

  aerospace-08-00367




aerospace-08-00367







Aerospace 2021, 8(12), 367; doi:10.3390/aerospace8120367




Article



Temperature and Pressure Dynamic Control for the Aircraft Engine Bleed Air Simulation Test Using the LPID Controller



Yonggui Zheng, Meng Liu *, Hao Wu and Jun Wang





School of Aeronautic Science and Engineering, Beihang University, Beijing 100191, China









*



Correspondence: liumeng@buaa.edu.cn







Academic Editor: Hao Xia



Received: 31 October 2021 / Accepted: 24 November 2021 / Published: 27 November 2021



Abstract

:

The aircraft engine bleed air simulation thermodynamic laboratory simulation parameters include the bleed air pressure and temperature. However, existing laboratories cannot carry out the dynamic test of the engine bleed air simulation. In the engine bleed air simulation dynamic test, the temperature control has the characteristics of strong coupling and nonlinear and large inertia. The conventional control strategy cannot solve the contradictions of the response speed and stability of the system. Moreover, the dynamic control of the pressure and temperature involve strong coupling. That often leads to the failure of control decisions. Therefore, there is still no relevant report on the laboratory equipment used for the engine dynamic bleed air simulation. According to the above problem, this study adopted heat exchangers for indirect heating to reduce the coupling of dynamic control between temperature and pressure. Specifically, to take into account the rapid response and stability of the system, this study used the lookup table-based PID (LPID) controller to control the temperature and pressure of the bleed air simulation test. The dynamic test errors were within 10%, and the steady-state accuracies were within ±2%. The simulation software results and the engine bleed air simulation test results showed that temperature and pressure control systems based on the LPID controller have advantages: high control precision, a low overshoot amount, a fast response, and a high stability.
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1. Introduction


The thermal anti-icing and environmental control system (TAI/ECS) is one of the critical systems of onboard aircraft equipment [1,2] which guarantees the safety, health, and comfort of the pilots and passengers as well as the regular operation of onboard equipment [3]. The thermodynamic laboratory equipment for the engine bleed air simulation is a universal test platform for performance testing of the TAI/ECS. However, existing laboratories are still unable to carry out dynamic tests of engine bleed air at present. It is because the heating equipment has the characteristics of a wide temperature range, non-linearity, and large inertia. That often leads to the failure of control decisions. Moreover, the dynamic control of pressure and temperature involve strong coupling, and it is hard to obtain the ideal control effect through the conventional method. As a result, it is difficult for the system to consider the rapidity and stability requirements of temperature and pressure control. Therefore, the thermodynamic laboratory equipment mainly tests the principle verification and the static performance index. Zheng Dai and Yi Cui [4] proposed a hot and cold blending method to achieve the rapid temperature adjustment in the thermodynamic laboratory. This was verified to be effective by Yi Cui [5] with a Simulink simulation, but the work only considered theoretical simulations. Jian Wang et al. [6] proposed a comprehensive control method based on humanoid intelligence to solve problems such as the slow heating rate, the long state switching response time, and so on in the current aircraft engine compressor bleed air simulation test equipment. However, dynamic test results are lacking in his work. The equipment applied to the engine bleed air simulation dynamically are rarely reported. As a result, the dynamic performance test of the TAI/ECS faces considerable challenges [7].



In recent years, scientists and researchers have developed multiple control strategies to enhance and improve the stability and movement of temperature and pressure control systems. Most of these methods involve using conventional PID controllers [8], which are easy to implement. However, the temperature and pressure control involve strong coupling and nonlinear and large inertia in this thermodynamic laboratory equipment. The single PID parameter cannot meet the requirements of stability and rapidity of temperature and pressure control. Some other methods use advanced process control algorithms such as fuzzy logic controllers [9,10,11], intelligent controls [12,13], and the cascade controller [14,15,16], which have a good performance but have an inferior stability and require a lot of processing power.



This novel equipment adopts heat exchangers for indirect heating to make up for the insufficient dynamic capability of the previously developed thermodynamic laboratory equipment and by controlling the mixing ratio of hot and cold air to control the temperature. Therefore, the nonlinearity and coupling of the system’s temperature and pressure control were reduced. Specifically, the equipment applies an LPID controller to the dynamic response and steady-state temperature and pressure control. The distinguishing feature of the proposed algorithm is the use of the pre-calculated to make a PID parameter scheduling table. Then, according to expert experience, additional PID gains were scheduled under different temperature and pressure conditions. Our method provides a better performance than that of a PID controller. Moreover, it is more stable and requires less computational effort from the processing unit than advanced process controls.



