(𝑗𝜔)) = 𝑎(𝜔) + 𝑗𝑏(𝜔) in frequency-

domain. We have: 

1 + AG(𝐾𝑠 (1 −
𝑗

𝑇𝑖𝑠𝜔
)(𝑎(𝜔) + 𝑗𝑏(𝜔))) = 𝑇𝑖𝑠𝜔+ AG(𝐾𝑠(𝑇𝑖𝑠𝜔− 𝑗)(𝑎(𝜔) + 𝑗𝑏(𝜔))) = 0 (38) 

The stability region of PI controllers can be analyzed using the D-partition method 

[23]. According to the D-partition principle, the stability region boundary of the PID 

controller consists of a singular boundary 𝐷 at 𝜔 = 0, 𝜔 = ±∞, as well as a nonsingular 

boundary 𝐷 when 𝜔 ∈ (0,−∞) ∪ (0,+∞). Therefore, the results of applying the D-

partition principle to Equation (37) are as follows: 

• When 𝜔 = 0, the singular boundary 𝐷 is 

AG.𝐾𝑠(𝑎(𝜔) + 𝑗𝑏(𝜔)) = 0 (39) 

• When 𝜔 = ±∞, the singular value boundary of the PI controller does not exist.  

• When 𝜔 ∈ (0,−∞) ∪ (0, +∞), the nonsingular boundary values of the PI controller 

can be determined by setting both the real part and the imaginary part of Equation 

(38) to zero. This approach yields the boundary values as follows: 

{
𝑇𝑖𝑠𝜔 + AG.𝐾𝑠(𝑇𝑖𝑠𝜔× 𝑎(𝜔) + 𝑏(𝜔)) = 0

AG.𝐾𝑠(𝑇𝑖𝑠𝜔× 𝑏(𝜔) − 𝑎(𝜔)) = 0
 (40) 

In summary, the parameter stability region of the PI controller is as follows: 

{
 

 
𝑇𝑖𝑠𝜔+ AG.𝐾𝑠(𝑇𝑖𝑠𝜔× 𝑎(𝜔) + 𝑏(𝜔)) = 0

AG.𝐾𝑠(𝑇𝑖𝑠𝜔 × 𝑏(𝜔) − 𝑎(𝜔)) = 0

𝐾𝑠 = 0
AG = 0

 (41) 

Therefore, since the polynomials 𝑎(𝜔) and 𝑏(𝜔) are known, if the parameters 𝐾𝑠 

and 𝑇𝑖𝑠  for the PI controller are selected in such a way that Equation (41) is established, 

the inner loop system will maintain internal stability for every uncertainty in 𝐺𝑝𝑖𝑛. Thus, 

the switching of parameters 𝐾𝑠 and 𝑇𝑖𝑠 in a gain-scheduling PI controller cannot create 

stability issues in the inner loop as long as the singularity conditions presented in Equation 

(41) are satisfied. It is also important to note that the adaptive gain (AG) in the 𝑦 column 

in Table 3 has been chosen such that Equation (41) is satisfied.  

As stated in Lemma 1, to ensure the stability of the entire cascade control system, 

stability of the inner loop must first be established. Once this is accomplished, the stability 

of the outer loop can be assured by selecting appropriate PI controller parameters for the 
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outer loop. Therefore, if the parameters 𝐾𝑠 and 𝑇𝑖𝑠 and AG are selected in (34), by 

choosing an arbitrary frequency 𝜔, the stable interval for the parameters 𝐾𝑚 and 𝑇𝑖𝑚 can 

be obtained by re-applying the principle 𝐷-partition on the characteristic equation of the 

cascade closed-loop system calculated. 

The selected parameters for the inner and outer loop PI controllers in section 5 

have been selected by applying the Particle Swarm Optimization (PSO) optimization 

method and considering the obtained stable intervals of the cascade system. 

5. Tuning Procedure 
In this section, the parameters of the PI and feedforward controllers in Figure 4 are 

tuned using a tuning method. In the following, the PSO method is used for this purpose. 

