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Abstract

:

The variable cycle engine selects the appropriate working mode through mode switch to meet the requirements of low specific fuel consumption and high unit thrust. When the variable cycle engine switches between different modes, it should ensure the smooth transition of working modes and obtain the expected performance at the same time. Consequently, a general control schedule design method for mode switch is investigated in this paper. The feasible switching domains of single-bypass working mode and double-bypass working modes are obtained based on multifurcating tree traversal, and the switching point in the feasible switching domain is determined by solving the collaboration-game optimization problem based on sequential quadratic programming (SQP). Finally, the schedule of control variables is designed to realize smooth and fast switching between different working modes of variable cycle engine. The simulations show that based on the general control schedule of mode switch proposed in this paper, smooth transition of thrust and rotor speed can be achieved under the premise of safe engine operation, with small fluctuations and a short switching time, which is about 2.5 s.
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1. Introduction


Due to its unique geometric structure, the variable cycle engine has the advantages of high specific thrust (produced by a low-bypass ratio turbofan engine) and low specific fuel consumption (by a high-bypass ratio turbofan engine), leading to it becoming one of the research hotspots in various countries [1,2]. Different structures of variable cycle engines have been designed by various aviation-focused countries, which are only theoretical studies and have not been put into production [3,4]. The third-generation variable cycle engine YF120 of the United States is the world’s first flight-proven variable cycle engine [5,6]. Compared with the traditional aeroengine, the most remarkable feature of the variable cycle engine is that there is more than one working mode. As far as the double-bypass variable cycle engine is concerned, there are two working modes: single-bypass working mode and double-bypass working mode [7,8,9]. Smooth and fast switching between modes is an important prerequisite for the variable cycle engine to achieve its expected performance [10,11].



There has been plenty of research on the mode switching of variable cycle engines. In the early 1980s, GE, in the United States, completed research on the variable geometry components and control system of a double-bypass variable cycle engine, and carried out the mode transition test of the ground demonstrator. However, only some of the control laws and test data of the mode transition process are in the open literature, and the design method of the control law of the mode transition process is not available [12,13,14,15]. Xu et al. adopted the decoupled method to calculate the performance of the front-variable-area bypass injector with high accuracy, which provides a basis for the design of a control schedule for mode switching of a variable cycle engine [16]. Xu et al. set reasonable design parameters for the core-driven fan stage to further improve the matching degree among components and the overall performance of the variable cycle engine model, thereby providing the possibility for the subsequent comprehensive and better control schedule design [17]. In addition, many scholars have also studied from the perspective of variable cycle engine modeling to lay the foundation for control schedule design [18,19].



Hao et al. mainly pointed out that the mode switch point should be determined comprehensively from the bypass ratio and specific fuel consumption, but did not give the change process of the geometric components of the mode switch in detail [20]. Chen et al. developed the adjustment sequence of each geometric component in the mode switch process from the perspectives of aeroengine safety and stability [21]. LV et al. investigated the effect of variable geometry in a rotating guide vane on the performance of an aeroengine and used it as a basis to try to come up with a feasible control schedule for mode switching [22].



All of these studies were based on the analysis of component characteristics to manually try to develop a control schedule for mode switching, which is not universal and is not conducive to the stable and efficient operation of the aeroengine within the whole flight envelope [23,24]. Zhang et al. studied the general control schedule for mode switching based on particle swarm optimization algorithm to avoid a manual trial but ignored the timing of mode switch of variable cycle engine [25].



A variable cycle engine is mission-oriented and achieves a more suitable working mode through mode switch, so as to obtain lower specific fuel consumption or higher unit thrust [26,27]. Gronstedt et al. determined the starting point and the ending point of mode switch mainly according to the specific fuel consumption, but the simulation showed that the thrust fluctuation was too large, and the engine operation stability was not considered in their research [28]. Ulizar et al. determined the mode switching point according to the requirements of the engine flight mission, but the constraints were not considered in the process, which was not conducive to the safe operation of the aeroengine [29].



Therefore, a general control schedule design method for mode switch of the variable cycle engine is proposed in this paper, which considers switching time, switching smoothness and constraints. The timing of mode switch is explored under the premise of no surge, no over-rotation and no over-temperature, and the feasible switching domain of mode switch is determined based on multifurcating tree traversal. The collaboration-game optimization problem is constructed considering the factors of thrust fluctuation, flow fluctuation and engine operation safety, and SQP is used to solve the optimization problem to determine the critical points of mode switch in the feasible switching domain. Based on the optimization results, the schedule of control variables during mode switch is designed to achieve smooth and fast mode switch.