In this paper, we simplified the model of the temperature and pressure control for the system, and the system model with the simple PID and the LPID were designed using simulation software. Then, we analyzed the advantages of the LPID controller compared with a simple PID based on the simulation results. Remarkably, this investigation applied the LPID controller to the thermodynamic laboratory control program; the control program used Windows7 SP1/LabVIEW2015 SP1 [17] as the development platform. The laboratory was used for the optimization and fault detection of TAI/ECS and the transient and steady-state control of the temperature and pressure of the aircraft engine bleed air simulation met the entire flight envelope thermal test requirements of different types of TAI/ECS.




2. Methodology


2.1. Mathematical Modeling


This paper addresses the temperature and pressure control of an engine bleed air simulation on thermodynamic laboratory equipment. The equipment’s main simulation parameters included the bleed air pressure and temperature. The laboratory was comprised of the compressed air system, silicon-controlled rectifier control cabinets, transformers, electric heaters, sensors, pneumatic control valves, and other equipment. Peter Hodal et al. [18] proposed three temperature control strategies to ensure that the use of ram air is minimized under the condition of rapid temperature response. According to Peter Hodal’s research, this study used a heat exchanger to heat the ram air indirectly, mixed it with cold air in the bypass pipe, and then controlled the ratio of cold to hot air by controlling the opening of the pneumatic valves.



The working principle of the equipment is shown in Figure 1. Firstly, the centrifugal fan and the electric heater are turned on, satisfying a specific flow of air through the electric heater. Then, a PC or remote-control heating instruction is provided for the SCR control cabinet by identifying the difference of a given temperature and feedback. The electric heater’s outlet temperature    T 1    and flow rate of are controlled by the control program that came with the intelligent PID temperature controllers. Then in the case of sufficient heat exchange, the dynamic temperature of the counterflow heat exchanger is approximated by a first-order response with a time constant [19,20].



Secondly, compressed air comes from an air pressure station. The air source pressure is about 3.5 MPa. The LPID controller adjusts the opening angle of pressure control valves according to the measured value of    P 2    compared with the sett value. To reduce the area of the control dead zone of the valve, a pressure control valve   P  V 2    is installed on the branch pipe linking to the pressure control valve   P  V 1    on the main pipe. Both valves use the same 4~20 mA DC signal. At 20 mA, the valve   P  V 1    is fully opened and the valve   P  V 2    is fully closed.



Then, after the compressed air passes through the mass flowmeter    V H   , it enters the temperature control components. The temperature control components are shown in Figure 2. Specifically, the globe valve   G  V 1    and   G  V 2    are used to balance the flow resistance of the hot and cold branches. Then that the action of the temperature control valves will not interfere with the pressure control, thereby reducing the non-linearity of pressure control. Both the temperature control valves use the same 4~20 mA DC signal. At 20 mA, the valve on the high-temperature branch is fully opened and the valve on the room-temperature branch is fully closed.



The flow state of the system is complex, and it was simplified appropriately to facilitate the modeling of this system. The test results of C. Youn et al. [21] showed the step response dynamic characteristics of the pneumatic valve that has been debugged, which are approximately of the first-order:


   {       K V  =   100    (  20 − 4  )    %         Δ l   Δ I   =  K V   G V  =   0.0625  e  − 0.4 s     0.4 s + 1          



(1)




where  l  is the fraction of valve opening and  I  is the control signal. Furthermore,    G V    is the inertial element used to express the dynamic characteristics of the pneumatic valves used in this equipment.



The relationship between the outlet flow of the control valve and the opening follows the following formula [22]:


   Q v  =  C  v m a x   f  ( l )      Δ  p v    s . g      



(2)




where   f  ( l )    is the flow characteristic of the control valve,    Q v    is the volumetric flow rate through the control valve,    C  v m a x     is the max flow coefficient of control valve (   m 3  / h  ),   Δ  p v    is the pressure drop across the valve (bar), and   s . g   is the specific gravity of the compressed air (  kg / L  ).



In practical work, the flow characteristics of the control valve will be distorted. The specific relationship is:


   f ′   ( l )  = f  ( l )     1  r +  (  1 − r  )   f 2   ( l )       



(3)




where  r  is the pressure drop ratio at both ends to the inlet pressure of the control valve when the valve is fully open.



