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To make up for the lack of domestic research on the dynamic model of the unit in 
a gas-steam combined cycle power plant, the thesis researched and established a 
real-time digital simulation model of the combined cycle power plant unit. Firstly, 
the theory found a non-real-time digital simulation model in MATLAB/SIMULINK 
environment. Then the paper converts it into C language code and uses the C 
Builder tool to encapsulate it into a simulation model that can run in real-time. 
Finally, the thesis conducted a simulation test on the model on real-time digital 
simulation and compared it with the field test results. The simulation results show 
that the combined cycle power plant unit model we have established can meet the 
real-time simulation requirements of the power system in terms of computational 
efficiency and model accuracy.
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encapsulation model

Introduction 

The gas-steam combined cycle power generation technology is a clean power gen-
eration technology with high efficiency, low pollution, low water consumption, fast start-up, 
and large capacity. The combined cycle power plant (CCPP) unit consists of four parts: gas 
turbine, steam engine, waste heat boiler, and generator. The working principle of the CCPP 
unit is to superimpose the Brayton cycle of the gas turbine operating in the high temperature 
zone and the Rankine cycle of the steam engine running in the medium and low temperature 
area to form a combined power generation system. Since the CCPP unit makes full use of the 
gas turbine’s high average heat absorption temperature, its unit efficiency can reach about 60%. 
The working efficiency of CCPP units is significantly higher than that of gas-fired units and 
steam units. In addition the advantages of high power generation efficiency and less environmen-
tal pollution, CCPP units also have excellent load regulation performance. Its theoretical vari-
able load rate can reach 10% MCR per minute (MCR, maximum continuous output). It can get  
5% MCR per minute in practical applications, which is far superior to the regulation characteris-
tics of conventional coal-fired units at 2% MCR per minute. In the future smart grid, this adjust-
ment capability will play an essential role in smoothing the volatility of RES such as wind [1].

Strengthening the exploration, exploitation, and application of natural gas and devel-
oping green and low carbon technologies and recycling technologies have become an essential 
national policy of our country. By 2020, Chinese natural gas industry can provide sufficient fuel 
for 160 million kW gas-steam combined cycle power plants. The development of a combined 
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cycle is of great significance to improving the domestic environment and adjusting the national 
energy structure. However, the current research on the dynamic model of CCPP units is still 
minimal. Domestic research on the combined cycle is mainly based on simulation modelling 
from the perspective of thermodynamics. When the CCPP unit model is needed in the grid anal-
ysis and research, we often replace it with a gas-fired unit or a steam unit model. In standard 
power systems simulation software such as RTDS, PSCAD, PSS/E, and Dig Silent, there is a 
general lack of models for CCPP units.

In response to the previous problems, this paper takes the 9F-class heavy-duty gas-
steam CCPP unit widely used in China as the object. It establishes a real-time digital simulation 
model of the single-shaft combined-cycle unit on the RTDS platform. At the same time, we 
used the C Builder tool to encapsulate the simulation model to improve the reusability of the 
model.

Gas-steam combined cycle unit modelling

For the single-shaft unit type, the sliding pressure non-compensated waste heat boiler 
is used in this paper. The model established in this paper is shown in fig. 1.
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Figure 1. Simulation model of combined cycle unit

We consider three dynamic control loops in the gas turbine model: acceleration con-
trol, temperature control, and speed control. Among them, we use proportional-integral (PI) 
control for speed and temperature control. We use integral control for acceleration control, 
fig. 1. The input of speed control is electromagnetic power, speed, and the reference value of 
rate. The intake of temperature control is the measured temperature and temperature reference 
value. The information of acceleration control is the reference value of speed and acceleration. 
In the sliding pressure operation mode, the power output of the steam turbine follows that of 
the gas turbine. The output ratio of the gas turbine and the steam turbine is close to 2:1. The 
power output of the CCPP unit without supplementary combustion of the waste heat boiler in 
steady-state operation is determined by the output power of the gas turbine. Under dynamic 
conditions, the overall load response speed of the unit is mainly limited by the waste heat boiler. 
In the simulation model, we use the standard unit value, and the CCPP model finally outputs 
the total mechanical torque to the generator. The generator uses the apparent power (MVA) as 
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the reference value, and the prime mover uses the rated power (MW) as the reference value. 
There are three mechanisms for heat transfer to heat absorption: good thermal quality, ground 
formation through conduction, and ground formation through convection. Among them, the 
formula is expressed:
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where θe is the temperature on the early time scale. The solution of eq. (5) is:
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The heat conversion problem is solved through the backflow and annular flow of the 
typical system return pipe. Therefore, the eq. (6) can be expressed:
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where fSC(ς, τs) is A function, which is a return pipe-line from global energy balance:
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Suppose the solution of the average temperature change of the return pipe flowing 
from the annulus is:
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The hot well temperature in the and Z-directions is kept constant and given.
Under the condition τs > 1, we require the temperature of the hot well in the Z-direction 

be kept constant:
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Speed control

Figure 1 contains the speed control. It is the essential part of the gas turbine control. 
We choose the appropriate parameters Kpg and Kig to adjust the response speed of the gas tur-
bine. The parameter dbd can adjust the power fluctuation dead zone range and the parameter Lset 
is the speed/load reference. It can be adjusted in response to the AGC command PAGC to change 
the base load of the unit [2].