The PSO algorithm is a nature-inspired metaheuristic that aims to find optimal solutions 

through swarm intelligence. Compared to other numerical optimization methods, such as 

genetic algorithms, the PSO method offers several advantages, including a faster 

convergence to optimal parameters, a simpler formulation, and a reduced number of 

parameters. 

5.1. Overview of PSO Algorithm 
PSO is an optimization algorithm based on evolutionary computation technique. In 

PSO, individuals called as particles are evolved by cooperation and competition among 

themselves through generations. A particle represents a potential solution to a problem. 

Each particle adjusts its flying according to its own flying experience and its companion 

flying experience. Each particle is treated as a point in a 𝑑-dimensional space. The 𝑖-th 

particle is represented as 𝑥 = (𝑥𝑖1, 𝑥𝑖2, … , 𝑥𝑖𝑑). The best previous position (giving the 

minimum fitness value) of any particle is called pbest is presented as 𝑝 = (𝑝𝑖1, 𝑝𝑖2, … , 𝑝𝑖𝑑). 

The index of the best particle among all particles in the population is represented by the 

symbol 𝑔, called as gbest. The velocity for the particle 𝑖 is represented as 𝑣 =

(𝑣𝑖1, 𝑣𝑖2, … , 𝑣𝑖𝑑). The particles are updated according to the following equations: 

𝑣𝑖𝑑
𝑛+1 = 𝑤. 𝑣𝑖𝑑

𝑛+1 + 𝑐1. 𝑟𝑎𝑛𝑑. (𝑝𝑖𝑑
𝑛 − 𝑥𝑖𝑑

𝑛 ) + 𝑐2. 𝑟𝑎𝑛𝑑. (𝑝𝑔𝑑
𝑛 − 𝑥𝑖𝑑

𝑛 ) (42) 

𝑥𝑖𝑑
𝑛+1 = 𝑥𝑖𝑑

𝑛 + 𝑣𝑖𝑑
𝑛+1 (43) 

where 𝑐1 and 𝑐2 are two positive constant and are selected as 𝑐1 = 𝑐2 = 0.5, 𝑟𝑎𝑛𝑑() is 

random function between 0 and 1, 𝑛 represents iteration which in this paper we consider 

𝑛 = 10, inertia weight 𝑤 is brought into the equation to balance between the global 

search and local search capability and is selected as 𝑤 = 0.7, and finally, 𝑑 is the swarm 

size which is usually around 10-50 and in this paper, we set 12. Equation (24) is used to 

calculate particle’s new velocity according to its previous velocity and the distances of its 

current position from its own best experience (position) (𝑝𝑖𝑑
𝑛 ) and the group’s best 

experience (𝑝𝑔𝑑
𝑛 ). Then, the particle flies toward a new position according to Equation 

(25). The performance of each particle is measured according to a pre-defined fitness 

function (performance index), which is related to the problem to be solved. 

5.2. Controller Coefficients Tuning Based on PSO 
Different algorithms can be applied for the tuning of PID controller to ensure 

optimal control performance at nominal operating conditions. In this paper, PSO is 

employed to tune PI and feedforward controllers’ coefficients using measured data and 

the identified models in Equation (1) to (15). PSO firstly produces initial swarm of particles 

in search space. Each particle represents a candidate solution for the parameters where 

their values are set in an appropriate range. According to section 3, several parameters 
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can be tuned for the structure designed in Figure 4. The parameters considered for tuning 

in this article are introduced in Table 4. 

 

Table 4. SST control loop tunable parameters. 

Parameter Range 

Km Gain of Master PI controller 

Ks Gain of Slave PI controller  

Tim Time Constant of Master PI controller 

Tis Time Constant of Slave PI controller 

Kffpow Power feedforward gain 

Ksf Gain of Slave PI controller in drastic changes 

KffTfg Flue Gas Temperature feedforward gain 

Tisf Time Constant of Slave PI controller in drastic changes 

KffFdb Duct burner fuel flow feedforward gain 

 

To optimize the defined nine parameters in Table 4 using PSO, it is necessary to 

define a suitable performance index. For the SST control loop, the following performance 

index is considered: 

𝑃𝑆𝑂 𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝐼𝑛𝑑𝑒𝑥 =  ∑((𝑦𝑜𝑢𝑡(𝑖) − 𝑆. 𝑃. )
2 + 0.1 × ∆𝑢2(𝑖))

𝑛

𝑖=1

 (44) 

where, the number 0.1 is the coefficient of control effort, which shows the higher 

importance of minimizing the output error than the control effort in this cost function. 