The control valves   P  V 1    and   P  V 2    are equal percentage valves. For an equal percentage valve,   f  ( l )  =  α  l − 1    .  α  is the inherent rangeability of a control valve. According to the parameters of valves, the max flow coefficients and inherent rangeabilities of the control valves   P  V 1    and   P  V 2      can be obtained:


       C  v 1 m a x   = 100    m 3  / h        C  v 2 m a x   = 40    m 3  / h        α 1  =  α 2  = 100        f 1   ( l )  =  α 1      l 1  − 1          f 2   ( l )  =  α 2      l 2  − 1   ;        l 1  +  l 2  = 1      








Under a particular test condition, when   P  V 1    is fully open (   l 1  = 1  ), the absolute pressure    P 1    is measured as:


   P 1  = 3430   kPa  








We can determine the pressure drop and pressure drop ratio of   P  V 1    as:


      Δ  p v  =  P 0  −  P 1  =  r 1   P 0  = 70    kPa         r 1  = 0.02      








where    P 0  = 3500    kPa    is the inlet pressure at the front end of the valve   P  V 1   .



Since the   P  V 2    is the atmospheric relief valve, the pressure drop ratio must be:


   r 2  ≈ 1  











For the parameters given above, we can calculate the particular working flow of the valve   P  V 1   . That is:


   {       Q 1  =  C  v 1 m a x    f 1    ′   ( l )      Δ  p v    s .  g 1             W 1  =  Q 1   ρ 0  =  Q 1     P 0    R  T r           



(4)




where  T  is the thermodynamic temperature of the flowing air,  W  is the air mass flow rate,  R  is the gas constant, and the room temperature of airflow is    T r  = 293   K  .



The    Q 1    and the valve   P  V 2    opening    (  1 − l  )    determine the    Q 2   . That is:


   {       Q 2  ≈    C  v 2 m a x      C  v 1 m a x      f 2    ′   ( l )   Q 1         W 2  =  Q 2   ρ 1  =  Q 2     P 1 l    R  T r           W t  =  W 1  −  W 2         



(5)




where    P 1 l    is the absolute pressure measurement of    P 1   .



Under a particular test condition, the gauge pressure    P  g 1  l    at the measuring point    P 1    is approximately linear with the pressure control valve opening  l :


     P  g 1  l     P  g 1  1    = l  



(6)




where the superscript  l  represents the valve opening and the subscript  g  represents the gauge pressure. The gauge pressure    P  g 1  1  =  P 1  −  P a  = 3329   kPa  ,    P a  = 101   kPa   is the standard atmospheric pressure. For this particular condition, assume that    P  g 2  l    = 0.95   P  g 1  l   .



The volume and resistance of the pipeline and apparatuses will affect the variation ratio of flow and pressure. The pressure transmission from the inlet of the valve   P  V 1    to the measuring point    P 1    is approximately equal to an inertia element. Assume that:


   G  p 1   =  1   T  p 1   s + 1    



(7)







The pressure transmission between measuring points    P 1    and    P 2   , which is approximately the first-order inertia element with time delay, is:


   G  p 2   =    e  −  τ  p 2   s      T  p 2   s + 1    



(8)




where    T  p 1   = 0.1  ,    T  p 2   = 0.5  , and    τ  p 2   = 0.6  , are determined by the volume of the pipelines and apparatuses in the laboratory.



The ratio of cold to hot air of the two branches can be adjusted by controlling the opening angle of the valves to control the inlet temperature of the bleed air. The temperature control valves   P  V 3    and   P  V 4    are linear. Since the flow resistance of the cold and hot branches is balanced, the mass flow rates through the two linear valves are approximately linearly related to the opening    l h   :


   {       W h  =  l h   W t         W r  = ( 1 −  l h  )  W t         



(9)







According to the actual working efficiency of the heat exchanger, assume that    T h  −  T r  ≈  (   T 1  −  T r   )  × 95 %  . According to the temperature loss between    T 2    and    T 3    due to heat dissipation, assume that    T 3  −  T r  ≈  (   T 2  −  T r   )  × 98 %  .



The temperature    T 2    is the weighted sum of the two air masses and temperatures. The formula is as follows:


   T 2  =    W r   T r  +  W h   T h     W r  +  W h     



(10)







The article uses a lowest-order approximation method to deal with complex high-order models. The heat exchanger, a three-capacity object, is approximately described by a first-order element link with time-delay:


   G  t 1   =    K  t 1    e  −  τ  t 1   s      T  t 1   s + 1    



(11)




where    K  t 1     is the variable gain (typically 1);    T  t 1   = 5   is the time constant, which reflects the speed of response of the heating process;    τ  t 1   = 1  , determined by the flow lag in the pipeline.



