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Abstract 

 

Integrated control and process design is considered for a power plant to obtain improved load 

changes in output electrical power (MWe). Fast load transitions are increasingly needed in 

conventional power plants, which calls for a deeper integration between the boiler and its control 

system. An integrated design methodology is applied to an industrial boiler steam path in this paper; 

no past reports of such an application exist in the literature. The methodology utilizes dynamic 

optimization together with performance relative gain array and closed-loop disturbance gain 

controllability analysis. The aim is to optimize the boiler steam storage distribution, the turbine 

valve operation, and the electrical power and main steam pressure controllers during different MWe 

ramp reference trajectories. The methodology was successful in defining closed-loop designs with 

excellent MWe setpoint tracking, small steam pressure disturbances and minimal steam throttling. 

The results also highlighted the challenges related to integrated design in power plants. 
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1 Introduction 

 

In this paper, integrated control and process design is performed for a circulating fluidized bed 

(CFB) boiler. Dynamics and control are becoming increasingly important in the operation of 

thermal power plants due to demands from the power generation market (IEA 2011). Most 

importantly, combustion power plants are increasingly operated in fast load transitions (Alobaid et 

al. 2016, Franzosi et al. 2006, Kovács et al. 2012, Wang et al. 2014) and less at maximum load with 

the best operational efficiency. Improving the load change performance is challenging due to the 

complex dynamics and interconnected nature of the boiler steam cycle. Increased emission 

requirements, challenging new fuels and new technologies like oxy-firing introduce additional 

challenges for boiler operation. 

 

The new requirements call for advanced control and effective control design methods. Centralized 

model predictive control (MPC) has been a major driving force in this work (Aurora et al. 2004, 

Chan et al. 2014, Franzosi et al. 2006, Klaučo and Kvasnica 2017, Ławryńczuk 2017, Prasad et al. 

2000, Prasad et al. 2002, Rovnak and Corlis 1991). The application of fuzzy and neural network 

MPC has been frequently reported for increasing the coordination between the boiler and the 

turbine, and for overcoming problems due to complex process dynamics (Kong et al. 2015, Liu et 

al. 2010, Ma et al. 2016, Zhang et al. 2017). In general, a plantwide design focus is essential for 

achieving an improved coordination of the power plant control tasks. Systematic plantwide control 

has mainly been deployed for specific boiler setups, such as oxy combustion (e.g. Niva et al. 2015, 
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Niva et al. 2017, Jin et al. 2015). Hultgren et al. (2015, 2017b) examined plantwide control structure 

selection and interaction analysis based on relative gains for once-through and oxy-fired CFB 

boilers. Multiloop PID decoupling and tuning was investigated e.g. by Garduno-Ramirez and Lee 

(2005), Garrido et al. (2009) and Zhang et al. (2012). Moreover, established operational methods 

like condensate throttling (Long et al. 2017, Wang et al. 2017), steam extraction setups at the 

turbine (Kovács et al. 2012, Zhou and Wang 2017), and condenser control adjustments (Wang et al. 

2014, Wang et al. 2015) are still being investigated in order to reach improved performance. 

 

Despite advances in load transition control, control design alone is not going to be enough to meet 

the performance challenges in thermal boiler design, as the restrictions to setpoint tracking and 

stability are ultimately determined by the process design. A deeper interaction between process and 

control design is needed to obtain improved output power responses, high efficiency, sufficient 

steam quality and good operational safety. In integrated control and process design (ICPD), the 

process and its control system are designed at the same time (Sharifzadeh 2013, Vega et al. 2014), 

which enables the consideration of dynamic bottlenecks that limit achievable control performance. 

At the same time, process specific dynamics can be incorporated more thoroughly into the boiler 

control system design. 

 

Integrated design can be carried out using a process knowledge oriented approach, or the problem 

can be formulated as a “closed” framework, where process and control parameters are optimized 

(Hultgren et al. 2017a). This paper investigates ICPD optimization (Sakizlis et al. 2004, Yuan et al. 

2012) for conventional power plant load change performance. The optimization formulation 

depends on the design scope and current status (greenfield or existing plant) of the target boiler 

(Fig. 1). 
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Fig. 1. Algorithm structures and features of ICPD optimization. Design applications and variables 

are listed in the accompanying text boxes. MV/CV = manipulated/controlled variable, freq.= 

frequency. 

 

This paper considers fully simultaneous ICPD design for the steam path of an industrial-scale CFB 

drum boiler. The aim is to determine how the steam storage capacity should be distributed in the 

boiler, and how the main control loops should be tuned to obtain faster load changes. Sufficient 

controllability should also be maintained in the steam path, measured with the performance relative 

gain (PRGA) and closed-loop disturbance gain (CLDG) arrays. The evaporator and superheater 

steam storage capacities, the turbine valve nominal position, and the main steam pressure and 

electrical power PID controller parameters are optimized using a systematic ICPD design 

methodology. The main contribution of the paper is to propose a method for deriving power plant 

steam cycle design guidelines and to demonstrate the benefits of an integrated ICPD approach for 

thermal power plants. 

 

Currently there is little existing literature available concerning ICPD in combustion power plants. 

Diangelakis et al. utilized mixed-integer dynamic optimization for residential scale power plants 

(Diangelakis et al. 2017, Diangelakis and Pistikopoulos 2016, Diangelakis and Pistikopoulos 2017). 

Capra and Martelli (2015) carried out a joint process and part-load design for organic Rankine 
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cycles, using continuous derivative-free optimization. Chen and Bollas (2017) optimized air 

preheating and steam temperature setpoints together with supervisory control for a chemical looping 

plant. Hultgren et al. (2017a) made a literature review about ICPD design in power plants, and 

specified possibilities for applying ICPD in CFB boilers. The work contained basic ICPD design 

examples for a CFB steam path, and in the present paper these initial simulations are extended into 

a full ICPD design case. 

 

The paper is structured as follows. Section 2 outlines the operational principle of the CFB boiler 

and its steam cycle. Section 3 presents the storage capacity model that is used for investigating 

boiler load changes and discusses the relative gain design tools and optimization methods that are 

utilized in the ICPD framework. Section 4 presents the CFB steam path ICPD design setup, 

followed by assessment of the performance of the design via simulations in section 5. Finally, 

section 6 concludes the paper. 