It can be seen in the above that the conventional design methods for a mode switch control schedule only manually try to work out a feasible control schedule at typical operating points and do not fully consider the engine’s operation restrictions and actual operating state. In contrast, the proposed method is universal and applicable to the whole flight envelope of variable cycle engine. The safety and stability of the engine during operation are fully considered.



The remainder of the paper is organized as follows. Section 2 briefly introduces the requirements and steps of determining feasible switching domain of control variables; Section 3 focuses on the construction and solution of the collaboration-game optimization problem, so as to determine the starting point and ending point of mode switch; Section 4 designs the schedule of control variables based on the previous section; in Section 5, simulation and analysis are reported to verify the feasibility and effectiveness of the proposed method; Section 6 presents a summary.




2. Selection of Feasible Domain of Control Variables for Mode Switch


Mode switch is a remarkable feature of variable cycle engines, which are different from traditional aeroengine. By adjusting geometric components, the variable cycle engine can smoothly switch modes so that it can still maintain a high inlet flow rate when meeting different thrust requirements and achieve lower specific fuel consumption and less spillage drag than the conventional turbofan. The relevant research was carried out based on the component-level model of the variable cycle engine shown in Figure 1. The numbers in the figure represent each cross section of the variable cycle engine. The number 2 represents the fan inlet, the number 21 represents the fan outlet, the number 23 represents the CDFS (core driven fan stage) inlet, the number 24 represents the CDFS outlet, the number 15 represents the first bypass, the number 3 represents the HPC (high-pressure compressor) outlet, the number 4 represents the combustion chamber outlet, the number 5 represents the LPT (low pressure turbine) outlet, the number 6 represents the internal duct outlet, the number 7 represents the nozzle inlet, the number 8 represents the nozzle throat, the number 9 represents the nozzle outlet, the number 114 represents the MSV (mode selection valve), the number 224 represents the FVABI (front-variable-area bypass injector), the number 163 represents the RVABI (rear-variable-area bypass injector). The variable cycle engine mainly includes an inlet, a fan, a CDFS, an HPC, a combustion chamber, an HPT (high-pressure turbine), an LPT, a bypass, a mixer and a nozzle. The variable geometry components are an MSV, an FVABI, an RVABI, a CDFS with a guide vane, an HPC with a guide vane and an LPT with a guide vane.



The mode switch is mission-oriented—that is, mode switch is performed only when the current working mode cannot meet the mission requirements, so the occurrence of mode switch needs to meet certain conditions. In this paper, the concept of feasible domain of control variables for mode switch is put forward. The aeroengine can switch modes only when it reaches the feasible domain of control variables from any state, as shown in Figure 2.



Figure 2 shows that the start and end of mode switch both need to reach the feasible switching domain. At the same operating point, the feasible switching domain for mode switch is fixed, no matter whether the variable cycle engine switches from the double bypass to the single bypass mode or the variable cycle engine switches from the single bypass mode to the double bypass mode. Therefore, the variable cycle engine switching from the double bypass to the single bypass mode at the ground design point is analyzed as an example. When the variable cycle engine switches from double bypass mode to single bypass mode, the flow rate should be the maximum flow rate that can be achieved by the variable cycle engine with double bypass mode; that is, the low-pressure speed should be close to 100%, and the thrust should also be the maximum thrust at the ground design point without afterburning. At the same time, the bypass ratio is less than that at the design point, and the specific fuel consumption is greater than that at the design point; that is, the variable cycle engine has no advantage in continuing to work in double bypass mode, so it needs to switch to single bypass mode to continue to complete the flight mission [20]. Additionally, the whole process of mode switch needs to ensure a certain surge margin [25]. To sum up, the feasible switching domain requirements of variable cycle engine in double bypass mode are shown in Condition (1). The specific values of the limits in the condition are mainly based on engineering experience, and the rotor speed and thrust in this condition were normalized according to the design value.