The valve   P  V 5    is used for the safe exhaust to ensure that the compressed air is not blocked. When the valve remains closed,    P 2  ≈  P 3   . The temperature transmission from point    T 2    to point    T 3    can be regarded as a first-order inertia element, that is:


   G  t 2   =  1   T  t 2   s + 1    



(12)




where    T  t 2   = 2  , which was determined by the heat capacity of the pipelines between    T 2    and    T 3   .




2.2. Lookup Table-Based PID Controller


In this paper, an incremental PID controller was used to process discrete signals [23]. An incremental PID controller only outputs the changed part of the valve opening. When the computer fails, the output can be restricted or prohibited by logic judgment to increase the system’s stability. Figure 3 is a schematic diagram of the LPID. The LPID control was developed from traditional PID. The relationship between three PID parameters    K p   ,    K i   ,    K d   , and the error  e  was established based on this specific system.



According to different  e , the parameters    K P   ,    K I   ,    K D    can be self-adjusted online to make the controlled object have a good dynamic and static performance. Therefore, it can make the temperature and pressure of bleed air stable and avoid the shock in the error range, rapidly meeting the test requirements.



The designation of the parameter table of the LPID controller is related to the control error  e  according to the expert experiences. The maximum error value is set as the    M  m a x    , the middle error value is set as the    M  m i d    , and the minimum error value is set as the    M  m i n    . At time  k , we consider the ideal position signal as    y d   ( k )   , the output as   y  ( k )   , and then the tracking error is   e  ( k )  =  y d   ( k )  − y  ( k )    at time  k . Then we can perform the following analysis:




	
Debug as many PID parameters as possible under different working conditions, including strong PID, general PID, weak PID with excellent steady-state accuracy.



	
When the    |  e  ( k )   |  >  M  m a x    , we use the strong PID to minimize error quickly.



	
When the    M  m i n   <  |  e  ( k )   |  ≤  M  m i d    , we adopt the weak PID.



	
When the    |  e  ( k )   |  ≤  M  m i n    , which indicates the absolute error value, tends to be very small, we can use the PI to decrease the static error.



	
When the deviation is slight to a certain extent,    |  e  ( k )   |  < ε  , the concept of the dead zone can even be introduced, at this moment, the output of the controller retains invariable, namely,   u  ( k )  = u  (  k − 1  )   .









2.3. Simulation


Process simulation was necessary to prove the feasibility of the structure design and control scheme for the system. In this study, the simulation of the temperature and pressure control used the MATLAB/Simulink. Figure 4 is the Simulink simulation diagram of the system. The simulation conditions were set as follows: the inlet pressure    P 0    was 3500 kPa, the inlet temperature    T 1    of the warm end of the heat exchanger was 1023 K, and the compressed air temperature    T r    was 293 K. The pressure setting value increased from 200 kPa to 3100 kPa (or 1500 kPa), the pressure variation ratio was 900 kPa/s, the temperature setting value increased from 373 K to 853 K (or 600 K), and the temperature variation ratio was 90 K/s, both of which started to rise at the same time at 40 s. The simulation time was 100 s. The sampling period was 5 ms, which was consistent with the actual thermodynamic equipment.



In software simulation, the LIPD and PID controllers were used to control the pressure and temperature of the system dynamically. The dynamic responses to the vast range of pressure and temperature variation are shown in Figure 5. Moreover, the dynamic responses of the low range of pressure and temperature variation are shown in Figure 6. SP is the set point of pressure, and ST is the set point of temperature.



Due to the large inertia of the temperature control, when a simple PID is used for the dynamic temperature control, in order to keep up with the change of the ST, PID parameters with a more significant proportional coefficient    K p    were used to speed up the rapid response. This caused the system’s stability to deteriorate. Then the temperature overshoot increased and led to oscillations of the steady-state control. The LPID controller can simultaneously consider the fast response and steady-state adjustment performance through gain schedule compared with the simple PID. The temperature control results show that the LPID controller gave a better performance than the PID controller by reducing the overshoot and eliminating oscillation and steady-state errors.



The simple PID temperature control in Figure 5 did not produce an overshoot, and the temperature oscillation was smaller than that in Figure 6. This is because the upper limit of the ST setting value in Figure 5 was relatively large. When the outlet temperature    T 3    is close to the ST, the temperature control valve   P  V 3    is near the fully open state. When oscillation occurs, the temperature valve opening can only vary within a smaller range.



In this simulation model, the pressure control was not affected by temperature control. Compared with temperature control, the inertia of pressure control was smaller. The results displayed that the dynamic response and steady-state performance of the pressure control with PID controller were good, but there was a certain amount of overshoot in Figure 6. To avoid overshooting of pressure control, the LPID can also be appropriately used in the pressure control of the thermodynamic laboratory.