 

2 Boiler process and control 

 

The combustion power plant is divided into the combustion side and water-steam cycle subsystems 

(Alobaid et al. 2016, Joronen et al. 2007, Sarkar 2015). Fuel is combusted in the furnace, and heat is 

transferred to the water-steam side. Feedwater is pumped and evaporated in the furnace evaporator, 

and the saturated steam is heated further in the superheating block, which often consists of several 

superheater (SH) units and cooling desuperheater spray flows (DSH). The formed main steam 

expands stage-wise in the turbine (high-pressure and low-pressure sections) to generate power. 

 

Depending on the evaporator setup, boilers are classified into drum or once-through boilers. In 

drum boilers, water and steam are separated in a drum after the evaporation and recirculated to the 
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evaporator. In once-through boilers, evaporation and superheating take place in a once-through path 

with no set separation stage. Another defining feature of the boiler is whether it is used in constant- 

or sliding-pressure mode. In constant-pressure mode, a constant main steam pressure is maintained 

at the turbine on different boiler load levels. While this enables the use of stored steam as a fast 

control reserve on part-loads, throttling the steam flow with the turbine valve contributes heavily to 

exergy destruction and leads to reduced operational efficiency. In sliding-pressure mode, the main 

steam pressure is altered together with the boiler load level, which enables a high efficiency. 

However, when operating in pure sliding mode with the turbine valve fully open, no fast steam 

control reserves can be utilized for load changes. 

 

The main controlled parameters of a condensing power plant (Joronen et al. 2007, Klefenz 1986) 

are the generated power and the main steam properties, i.e. flow, temperature and pressure (Fig. 2). 

The output electrical power (MWe) is controlled either with the fuel firing power or by modifying 

the steam flow to the turbine with the turbine throttling valve. The main steam pressure can 

similarly be modified either with the turbine valve or the firing power, which is regulated by 

combustion control. Feedwater is controlled to provide enough water for steam formation. The main 

steam temperature is typically adjusted with the DSH sprays in the superheating section. 
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Fig. 2. Control of main steam properties and output MWe, schematic figure. Dashed lines are 

control connections, boiler-following (BF) and turbine-following (TF) control schemes are 

highlighted. 

 

Electrical power and main steam pressure control is coordinated with the unit master strategy (Fig. 

2), the basic setups of which are boiler-following and turbine-following control (Joronen et al. 

2007). In boiler-following control, the electrical power is controlled with the turbine valve and the 

pressure with the fuel firing power. The MWe setpoint alters the steam flow, and the pressure 

disturbance is compensated with the firing power. In turbine-following control, the opposite 

connections are applied: The firing power is altered according to the MWe setpoint, and the turbine 

valve position is changed to regulate the pressure. 

 

Proper selection of the unit master control strategy is crucial for improving load change 

performance. Altering the steam flow to the turbine with the turbine valve results in immediate 

changes in the MWe output, which enables fast and accurate load changes. However, this only 

provides a transient response to the electrical power, as the generated steam from the evaporation 

remains unchanged. Controlling the MWe output with the firing power is slow, but at steady-state 

the generated steam and thus the electrical power mainly depend on the firing power. These effects 
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can be observed from Fig. A.1, where the electrical power was controlled with the fuel + air flows 

or the turbine valve only. When the constraints of the manipulated variables were disregarded, the 

turbine valve opening had to be increased constantly to maintain the new electrical power setpoint, 

while using the fuel + air flows for MWe control slowly settled on a new steady-state. On the other 

hand, tight control was easily achieved during the ramp with the turbine valve, whereas the 

combustion power required almost instantaneous, practically infeasible changes in order to achieve 

a comparable MWe response. 

 

The target process of this paper is the steam path of an industrial condensing drum boiler in the 

range of >100 MWe with steam superheating and a two-stage turbine expansion. The power plant 

uses the CFB combustion technology, where fuel and bed material particles are fluidized with the 

oxidant gas flows and circulated in the furnace hotloop (Kovács et al. 2012, Sarkar 2015). The 

dynamic behavior of the combustion side is simplified as a thermal inertia term. 

 

3 Model and methods 

 

The modeling and design tools of this paper are described here. Subsection 3.1 describes the boiler 

model, subsection 3.2 the controllability analysis tools, and subsection 3.3 the ICPD optimization. 

The goal of the ICPD design was to optimize the steam storages and electrical power/steam 

pressure controllers to obtain accurate MWe setpoint tracking, small steam pressure disturbances 

and good controllability. The ICPD modeling aimed at describing the process as a series of 

interconnected dynamic elements, where the effect of design parameters could be separated from 

the overall input–output responses. The individual process stages were thus modeled using simple 

linear dynamics, which together resulted in a higher-order transfer function matrix in the Laplace 



  

9 
 

“s” domain. This approach is admissible in the region surrounding the nominal operating point, 

when considering the steam path mass storage dynamics. 

 

3.1 Steam path model 

 

The industrial power plant model is a generic dynamic steam path model that is used at the 

Sumitomo SHI FW company for load transition control design. It consists of transfer function 

elements for the boiler, evaporator, superheater, turbine and turbine valve. The model describes the 

relation between steam pressure and flow at different stages of the steam path, as well as the 

relation to the output electrical power at the turbine (Doležal and Varcop 1970). 

 

The evaporation and superheating sections are considered as lumped mass storages for steam, i.e. 

“mass storage coefficients” E and S, eq. (1), which translate into time constants. The superheating 

storage coefficient is divided into two terms (S1 and S2) in order to investigate DSH spray 

disturbances. The driving force for the steam flow is the pressure difference over the section, eq. 

(2). 

 

      
 

   
                    ,     (1) 

              
           

  
         ,     (2) 

where C is the mass storage coefficient of the evaporator (E) or superheater (S), pi is steam 

pressure in section “i”, pi,n is steam pressure after section “i”, mW,in and mW,out are input and output 

steam mass flows (  W,out is nominal flow), ρW is steam density, and f is a pipe friction factor that 

depends on the pressure and load levels in the boiler. 
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The thermal inertia of the boiler is a first-order block (3) that describes the steam generation 

dynamics between the combustion side input flows (fuel and air) and the formed steam on the 

water-steam side. 

 

         

    
       

 

      
,      (3) 

where I is thermal inertia, tI is load change delay and L is firing power (combustion side load). 

 

The turbine is modeled using first-order transfer functions (4) that describe the dynamics between 

the incoming steam and the generated power (Joronen et al. 2007, Kundur 1994). The turbine 

consists of a high-pressure and low-pressure section. The turbine valve is modeled as the product of 

the main steam pressure, the valve position and a valve coefficient “r”, linearizing the bilinear term 

in eq. (5). 

