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Abstract

:

The main data source for the verification of surge detection methods still rely on test rigs of the compressor or the whole engine, which makes the development of models of the whole engine surge process an urgent need to replace the high-cost and high-risk surge test. In this paper, a novel real-time surge model based on the surge mechanism is proposed. Firstly, the turboshaft engine component level model (CLM) and the classic surge dynamic model, Moore-Greitzer (MG) model is established. Then the stability of the MG model is analyzed and the compressor characteristics in the classical MG model are extended to establish the extended MG model. Finally, this paper considers the coupling relationship of the compressor’s rotor speed, mass flow and pressure between CLM and the extended MG model to establish the real-time model of the turboshaft engine with surge process. The simulation results show that this model can realize the whole surge process of the turboshaft engine under multiple operating states. The change characteristics of the rotor speed, compressor outlet pressure, mass flow, exhaust gas temperature and other parameters are consistent with the test data, which means that the model proposed can be further applied to the research of surge detection and anti-surge control.
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1. Introduction


As a typical unhealthy state of the turboshaft engine, surge seriously affects its performance and safety. When the turboshaft engine enters a surge state, the typical characteristics are that the mass flow and pressure at the outlet of the compressor fluctuate greatly at low frequency, the speed and thrust decrease slowly, and the exhaust temperature rises rapidly [1,2,3]. According to statistics, the surge frequency of the turboshaft engine is generally 0.5~10 Hz, and the pulsation amplitude is generally 40~85% [4]. If the engine fails to exit the surge in time, the efficiency and performance of the engine will be greatly reduced due to the additional vibration load to the compressor’s blade caused by the vibration of the unstable air mass and additional heat load to the turbine’s blade caused by the temperature rise in front of the turbine which accelerates the aging of the engine, shortens the service life of the engine, and even causes engine failure leading to disastrous consequences in serious cases [5].



In order to find an effective method to eliminate and relieve the surge, it is first necessary to study the physical process and change characteristics of the surge, which is achieved mainly through test or simulation at present. Although the former has high reliability, it has many disadvantages such as high cost, high risk, long cycle and difficult data acquisition. Therefore, it is very important to establish a model to reflect the dynamic characteristics of the surge and simulate the changes of the engine’s parameters in the process of the surge. The research on the surge dynamic characteristic model is mainly focused on the compressor system and has made important progress in the 1970s and 1980s. In 1976, Greitzer [6] established a one-dimensional unsteady nonlinear model describing the dynamic process of surge and rotation stall of the axial compression system and defined the famous Greitzer-B parameter to distinguish the stall type of the system. In the 1980s, Moore [7] established a two-dimensional rotating stall model and developed an unsteady model to predict the stall characteristics of multistage compressors by using the Fourier series to express the velocity disturbance. Based on the Moore model and Greitzer model, Moore and Greitzer [8] established an unsteady incompressible nonlinear model, the Moore-Greitzer (MG) model, which describes the dynamic process of the rotating stall and surge of the compression system in 1985. This model provides an important theoretical basis for the numerical simulation of the rotating stall and surge of the compressor system and the simulation of the dynamic stall characteristics of the compressor. Then, based on the MG model, Wang, Haynes, Gravdahl, Botros, Hynes, Hu and Mansoux, etc. [9,10,11,12,13,14,15], improved the prediction accuracy of the MG model by modifying the hypothesis conditions. Nonnaure, Feulner and Hendricks [16,17,18] extended the MG model to the case of compressible flow. However, these researches’ object is limited to the compressor or compression systems, and the compressor’s characteristic is approximately expressed by a dimensionless cubic curve. In addition, the strong coupling between compressor and other parts of the engine, and the high complexity of matching in joint work are not considered.



To study the dynamic characteristics of the engine’s surge process, GE firstly carried out the numerical simulation of the surge phenomenon of the turbofan engine in the 1980s. Based on the consideration of the stall zone characteristics of the fan, the flameout limit and reverse flow characteristics of the combustion chamber, the whole engine model of turbofan engine with a large bypass ratio considering surge was established by using the volume dynamics [19,20]. Yang Fan et al. [21] established the turbofan model of post-stall and surge which simulates the flow coefficient and pressure rise ratio of the compressor during surge by solving the two-dimensional Euler equations with source terms. All these models regard the engine’s each component as an equivalent cavity unit, and the whole engine is calculated by stacking these units step by step, which simplifies the interaction with other components, and pays more attention to the dynamic process of stall and surge at a steady-state point of the engine, while the model itself lacks the steady-state and dynamic simulation capability of the whole envelope under different operating conditions. Additionally, only the simulation results of the compressor’s parameters and its operating points are given in these researches while the changes of other engine’s performance parameters are not shown.