Acceleration control

Acceleration control controls the combustion system when the speed change rate of the 
unit exceeds the limit. This control is significant in the process of unit start-up or load shedding. 
The acceleration is controlled by the integral coefficient, Kia, according to the reference value aset.

Temperature control

When the gas turbine exhaust gas temperature exceeds the limit, the temperature con-
trol starts to work. Temperature control consists of three parts: a temperature measurement 
module, a comparison module, and PI controller. The parameter Tthcp, Tn, and Td in the tem-
perature measurement module represents the influence of the thermocouple and the radiation 
shielding layer on the measurement process. The F(x) is a non-linear function reflecting the 
impact of speed on temperature control. Parameter Tlimit is the temperature limit value. The 
difference between the measured temperature and Tlimit is adjusted by the PI controller, and their 
proportional-integral coefficients are Kpt and Kit, respectively.

Steam turbine control

Since this model uses a non-compensated waste heat boiler and sliding pressure oper-
ation mode, the control of the steam turbine is relatively simple. The parameter Tdrum represents 
the time constant of the waste heat boiler, which reflects the response speed of the waste heat 
boiler. The F(Pgt) represents the non-linear mapping relationship between the heat Qg absorbed 
by the waste heat boiler and the output power, Pgt, of the gas turbine. The Pt represents the pri-
mary steam pressure of the inlet valve of the steam turbine. The Pref 

represents the minimum 
steam pressure reference value. When Pref is very small, the speed governing system of the 
steam turbine does not work. At this time, the regulating valve fully open system realizes slid-
ing pressure operation [3].

Combined cycle encapsulation model based on C Builder

The C Builder component development based on SIMULINK

The RTDS is a set of devices using multi-CPU parallel processing technology. Its 
EMTP model can simulate the electromagnetic transient process of the power system. At pres-
ent, RTDS is the most mature and widely used real-time digital simulation system in the world. 
The RTDS can carry out real-time simulation and form a flexible and convenient digital-physi-
cal closed loop with external equipment. The RTDS simulation of primary equipment can make 
the parameters consistent with the existing system.

All control components and their parameters in RTDS are global. If we only use the 
control components to build the CCPP unit model in fig. 1, the constructed model is challenging 
to instantiate multiple times and cannot be reused modularly. To solve this problem, we can use 
the component customizationol C Builder provided by RTDS to encapsulate the control model. 
The encapsulated system has many advantages: a straightforward input/output interface can be 
instantiated multiple times, higher execution efficiency, and so on [4]. But C Builder requires 
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manual programming of C language to realize the control model, and it is not easy to debug the 
control model in the C Builder environment. The MATLAB/SIMULINK provides an efficient 
controller modelling and debugging environment, which can help us convert SIMULINK models 
into high performance ANSIC codes that support floating-point operations to achieve the purpose 
of running on the host’s real-time embedded 
platform. The processor chip used in the RTDS 
system is IBM Power PC 750 GX or Freescale 
Power PCMPC 7448. Suppose the processor, as 
mentioned previously, is regarded as the host 
embedded platform for SIMULINK to generate 
code. In that case, we can carry out rapid mod-
el development and testing in the SIMULINK 
environment, and then we will migrate the mod-
el to the RTDS platform. The aforementioned 
product as process is shown in fig. 2.

The CCPP component interface definition

First, we need to define the external inter-
face of the CCPP component. The CCPP com-
ponent interface defined in this paper is shown 
in fig. 3, and its port is defined:
–– PMAC: input port. It is the output electromag-

netic power from the generator.
–– Lset: input port. It is the reference value of 

unit load/speed.
–– W: input port. It is the speed of the generator. 
–– TM: output port. It is the mechanical torque 

input to the generator. 
Besides, this article also defines the pa-

rameters that can be configured for CCPP com-
ponents. For specific parameter items, see the 
simulation test part of this article [5].

The SIMULINK model development and automatic code generation

According to the previous interface definition, we use SIMULINK to complete the de-
velopment of the CCPP model shown in fig. 1 [6]. The simulation step size of the model should 
be set to fixed step size. Then we use SIMULINK/EMBEDDED Coder to generate ANSIC 
code, as shown in tab. 1 automatically.