         N L  −  N  L , d     ≤ 2 %       F −  F d    ≤ 2 %     B ≤  B d      SFC ≥  SFC d      SM ≥ 8 %      



(1)




where N is the rotor speed; F is the thrust; B is the bypass ratio; SFC is the specific fuel consumption; SM is the surge margin of different variable geometry compression components, that is, the fan, the CDFS and the HPC. Subscript L represents the low-pressure shaft, and the subscript d represents the ground design point. Meanwhile, the feasible switching domain requirements of variable cycle engine in single bypass mode are shown in Condition (2).


         N L  −  N  L , d     ≤ 2 %       F −  F d    ≤ 2 %     B ≥  B d      SFC ≥  SFC d      SM ≥ 8 %      



(2)







In this paper, the adjustable control variables of the variable cycle engine are shown in Table 1. It is necessary to find a suitable combination of control variables so that the performance of the engine meets the requirements of Condition (1) and Condition (2). The control variable flag, the control variable A114, and the control variable A224 have the fixed values in double bypass mode and in single bypass mode during mode switch, as shown in Table 2, which is not included in the control variables to be adjusted.



Each adjustable control variable has a range of values, and the parameters’ values are selected to be at equal intervals. Multifurcating tree traversal is used to find the combinations of control variables that meet the requirements of switching to a feasible domain, as shown in Figure 3. Take a certain fuel flow rate    W f    as an example, this fuel flow rate corresponds to multiple A8, and each A8 also corresponds to multiple A163, and so on. Each path to the leaf node is a combination of control variables. Thus, several groups of feasible switching points which meet the switching requirements are determined.



Considering that the control variables of aeroengine change continuously, the control variables under the action of control variables also change continuously, so the determined feasible switching points based on multifurcating tree traversal can be extended to the feasible switching domain, that is, multidimensional subspace. The feasible switching domain of the starting point of mode switch is defined as    D s   , and the feasible switching domain of the ending point of mode switch is defined as    D e   . The schedule diagram of the feasible switching domains of control variables is shown in Figure 4. In the figure, each line in the black box on the right is a combination of control variables found by multifurcating tree traversal that meets the switching requirements, namely, a point in    D s    or    D e    in the black box on the left. Multiple points can constitute a convex domain, which is the feasible switching domain.




3. Determination of the Critical Points of Mode Switch


After the feasible switching domain consisting of the combination of each control variable is determined, the starting and ending points of mode switch need to be further determined. The initial state of the engine is random; it is actually an optimization problem to determine the critical point of mode switch in the feasible switching domain based on the control cost and the requirements of mode switch. Therefore, in this section, the collaboration-game optimization problem is further constructed and solved. Compared with the quadratic objective function based on empirical coefficients, the optimization problem constructed by game theory can be proved to have Pareto optimal solution by the following content.



3.1. Preliminaries of Cooperative Game Theory


The three main elements of the game are, respectively, the players, the feasible decisions of the players and the cost function associated with the decisions of all the players for each player. Consider a game problem with N players, and according to the game rules, the mapping relationship is as follows.


   J i  ( ⋅ ) :  ∏  i = 1  N   D i  →  R 1                                      i = 1 , 2 , … , N  



(3)




where Di and    J i  ( ⋅ )   are the decision set and cost function of the player i, respectively.  R  is the field of real numbers. This formula shows that the cost function of each player is affected by the decisions of other players. Usually, each player expects the least cost, so there exits the ideal decision    d *  ∈   ∏  i = 1  N    D i    that for all players satisfies


   J i  (  d *  ) ≤  J i  ( d )                                   ∀ d ∈  ∏  i = 1  N   D i   



(4)







This means that it is necessary to obtain an N-tuple decision to minimize the cost function of each player. However, in general, there is no such perfect result [30,31,32]. In this way, players are faced with the choice of which mentality to use in the game. If each player works together to minimize the cost of all players, this kind of game is a collaboration game, and if each player only wants to minimize its own cost but does not care about the cost of other players, this kind of game is a non-collaboration game. The optimization problem constructed in this paper achieves the optimal matching between control cost and system performance through the common allocation of parameters. In this sense, this paper explores the problem of parameter optimization based on a kind of collaboration game.