In the existing research, the component level model (CLM) is widely used to simulate the steady-state operating point and dynamic acceleration or deceleration process of aeroengine, but it cannot simulate the changes of various parameters during engine surge. Although there has been little progress in describing the whole engine’s dynamic process of the surge, the establishment of a dynamic real-time model of aeroengine with the ability to simulate surge under full envelope and full working conditions is undoubted of great significance to further development of surge and engine active stability control. Thus, a novel real-time modeling method of turboshaft engine surge process based on the instability mechanism model is proposed in this paper. The CLM of turboshaft engine and classic MG model with instability mechanism are conducted firstly. Then the extended MG model which expands the compressor characteristics to full speed range is developed through stable analysis. Based on the extended MG and CLM, the coupling relationship is comprehensively considered to combine the MG model’s ability to describe the dynamic process of compressor surge with the CLM’s ability of full envelope steady and dynamic simulation of the engine, thus, the characteristic parameters of the whole engine surge process can be simulated. Finally, a surge detection method widely used is applied to verify the model’s confidence. The surge model proposed provides a model basis for simulation tests of surge detection and anti-surge control to avoid high risk and cost surge tests, which unequivocally has important practical significance for the development and engineering application of surge active control technology in the future. Besides, it is worth mentioning that the modeling method proposed in this paper can be extended to other types of aero engines to simulate the surge process.



This paper is organized as follows: Section 2 describes the calculation method of the CLM briefly, and Section 3 introduces the method for establishing a real-time surge model based on the surge mechanism model. The simulation and verification of the model is given in Section 4 and Section 5 concludes this paper.




2. Turboshaft Engine Component Level Model


The structure and section definition of the turboshaft engine model established in this paper are shown in Figure 1 and the numbers such as 1,2,3, etc. represent the inlet or outlet sections of different parts of the engine. The main components include airscrew, inlet, compressor, combustion chamber, gas turbine, power turbine, and nozzle. Through the aero-dynamic and thermo-dynamic calculation of each component, the parameters such as temperature, pressure, and flow of each section can be obtained. In addition, each component also needs to meet the balance equation of the mass flow or power. Thus, establishing the mathematical model of the engine with the component method includes three aspects: (1) Completing the aero-thermal calculation of each component along the engine intake process; (2) Establishing and solving the balance equation reflecting the common working relationship between the components in the steady-state operation of the engine; (3) Establishing and solving the balance equation reflecting the common working relationship between the components in the transient operation of the engine.



When the engine is working in a steady-state, the power of the rotating parts should be balanced, and the mass flow through each section should meet the continuous condition so that the following five balance equations can be obtained:




	(1)

	
Power balance between compressor and gas turbine:


   f 1  =    P  G T      P C  /  η  m c   +  P  e x t     − 1  



(1)




where    P  G T     is the gas turbine power,    P C    is the compressor power,    P  e x t     is the extracted compressor shaft power and    η  m c     is the mechanical efficiency of the compressor shaft.




	(2)

	
Power balance between airscrew and power turbine:


   f 2  =    P  P T      P L  /  η  m L     − 1  



(2)




where    P  P T     is the power turbine power,    P L    is the power required by airscrew and    η  m L     is the mechanical efficiency of the power turbine shaft.




	(3)

	
The flow continuity equation of the gas turbine:


   f 3  =    W  g 41 C   −  W  g 41 C X      W  g 41 C X      



(3)




where    W  g 41 C     is the real gas flow of combustor exit,    W  g 41 X     is the real gas flow calculated according to    W  g 41 C     at the gas turbine inlet.




	(4)

	
The flow continuity equation of the power turbine:


   f 4  =    W  g 45 C   −  W  g 45 C X      W  g 45 C X      



(4)




where    W  g 45 C     is the real gas flow of gas turbine exit,    W  g 45 C X     is the real gas flow calculated according to    W  g 45 C     at the power turbine inlet.




	(5)

	
The flow continuity equation of the nozzle:


   f 5  =    W  g 8   −  W  g 8 C      W  g 8      



(5)




where    W  g 8     is the gas flow at nozzle inlet,    W  g 8 C     is the nozzle gas flow calculated by the dense flow function.









In steady-state calculation, these five equations are expected to be equal to zero, and the Newton-Raphson (N-R) method shown in Equation (6) is used to solve these five equations. In addition, the relative speed of the compressor    N g   , the relative speed of power turbine    N P   , the coefficient of compressor pressure ratio ZC, the coefficient of gas turbine pressure ratio    Z  G T    , the coefficient of power turbine pressure ratio    Z  P T     are chosen as guesses for the five operating equations which will be continuously updated in iterations until    f 1    to    f 5    are less than 10−5.


   {    X = X − λ  J  − 1   E     J =  ∇ X  E      



(6)




where   X =    [     N ¯   g     N ¯   P   Z C   Z  G T    Z  P T    ]   T    is the vector composed of five guesses,   E =    [   f 1   f 2   f 3   f 4   f 5   ]   T    is the vector composed of the five errors,  λ  is the step size,  J  is the Jacobian matrix of E to X.



In transient calculation, the power of each rotating part has a difference, which makes the engine in a dynamic adjustment state where the rotor is in a power unbalanced state, but the flow of each section is considered continuous, and the pressure of the corresponding section is considered equal, that is, the dynamic point calculation should meet the quasi-balance condition of continuous flow and pressure balance. Therefore, in the dynamic calculation, the rotor dynamics equation shown in Equation (7) is used to replace the power balance equation. After the dynamic point is solved, the rotor dynamics is used to update the rotor speed in each simulation cycle.


   {        d  N g    d t   =  (   P  G T   −  P C  /  η  m g   −  P  e x t    )  /  [     (   π  30    )   2   N g   J  G T    ]          d  N p    d t   =  (   P  P T   −  P L  /  η  m L    )  /  [     (   π  30    )   2   N p   J  P T    ]         



(7)




where    N g    is the gas turbine rotor speed,    N p    is the power turbine rotor speed,    J  G T     and    J  P T     are moments of inertia of gas turbine shaft and power turbine shaft,  t  is time.