 

    

        
    

   

       
 

     

       
 ,     (4) 

                                   ,    (5) 

where xHP is the portion of power generated in the high-pressure turbine, HP and LP are high- and 

low-pressure turbine time constants, E is electrical power, eE is a conversion factor, r is valve 

coefficient, and v is turbine valve position;    and    are nominal pressure and valve position values. 

 

The steam path model can be constructed from eqs. (1)–(5) according to Fig. A.2, Appendix A. The 

nominal model parameters are obtained from steam tables and in-house design data. Linearizing, an 

open-loop 22 transfer function matrix (6) between the investigated inputs and outputs of the boiler 

can be constructed. The manipulated variables (MV) are the firing power L and the turbine valve 

position v. The controlled variables (CV) are the main steam pressure p and electrical megawatts E. 
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where G is the input-output process transfer function matrix, and α, β, γ, δ, ε, ζ, η, θ, κ are positive 

coefficients provided in eqs. (B.1)–(B.4), Appendix B. 

 

The main steam temperature is assumed to be perfectly controlled with a DSH spray between 

superheater storages S1 and S2. This means that active steam temperature control with the DSH 

flow will generate steam mass flow disturbances to superheating section 2 at a specified operating 

point, while superheating section 1 will be unaffected by these disturbances. The DSH spray 

disturbance transfer function is derived as eq. (7) from the block diagram in Fig. A.2. 

 

       

    

    

    

    

   

     
           

        
           

     
       

           

        
       

       
           

 ,    (7) 

where d is a disturbance, Gd is the disturbance transfer function matrix between p and E and the 

DSH spray disturbance d, and αd, βd, γd, δd, εd, ζd, ηd, θd, κd are positive coefficients provided in 

Appendix B, eqs. (B.5)–(B.6). 

 

In total, the overall 22 steam path model can be illustrated in Fig. 3. The figure also shows how p 

and E can be controlled by L and v through unit master control. 
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Fig. 3. Conceptual diagram of the process model between MVs and CVs. The alternative boiler-

following and turbine-following unit master control connections are illustrated. 

 

3.2 Controllability & interaction analysis 

 

The boiler control structure is selected based on the performance relative gain array (PRGA) and 

the closed-loop disturbance gain (CLDG). Controllability often refers to “state controllability” in 

control theory and is evaluated e.g. by considering the controllability matrix rank (Kalman 

criterion). In this paper, the “input–output controllability” definition is used, as it is relevant for 

industrial control design (Skogestad and Postlethwaite 2005). Input–output controllability ensures 

that outputs can be kept within a set band from their references despite unknown bounded variations 

(disturbances or process changes), and it can be analyzed e.g. with relative gain methods like the 

PRGA and CLDG. 

 

The PRGA and CLDG are based on the relative gain array (RGA) (Bristol 1966), modified for the 

frequency domain (Witcher and McAvoy 1977, McAvoy 1983). The RGA consists of input–output 
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interaction measures that signify how process open-loop gains change when other loops are closed 

(Ogunnaike and Ray 1994). Control connections with elements close to 1 are ideal; negative values 

result in a gain sign change and should be avoided; small positive values result in gain amplification 

when loops are closed; and large elements signify gain amplification when loops are opened. 

 

The PRGA is calculated as a scaled inverse of the plant at zero frequency (gains) or higher 

frequencies (frequency responses). A general definition for a 22 MV–CV system PRGA is shown 

in eq. (8). 

 

                   

     

      
 

 
     

      

   

     

     

     

     

     

     

     

     

 

  

,   (8) 

where Γ is the PRGA, Ĝ is a scaled diagonal transfer function matrix of the control MV–CV 

connections, Ḡ is a scaled process transfer function matrix, u denotes scaled input MVs (L and v), y 

denotes scaled output CVs (p and E), and ucn is the input used for controlling output “n”. 

 

Among the relative gain methods, the PRGA is well-suited for highlighting controllability related 

feedback control limitations for the MV–CV connections of a chosen control system. Diagonal 

PRGA elements are the same as in the RGA and should ideally be close to 1. Off-diagonal elements 

signify interactions that have a detrimental effect on control performance and should be as small as 

possible. Control structures can conveniently be ranked in a specified frequency range  with the 

PRGA number, eq. (9), comparing the PRGA to the ideal case, i.e. an identity matrix I. 

 

               ,  (9) 

where Γn is the PRGA number and N denotes a chosen norm. The absolute sum norm is used in this 

paper, similarly to Skogestad and Postlethwaite (2005). Notably, the PRGA is more applicable for 
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examining one-way interactions than the basic RGA, which always gives an identity matrix for a 

triangular process system. This feature is especially useful for the negligible steady-state electrical 

power gain of the turbine valve (c.f. section 2), which is also visible in the process model equations, 

as the E(s)/v(s) transfer function has a zero in the origin in eq. (6). 

 

The DSH spray flow effects are analyzed at different frequencies with the CLDG, general definition 

for a 22 MV–CV system with one disturbance in eq. (10). A CLDG matrix element represents the 

apparent open-loop gain from a disturbance to an output when all control loops are closed in the 

system. As disturbances should influence controlled outputs as little as possible, all CLDG elements 

should preferably be small, especially smaller than the control connection frequency response 

magnitudes “g” of the respective outputs. Unlike the basic RGA, eqs. (8)–(10) depend on variable 

scaling and the chosen control connections. 

 

                 ,  (10) 

where Ḡd is the scaled disturbance transfer function matrix and Ĝd is the CLDG. 

 

3.3 ICPD optimization 

 

The generic ICPD process optimization problem has been defined in the time domain e.g. by 

Kookos and Perkins (2004) or Sakizlis et al. (2004). Considering the scope of the CFB steam path 

optimization problem, these basic formulations can be summarized with eqs. (11)–(12), which can 

then be applied to the open-loop steam path model in the Laplace “s” domain. 

 

                      ,  (11) 

subject to the process, control and controllability constraints: 
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 ,  (12) 

where J is the optimization objective, t is time, T is time range,  is frequency, F is frequency 

range, x are process states, u are control variables, X are process parameters, U are controller 

parameters, m are process equations with initial conditions m0, n are system inequality constraints, φ 

are controller equations, y are measurements, μ are measurement equations and σ are controllability 

equations. 