Table 1. The SIMULINK generated by the main source code
The filename The file

CCPP_Sim_data.c Contains the initial parameter values used by the model
CCPP_Sim_private.h Contains the definition of a private instruction that accesses the real-time model
CCPP_Sim_types.h Contains definitions of the data types used in the model
CCPP_Sim.c Main files for implementing CCPP model functions
CCPP_Sim.h Contains model parameters and state variable definitions

Figure 2. The C Builder component 
development process based on SIMULINK
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The C Builder component creation and integration compilation

The article uses RTDS/C Builder to create CCPP components with the same inter-
face and generate ANSIC code. However, the code only contains interface definitions but not 
function implementations. The function realization needs to import the function code generated 
by SIMULINK to form all the source codes required to build the CCPP model on the RTDS 
platform. We can integrate and compile the aforementioned code to develop a CCPP model 
packaged as a custom component. This model can be reused in RTDS.

Simulation test

We use RTDS to establish the test sys-
tem shown in fig. 4. The rated power of the unit 
is 400 MW, and the generator capacity is 470 
MVA. The figure shows the connection rela-
tionship between the CCPP component devel-
oped in this paper and the generator [7].

Open the parameter configuration dialog 
box of the CCPP component to configure the 
parameter items shown in tab. 2.

Table 2. Main parameters of the combined cycle model

Parameter names The values Parameters to describe

Rp 0.045 Coefficient of gas turbine adjustment

Kpg 4 Proportional coefficient of the governor

Kig 1.5 Governor integral coefficient

Kia 10 Acceleration control integral coefficient

Kpt 1 Temperature controlled amplification factor

Kit 0.2 Temperature control integral coefficient

Wfo 0.2 p.u. Full speed no-load fuel

Kgt 0.65 Gas turbine power distribution coefficient

Tdrum 300 seconds Waste heat boiler time constant

Pref 0.3 p.u. Minimum vapor pressure reference value

Step disturbance test of combined cycle frequency

The same test method is used in the simulation in this article. The unit carries a fre-
quency step disturbance experiment with more than 80% load stably. The comparison between 
actual measurement results and simulation results is shown in fig. 5, and the two are the same 
[8]. The gas turbine output simulation results are the same as the measured results, but when 
the frequency returns to 50 Hz, the simulated output is about 3MW less than the measured 
output. This is because there is a dead speed zone in the gas turbine speed control process, and 
the allowable power has an error of ±2.4 MW. The simulation result of the steam turbine output 
response is slower than the measured result. The simulated output during the dynamic process 
is about 1MW more power output than the actual measured output. The simulation results of the 
entire output trajectory of the CCPP unit agree with the measured results.

Figure 4. Test system
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Figure 5. Joint cycle frequency step disturbance test

Test for dynamic characteristics 
of combined cycle frequency

When the unit was at 80% 
load, we suddenly cut off the 50 
MW bag. The unit output was re-
duced from the initial 320 MW to 
270 MW, and the system frequency 
stabilized at 50.25 Hz after experi-
encing disturbance from 50 Hz. The 
frequency change process is shown in  
fig. 6. From fig. 6, the characteristic droop slope of the governor can be calculated to be 4%. 
This point is consistent with the distinct droop slope of the actual unit.

Acceleration control test

When the unit was at 95% 
load, we suddenly cut off the 120 
MW bag, and the unit output was 
reduced from the initial 380 MW 
to 240 MW. In the initial stage of 
load shedding, the generator ro-
tor acceleration is positive. When 
the acceleration exceeds the ac-
celeration setting value, the ac-
celeration control starts to work 
to reduce the acceleration control 
amount [9]. When the acceleration control quantity is less than the speed control quantity, the 
acceleration control plays a significant role in controlling the fuel. The acceleration control 
process of the CCPP unit is shown in fig. 7.

Figure 6. Dynamic characteristic test of combined  
cycle frequency
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Real-time computing efficiency test of the model

We used a processor in the GPC processor card during the test. The processor chip is 
IBMPPC750GX, clocked at 1 GHz. We use the RTDS performance test tool to measure the time 
required for the CCPP model to run at about 5.5 μs. If the system simulation step is 50 μs, then 
a single RTDS processor can run up to 9 CCPP unit models simultaneously. This shows that the 
model has good real-time calculation efficiency [10].

Conclusion 

As a form of clean power generation in the future smart grid, CCPP units can be op-
erated in coordination with other random renewable energy sources. According to the actual 
operation of CCPP units in China, this paper developed a combined cycle simulation model 
including a gas turbine, waste heat boiler, and steam turbine on RTDS. The effectiveness of the 
model is verified by comparison with the actual measurement results of the unit.
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