3. Real-Time Surge Model of Turboshaft Engine


3.1. Classic MG Model


In 1985, based on their theoretical research, Moore and Greitzer collaborated to complete a two-dimensional unsteady incompressible nonlinear model, referred to as the MG model, that described the dynamic process and characteristics of the rotating stall and surge of the compression system as shown in Figure 2. This model is described by the following three mutually coupled differential equations:


    d Ψ   d ξ   =  1  4  B 2   l c     (  Φ −  Φ T   ( Ψ )   )   



(8)






    d Φ   d ξ   =  1   l c     (  Ψ c  ( Φ )  − Ψ −   3 H  4   (   Φ W  − 1  )  J  )   



(9)






    d J   d ξ   = J  [  1 −    (   Φ W  − 1  )   2  −  J 4   ]  δ  



(10)




where  Φ  is the flow coefficient in the compressor;  Ψ  is the pressure-rise coefficient;  J  is the square of the amplitude of angular disturbance of flow coefficient;  ξ  is the dimensionless time;  H  and  W  are respectively the semi-height and semi-width of cubic axisymmetric characteristic in Figure 3;    l c    specifies the length of compressor and duct;  δ  is a constant coefficient that reflects the flow hysteresis in the compression system. B is the well-known Greitzer-B parameter defined as:


  B =  U  2  a S         V p     A C   l C       



(11)




where  U  is the tangential speed of the rotor.    a S    is the local sound speed;    V p    is the plenum volume and    A C    is the cross-section of the compressor.



  Ψ c  ( Φ )    is the steady-state characteristic curve of the compressor expressed by the following cubic curve function:


   Ψ C   ( Φ )  =  Ψ  C 0   + H  [  1 +  3 2   (   Φ W  − 1  )  −  1 2     (   Φ W  − 1  )   3   ]   



(12)







   Φ T   ( Ψ )    is the throttle valve characteristic which can be expressed by the following equation:


   Φ T   ( Ψ )  =  γ T   Ψ   



(13)







Figure 3 shows the compressor characteristic curve and the throttle valve characteristic line at different throttle valve openings, where points A and B are in the stable state, point C is the surge operating point of the compressor, and points D and E are in an unstable state. When the compressor operating point is located in the positive slope region of its characteristic line, the compressor is in an unstable working state.



Let J = 0 in Equation (10), which represents the disappearance of the airflow disturbance wave at the inlet of the compressor, and the MG model of the second-order pure surge is obtained:


    d Φ   d ξ   =  1   l c     (  Ψ c  ( Φ )  − Ψ  )   



(14)






    d Ψ   d ξ   =  1  4  B 2   l c     (  Φ −  Φ T   ( Ψ )   )   



(15)








3.2. Stability Analysis of MG Model


For a specific MG pure surge model of a compression system, there is a    B  c r     which represents the critical value of B and when the B parameter is less than    B  c r    , the instability type of the MG model is the surge. Additionally, the value of    B  c r     can be obtained with Hopf bifurcation analysis [22,23,24].



Express Equations (14) and (15) in the form of    x ˙  = f  (  x , B  )    where   x =    [     Φ   Ψ     ]   T    and suppose the equilibrium point of the system is    (   Φ 0  ,  Ψ 0   )   , then the Jacobian matrix is obtained:


  L =  D x  f  (   Φ 0  ,  Ψ 0   )  =    [        ∂  f 1    ∂ Φ         ∂  f 1    ∂ Ψ           ∂  f 2    ∂ Φ         ∂  f 2    ∂ Ψ        ]    Φ =  Φ 0  , Ψ =  Ψ 0    =  [         Ψ ˙  c  (   Φ 0   )    l c       −  1  l c          1  4  B 2   l c          −   Φ ˙  T   (   Ψ 0   )    4  B 2   l c         ]   



(16)







The characteristic equation is obtained according to   det  (  λ I − L  )  = 0  :


   λ 2  +    [   l c    Φ ˙  T   (   Ψ 0   )  − 4  B 2   l c   Ψ ˙  c  (   Φ 0   )   ]    4  B 2   l c 2    λ +   1 −  Ψ ˙  c  (   Φ 0   )    Φ ˙  T   (   Ψ 0   )    4  B 2   l c 2    = 0  



(17)




where     Φ ˙  T   (   Ψ 0   )    and    Ψ ˙  c  (   Φ 0   )    are respectively the characteristic derivatives of throttle valve and compressor at the equilibrium point:


    Φ ˙  T   (   Ψ 0   )  =    γ T    2    Ψ 0       



(18)






   Ψ ˙  c  (   Φ 0   )  =   3 H   2 W    (  1 −    (     Φ 0   W  − 1  )   2   )   



(19)







The change of the real part of the eigenvalue of the matrix determines the number of special structures in the phase space and the properties of each of them. Considering MG model with H = 0.18, W = 0.25,    γ T    = 0.55, the compressor characteristic parameters H, W and    γ T    keep unchanged to analyze the distribution of eigenvalue of the Jacobian matrix with different B parameters. The changing trajectory of the two eigenvalues with the B parameter is shown in Figure 4. With the increase of the B parameter, the distribution of the two eigenvalues goes through three stages: two negative real eigenvalues, a pair of conjugate complex eigenvalues and two positive real eigenvalues. In the second stage, the pair of common complex eigenvalues cross the imaginary axis from the left half complex plane to the right half complex plane. When crossing the imaginary axis, the real part of the common eigenvalue becomes zero, which means the stability of the equilibrium point changes and a limit cycle is generated at the equilibrium point. When B = 0.4404, the real part of the two eigenvalues is 0 and Hopf bifurcation occurs. Therefore, the    B  c r     of MG model, in this case, is 0.4404.