 

In the steam path ICPD problem, the differential state equations m(t) can be outlined as the state-

space representation (Åström and Hägglund 2006) of the open-loop transfer function models G(s) 

and Gd(s), eqs. (6)–(7). The states x(t) are the intermediate steam flows and pressures in the steam 

path (c.f. Fig. A.2). The measurement equations (t) describe how y(t) are obtained from the states, 

i.e. the main steam pressure p(t) and the turbine steam flow, which is converted by eE to the 

electrical power E(t). The inequality constraints n(t) contain gain and rate constraints for u(t) (i.e. 

L(t) and v(t)), as well as bounds for the parameters X and U that are to be optimized. The controller 

equations comprise the steam pressure and electrical power feedback controllers (PID in this work, 

eq. (B.7) transformed to the time domain). Finally, the controllability equations consist of the 

PRGA and CLDG matrix evaluation in the chosen frequency domain, eqs. (8)–(10). 

 

The boiler ICPD design must be carried out for the closed-loop steam path in the dynamic domain, 

where the load-following MWe setpoint tracking is optimized directly. As can be seen from the 

process model equations (6)–(7) and (B.1)–(B.6), optimizing any of the process design parameters 
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will directly influence the open-loop system dynamics, as well as the PRGA and CLDG matrices of 

the system. The process and its controllers also need to be tuned simultaneously within the same 

framework, as controller tunings would otherwise affect the optimality of process structure 

alternatives. Moreover, the design requires a large search space especially for the controller 

parameters. 

 

The ICPD problem can be solved by implementing a hybrid two-level optimization approach. On 

the upper level, feasible solution regions are first located using a random search algorithm in a wide 

search space, specified through initial simulations with feasible controller tunings.  The regions 

with the best ICPD objective values are then refined on the lower level, using simplex search 

optimization. As such, the optimal solution is located in two consecutive stages with two different 

optimization algorithms, where the closed-loop process response is evaluated for each candidate 

solution. 

 

As a random search algorithm, the genetic algorithm “ga” of Matlab 2017 (Goldberg 1989, Conn et 

al. 1991, Conn et al. 1997) was considered, using a solution population of 500 and 50 maximum 

generations. In the considered approach, the initial population is randomized, solutions are ranked 

based on the ICPD objective, and fitness values are obtained as the inverse square root of the rank. 

25 solutions with the best fitness values are passed on directly to the next generation as elites, and 

the remaining generation is formed through crossover and mutation. Parent solutions are selected by 

organizing the population into segments according to the fitness values and performing the selection 

at uniform intervals (“stochastic uniform”). Crossover takes place by selecting elements randomly 

from each parent with a 0.8 crossover fraction. Mutations are calculated by adding a random zero-

mean Gaussian vector to a parent (“mutation uniform”), with a mutation probability of 0.15. 
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The Nelder-Mead simplex search (Lagarias et al. 1998), “fminsearch” in Matlab 2017, was used for 

the lower level. A simplex of n+1 points (n equals the number of parameters) is moved towards the 

optimum through reflection, expansion, contraction and shrink operations. A constraint 

modification is used for the design parameters (D’Errico 2012), utilizing a sinusoid transform to the 

unconstrained space. The search is periodically reinitialized by offsetting the optimization 

parameters one at a time. 

 

In total, the ICPD algorithm can be summarized in the procedure below. While the individual 

design methods of the boiler ICPD procedure are established in literature, the procedure itself was 

devised for this paper. Notably, the ICPD optimization is fully simultaneous (Hultgren et al. 2017a) 

for all continuous parameters of the problem despite its two-level structure: both the upper level 

random search and lower level simplex search stages optimize the same process and controller 

parameters, and they use the same objective function to evaluate the results. As the control structure 

is selected beforehand based on controllability analysis and the process structure is based on design 

requirements, the discrete design decisions of the boiler steam path were carried out sequentially. 

1. Select the ICPD design parameters and specify the design objective. 

2. Select the 22 unit master control structure between MVs and CVs (boiler-following or 

turbine-following) through a PRGA & CLDG analysis in the frequency domain, favoring: 

 control pairings with PRGA elements close to 1 

 small off-diagonal PRGA elements 

 small CLDG elements to minimize the effect of disturbances 

3. Apply the controller equations with feedback (Åström and Hägglund 2006) to G(s), eq. (6): 

p(s)/L(s) and E(s)/v(s) for boiler-follow or p(s)/v(s) and E(s)/L(s) for turbine-follow. 

4. Perform initial controller tuning at process parameter limits to locate an approximate 

feasible region of operation and set it as the ICPD search space. 
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5. Perform genetic algorithm optimization for process and controller parameters in the full 

search space with a limited number of generations. 

6. Construct smaller search space(s) around candidate solution(s) from the genetic algorithm. 

7. Refine solution(s) through simplex search, apply constraints if necessary. 

8. Obtain the ICPD result from the simplex optimization and validate it against a reference 

case. 

 

4 CFB boiler steam path ICPD 

 

The integrated design setup for the industrial CFB boiler steam path storage capacity, turbine valve 

throttling trajectory and boiler unit master control structure is discussed here. The control 

connections between the system CVs (steam pressure, electrical power) and MVs (firing power, 

turbine valve position) were selected prior to the ICPD optimization in subsection 4.1, using PRGA 

and CLDG analysis. The ICPD algorithm was then implemented to the steam path model in 

subsection 4.2. 

 

4.1 Control structure selection 

 

The PRGA and CLDG were evaluated at  = 0–0.5 rad/s for eqs. (6)–(7), using boiler-following 

and turbine-following control connections. The firing power, turbine valve and DSH disturbance 

variables were scaled by the distance between their upper and lower saturation limits. For the DSH 

spray, this was 25 % of the main steam flowrate. The main steam pressure and electrical power 

were scaled by the largest allowed setpoint error: 10 % for the power and 20 % for the pressure. 
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The results are displayed in Figs. 4–5. At zero frequency, boiler-following diagonal PRGA elements 

were inferior to turbine-following control because of the small steady-state MWe gain of the turbine 

valve. However, boiler-following control became superior already above 0.01 rad/s. In terms of 

loop interactions, boiler-following control thus provides better load change performance if the firing 

power is compensated sufficiently at steady-state, which was also discovered by Hultgren et al. 

(2017b) for plantwide CFB boiler control. The PRGA indicated that at zero frequency, there was a 

minor off-diagonal interacting effect from the steam pressure control connection. However, it was 

largely overshadowed by the off-diagonal PRGA element of the electrical power, which increased 

rapidly above zero frequency, peaked at 0.02 rad/s and diminished slowly after this. The peak is 

derived from the combined effect of the L and v gains on E. These control performance limiting 

interactions are thus present for both turbine-following and boiler-following control. Notably, the 

off-diagonal effects wouldn’t have been visible with the dynamic RGA. 

