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 Abstract: In boiler turbine power generation units, generation of power as per the demand 
 is an important objective. This requires an effort towards modeling of a power generation 
 system.  In this paper, the mathematical models of the various components of the boiler 
 turbine  generation unit are developed and a comprehensive virtual model of a steam 
 turbine power generation unit is synthesized. This model is based upon nonlinear 
 mathematical models of the  various sections of the plant which are in turn based on the 
 energy balance, thermodynamic principles and semi-empirical equations. The  proposed 
 models can be used for various objectives such as to evaluate parameter values at different 
 stages of the plant, to determine optimized plant parameters and to design controllers for 
 thermal systems.  
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1.   Introduction 

Steam turbines have been widely used in power plant applications due to their efficiency 
and cost factor. Multi stage steam turbines have a complex feature. Prediction of behavior 
of these systems is very difficult. Non-linear mathematical models have been developed 
using mathematical equations.  Various parameters can be evaluated at various sections in 
the operational ranges for comparison with real time situations.  

2.   System Description 

Steam turbine in a power plant with a boiler has been considered for study. The steam 
turbine consists of various components like high pressure turbine, intermediate pressure 
turbine, low pressure turbine, re-heater, moisture separator and related actuators. The 
turbine configuration and steam conditions at the various conditions have been assumed 
from power plant conditions in the form of transfer functions. Steam at high pressure 
enters the high pressure section through a nozzle valve and power is generated due to flow 
of energy. Due to expansion steam pressure drops and this enters the medium pressure 
section where some power is generated. Steam then enters the low pressure section. Some 
power is generated in this section. In between the steam passes through the moisture 
separator where certain moisture is extracted and steam is dried to improve the thermal 
efficiency. In between, the steam is also passed through the re-heater where the 
temperature drop is regained thereby maintaining the required temperature at the entry of 
each section. Three and four extraction stages have been assumed during modeling of the 
intermediate section and low pressure section respectively. 
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3.  Virtual Model Development 

The various subsystems of the steam turbine as shown in Figure 1, have been developed 
using mass and energy conservation equations, semi-empirical relations in thermodynamic 
states. Model parameters have been assumed for a range (154MW - 440 MW). Simple 
empirical relations which have been validated for a steam turbine in real system response 
are being used for developing these dynamic models. The system variables and 
parameters are chosen for the range in which these relations are valid in real time. Simple 
formulations presented by Garland and Hand are being used for estimating the light water 
thermodynamic properties. Here saturations values of temperature and pressure have been 
adopted in the approximation expressions. Hence the values can be calculated to give 
accurate results when compared in real situations in the sub-cooled and superheated 
regions.  

 

Figure 1: Various Subsystems of Steam Turbine 

3.1  High Pressure Turbine Section Model 

Steam expansion in a HP turbine is an adiabatic and isentropic expansion. The high 
pressure superheated steam of the turbine is responsible for energy flow and conversion 
results power generating in the turbine stages. The superheated steam at conditions (p,t) 
from the steam header is the input to the high pressure turbine. The input steam pressure 
drops by a certain amount after passing through the turbine chest system. The entered 
steam expands in the high pressure turbine and is discharged in to the cold re heater line. 
At the outlet conditions, the temperature is reduced and pressure is increased. The cold 
steam is then passed through the moisture separator to make it dry. The extracted moisture 
is sent to the HP heater and the cold steam is sent to the reheat sections. The high pressure 
steam enters the turbine through a stage nozzle designed for velocity increase. The 
pressure drop produced at the inlet nozzle controls the mass flow through the turbine. This 
relation between the mass flow & the pressure drop across the turbine with the effect of 
inlet temperature developed by Stodola has been used [8]. 

                                  minHP = K × �
pinHP2 − poutHP2

Tin
                                                                         (1) 

Where K is a constant obtained by the data taken from turbine responses. The input output  
pressure relation for the HP turbine is given by (2). From experimental data, the slope 
obtained in the graph of pout v/s pin is assumed as p. The time constant is assumed as 0.4 s. 

Reheater 
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pout
pin

=
p

(0.4s + 1)                                                                               (2) 

For the development of the dynamic model of HP turbine, the pressure, mass flow rate, & 
temperature of steam at input & output of each section is required from plant data[2].The 
steam temperature at the turbine output is captured in terms of steam pressure & 
temperature by assumption that the steam expansion in HP turbine as an adiabatic and 
isentropic process. Ideal gas pressure temperature relation for estimation of temperature at 
discharge of HP turbine is used. 