The classical MG model has certain compressor characteristics, that is, H and W are determined, so the throttle opening directly affects the    B  c r    . For the characteristic equation as Equation (17),    B  c r     can be accurately solved by using the Routh Hurwitz criterion [25]. Figure 5 shows the value of    B  c r     under    γ T    and they are positively correlated. For a given B parameter, the    B  c r     can be reduced by reducing    γ T   , so that the B parameter that originally made the system stable becomes greater than    B  c r    , making the model enter or exit surge.



Use Matcont toolbox [26] to further analyze the change of limit cycle with B parameter during the surge, and the results are shown in Figure 6. When the B parameter is greater than the    B  c r    , the limit cycle occurs and its size is related to the size of the B parameter. With the increase of the B parameter, the limit cycle increases rapidly, then decreases slowly in the direction of pressure rise coefficient, and the direction of flow coefficient tends to be stable. When the B parameter is large, the mass flow coefficient is smaller than 0, which means that backflow occurs and the model enters a deep surge.



Based on the above analysis, Bcr is determined by the compressor characteristics and the throttle opening: if the throttle opening is reduced, B decreases, and if the throttle opening is increased, B increases accordingly. When the B parameter is greater than    B  c r    , the MG model surges meanwhile  Φ  and  Ψ  pulsate, and the larger the B parameter, the larger the pulsation amplitude, the lower the pulsation frequency. Therefore, the process of MG model’s stable state—surge state—stable state in and retreating can be simulated by the following steps:



Step 1. Set the initial B parameters and throttle valve opening, run the MG model.



Step 2. Decrease the throttle opening    γ T    so that    B  c r   < B  , MG model goes into surge state.



Step 3. Adjust the B parameter to simulate different pulsation amplitudes and frequencies.



Step 4. Increase the throttle opening    γ T    so that    B  c r   > B  , MG model return to the stable state.




3.3. Extended MG Model


In the CLM, the compressor component characteristics are obtained by the compressor test-bed and expressed as three-dimensional tables of speed, pressure ratio and flow for interpolation during calculation, so that CLM can simulate the stable operation state and acceleration or deceleration dynamic process at different rotor speeds. The classic MG model describes the instability of the compressor at a certain constant rotor speed, so only one axisymmetric curve is used to describe the characteristics of the compressor. However, in fact, the compressor characteristic varies with the rotor speed, and it is generally can be expressed as a cluster of iso-speed lines. Therefore, it is necessary to expand the characteristics of the MG model to match the compressor characteristics in the CLM, but it should be noted that the parameters in the CLM are dimensional, while the parameters in the MG model are dimensionless. The specific conversion method will be introduced in the next section. According to [27], considering the influence of the rotor speed on compressor characteristics, Equation (20) is used to fit the compressor’s full flow characteristics. When the rotor speed increases, the values of H and W increase, otherwise decrease, which means that the iso-speed line characteristic line is almost in parallel and the characteristic line moves higher when the rotor speed increases, and vice versa. The actual expanded compressor characteristics are shown in Figure 7 where each curve in the figure represents the functional relationship between the pressure rise coefficient and the flow coefficient at a certain rotor speed. In the calculation of the MG model, different compressor characteristic lines are called according to the rotor speed interpolation, so that the model can reflect the surge dynamic process with different characteristics.


   {       Ψ C   ( Φ )  =  Ψ  C 0   + H  [  1 +  3 2   (   Φ W  − 1  )  −  1 2     (   Φ W  − 1  )   3   ]  , Φ > 0        Ψ C   ( Φ )  =  Ψ  C 0   + H    (   Φ  2 W    )   2  , Φ < 0        



(20)








3.4. Coupling Relationship between Extended MG Model and CLM


The extended MG model well describes the dynamic process of the compressor instability at different rotor speeds, while the CLM can simulate the overall aero-thermal parameters of the dynamic process of the whole engine. Therefore, it is considered to establish a connection between the two models, and transfer the compressor surge characteristics to the CLM to realize the simulation of the whole engine surge behavior.



In the extended MG model, the mass flow, pressure, and time are dimensionless as follows:


   {      Φ =    W  a 3     ρ  A C  U         Ψ =    P 3  −  P 2    ρ  U 2          ξ =  U R  t        



(21)







Therefore, the relationship between the pressure coefficient, the flow coefficient and the actual parameters of the compressor components can be derived according to Equation (22):


   {       W  a 3   = Φ ⋅ ρ  A C  U        P 3  =  P 2  + Ψ ⋅ ρ  U 2         



(22)







It is obvious that the flow coefficient  Φ  and the pressure coefficient  Ψ  calculated by the extended MG model are linearly related to the compressor’s actual mass flow    W  a 3 C L M     and pressure    P  3 C L M    , thus the change of the pressure rise coefficient and the flow coefficient in the surge dynamic process and the change of the actual outlet pressure and flow of the compressor must be consistent. Normalize  Φ  and  Ψ  as in Equation (23) to obtain the flow instability coefficient    C Φ    and the pressure rise instability coefficient CΨ, which describe the changes in  Φ  and  Ψ  compared to the steady operation when the surge occurs. Finally, the compressor outlet pressure and flow under surge conditions,    W  a 3  ′    and    P 3 ′    can be obtained in Equation (24) and the surge process of the extended MG model is mapped to the component-level model.