The N-tuple decision or the joint decision is said to be Pareto-optimal if and only if the choice of other joint decisions leads to an increase in the cost of at least one participant, since this violates the collaborative mindset of the participants. That is, a decision N-tuple    d ∗  ∈   ∏  i = 1  N    D i    is Pareto optimal if and only if for each   d ∈   ∏  i = 1  N    D i   , it satisfies


   J i  ( d ) =  J i  (  d *  )                                               ∀ i ∈ { 1 , 2 , … , N }  



(5)




or there exists at least one participant which satisfies


   J i  ( d ) >  J i  (  d *  )                                               i ∈ { 1 , 2 , … , N }  



(6)







A graphic description about Pareto optimality is shown in Figure 5. Three players (the blue one, the orange one and the yellow one) pull a rigid plate at the same time, and the distances they pull represent the cost of the player. The farther the distance, the higher the cost. From (a), all players are at Pareto optimality; the plate is in the balance situation. When one player moves away from Pareto optimality, the plate is tilted. The cost of the blue player in (b) or the cost of the yellow player in (c) is increased without considering other players.



Then a lemma that contains sufficiency conditions for Pareto optimality can be established.



Lemma 1.

If there exist   γ i  > 0  ,  i = 1 , 2 , … , N  and    ∑  i = 1  N    γ i  = 1    , satisfying


  J (  d *  ) ≤ J ( d )                                   ∀ d ∈  ∏  i = 1  N   D i   



(7)




where  J ( d ) =   ∑  i = 1  N    γ i   J i  ( d )    , the N-tuple set   d ∗  ∈   ∏  i = 1  N    D i   is Pareto optimal [33].





From the above description, it can be seen that by treating the control variables and the objective function as decision and cost, the problem of determining critical points of mode switch studied in this paper can be transformed into the problem of seeking the optimal solution of the collaboration game.




3.2. Construction and Solution of Optimization Problems


In order to find the optimal combination of control variables, this section regards each control variable as a participant and constructs the cost function of each participant based on the requirements of mode switch.



The requirements for mode switch of variable cycle engine are as follows:




	
Under the premise of reliable operation (no over-temperature, no surge and no over-rotation), the switching time should be as short as possible.



	
All performance parameters, such as thrust, change smoothly (no sudden changes).



	
The flow fluctuation is small; that is, the low-pressure rotor speed fluctuation is small.








Since the players in the collaboration game focus on the joint benefit, the performance cost and the control cost can be randomly allocated to each player. Participants in this collaboration game problem are    W f   ,    A 8   ,    A  163    ,    α  CD    ,    α C    and    α  LT    , as shown in Figure 6.



Aiming at determining the starting point of mode switch from any initial state of the aeroengine, the following cost function was designed.


   J s    i  =       Δ  u  s i     2  +   (  N  L s   −  N  L , d   )  2                                i = 1                                                     Δ  u  s i     2                                          i = 2 , 3 , … , 6            



(8)






  Δ  u  s i   =  u  s i   −  u 0                                i = 1 , 2 , … , 6  



(9)




where    u s    represents the control variables of the starting point of mode switch,    u 0      represents the control variables of the any initial state of aeroengine,   Δ  u s    represents the increment in control variables,    N  L s     represents the low-pressure rotor speed of the starting point and    N  L , d     represents the low-pressure rotor speed of the ground design point. The cost function for the first player includes the control cost of itself and the performance cost which represents the best performance of the current working mode. The cost functions for other players are the control costs of themselves. There is a coupling relationship between the cost functions of all players, which embodies the concept of a cooperative game.



Recall from the definition of Pareto optimality that if there exist    γ i  > 0  ,   i = 1 , 2 , … , 6   and     ∑  i = 1  6    γ i  = 1     such that


   J s  (  u s *  ) ≤  J s  (  u s  )                       ∀  u s  ∈  D s   



(10)




the    u s *    is Pareto-optimal, where    J s  =   ∑  i = 1  6    γ i   J  s i      .