Including the control effort term in cost function will reduce control valve fluctuations. 

6. Simulation and Implementation Results 
In this section, at first, the simulation results for the proposed control structure are 

presented. Then, the proposed method will be implemented on the SST control loop of 

two different power plants, Pareh-Sar power plant in Gilan and Parand power plant in 

Tehran. Since in boilers, the duct burner can be in either the on or off state, and the on 

or off state of the duct burner has a significant impact on the performance of the SST 

control loop, the simulations and implementations are presented for both the on and off 

states of the duct burner. The simulations have been carried out in the Python 

environment. 

6.1. Simulation Results 

6.1.1. Controller Coefficients Tuning When the Duct Burner is Off 
Before changing the existing SST cascade PI control logic to the proposed 

feedforward cascade gain-scheduling PI structure, we have done a PSO-based tuning on 

the inner and outer loop PI controller parameters of the existing control system. The 

existing and the PSO-tuned PI parameters are presented in the first two rows of the Table 

5. Figure 8 shows the steam temperature and control signal (percentage of valve opening) 

before and after controllers’ parameter tuning for a two-hour measured data from Pareh-

Sar power plant on 15-April-2023 when the duct burner is off. According to Figure 8, by 

tuning the parameters of the inner and outer control loops, the amplitude of steady-state 

fluctuations in steam temperature and water spray control valve has decreased. But it is 

apparent that it was not able to effectively impact the first peak (overshoot) in steam 

temperature which is due to a sudden rise in the gas turbine power (𝑀𝑊). In order to 

solve this problem, the proposed control structure is used.  
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Figure 8. Results of 
applying tuning using the 
PSO method for cascade 
SST control loop for a 
measured data on 15 April 
2023. 

 

 

 
 

In what follows, the results of applying the proposed feedforward gain-scheduling 

control in algorithm 1 to the same data is presented. The results of tuning the controller 

parameters using the PSO method for the proposed feedforward gain-scheduling PI 

cascade control method in this paper can be observed in Table 5. As described in section 

3, the gas turbine power (𝑀𝑊) and flue gas temperature (𝑇𝑓𝑔) are used as predictive 

disturbance signals to inform that there’s going to be a rise in steam temperature in 

advance. Other than the predictive aspect of adding feedforward signal before the 

feedback controller, the gain-scheduling inner loop PI controller allows the controller to 

act faster when changes are detected in the gas turbine power (𝑀𝑊) and flue gas 

temperature (𝑇𝑓𝑔) and to become slower in the steady-state conditions. This helps to 

reduce the steam temperature initial peak (overshoot) and steady-state fluctuations of 

both steam temperature and water spray valve. 
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Table 5. SST control loop tunable parameters. 

 Km Tim Ks Tis Ksf Tisf Kffpow KffTfg 

Existing PI cascade control loop 

parameters 
1 20 1 90 - - - - 

PSO-tuned PI cascade control loop 

parameters 
1 110 1.5 150 - - - - 

PSO-tuned proposed feedforward gain-

scheduling PI cascade control loop 

parameters 

1 110 1 200 1.5 100 30 1.4 

 

According to the Figure 9, it is apparent that the proposed feedforward gain-

scheduling control method is able to reduce the steam temperature overshoot by 

opening the water spray valve earlier. It also reduced the steady-state fluctuations in the 

steam temperature and water spray valve, since the gain-scheduling structure allows for 

different steady-state parameter selection. Reducing the steam temperature peak will 

avoid initiating alarms and trips and thus a higher set-point can be selected for the steam 

temperature which will result in higher power generation.  

 
Figure 9. Results of 
applying the proposed 
feedforward gain-
scheduling control method 
for the SST control loop 
for a measured data from 
Pareh-Sar power plant on 
15 April 2023. 
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Figure 10 shows the result of applying the proposed control structure for 30-April-

2023 data in Pareh-Sar power plant, indicating that since there was a noticeable rise in 

gas turbine load demand on this day, adding feedforward control signals will significantly 

reduce the steam temperature peak and avoid initiating alarm and trip.  