   {       C Φ  =  Φ   Φ 0           C Ψ  =  Ψ   Ψ 0           



(23)






   {       W  a 3     ′  =  C Φ  ⋅  W  a 3          P 3    ′  =  C Ψ  ⋅  P 3         



(24)







It should be noted that when the surge occurs in the engine, although the compressor outlet parameters show a large low-frequency pulsation, considering the overall rotor inertia and thermal inertia of the engine, the performance parameters such as speed and exhaust temperature do not follow the pulsation, but show a slow downward trend. After    W  a 3     and    P 3    being calculated, if the pulsating flow and pressure are directly substituted into the components and subsequent components calculation of CLM, the characteristics of performance parameters such as speed and exhaust gas temperature will also show pulsation, which is not consistent with the actual surge process.



Therefore, after the    W  a 3  ′    and    P 3 ′    are calculated, they are just recorded as the mass flow and pressure at the compressor outlet, but not substituted into the subsequent calculations in CLM. Instead, the Savitzky-Golay smoothing filter is used to    C Φ    and    C Ψ    to get    C Φ ′    and    C Ψ ′    in Figure 8, and then calculate the actual outlet mass flow    W  a 3 C L M     and pressure    P  3 C L M     of the compressor in CLM again which will be substituted into the subsequent calculation of CLM.



As the engine goes through the process of stable—surge—stable, the mass flow and pressure after filtering show a slow downward trend and will slowly return to the original level before the surge when the stability is recovered, which is in line with the characteristics of the slow change of the engine performance parameters during the actual whole engine surge process.



In summary, the structure of the turboshaft engine real-time surge model based on the surge mechanism model is shown in Figure 9, including two parts: the component-level model and the extended MG model. The dynamic process of compressor surge is simulated by adjusting the B parameter and the throttle opening in the extended MG model. After that, the flow coefficient and pressure rise coefficient calculated by the MG model are normalized and averaged by Savitzky-Golay smoothing filter, and then updated to the compressor outlet parameters in the CLM. Finally, the subsequent CLM calculations are completed to complete the simulation of the entire engine surge dynamic process.





4. Simulation and Verification


The parameters of the extended MG model used in the simulation are shown in Table 1. The real-time surge model in this paper is implemented in C++ and the running environment is i5-9400 CPU, 8 GB RAM and Windows 10 operating system. It should be noted that the surge model is developed from the turboshaft engine component level model (CLM) with 20 milliseconds as the calculation step, whose real-time performance has been widely verified in engineering [28]. The extended MG model and the coupling relationship are calculated by defining a function in C++, which does not significantly increase the amount of calculation and has little impact on the real-time performance.



4.1. Surge Dynamic Process Simulation at the Design Point


Step 1. Give the model input. (Altitude: H = 0 km, Mach number: Ma = 0, Fuel:    W f    = 0.092556, B = 0.6,    γ T    = 0.65)



Step 2. The    γ T    is decreased from 0.65 to 0.55 at t = 5 s, which makes the model into surge;



Step 3. The    γ T    is increased from 0.55 to 0.65 at t = 15 s, which makes the model out of surge.



During the surge process, the model’s compressor outlet mass flow, pressure, rotor speed and exhaust gas temperature are shown in Figure 10. It can be seen that the turboshaft engine model enters into the surge at t = 5 s meanwhile the compressor outlet mass flow and pressure signal of the model represent the typical characteristics of low-frequency and large-scale pulsation during the surge. Besides, the overall performance parameters of the engine show a gradual decrease in speed and a gradual increase in exhaust temperature, which shows that the model successfully reflects the rotor inertia and thermal inertia of the turboshaft engine. When the model returns to the stable state at t = 15 s, each parameter gradually returns to the level during normal operation. Comparing the changes in rotor speed, compressor outlet pressure, and exhaust temperature given by the actual test data in [2] shown in Figure 11, after the model in this paper into the surge, the macro change characteristics of the parameters of the model are consistent with the test data.



Fast Fourier transform is performed on the compressor outlet pressure signal, and its frequency component is analyzed as shown in Figure 12. Its main frequency component is 12.0977 Hz, which conforms to the pressure pulsation law of 0~15 Hz in [4] when the real turboshaft engine goes into surge.




4.2. Surge Dynamic Process Simulation at Multiple Operating Points


In order to verify the ability of the turboshaft engine surge model to simulate the surge at multiple operating points, set the model to simulate the surge process of accelerating from 85% Ng speed to 100% Ng speed:



Step 1. Give the model input and make the engine operate stably at 85% Ng speed. (Altitude: H = 3 km, Mach number: Ma = 0.6, Fuel:    W f    = 0.07, B = 0.6,    γ T    = 0.65)



Step 2. Decrease the throttle valve opening    γ T    to 0.55 to make the model go into surge at t = 5 s.