Then, the problem of finding the Pareto optimality can be transformed to the following problem of constrained optimization, for any given    γ i  > 0  , subject to     ∑  i = 1  6    γ i  = 1    


    min  J s  =   ∑  i = 1  6    γ i   J  s i     = Δ  u s    T  Γ Δ  u s  +  γ 1    (  N  L s   −  N  L , d   )  2        Γ = d i a g (  γ 1  ,  γ 2  , …  γ 6  )    



(11)




and the following restrictions need to be met.


   u s  ∈  D s   



(12)







Similarly, for determining the ending point of mode switch from the starting point of mode switch, the following cost function was designed:


   J e    i  =       Δ  u  e i     2  +   (  N  L e   −  N  L s   )  2        +       (  F e  −  F s  )  2                      i = 1                                                                                                   Δ  u  e i     2                                                  i = 2 , 3 , … , 6            



(13)






  Δ  u  e i   =  u  e i   −  u  s i                                 i = 1 , 2 , … , 6  



(14)




where    u e    represents the control variables of the ending point of mode switch,   Δ  u e    represents the increment of control variables,    N  L e     represents the low-pressure rotor speed of the ending point,    F e    represents the thrust of the ending point of mode switch and    F s    represents the thrust of the starting point of mode switch. The second term on the right of the first equation is to reduce the rotor speed fluctuation during mode switch, and the third term is to reduce the thrust fluctuation during mode switch.



If there exist    κ i  > 0  ,   i = 1 , 2 , … , 6   and     ∑  i = 1  6    κ i  = 1     such that


   J e  (  u e *  ) ≤  J e  (  u e  )                       ∀  u e  ∈  D e   



(15)




the    u e *    is a Pareto-optimal, where    J e  =   ∑  i = 1  6    κ i   J  e i      .



Then, the problem of finding the Pareto optimality can also be transformed to the following problem of constrained optimization, for any given    κ i  > 0  , subject to     ∑  i = 1  6    κ i  = 1    


    min  J e  =   ∑  i = 1  6    κ i   J  e i     = Δ  u e    T  Κ Δ  u e  +  κ 1    (  N  L e   −  N s  )  2    +  κ 1    (  F e  −  F s  )  2      Κ = d i a g (  κ 1  ,  κ 2  , …  κ 6  )    



(16)




and the following restrictions need to be met.


       N  L e   −  N  L s     ≤ 2 %        F e  −  F s    ≤ 2 %      u e  ∈  D e     



(17)







So far, two collaboration-game optimization problems with constraints have been established for mode switch. In this paper, SQP is used to solve the optimization problem, and the optimal combination of control variables corresponding to the starting and ending points of mode switch is determined.





4. Design for Change Law of Control Variables


The optimal combination of control variables corresponding to the starting point and the ending point of mode switch is determined by solving the collaboration-game optimization problem in the previous section. From any initial state to the starting point of the mode switch, the control variables are designed to incrementally ramp up to the value corresponding to the starting point with the maximum increment of control variables limited by the actuator. In the process of mode switch, each control variable is designed to change from the value at the starting point of mode switch to the value at the end point of mode switch in a ramping fashion, and the switching time is set to 2.5 s, that is, the change in each control variable is to be completed within 2.5 s, as shown in Figure 7.



The change curves of control variables with fixed values in single bypass mode and double bypass mode, shown in Table 2, are shown in Figure 8 and Figure 9, which are designed to ramp-up or ramp-down. All control variables are set to change at the same time.




5. Simulation and Analysis


In one flight cycle of an aircraft, the appropriate variable cycle engine working mode should be selected for different flight states, which include idling, take off, climb, subsonic cruise, supersonic cruise, landing and approaching idling, as shown in Figure 10. The orange block represents the double bypass mode, and the blue block represents the single bypass mode. The red arrow indicates that the variable cycle engine needs to switch working modes.



As can be seen in the figure, the variable cycle engine is in the double bypass mode when it is in the idle state, and the operation mode is switched from the double bypass mode to the single bypass mode when the aeroengine needs to maintain high thrust during taking off and climbing. For subsonic cruising, the operating mode is switched to double bypass mode to achieve lower specific fuel consumption. In supersonic cruising, the single bypass mode is used to obtain more thrust, and the aeroengine should be switched to double bypass mode again when approaching idling.



Considering the applicable situation of the operating mode in the flight cycle, the simulation verification of the general control schedule design method for mode switch was carried out for two state points. One was the ground design point, altitude H = 0 km, Mach = 0, because at this point, the engine needs to switch between single bypass and double bypass mode to obtain lower specific fuel consumption or higher thrust. The other was the point of altitude H = 11 km, Mach = 1.2, considering that the double bypass mode of the variable cycle engine can realize a supersonic cruise at low Mach; it is a design feature for the engine to switch modes at Mach = 1.2.