 

Figure 10. Results of 
applying the proposed 
feedforward gain-
scheduling control method 
for the SST control loop 
for a measured data from 
Pareh-Sar power plant on 
30-April-2023: (a) The 
duct burner fuel flow 
signal and related gain-
scheduling control 
activation and 
feedforward signal, (b) 
The gas turbine load signal 
and related gain-
scheduling control 
activation and 
feedforward signal, (c) 
steam temperature, and 
(d) spray valve opening. 

 

 

(a) 

 

 

(b) 
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(c) 

 

 

(d) 

 

6.1.2. Controller Coefficients Tuning When the Duct Burner is On 
As mentioned in Remark 3, when duct burner is on, using the duct burner fuel flow 

signal as the input of a feedforward signal can lead to an increase in the response speed 

of the water spray control valve during sudden changes in the duct burner fuel flow (and 

consequently changes in the HP steam temperature). In this section, while the duct 

burner is on, the tuning of the proposed structure parameters is addressed. As 

mentioned, since the duct burners in the Pareh-Sar power plant are always off due to the 

operating conditions, the measured data from the Parand combined cycle power plant is 

used to investigate duct burner effect. 

Figure 11 shows the result of applying the proposed method for a measured data 

from Parand power plant SST control loop on 15-June-2024. According to Figure 11 (a) 

and (b), an increase in the gas turbine power, accordingly, a decrease in the duct burner 

fuel flow can be observed. In these figures, the feedforward signals made from the power 

and duct burner flow rate signals as well as the gain-scheduling activation signal are also 

shown. Whenever the gain-scheduling activation signal becomes 1, the slave PI controller 

parameters switch to values 𝐾𝑠𝑓  and 𝑇𝑖𝑠𝑓. The existing and the PSO-tuned PI parameters 
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are presented in Table 6. Figure 11 also shows the steam temperature and control signal 

for a one-hour measured data from Parand power plant on 14-June-2024 when the duct 

burner is on. According to Figure 11, due to the effectiveness of proposed feedforward 

gain-scheduling control, the spray valve has opened earlier and more than before. This 

leads to a significant decrease in the temperature peak from 521.5C to 519.1C. 

 
Figure 11. Results of 
applying the proposed 
feedforward gain-
scheduling control method 
for the SST control loop 
for a measured data from 
Parand power plant on 15-
June-2024: (a) The duct 
burner fuel flow signal and 
related gain-scheduling 
control activation and 
feedforward signal, (b) 
The gas turbine load signal 
and related gain-
scheduling control 
activation and 
feedforward signal, (c) 
steam temperature, and 
(d) spray valve opening. 

 
 

(a) 

 

 

(b) 
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(c) 

 

 

(d) 

 

Table 6. Inner and outer PI parameters by applying the proposed method when duct burner is on. 

 Km Tim Ks Tis Ksf Tisf Kffpow KffTfg 

Existing PI cascade control loop 

parameters 
1 10 1.2 50 - - - - 

PSO-tuned proposed feedforward gain-

scheduling PI cascade control loop 

parameters 

1.5 120 1.2 150 1.5 100 3 0.3 

 

6.2. Implementation Results 
In this section, the results of the practical implementation of the proposed method 

in this paper are presented for both the cases of the burner duct being on and off, in the 

Parand and Pareh-Sar power plants, respectively. 

6.2.1. Pareh-Sar Power Plant Results 
On 15-December-2023, the proposed feedforward gain-scheduling cascade PI 

control scheme in this paper was implemented for verification on unit 1 HRSG of Pareh-
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Sar combined cycle power plant. The results obtained from this implementation are 

presented in this section. 

Currently, the rate of gas turbine power changes in Pareh-Sar power plant is set at 

3 megawatts per minute. Therefore, in the first scenario to test the presented control 

scheme with the change rate 3 megawatts per minute, we examine the spray valve 

opening and and the steam temperature when the load of the gas turbine increases by 

about 25 MW. By applying this scenario, the spray valve opening percentage and SST 

behavior with the proposed control scheme are obtained as presented in Figure 12. 