Step 3. Increase the throttle valve opening    γ T    to 0.65 to make the model out of the surge at t = 10 s.



Step 4. Increase the    W f    to 0.092556 at t = 20 s to make the engine accelerate to 100% Ng speed.



Step 5. Increase the B parameter to 2, and decrease the throttle valve opening to 0.55 at t = 35 s, which makes the model into deep surge again.



Step 6. Increase the throttle valve opening to 0.8 finally and the engine returns to the stable state.



After performing the above steps, the process of the whole engine’s surge, acceleration, deep surge, and recovery of stability was successfully simulated. The changes of Np, Ng, compressor outlet pressure, mass flow, and EGT during the entire simulation process are shown in Figure 13 and the engine’s operating trajectory is shown in Figure 14. Firstly, the engine operates stably at 85% Ng speed, corresponding to operating point A (OP-A). A classical surge occurs when t = 5 s and the operating point trajectory presents a small limit cycle. After exiting the surge, the engine accelerated from OP-A to OP-B at 100% Ng speed, and then a deep surge occurs at t = 35 s. The deep surge corresponds to a larger limit cycle, which indicates that there is a greater fluctuation in pressure and flow. In addition, at this time, the mass flow of the compressor is less than 0, which indicates that backflow has occurred inside. Finally, the engine returns stable after t = 40 s, and all performance parameters return to the normal level. In the whole simulation process, the operating trajectory of the engine presents two oscillation rings and a straight line, corresponding to two surge processes and the acceleration processes respectively.




4.3. Model Confidence Verification


In order to further verify the confidence of the simulated surge signal, the aero-engine surge detection method in [29], which has benefitted dozens of core engine surge tests, is applied to the surge real-time model in this paper.



The main steps of the aero-engine surge detection method based on fluctuating pressure change rate are as follows



Step 1. Use Butterworth filter for dynamic pressure low-pass filtering and reserve the pressure component below 150 Hz.



Step 2. Remove the steady-state pressure component      P ¯    3 C L M     and extract the pulsating pressure component   Δ  P  3 C L M    . The steady-state pressure component is calculated by the front-end point moving average method:


     P ¯    3 C L M   =  1 N    ∑   i = 1  N   P  3 C L M    (  k + i  )  ,      (  k = 1 , 2 , ⋯ , n  )   



(25)






  Δ  P  3 C L M    ( k )  =  P  3 C L M    ( k )  −    P ¯    3 C L M    ( k )   



(26)




where N is the size of the sliding window and n is the length of the signal sequence.



Step 3. Take the engine control cycle, i.e., 20 ms, as the calculation cycle and calculated    |  Δ  P  3 C L M     ′   |    which is the absolute value of the pulsating pressure change rate.



Step 4. Detect the    |  Δ  P  3 C L M     ′   |    and judge whether it exceeds the detection threshold.



Step 5. If    |  Δ  P  3 C L M     ′   |    is greater than the detection threshold for two times or more in three consecutive detection cycles, it is determined that the engine is surging and a surge alarm signal is sent.



In order to simulate the compressor outlet static pressure signal collected in the real operating environment, white noise with a signal-to-noise ratio of 20 is added to the compressor outlet pressure signal in the multi surge dynamic process in Section 4.2. Using the above surge detection algorithm, the steady-state pressure component      P ¯    3 C L M     and the pulsating pressure component   Δ  P  3 C L M     are shown in Figure 15. Obviously, with the occurrence of the surge, the amplitude of fluctuating pressure component increases and the amplitude of the deep surge is greater than that of the classical surge.



As shown in Figure 16, the change rate of pulsating pressure component is further obtained, and the surge detection results are given in combination with the threshold. In Section 4.2, set the model to generate two surges, one for classical surge and one for deep surge and the    |  Δ  P  3 C L M     ′   |    increases greatly during the surge. According to the simulation settings in Section 4.2 and the detection results of engine surge, the dynamic pressure at the compressor outlet begins to fluctuate and the first surge occurred at t = 5 s. The surge alarm signal appears at 5.08 s while the absolute value of fluctuating pressure change rate sharply increases to 15,000 kPa/s. The surge alarm signal is sent about 0.08 s after the pressure begins to fluctuate. When t = 10 s, the dynamic pressure fluctuation at the compressor outlet ends. The surge alarm signal disappears in 10.04 s, and the surge disappears in about 0.04 s after the pressure fluctuation ends. The second surge occurred at t = 35 s (after accelerating to 100% Ng speed), the dynamic pressure at the compressor outlet begins to fluctuate and the surge alarm signal appears at t = 35.10 s where the absolute value of the fluctuation pressure change rate increased sharply to 30,000 kPa/s. The surge alarm signal is sent out about 0.10 s after the pressure begins to fluctuate. After the dynamic pressure fluctuation at the compressor outlet ends at 40 s, the surge alarm signal disappears at 40.06 s.



The above analysis shows that the time of two surges detected by the surge detection algorithm is the same as the time of entering and exiting surge set by the model, which confirms that the surge process simulated by the turboshaft engine surge real-time model established in this paper is consistent with the characteristics of parameter changes in the actual engine surge process. Therefore, using this model to verify the surge detection algorithm is considered feasible without relying on the high-risk and high-cost engine forced surge test, which is of great significance to the subsequent surge detection and anti-surge control algorithm simulation and development.