5.1. Simulation of Mode Switch at the Design Point


Firstly, the simulation verification of switching from double bypass mode to single bypass mode was carried out. According to a randomly given initial state of the aeroengine, the optimal control variables of the starting point and the ending point of mode switch can be obtained based on the research in the previous section. Based on the control law designed in Section 4, the change curves of thrust, low pressure rotor speed and surge margin during mode switch are shown in Figure 11, Figure 12 and Figure 13. The thrust and low-pressure rotation speed in the figures were normalized. The fluctuation of the parameter is as follows:


  f = (  p s  −  p  max   ) /  p s  ∗ 100 %  



(18)




where    p s    represents the value of the parameter of the starting point and    p  max     represents the maximum value of fluctuation.



As can be seen in the above figure, when the variable cycle engine is switched from the double-bypass working mode to the single-bypass working mode at the design point, there is almost no fluctuation in thrust or speed, and a surge margin of more than 8% is ensured. The switching time is 2.5 s, and the time for the engine state to stabilize is about 4 s (the time for the engine state to stabilize refers to the time required for the response to reach and stay within   ± 2 %   of the final value). Therefore, the design method of the general control schedule for mode switch proposed in this paper is effective and feasible.



Similarly, the simulation verification of switching from single bypass mode to double bypass mode is also carried out. Based on the same control schedule design steps, the results are shown in Figure 14, Figure 15 and Figure 16.



It can be seen in the above figure that when the variable cycle engine is switched from the single-bypass working mode to the double-bypass working mode at the design point, there is almost no fluctuation in thrust or rotation speed, and a surge margin of more than 10% is ensured. The switching time is 2.5 s, and the time for the engine state to stabilize is less than 4 s, which verifies the effectiveness and feasibility of the proposed control schedule design method.




5.2. Simulation of Mode Switch at the High-Altitude Point


In addition to the simulation verification at the ground design point, the relevant simulation was also carried out at the high-altitude point, namely, H = 11 km, Mach = 1.2. Based on the control schedule design method in the previous section, the change law of control variables of the variable cycle engine switching from double-bypass working mode to single-bypass working mode was designed at this state point, and the simulation results are shown in Figure 17, Figure 18 and Figure 19.



As can be seen in the above figure, when the variable cycle engine is switched from the double-bypass working mode to the single-bypass working mode at the high-altitude point, there is almost no fluctuation in thrust or rotation speed according to Equation (18), and a surge margin of more than 8% is ensured. The switching time is 2.5 s, and the time for the engine state to stabilize is about 6.5 s. Thus, the proposed control schedule design method for mode switch is also applicable to the off-design point of the variable cycle engine.



At the high-altitude point, the simulation results of variable cycle engine switching from single bypass mode to double bypass mode are as follows (Figure 20, Figure 21 and Figure 22).



It can be seen in the above figure that when the variable cycle engine is switched from the single-bypass working mode to the double-bypass working mode at the high-altitude point, there is almost no fluctuation in thrust, the fluctuation of rotation speed is about 0.2% and a surge margin of more than 10% is ensured. The switching time is 2.5 s, and the time for the engine state to stabilize is less than 4.7 s.



So far, the control schedule design method for mode switch proposed in this paper has been verified at typical points, namely, on the ground point and at a high altitude. In the mode switch process, the parameter fluctuation is small, the switching time is short and there is no surge, so smooth and fast switching can be achieved.





6. Conclusions


A general control schedule design method based on game theory for mode switch of a variable cycle engine was proposed in this paper. The following conclusions can be drawn:




	
Based on the multifurcating tree traversal, a feasible switching domain that meets the requirements of mode switch and the limits of the aeroengine is obtained, which fundamentally ensures the safe and stable operation of the aeroengine during mode switch, and the timing of mode switch was investigated from the perspective of flight mission requirements.



	
Considering the fluctuation requirements of mode switch and the limitations of aeroengines, the collaboration-game optimization problem was established and solved based on SQP. Based on any initial state, the optimal starting and ending points of mode switching can be determined by solving the cooperative game optimization problem.



	
The open-loop change law of control variables was given, which is simple and effective, and it is easy to design the control schedule for mode switch of each state in time during the operation of aeroengine.