                                                              Tout
Tin

= �pout
pin

�
(k−1)
k                                                                                (3) 

                                                                K =
CP
CV

                                                                                                (4)   

Where k is the polytropic expansion factor. The energy equation for adiabatic expansion 
relating the power output to the steam energy passing through the HP turbine is given by 

 WHP = ηHP × minHP × (hinHP − houtHP) 
                                                 =  ηHP × minHP × CP × (TinHP − ToutHP)                                            (5) 

The nonlinear model proposed for High Pressure turbine is a parametric model with 
unknown parameters associated with efficiencyηHP, temperatureTinHP, temperatureToutHP, 
mass flow rate minHPand specific heatCP. The proposed model of HP turbine is developed 
using Matlab/Simulink from (1) - (6) as in Figure 2. 

3.2  Moisture Separator Model 

The outlet steam from the high pressure section is passed through the moisture separator 
to make it dry.  
This has three advantages. 

- Erosion of turbine blade is eliminated 
- Efficiency of the steam plant is increased 
- Losses due to condensation in the cylinders and the steam pipes are 

reduced. 
The outlet flow from moisture separation is given by equation 
                                        τ dq/dt = (1 − ß)min − q                                                              (6) 
 
ß is the fraction of moisture in output flow. This is the amount of liquid phase extracted as 
moisture form steam mixture which is approximately 10% of total steam flow entering the 
HP turbine. The model of the moisture separator is developed using Matlab as in Figure 3. 

3.3  Intermediate Pressure Turbine Section Model  

In the intermediate pressure section, the turbines have a complicated structure where 
multiple extractions are done to increase the thermal efficiency. The steam pressure 
consequently drops across the turbine stages. The condensation effect and steam 
conditions at extraction stages have a considerable influence on the performance of the 
steam turbine. The models should be capable of evaluating the released energy from steam 
expansion at various stages. In the extraction stages, the steam variables deviate from 
perfect gas behavior and the thermodynamic characteristics are highly dependent on 
pressures and temperatures of each region. Therefore the right usages of nonlinear 
functions for evaluation of specific enthalpy and entropy at these various stages of 
turbines are necessary. All the steam properties are estimated in terms of pressure and 
temperature. These functions used give an approximation to steam/water properties and 
widely used in nuclear power plant applications [4.5 &6]. This model is developed using 
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the various transfer functions for the input pressure and temperature at various stages that 
has to be taken from data obtained plant. Three extraction stages are considered in the 
model development of IP turbine using Matlab as in Figure 6. The approximation 
functions used for the various thermodynamic properties in sub cooled regions in 
developing the models from (7). 
                                             F(p, T) = Fs(ps(T) + R(T) × (p − ps)                                                           (7) 
 
Similarly, the approximation functions for the various thermodynamic properties in super-
heated conditions are as below. 
                                            F(p, T) = Fg(p) + R(p, T) × (T − Ts)                                                       (8) 
where psis saturation pressure and &Ts is saturation temperature. The equations to 
estimate steam temperature as a function of temperature and steam pressure as a function 
of pressure is used from (9) developed by Garland & Hand [4, 5 & 6].The working fluids 
at different stages are of single or two phases. Both the liquid phase and gaseous phase of 
steam mixture are assumed to be in thermodynamic equilibrium. The functions for 
specific enthalpy in liquid phase & vapor phase are used from (10) & (12) respectively. 
                                            F = a(p)b+ c                                               (9) 
where constants a, b & c are chosen for steam conditions at various load conditions. 
Constant d is chosen with respect to change in pressure range variation. 
In liquid phase, the equation takes the form 

                       h(p, T) = hf�ps(T)� + �1.4 −
169

369 − T�
(p − ps)                                                            (10) 

In vapor phase, the specific enthalpy is estimated using (11) 

h(p, T) = hg(p) − �
4.5p

√7.4529 × 10−0.6T3 − p2
+ 0.28 × e−0.008(T−162) −

100
T − 2.225� 

                              (T − Ts)                                                                                                                               (11) 
The function for specific enthalpy in vapor phase used is from (12). 
                                             F = a(p-d)2+b(p-d)+c                                                      (12) 
The equation for temperature and pressure used in the Simulink models is given in (13) & 
(14) respectively. These equations are different and have been used in models as per the 
ranges. 
       [Tsat  = 236.2315p0.1784767– 57.0]   when   (0.195MPa≤p≤0.359MPa)                                (13) 

                 psat = �
T − 57.0
236.2315�

5.602972

when  (89.9650C ≤ T ≤ 139.7810C)                                     (14) 

The steam expansion is considered as an ideal process. The energy equation for the power 
output from IP turbine in terms of enthalpy is given by (15). 
                WIP = �ηIP[mIP(hIP − hex1) + (mIP − mex1)(hex1 − hex2) +

(mIP − mex1      − mex2)(hex2 − hex3) �                                        (15) 

The IP turbine section is being modeled in Matlab/Simulink from (13) is as in Figure 6. 