5. Conclusions


In this paper, a novel real-time model of turboshaft engine with surge process based on instability mechanism is proposed. The CLM of a turboshaft engine and the extended MG model are established. Then the surge characteristic is embedded into CLM via regarding the compression system described by the MG model as the compressor component in the CLM. On this basis, a real-time surge model of turboshaft engine is proposed by building up a coupling relationship of compressor speed, flow, and pressure between the extended MG model and CLM. The main conclusions are as follows:




	(1)

	
Stability analysis and characteristic line extension of classical MG model are carried out to establish the extended MG model which can be matched with CLM.




	(2)

	
The influence of engine rotor inertia and thermal inertia are considered when establishing the coupling relationship between compressor speed, flow and pressure. The fluctuating flow and pressure are carried into the component level model after the smoothing filter, which can ensure that the change of speed and temperature is in accordance with actual test conditions.




	(3)

	
The real-time surge model proposed combines the extended MG model’s ability to simulate the dynamic process of compressor surge with CLM’s ability to simulate full envelope steady-state and dynamic process to realize the simulation of the whole engine surge process.




	(4)

	
The aero-engine surge detection method [29] which has benefitted dozens of core engine surge tests is applied to the real-time surge model to verify the confidence of the simulated surge signal.




	(5)

	
The modeling methods can be extended to other kinds of aeroengine to provide the model basis for surge detection and anti-surge control to avoid high risk and cost surge tests, so it has important practical significance for the development of active stability control.
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Figure 1. The layout of turboshaft engine. 
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Figure 2. Schematic diagram of the compression system. 






Figure 2. Schematic diagram of the compression system.



[image: Applsci 12 00744 g002]







[image: Applsci 12 00744 g003 550] 





Figure 3. The characteristic curves of compressor and throttle. 
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Figure 4. The Variation of eigenvalue trajectories with B parameter: (a) Variation of two eigenvalues; (b) Variation of real part of two eigenvalues; (c) Variation of imaginary part of two eigenvalues. 
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Figure 5. Variation of    B  c r     with    γ T   . 
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Figure 6. The variation of the limit cycle with B parameter: (a) Mass flow instability coefficient; (b) Pressure rise instability coefficient. 






Figure 6. The variation of the limit cycle with B parameter: (a) Mass flow instability coefficient; (b) Pressure rise instability coefficient.



[image: Applsci 12 00744 g006]







[image: Applsci 12 00744 g007 550] 





Figure 7. Compressor characteristic curves cluster. 
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Figure 8. The effect of Savitzky-Golay smoothing filter: (a) Mass flow instability coefficient; (b) Pressure rise instability coefficient. 
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Figure 9. Dynamic calculation of real-time surge model of turboshaft engine. 
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Figure 10. Simulation of surge dynamic process at design point: (a) The mass flow and pressure at compressor outlet; (b) Engine’s rotor speed and exhaust temperature. 
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Figure 11. Trend of engine’s parameters change in surge test. 
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Figure 12. Fast Fourier transform results of P3. 
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Figure 13. The changes of engine parameters in the surge dynamic process at multiple operating points. 
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Figure 14. The engine’s operating trajectory in the surge dynamic process at multiple operating points. 
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Figure 15. The steady-state pressure component      P ¯    3 C L M     and the the pulsating pressure component   Δ  P  3 C L M     of simulated pressure    P  3 C L M    . 
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Figure 16. The absolute value of fluctuating pressure change rate (   |  Δ  P  3 C L M     ′   |   ) and the surge detection results. 
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Table 1. Parameters of the extended MG model.
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	Parameter
	Value





	    Φ 0    
	0.6



	    Ψ 0    
	0.6



	    l c    
	2



	    Ψ  C 0     
	0.3



	  U  
	Related to Ng in CLM



	  H  
	Related to Ng in CLM



	  W  
	Related to Ng in CLM
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
/A JUSIDLJI0)) ISTY ANSSILY

0.2 0.4 06 0.8

0

0.2

Mass Flow Coefficient ®





media/file4.png
Yc(D)

/

Compressor

DY)

Plenum

Throttle





media/file30.png
Pressure (kPa)

1200
1000
800
600
400

200

600

400

200

=

-200

-400

-600
0

— Py
Pycras

A P’jf'!..‘l-l'

2§ 30 35 40 45
Time (s)





media/file18.png
C Start )
\ 4

Initial model
Parameters

A

y
>  T=TH

A 4

| Give H., Ma., Wf

| Extended MG Mogel

".-‘—I Give B. 7r |

A 4

I Compressor

h 4

| Updata W, P, Justrecor

.| Interpolate the compressor

characteristics by Ng

v
| Calculate @ Y |

v

h 4

| Updata W oscrn Bacra

—

h 4

| Subsequent component |

|
——

h 4

updates the guess with
N-R

v

update speed with
rotor dynamics

Simulation End

| Savitzky-Golay filter |
\ 4
| Calculate C,, C,,’ |

{ Calculate Cy C, |

A 4






media/file21.jpg
——p,
Rotor Speed
—EGT

| Surge time

Time





media/file26.png
| Deep Surge l

[ TTTY—

.q
5
i

L1 1
B =

1 1 1
= = =
= - o

($/83) WIDES 44 (ed) WEg  (o4) paadg aoyoy (31} 194

1k
0k
10 -
5
0

1200

=
-

u
arl

Time(s)





media/file27.jpg
Pressure Ratio

=

D

>

—— Surge
——— Accelerate
~—— Deep Surge

8

6

4

2

0

Mass Flow(kg/s)