According to Figure 12, the maximum steam temperature rise is 1.2°C (516.2°C peak 

temperature compared to the set-point 515°C), whereas under similar conditions with 

the previous cascade PI control scheme on 30-April-2023, the SST overshoot was about 6 

degrees as presented in Figure 10. As shown in Figure 10, the amount of rise is so high 

that when the SST reaches 523°C, the corresponding alarm is activated and the operator 

is forced to reduce the set-point to control the temperature. 

 
Figure 12. Results of 
applying the proposed 
method on the Pareh-Sar 
superheated HP with 3 
megawatts per minute gas 
turbine power changes 
rate, on 15 December 
2023: (a) steam 
temperature, and (b) 
water spray valve position. 

 

 

(a) 

 

 

(b) 
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Due to the fact that the increase in gas turbine power may occur at a faster rate, in 

the second scenario, this rate is set to 6 megawatts per minute and again how the spray 

valve opens and its effect on the SST when the gas turbine load increment is around 30 

megawatts are investigated. In this condition, the SST and the opening percentage of the 

spray valve are obtained as shown in Figure 13. According to Figure 13, the maximum 

steam temperature increase is equal to 2.2°C (517.2°C peak temperature compared to 

the set-point 515°C). 

 
Figure 13. Results of 
applying the proposed 
method on the Pareh-Sar 
superheated HP with 6 
megawatts per minute gas 
turbine power changes 
rate, on 15 December 
2023: (a) steam 
temperature, and (b) 
water spray valve position. 

 

 

(a) 

 

 

(b) 

 

6.2.2. Parand Power Plant Results 
On 12-June-2024, the proposed feedforward gain-scheduling cascade PI control 

scheme in this paper was implemented for verification on unit 4 HRSG of Parand 

combined cycle power plant. The results are shown in Figure 14. The set-point currently 

set in the Parand power plant is 518°C. However, to investigate the proposed method, 

the set-point was changed to 517°C and 516°C during the implementation of the 
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proposed method. As observed in Figure 14, the temperature fluctuations were adjusted 

within one degree around the set-point which is an appropriate result. 

 

Figure 14. Results of 
applying the proposed 
method on the Parand 
superheated HP, on 12 
June 2024: (a) steam 
temperature, and (b) 
water spray valve position. 

 

 

(a) 

 

 

(b) 

 

 The proposed control scheme was also implemented on unit 4 HRSG of Parand 

combined cycle power plant on 23-July-2024. Considering the good results obtained from 

the set-points 516°C to 518°C, the set-point is increased to a higher value of 521°C in 

order to increase the production power of the steam turbine. As can be seen in Figure 15, 

the maximum peak temperature for this set-point is less than 2 degrees. It can be shown 

that increasing the SST set-point increase can lead to an average increase of 2 MW in the 

production power of the steam turbine. 
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Figure 15. Results of 
applying the proposed 
method on the Parand 
superheated HP, on 12 
June 2024: (a) steam 
temperature, and (b) 
water spray valve position. 

 

 

(a) 

 

 

(b) 

 

7. Conclusions 
Controlling the temperature of superheated steam is crucial for the safe and 

economic operation of combined cycle power plants. In this paper, a gain-scheduling PI 

cascade control strategy along with feed-forward control is presented to effectively 

control the superheated steam temperature. Due to the use of the defined feedforward 

controller, the delay between the water spray valve and load and fuel changes is reduced. 

The results are shown on the models obtained from the system identification, which show 

the proper performance of the proposed structure in removing disturbances, reducing 

the fluctuations of tracking set-point and water spray valve position, and significantly 

reducing temperature overshoot. A theoretical review for stability analysis of the 

proposed scheme was also presented. Finally, the proposed structure was implemented 

on the two combined cycle power plants, Pareh-Sar located in Gilan, Iran and Parand 
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located in Tehran, Iran, which shows 3 to 5 degrees of temperature peak reduction. This 

reduction in temperature overshoot, will allow for higher SST set-points that will 

eventually lead to more produced power in a steam cycle. The improvement of SST 

control in these power plants has been roughly calculated to be able to increase 2 MW in 

the produced power of each steam turbine.  
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