 

Fig. 4. PRGA magnitudes (left), CLDG and open-loop gain magnitudes (right), for boiler-following 

control (p control with L, E control with v); steam pressure p, electrical power E, firing power L, 

turbine valve v, open-loop gain magnitude g. The frequency range 0–0.03 rad/s is magnified. 
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Fig. 5. PRGA magnitudes (left), CLDG and open-loop gain magnitudes (right), for turbine-

following control (p control with v, E control with L); steam pressure p, electrical power E, firing 

power L, turbine valve v, open-loop gain magnitude g. The frequency range 0–0.03 rad/s is 

magnified. 

 

The CLDG showed that DSH disturbances will not present control performance issues for the 

output that is controlled with the turbine valve (output E for boiler-follow mode, steam p for 

turbine-follow mode), as the corresponding CLDG values were negligible for the entire frequency 

region. The gain magnitudes of the firing power, on the other hand, were surpassed by their CLDG 

elements already at 0.02 rad/s, as the firing power response is slow at the turbine. Moreover, below 

0.15 rad/s the turbine-following CLDG between E and the DSH spray was much larger than the 

CLDG between the DSH and p in boiler-follow mode. Thus, steam temperature control action will 

result in performance problems for the firing power control loop especially in turbine-follow mode. 

 

All in all, the boiler-following structure could be selected for the 22 boiler system. As this result is 

supported by design experience for fast load transitions, the boiler-following ICPD results were not 

benchmarked against similar turbine-following results in this paper. While unit master control is 

typically implemented using higher-level strategies, multi-loop single-input–single-output PID 

control was utilized in this work. The boiler-following closed-loop process model for the 
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optimization was formed from eq. (6) by applying the PID controller transfer functions, eq. (B.7), 

with feedback. Nominal starting values for the PID parameters were obtained through crude tuning 

with the Matlab 2017 PID tuner (Åström and Hägglund 2006). These simulations showcased that 

the derivative action was not necessary for the electrical power PID, and it was thus omitted from 

further analysis. Challenges in obtaining stable tunings for the boiler-following setup were clearly 

observed.  

 

4.2 ICPD design setup 

 

Next, the ICPD optimization was performed for the closed-loop boiler model, using boiler-

following control. Since the aim was to improve MWe setpoint tracking during load changes, the 

optimization was carried out directly in the dynamic domain with different MWe setpoint ramps. 

The obtained dynamic responses were assessed based on setpoint tracking and controllability 

criteria. 

 

4.2.1 Design test matrix 

 

The ICPD optimization was performed separately for four load change scenarios (Table 1). 

Moderate load change magnitudes of 15 % MWe were considered in order to remain within a 

feasible operating region of the linear CFB steam path model. The main focus of the ICPD design 

was on constant pressure operation, where the electrical power output was ramped to a new load 

level, while maintaining a constant main steam pressure. Therefore, the main scenarios I and II 

considered constant pressure operation. Scenario I consisted of a small and fast load change, 

corresponding to a sudden change in the network load demand. Scenario II was a larger and slower 

ramp, representing a planned load transition. For comparative purposes, ICPD was also carried out 
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for the same MWe ramps in sliding-pressure mode in scenarios III and IV: the main steam pressure 

was ramped together with the electrical power, using the same ramp speed and starting time for 

both outputs. In a more realistic case, sliding-pressure transitions would require individual ramp 

programs for the pressure and the output power, but for simplicity this was not considered in this 

study. 

Load change scenario 
E setpoint 

(%) 
Ramp time 

(timesteps) 
Ramp speed 

(% MW/step) 
Main steam p 

setpoint (%) 

I: Fast small load ramp 

at constant p 
+5 13 0.385 0 

II: Slow large load ramp 

at constant p 
+15 210 0.07 0 

III: Fast small load ramp 

at sliding p 
+5 13 0.385 +5 

IV: Slow large load 

ramp at sliding p 
+15 210 0.07 +15 

Table 1. Load change test program for the boiler steam path ICPD optimization. 

 

All scenarios were simulated from a stable operating point of 80 % output power. The initial load 

level was chosen in order to investigate turbine valve saturation: Since steam throttling contributes 

to exergy destruction and should be avoided at nominal loads, the possibility to open the valve 

enough when load demand increases is limited. For this reason, the ICPD optimization was only 

carried out for positive load changes. The new setpoint was maintained for 3750 timesteps after 

each ramp to eliminate the effect of possible oscillations in the analysis. 

 

4.2.2 Target parameters 

 

The parameters to be optimized by the ICPD algorithm are shown in Table 2. The main process 

parameters were the steam storage capacities of the evaporator (E) and superheating sections 1 (S1) 

and 2 (S2), implemented as the total storage TOT, the evaporator percentage qE of this storage, and 
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the percentage qS1 of the superheater storage that is placed in S1. The turbine valve opening at the 

80 % load level was included to balance disturbance rejection and exergy destruction. The 

controller parameters were P, I, D and N for the main steam pressure p, and P and I for the 

electrical power E. 

Process parameter Name Min Max Controller parameter Name Min Max 

Total steam storage TOT 0.42  1.69 Steam p gain, P Pp 0.00 5.20 

Evaporator storage 

percentage of TOT 
qE 0.97 1.25 Steam p integrator, I Ip 0.01 36 944.30 

SH storage percentage 

before DSH of S 
qS1 0.20 1.80 Steam p derivator, D Dp 0.00 12.17 

Turbine valve nominal 

position 
   0.73 1.22 Steam p D filter, N Np 0.00 1991.49 

    Output E gain, P PE 0.02 114.04 

    Output E integrator, I IE 0.00 3873.03 

Table 2. Parameters to be designed through ICPD. Minimum and maximum constraints reported as 

multipliers to the nominal starting values of the parameters, i.e. they are normalized. 

 

All process and controller parameters were scaled by dividing them with their nominal starting 

values. The minimum evaporator storage was limited rather tightly around the design value due to 

the need to produce a required amount of steam for all process designs. The superheater storage 

setup could be varied more freely, and a 50 % S1/S2 distribution was assumed as the nominal 

starting value. The turbine valve opening is technically limited between 0 and 100 %, but a larger 

minimum valve opening (0.73 of nominal) was chosen in order to reduce steam throttling. PID 

parameter boundaries were determined based on the initial controller tuning, observing stability 

limits and active disturbance rejection, while maintaining the search space as large as possible. 