3.4  Re-heater Model 

Re-heater section is a heat exchanger, having significant thermal storage capacity and 
steam mass storage. The temperature distribution in the metal at steady state conditions is 
assumed to be close to steam temperature. These temperatures are also taken into account 
for making the model more accurate [7]. 

                hs × Vs
dρs
dt +

d�maCpTa�
dt + ρsVsCp

dTout
dt = Q + Cpmin(Tin − Tout)                                (16) 
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The second term in (16) depends on the steam flow rate and hence expressed as a function 

of mass flow rate. Henced�maCpTa�
dt

 is f(min) = kamin 

                                      

          
dTout

dt = �
1

ρsVs
1

Cp
Q +

1
ρsVs

min �Tin − Tout +
ka
Cp
� + k0 �                                                            (17) 

K2 = 1
ρsVs

, B1 =  ka
Cp

 , B2= k  0 ρsVs ,Using these values in (16) 

                                  
dTout

dt = K2 �
Q
Cp

+ min(Tin − Tout + B1) + B2�                                                     (18) 

The re-heater model is being developed using (18) as in Figure 4. 

3.5   Low Pressure Turbine Model  

Four extraction stages are used for modeling the Low Pressure Turbine section. Equations 
from (9)-(12) are used in the models for pressure, temperature & enthalpy of water/steam 
[2]. Based on the enthalpy in the various extraction levels, the power developed in this 
section can be written using (19). 

WLP = [ηLP[mLP(hLP − hex4) + (mLP − mex4)(hex4 − hex5)
+ (mLP − mex4 − mex5)(hex5 − hex6)
+ (mLP − mex4 − mex5 − mex6)(hex6 − hex7)]                                               (19) 

Where ηLP is the efficiency of IP turbine,mLPis the mass flow rate in the LP line, 
mex4, mex5 &mex6is the mass extracted at stages 4, 5 and 6 respectively, 
hLP is the enthalpy of steam at LP line &hex4,  hex5,  hex6&hex7 is the enthalpy at stages 4,5,6 & 7  
respectively. Using (19), the IP turbine section has been developed as in Figure 7 .The 
detailed equations for enthalpy calculations are fed in Matlab for developing the LP 
model. 

3.6 Attemperator Model 

The temperature of the re-heater must be kept constant at specific temperature. The spray 
attemperators are implemented in the re-heater section to control the outlet temperature. 
De-superheating spray is used to mix the superheated steam at the outlet of the preceding 
component. The water spray is modulated by suitable valves. As the attemperator has a 
relatively small volume, the mass storage inside is negligible. The steady state mass and 
energy equation for the model is developed from (20) in Figure 5. 
                                                    minhin + msprayhspray = mouthout                                   (20) 

3.7   Generator Model 

In the steam turbines, the mechanical torque of the prime mover for the generator is a 
function of speed. Frequency of the line can also be investigated. This investigation is 
required for overall stabilization in the system. The mechanical power is given by (21) 
                                                  Pm = PHP + PIP + PLP                                                                                  (21) 

3.8   Comprehensive Model Development 

All the  components of the steam turbine  are used to model a comprehensive model of the 
steam turbine. The comprehensive model is developed in Figure 8 . 
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Figure 2: High Pressure Turbine Section Model 

 

Figure 3: Moisture Separator Model 

 

 
Figure 4: Re-heater Model 
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Figure 5: Attemperator Model 

 

Figure 6: Intermediate Pressure Section Model 
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Figure 7: Low Pressure Section Model 
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                              Figure 8: Comprehensive Steam Turbine Model 

4. Conclusion 

Different equations have been used to develop models of various components of the 
steam turbine.  Fine tuning and validation of this model at various regimes considering 
real time values in the permissible range can be carried out through testing. A sample 
output as sown in Figure 9, wherein values of pressure, mass flow and temperature of 
steam are fed in the comprehensive model has been brought out.  However, if the range 
varies, the transfer function ratio and empirical relations needs to be modified 
appropriately as per operating regime. This model can be further reduced for control 
system design synthesis, performing real time simulations and monitoring desired 
states [1and 3]. 
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Figure 9 :Total Power Output  

References 

[1]    DulauMircea, and DorinBica. Mathematical Modeling and Simulation of the Behavior of the 
Steam Turbine. Procedia Technology, 2014; 12(1): 723-729. 