	
According to the simulation results of mode switch of the variable cycle engine on the ground and at a high altitude, the general control schedule design method for mode switch in this paper can realize smooth, fast and safe mode switching, and has feasibility and effectiveness for the whole flight envelope.
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Figure 1. Structure diagram of a variable cycle engine. 
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Figure 2. Mode switching process. 
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Figure 3. Structure diagram of multifurcating tree traversal. 
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Figure 4. Schematic diagram of feasible switching domains of control variables. 
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Figure 5. Pareto optimality, (a) an example of Pareto optimality; (b) an example of deviating from Pareto optimality; (c) another example of deviating from Pareto optimality. 
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Figure 6. Schematic diagram of the collaboration game. 
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Figure 7. Change curves of optimized control variables. 
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Figure 8. Schedule of control variables with fixed values switching from double bypass to single bypass mode. 
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Figure 9. Schedule of control variables with fixed values switching from single bypass to double bypass mode. 
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Figure 10. Schematic diagram of the flight cycle of an aircraft. 
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Figure 11. Change curve of thrust of working-mode switching from double bypass to single bypass at H = 0 km, Ma = 0. 
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Figure 12. Change curve of low-pressure rotor speed of working-mode switching from double bypass to single bypass at H = 0 km, Ma = 0. 
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Figure 13. Change curves of surge margin of working-mode switching from double bypass to single bypass at H = 0 km, Ma = 0, (a) Surge margin of fan; (b) surge margin of CDFS; (c) surge margin of HPC. 
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Figure 14. Change curve of thrust of working-mode switching from single bypass to double bypass at H = 0 km, Ma = 0. 
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Figure 15. Change curve of low-pressure rotor speed of working-mode switching from single bypass to double bypass at H = 0 km, Ma = 0. 
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Figure 16. Change curves of surge margin of working-mode switching from single bypass to double bypass at H = 0 km, Ma = 0. (a) Surge margin of fan; (b) surge margin of CDFS; (c) surge margin of HPC. 






Figure 16. Change curves of surge margin of working-mode switching from single bypass to double bypass at H = 0 km, Ma = 0. (a) Surge margin of fan; (b) surge margin of CDFS; (c) surge margin of HPC.



[image: Aerospace 10 00112 g016]







[image: Aerospace 10 00112 g017 550] 





Figure 17. Change curve of thrust of working-mode switching from double bypass to single bypass at H = 11 km, Ma = 1.2. 
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Figure 18. Change curve of low-pressure rotor speed of working-mode switching from double bypass to single bypass at H = 11 km, Ma = 1.2. 
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Figure 19. Change curves of the surge margin of working-mode switching from double bypass to single bypass at H = 11 km, Ma = 1.2. (a) surge margin of fan; (b) surge margin of CDFS; (c) surge margin of HPC. 






Figure 19. Change curves of the surge margin of working-mode switching from double bypass to single bypass at H = 11 km, Ma = 1.2. (a) surge margin of fan; (b) surge margin of CDFS; (c) surge margin of HPC.



[image: Aerospace 10 00112 g019]







[image: Aerospace 10 00112 g020 550] 





Figure 20. Change curve of thrust of working-mode switching from single bypass to double bypass at H = 11 km, Ma = 1.2. 
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Figure 21. Change curve of low-pressure rotor speed of working-mode switching from single bypass to double bypass at H = 11 km, Ma = 1.2. 
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Figure 22. Change curves of the surge margin of working-mode switching from single bypass to double bypass at H = 11 km, Ma = 1.2. (a) Surge margin of fan; (b) surge margin of CDFS; (c) surge margin of HPC. 
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Table 1. Adjustable control variables of a variable cycle engine.
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	No.
	Symbol
	Meaning
	No.
	Symbol
	Meaning





	1
	flag
	Flag of mode switch
	6
	A8
	Nozzle throat area



	2
	A114
	Area of MSV
	7
	    α  CD     
	Guide vane angle of CDFS



	3
	A224
	Area of the FVABI
	8
	    α C    
	Guide vane angle of HPC



	4
	A163
	Area of the RVABI
	9
	    α  LT     
	Guide vane angle of LPT



	5
	Wf
	Fuel flow rate
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Table 2. Control variables with fixed values in double bypass mode and in single bypass mode.
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	No.
	Symbol
	Value in Double Bypass Mode
	Value in Single Bypass Mode





	1
	flag
	1
	0



	2
	A114
	A114_1
	A114_0



	3
	A224
	A224_1
	A224_0
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