While this approach was deemed sufficient for this work, closed-loop stability criteria could be 

included as a pre-analysis step or as an optimization constraint in a fully systematic boiler ICPD 

design procedure in the future. 
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4.2.3 Optimization objective 

 

The ICPD optimization objective was constructed as a combination of desirable qualities for the 

closed-loop load change response, resulting in the weighted sum (13)–(19). The individual terms 

were scaled by dividing them with their values for the nominal boiler design and control 

parameters. This approach enabled a direct comparison of conflicting design goals, especially as the 

starting point for the design was a validated closed-loop process setup. As such, J doesn’t have a 

direct physical significance in the steam path, but rather represents the tradeoff between desirable 

conflicting design objectives. Weighting factors were selected for the terms j1–j6 based on how the 

cost function terms changed due to typical process parameter modifications. 

 

                   ,  (13) 

                 
   

 

 
,  (14) 

                    
 
  

 

 
,  (15) 

                
 

 
  ,  (16) 

                         
 

 
                          

 

 
  ,  (17) 

         
 

 
 ,  (18) 

               
 

 
 ,  (19) 

where J is the ICPD objective, j is an individual design objective, p is pressure, E is electrical 

power, SP is setpoint, vmin and vmax are the minimum and maximum boundaries of the turbine valve 

control signal v, T is the dynamic ramp test duration, F is the investigated frequency range for the 

relative gain analysis, Γn is the PRGA number and Ĝd is the CLDG. 

 

Terms j1 and j2 account for the main steam pressure and electrical power tracking performance. The 

performance was evaluated directly by integral square errors for the entire timespan of the load 
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change tests. An equal weight was placed on the load ramp duration and the steady-state period 

after it. Due to the heavy focus on load change performance, the MWe error j2 was given a large 

weight. 

 

Term j3 is the turbine valve exergy penalty, which was evaluated by integrating the valve control 

signal over the test timespan, with an aim to keep the valve open as much as possible. The integral 

sum was multiplied with the nominal valve position to highlight the initial steady-state. Term j4 is 

the valve saturation, calculated by comparing the saturated signal to the unsaturated signal and 

integrating the difference over time. The purpose of j4 was to maintain an adequate control reserve 

for electrical power disturbances. 

 

The effect of input–output controllability was included in terms j5–j6, evaluated with the PRGA and 

the CLDG, which were calculated at  = 0–0.5 rad/s using the “freqresp” function in Matlab 2017 

(Laub 1981). The goal for controllability j5 was to minimize the PRGA number, eq. (9), integrated 

over frequency range F. The disturbance controllability objective j6 was to minimize all DSH spray 

CLDG elements, utilizing a similar absolute sum formulation to eq. (9). As the CLDG decreased 

quickly compared to the PRGA at higher frequencies, it was given a slightly larger weight. 

 

5 Results 

 

The outcomes of the boiler steam path ICPD design were analyzed in this section. The design 

results were compared against load ramps where only the parameters of the main steam pressure 

and electrical power PID controllers were optimized (all process parameters remained at their 

original values).  
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The responses for the constant pressure scenarios can be viewed in Figs. 6–8; the fast 5 % ramps 

(scenario I) in Fig. 6, the slow 15 % ramp (scenario II) in Fig. 7. The control signals L and v for 

both scenarios are depicted in Fig. 8. Process outputs and manipulated variables were normalized 

with the respective nominal 80 % load starting values. The optimized process and controller 

parameters and the improvements in the ICPD objective are shown in Table 3. 

 

Fig. 6. Normalized electrical power E and main steam pressure p responses during fast 5 % constant 

pressure load ramp (scenario I). Zero level is the nominal starting load. 

 

Fig. 7. Normalized electrical power E and main steam pressure p responses during slow 15 % 

constant pressure load ramp (scenario II). Zero level is the nominal starting load. 
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Fig. 8. Firing power (L) and turbine valve (v) during scenarios I (left) and II (right). Both MVs are 

normalized with their respective starting values, 1 is the nominal MV value. 

Constant 

pressure 

Parameter, % of nominal value 
Objective 

% of nominal 
TOT qE qS1    Pp Ip Dp Np PE IE 

ICPD, ramp I 1.69 0.97 0.20 1.08 2.91 2.23 5.09 727.26 2.71 118.88 0.095 

PID, ramp I  1 1 1 1 1.85 1.66 3.00 7.41 12.85 3464.13 0.215 

ICPD, ramp II 1.69 0.97 0.20 0.97 1.44 2.48 3.70 55.06 2.31 35.58 0.049 

PID, ramp II  1 1 1 1 2.00 2.93 3.13 1973.62 0.19 0.002 0.419 

Table 3. Scenario I and II optimized parameters and objective function values, ICPD and reference 

PID tuning design cases. Values reported as multipliers to the nominal starting 

parameters/objectives. 

 

The ICPD algorithm maximized the total steam storage capacity for both ramp scenarios I and II in 

constant pressure mode. The evaporator storage was minimized, the superheater storage maximized, 

and the superheater storage was preferably distributed to the section after the DSH spray. The PID 

parameters were always successfully tuned together with the modified process structure. 

 

The results indicated that adding storage capacity in the whole steam path improved the constant 

pressure load change performance and controllability. The capacity should be placed close to the 

turbine to improve the boiler–turbine decoupling and decrease the effect of DSH spray disturbances 

on the power output. The results thus set a guideline especially for superheater design, as a 



  

28 
 

superheater with a large thermal storage capacity, such as the CFB Intrex
TM

 heat exchanger, should 

preferably be placed close to the turbine. The results similarly suggested that boilers with small 

evaporator steam storages, such as once-through boilers, might actually be useful for constant 

pressure operation. 

 

Results similar to the constant pressure tests were obtained for sliding-pressure load changes (Figs. 

9–11). Again, the overall storage capacity was maximized, the evaporator storage was minimized, 

and the main superheating storage was placed at S2 (Table 4). The controller parameters were 

adequately tuned for each modified process. 

 

Fig. 9. Normalized electrical power E and main steam pressure p responses during fast 5 % sliding-

pressure load ramp (scenario III). Zero level is the nominal starting load. 

 

Fig. 10. Normalized electrical power E and main steam pressure p responses during slow 15 % 

sliding-pressure load ramp (scenario IV). Zero level is the nominal starting load. 
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Fig. 11. Firing power (L) and turbine valve (v) during scenarios III (left) and IV (right). Both MVs 

are normalized with their respective starting values, 1 is the nominal MV value. 