[2]    TaoYang, Feng Yangxin, Ren Yong, Tang Lei and Li Yanghai.Parameter Identification of 
Steam Turbine Speed Governor System.IEEE Power and Energy Engineering Conference,  
Shanghai, 27-29 March 2012, 1-8. 

[3]    IEEE Committee Report.Dynamic Models for Steam and Hydro Turbines in Power System 
Studies, IEEE Power Engineering Society, Winter Meeting, NY, 1973. 

[4]    Muller, W. C. Muller.Fast and Accurate Water and Steam Properties Programs for Two Phase 
Flow Calculations. Nuclear Engineering & Design,1994; 149(3): 449-458. 

5
 Power Out

4
WORK OUT IP

3
TEMPERATURE

OUT HP

2
PRESSURE 

OUT HP

1
POWER 

OUTPUT HP

leakage

1

constant

9.45039e-6

20s+1
Transfer Fcn1

9.45039e-6

20s+1
Transfer Fcn

-C-

TEMPERATURE IN

1

TEMPERATURE
 OF FUEL

Scope

p

temp
yfcn

STEAM  AT HP-IP LINE

.033471

1.5s+1
STAGE4

0.673678

2.1s+1
STAGE 7

.051175

1.9s+1
STAGE 6

0.040183

1.7s+1
STAGE 5

-C-

SPECIFIC HEAT AT
 CONSTANT PRESSURE

Product9

Product8

Product7

Product6

Product5

Product4

Product3

Product2

Product15

Product14

Product13

Product12

Product11

Product10

Product1

Product

.29475

.4s+1
PRESSURE RATIO

-C-

PRESSURE
INPUT

POWER MECHANICAL

Mass f low in Mass f low out

MOISTURE SEPERATOR

0.062183

1.1s+1
MIP-LP LINE

1

MASS OF FUEL SPRAY

1

MASS OF FUEL

391.1

MASS FLOW 
RATE IN

-K-

K4

-K-

K3

-K-

K2

-K-

K1

1
s

Integrator1

1
s

Integrator

p

temp
enthalpyfcn

IP-LP LINE

.89

HP TURBINE 
EFFICIENCY

Fuel1

FUEL

u1

u2
yfcn

Embedded
MATLAB Function1

-K-

Efficien

p

temp
yfcn

EXTRACTION STAGE 3

p

temp
yfcn

EXTRACTION STAGE 2

p

temp
yfcn

EXTRACTION STAGE 1

p

temp
enthalpyfcn

EXTRACTION 7

p

temp
enthalpyfcn

EXTRACTION 6

p

temp
enthalpyfcn

EXTRACTION 5

p

temp
enthalpyfcn

EXTRACTION 4

-K-

EFFICIENCY IP

Divide

-C-

B4

.1315

B3

-C-

B2

.1706

B1

Add2

Add1

Add

0.081416

0.7s+1
         MASS EXTRACTED 

STAGE 2

0.057895

0.3s+1
              MASS EXTRACTED 

STAGE 1

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
0

1

2

3

4

5

6

7

8

9

10
x 1013

TIME(s)

PO
W

ER
(W

)



                                A Virtual Model of Steam Turbine Power Generation Unit                                                 43 

[5]    Garland, W .J., R.J. Wilson, J. Bartak, J. Cizek, M. Stasny and I. Zentrich. Extensions to the 
Approximate Functions for the Fast Calculation of Saturated Water Properties. Nuclear 
Engineering Design, 1992; 136(3): 381-388.  

[6]    Stodola, A. Steam and Gas Turbine, V (1) Peter Smith, New York; 1945. 
[7]  LukasHubka. Steam Turbine and Steam Reheating Simulation Model.IEEE International 

Conference on Process Control, StrbskePleso, Slovakia, 18-21June 2013, 31-36. 

Appendix 

Nomenclature Subscripts 
C  specific heat (kJ/kg K) a Metal 
h specific enthalpy (kJ/kg) air Air 
k index of expansion HP High pressure 
p pressure(MPa) IP Intermediate pressure 
m mass flow rate (kg/s) LP Low pressure 
T time (s) in Input 
T temperature (◦C) out Output 
V volume (m3) P Constant pressure 
P Power (MW) v Constant volume 
W Work done(kJ/s) s Steam 
ά steam quality g Gaseous 
η  efficiency Sat saturated 
ρ  specific density (kg/m3)   
τ time constant (s)   
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