10





media/file3.jpg
\

We(®)

Dr(¥)

/

Compressor

Plenum

Throttle





media/file22.png
P3
Rotor Speed

W
I

| Surge time

Time





media/file19.jpg
Linis






media/file7.jpg
I

@
' 15,
o '
—
. — us|
2| 2 5
7 £
4 as|
“ A
g 15!
o ' T 3 4 s o T I
B parameter B parameter

) ©





media/file28.png
Pressure Ratio

—
N

—
[
T

—_
=

Surge
Accelerate

-4

-2 0 2 4
Mass Flow(kg/s)

6





media/file10.png
Ber

1.6 1 ] ] ] ] L} ] ]

02 025 03 035 04 045 05 055 0.6 0.65





media/file32.png
Iy
I I I 1 I I

—
—
-
—
o
=
o
—
e

T
[
|
[
|1
|
[
I

I\r;
1 -+

21

s

e

[

_____— L1

o e — w2 &
= =

| 1 |

= B
=1 — fe ] ) fas ]
(sred) |15 v |

JNSAY Uo1IA(]

Time (s)





media/file14.png
Pressure Rise Coefficient ¥

f
wn
=
[
=

5
_-)..._
9Z

: N Higher Spee%V//A
e

/
\
....\__ N\
D)
—__

_____ = W
= W
0.4 0.2 0 0.2 0.4 0.6 \\\\0\8\\\\\





media/file11.jpg





media/file6.png
Pressure Rise Coefficient ¥

0.9 -

0.8 -

0.7 |-

0.6

for v, =0.

Jor =055

Jfor v, =0.60 / //
for v, =0.65 C /
for 7,2070 | EL A

0.5

0.4

0.3

0.2

0.1

-0.2

0

0.2 0.4
Mass Flow Coefficient @

0.6

0.8





media/file15.jpg
0

73
r_Z_v )
L]
T
: 2
H
H
H

s

W w0 w0 m
Dimensionless Time &

£

© W0 MOL ST

®

@





nav.xhtml


  applsci-12-00744


  
    		
      applsci-12-00744
    


  




  





media/file16.png
300

_
> B
O Ol =
-4 u;
7 7 )
=
-1 =
[ |
{
-
e —— - T T T e —_———— E— u;
p—
I p— 2
—
—_— -
) s
- -
™ ™ o G = ™
y— =] - = =
D JUDIILYJI0)) ISIY 2ANSSIAJ
-
T T (—
i . o
= =
o O o
- ;
7 7 )
[
- ]
(o |
<
- =
uw;
- e
=
= =
y—
e =
t“lll 5
-
L =
= ™ — o i = ™~
o ] = (= ] =)

@ JUIIJJI0) MO[ SSBIAl

Dimensionless Time £

Dimensionless Time &

(b)

(a)





media/file2.png
Alrscrew





media/file20.png
1.

6.5

i

- Iy

i

30

20

15

10

u

30

20

15

1100
1050 [

1000
950
900

30

20

15
Time(s)

(b)

10

u

15 20 25 30

Time(s)

10

u

(a)

xIUS

1 1 1 —

b= - 1 =

(s/33) WTIEE M | (vg) WTIE4





media/file23.jpg
x10*

apnydury

350 400 450 500

200 250 300

Frequency





media/file5.jpg
Pressure Rise Coefficient ¥

0.2 0.4
Mass Flow Coefficient ®

06

0.8





media/file24.png
Amplitude

x104

12 ¢~ Frequency: 12.0583Hz

10

L,

50

100

150 200 250 300 350 400 450 500

Frequency






media/file29.jpg
Pressure (kPa)

H

1200

1000

500

g

H

H

A Pura]

10

15

20

P NE:
Time (s)

s

45

55





media/file1.jpg





media/file31.jpg
<10'

T

threshold

i
|
i

(7o) |15 v

35

30

25
Time (s)

10






media/file25.jpg
k4
Z 2|
4 E E
e e e 5
|
A
\
F A ar B
= E s s 3oz
GEIWOTN (@)W (%) pads ooy (1) 193

El

o

0

25

10

Time(s)





media/file12.png
(b)

Wﬂ-—ﬁé_.?%_ __“__MM_“._
Am LN

NN

S e w o om A
s 32 3 2 2
=2 == =7





media/file9.jpg
Ber

02 025 03 035 04 045 05 055 06

0.65





media/file0.png





media/file8.png
14

0.5 4 — A
- 1
= 04 —A,
=
= 0.5

_],\

3
Re(A 2
() 4 1 B parameter
S0
(a)
] T T T T ]_S T T T
0F 1t
— A,
-1F —A, |7 0.5
-
-2 F . = 0
= 0f
(-
3k - - . 0.5
-4t | - - At
_5 1 1 1 1 _1.5 1 1 1
0 1 2 3 4 5 0 1 2 3
B parameter B parameter

(b) (c)





media/file17.jpg
ol model
Parametrs

| Extended MG Mogel

i

]

L -
[
I

N |

s the guess wilh
R

e speed wilh

rotor dynamics

Ves

End