Sliding-

pressure 

Parameter, % of nominal value Objective 

% of 

nominal TOT qE qS1    Pp Ip Dp Np PE IE 

ICPD, ramp III 1.69 0.97 0.20 1.08 1.99 0.56 3.78 11.94 2.87 133.01 0.125 

PID, ramp III  1 1 1 1 1.59 0.57 2.80 741.39 12.79 3432.46 0.227 

ICPD, ramp IV 1.69 0.97 0.20 0.97 1.64 0.41 3.33 782.93 1.99 0.08 0.088 

PID, ramp IV  1 1 1 1 1.31 0.47 2.42 1045.56 0.265 0.001 0.439 

Table 4. Scenario III and IV optimized parameters and objective function values, ICPD and 

reference PID tuning design cases. Values reported as multipliers to the nominal starting 

parameters/objectives. 

 

Interestingly, the present sliding-pressure results contrasted with the earlier findings of Hultgren et 

al. (2017a), where only the lumped superheater storage “S” was optimized in sliding-pressure 

mode together with the boiler-following main steam pressure controller parameters. In that study, 

the best control performance was obtained with a small superheater storage, and the optimization 

resulted in improvements in both steam pressure and electrical power control performance. 

 

The differences between the present findings and the previous results can be explained by the nature 

of boiler-following control. Reaching a new steam pressure setpoint is faster with a small steam 

storage, while electrical power control benefits from a large storage due to the turbine valve throttle 
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reserve. At the same time, turbine valve MWe control generates a pressure disturbance, the 

magnitude of which depends on the steam storage. A large storage thus also has a positive impact 

on steam pressure control. This tradeoff was confirmed by testing different weighting factors for the 

objective J. The PRGA and CLDG also favored a large storage, which ultimately lead to the present 

results. 

 

The turbine valve nominal position was adjusted by the ICPD design for all load scenarios in such a 

way that load ramps only resulted in short controller saturation periods during the ramp (Figs. 8 and 

11). The valve could thus be used effectively for improving load change performance with a 

minimum exergy penalty. Naturally this behavior depends on the chosen objective function 

weighting factors. Moreover, similar PID controller parameters were repeated for the different load 

scenarios, especially for the main steam pressure controller. The largest variations between the 

ICPD results of different scenarios were seen in the electrical power PID integrator IE. 

 

All in all, the ICPD design was clearly able to improve the boiler load change performance with 

simultaneous controller and process design parameter alterations. The hybrid two-level optimization 

framework was proven to be a robust approach, and the design results could be reproduced reliably 

during consecutive runs. The objective function breakdown in Table A.1 for the ICPD and optimal 

PID tuning cases showed that the ICPD results were superior compared to the PID optimization for 

most individual objectives j1–j6. For the fast ramping scenarios I and III, significant improvements 

in steam pressure tracking and process controllability were obtained at the cost of a negligible 

electrical power control penalty compared to the optimally tuned PID. For the slow ramps II and IV, 

the nominal turbine valve position was not enough to obtain the desired setpoint ramp (c.f. Figs. 7 

and 10), and the ICPD algorithm thus slightly increased the steam throttling at the 80 % starting 

load. 
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Despite the successful ICPD implementation, the steam path design case highlighted the challenges 

of a fully simultaneous dynamic optimization for the entire power plant. Even though the examined 

boiler and its control structure were simplified (linear mass storage model without other control 

loops or complex dynamics like the drum water-steam balance), the optimization objective had 

many local minima especially close to the discovered optima. This problem can be attributed to 

several reasons. Firstly, a fully simultaneous ICPD approach is inherently multi-optimum in nature, 

as each set of evaporator and superheater storages essentially have at least one set of preferred 

controller tunings. Secondly, the ICPD objective was constructed from several conflicting 

normalized terms. For future work, different objective functions and a more systematic testing of 

objective weightings could be considered. Thirdly, some of the individual objectives could give 

similar values for different process and control setups, especially the integral square error terms. 

This effect was emphasized for the turbine valve–electrical power control loop, as the valve has an 

immediate MWe response. 

 

6 Conclusions 

 

Modern power plant design criteria increasingly focus not only on efficiency but also on fast load 

changes, which requires novel and robust design approaches. Integrated control and process design 

(ICPD) aims at finding improved plantwide closed-loop process designs through simultaneous 

optimization of the process and its control system. This work reported, for the first time, the 

application of an ICPD methodology for the steam path of an industrial circulating fluidized bed 

boiler in order to obtain improved load change performance. 
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The goals of the boiler ICPD were to minimize the electrical power (MWe) tracking error during 

load changes, maintain adequate main steam pressure control, adjust the turbine valve operation to 

maintain a sufficient steam control reserve and minimize exergy destruction, and generate process 

structures with good controllability. To achieve this, an ICPD framework was formulated for a 

steam storage model of the industrial boiler, utilizing boiler-following control for the electrical 

power and the main steam pressure. The methodology combines a two-stage dynamic closed-loop 

optimization with performance relative gain array (PRGA) and closed-loop disturbance gain 

(CLDG) analysis. 

 

The ICPD design successfully improved the MWe load changes and the other design goals. For 

constant pressure mode, the total storage in the steam path was maximized, a maximum storage was 

placed in the last superheating section, and the evaporator storage was minimized. Tuning of the 

steam pressure and electrical power controller parameters was provided for the modified process 

structure. Different load transition scenarios provided similar design outcomes for the process and 

controller parameters. A large total steam storage was favored by the ICPD algorithm for both 

constant pressure and sliding-pressure mode, as it enabled quick MWe changes, good controllability 

and small pressure disturbances. This is interesting, as boilers with small storage capacities are 

generally used in sliding-pressure mode. 

 

All in all, the results established an ICPD procedure that can readily be employed for load-

following CFB boiler design. The procedure was validated with a linear mass storage modeling 

approach, describing the steam path as a series of simple dynamic elements. The challenging nature 

of the optimization problem justified this approach, but more comprehensive results would require 

detailed modeling, including e.g. combustion side, heat transfer and evaporation dynamics. 

Economic aspects were not considered at this stage, but they should be included in future work, 
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especially as a large steam storage is a major capital cost for the plant. This could be achieved with 

an additional economic ICPD design goal or by converting all optimization objectives to their 

economic counterparts. 

 

The control structure design of this paper considered the performance limiting interactions of main 

steam pressure and electrical power control, as well as steam temperature control disturbances 

through the CLDG. In future work, more disturbance scenarios and plantwide control performance 

will also be evaluated. PID control was exclusively utilized due to its prevalence in power plant 

control, but future work should also consider advanced model-based control, which has been a 

growing trend in ICPD literature. This way, the boiler control system could be more closely 

integrated with the process structure, as the control action would be calculated directly from process 

modifications, bypassing the need to adjust controller parameters through ICPD. Alternatively, 

ICPD could employ a two-level embedded approach for process and controller parameters. In any 

case, the results of this paper stress the importance of a systematic analysis of the power plant 

control structure and loop interactions in the ICPD design formulation. 
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Nomenclature 

 

CFB = circulating fluidized bed 

CV = controlled output variable 

eE = mass flow to turbine electrical power conversion factor, MWskg
-1

 

d = process disturbance variable, – 

DSH = desuperheater spray 

Dp = derivative gain for pressure “p” PID controller, – 

E = output electrical power at the turbine, MW 

F = frequency range for relative gain analysis, rad/s 

f = pipe friction factor, 1/m
4
  

G = open-loop process transfer function matrix between CVs and MVs 

Ḡ = scaled open-loop process transfer function matrix 

Ĝ = diagonal matrix of the control MV–CV connections 

g = gain magnitude between CV and MV, – 

Gd = open-loop disturbance transfer function matrix between CVs and disturbances 

Ḡd = scaled open-loop disturbance transfer function matrix 

Ĝd = closed-loop disturbance gain (CLDG) matrix in the frequency domain 

I = identity matrix 

Ii = integral gain for output “i” PID controller (“p” or “E”), – 

ICPD = integrated control and process design 

J = integrated control and process design objective function, – 

j = individual design objective, – 

mW = steam mass flow, subscripts “in” and “out” for input and output, kg/s 

  W = nominal steam mass flow, kg/s 
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L = firing power, kg/s 

MV = manipulated input variable 

Np = derivative filter for pressure “p” PID controller, – 

p = main steam pressure, bar 

pi = steam pressure in a section “i”, subscript “n” denotes pressure after the section, bar 

   = nominal steam pressure, bar 

Pi = proportional gain for output “i” PID controller (“p” or “E”), – 

qE = evaporator storage percentage parameter, % 

qS1 = parameter for percentage of superheater storage before DSH cooling, % 

r = valve coefficient, ms 

RGA = relative gain array 

SP = setpoint 

s = Laplace s-plane operator, rad/s 

T = time range of dynamic testing, s 

t = time, s 

tI = boiler thermal inertia time delay, s 

u = process input variable, subscript “c” denotes control of a specific output, – 

v = turbine valve position, – 

   = nominal turbine valve position, – 

xHP = portion of the electrical power that is generated at the turbine high-pressure section, – 

y = process output variable, – 

Γ = performance relative gain array (PRGA) matrix in the frequency domain, – 

Γn = PRGA number in the frequency domain, – 

ρW = steam density, kg/m
3 

E = evaporator steam storage coefficient, ms
2
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S = superheater (SH) steam storage coefficient, ms
2
 

S1 = superheater steam storage coefficient before DSH spray cooling, ms
2
 

S2 = superheater steam storage coefficient after DSH spray cooling, ms
2
 

HP = turbine high-pressure section time constant, s 

I = boiler thermal inertia time constant, s 

LP = turbine low-pressure section time constant, s 

TOT = normalized total steam storage parameter, ms
2
 

 = radial frequency, rad/s  
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Appendix A 

 

Appendix A contains additional figures and ICPD design results. Fig. A.1 shows example 

simulations, where the boiler electrical power (controlled variable, CV) is only controlled with the 

combustion power (fuel + air flows) or the turbine valve (manipulated variables, MV). The results 

were generated using a transfer function model identified from a full once-through CFB industrial 

simulator. Rate and gain constraints of the MVs were disregarded in order to highlight the 

theoretical MV demands during a tightly controlled load change in the electrical power CV. 

 

Fig. A.1. Manipulated variable demands during a simulated MWe setpoint ramp, when the output 

electrical power is only controlled with the turbine valve (dotted) or the fuel + air flows (grey): tight 

single input–single output PI control, no variable constraints or other control loops active.  

 

Fig. A.2 shows the block diagram of the open-loop CFB steam path process model of this paper, 

complete with transfer function equations for the process blocks. 
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Fig. A.2. Transfer function block diagram of the open-loop boiler steam storage capacity model. 

 

Table A.1 shows a more detailed objective function evaluation for the ICPD optimization than was 

given in Tables 3–4, including the values of individual objectives j1–j6. 

Objective 

% of nominal 

ICPD 

ramp I 

PID 

ramp I 

ICPD 

ramp II 

PID 

ramp II 

ICPD 

ramp III 

PID 

ramp III 

ICPD 

ramp IV 

PID 

ramp IV 

j1 0.3995 0.7866 0.4686 0.5271 0.8080 0.9536 0.9986 0.8480 

j2 0.0013 0.0000 0.0001 0.3912 0.0012 0.0000 0.0007 0.3865 

j3 1.1563 0.9992 0.9441 0.9956 1.1596 1.0015 0.9602 1.0050 

j4 1.0001 1.00 0.0005 0.0003 1.0001 1.0000 0.0006 0.0041 

j5 0.9978 1 0.9054 1 0.9980 1 0.9082 1 

j6 0.5662 1 0.5730 1 0.5662 1 0.5728 1 

Table A.1. Objective function terms j1–j6 for all ICPD optimization and PID parameter optimization 

cases. Results are normalized with the nominal starting objective values (values below 1 signify 

improvement). 
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Appendix B 

 

Appendix B provides equations for the CFB steam path model transfer function parameters, α, β, γ, 

δ, ε, ζ, η, θ, κ: The parameters for the process transfer function matrix G(s), eq. (6), are given in 

equation groups (B.1)–(B.4). The parameters for the disturbance transfer function matrix Gd(s), eq. 

(7), are given in equation groups (B.5)–(B.6). 
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Additionally, eq. (B.7) shows the standard form of the PID controller with derivative filtering, 

modified from Åström and Hägglund (2006). The P, I and D parameters are referred to for the 

pressure and electrical power feedback controllers in Table 2. 
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Highlights 

 

 Process and control design were integrated for a fluidized bed boiler steam path. 

 The steam storage distribution and feedback controllers were optimized together. 

 Boiler-following control was assessed and selected based on relative gain methods. 

 Improved load transitions, controllability and disturbance rejection were reached. 

 The design suggested a large total steam storage, preferably close to the turbine. 

 

 