3. Experimental Work


3.1. Overall Design of the TT&C System


The TT&C system of the thermodynamic laboratory is a typical distributed control system with the characteristics of centralized management and decentralized control. The structure diagram of the TT&C system of the thermodynamic laboratory is shown in Figure 7. The system is mainly divided into three parts. Firstly, the top layer is the master management layer. This layer comprises industrial control computers, which can realize real-time monitoring, display, recording. Then, the middle layer is the control layer, composed of industrial control computers and intelligent instruments to achieve temperature and pressure control. Finally, the lowest layer is the detection and execution layer, mainly composed of on-site actuators (valves, electric heaters, fan, etc.) and various sensors (temperature sensor, pressure sensor, mass flow sensor).



The laboratory equipment used the fast-response thermocouple with a sampling frequency of 200 Hz, and the measurement accuracy was better than ± 0.5%. The pressure sensor with a response time of 0.5 ms, the measurement accuracy was better than ±0.25%.



The real-time plant was interfaced with LabVIEW with the NI data acquisition card. The simulation results show that the LPID control performed well by reducing the peak overshoot and eliminating oscillation. This investigation applied the LPID controller to the control program, and the control program used Windows7 SP1/LabVIEW2015 SP1 as the development platform. In the debugging of the controller, the 4:1 attenuation curve method [24] with expert experiences was mainly used for debugging the PID parameters. The manual adjustment method was applied to adjust the control parameters.




3.2. Experimental Method


In the experiments, the thermodynamic laboratory equipment was used to supply the air stream with the same pressure and temperature as air stream extracted from the engine core of the aircraft. In the test, the ambient conditions that affected pressure and temperature control were the inlet pressure    P 0   , the electric heater outlet temperature    T 1   , the centrifugal fan air volume    Q F    and the resistance characteristics of the TAI/ECS test piece. We built two types of test equipment to provide two kinds of bleed air conditions for the ECS/TAI of aircraft: compressor bleed air and fan bleed air.



This paper performed dynamic bleed air tests on three different sets of TAI/ECS test pieces, respectively. Moreover, we selected multiple sets of specific parameters to verify the performance of the LPID controller. The operation parameters are listed in Table 1. These parameters basically covered the test requirements of existing TAI/ECS.



At the beginning of the test, the axial-flow fan and the electric heater were turned on first, and the fan frequency and electric heater outlet temperature were set according to the test requirements. Then, the ranges and change rates of temperature and pressure required for the test were set on the controller. Firstly, the optimized LPID controller maintained the temperature and pressure of the bleed air at the set minimum value. Secondly, the LPID controller increased the temperature and pressure at a constant rate. Finally, when reaching the set maximum value, the temperature and pressure tended to be stable.



In this paper, the dynamic test requirements of TAI/ECS required that the temperature and pressure control errors were within ±10% within the dynamic test time    t  t e s t    .


   t  t e s t   =   S  V  m a x   − S  V  m i n     S R    



(13)




where   S  V  m a x     is the upper limit of the set value;   S  V  m i n     is the lower limit of the set value;   S R   is the rate of change.





4. Results and Discussion


The performance of the laboratory equipment with LPID controllers was tested by setting various values of temperature and pressure and recording the system’s response through the data acquisition equipment. From the experimental data, the responses of the LPID controller to different rising slopes in various setting values are depicted in Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12.



Figure 8 shows the variation of the compressor bleed air simulation test under the rise rates of 930 kPa/s and 90 °C/s. The pressure dynamic test time was about 3.11 s, and the temperature dynamic test time was about 3.89 s. As shown in Figure 8, the pressure rose from 328.694 kPa to 2799.48 kPa. Compared with the set value of 300–3100 kPa, the dynamic test error was controlled within 10%. The temperature rose from 252.861 °C to 531.852 °C. Compared with the set value of 230–580 °C, the error could also be controlled within 10%. Moreover, the steady-state errors of temperature and pressure were within ±2%. The results of Figure 9, Figure 10, Figure 11 and Figure 12 show that the temperature and pressure dynamic tests errors were within 10%, and the steady-state accuracies were within ±2%, which met the TAI/ECS dynamic test requirements.



Comparing the results of Figure 8 and Figure 11, it can be seen that under the condition of ensuring sufficient test conditions (   P 0  ≥ 3500   kPa ,    T 1  ≥ 650   ° C  ), the test results of different test pieces show that the pressure and temperature control were different due to the test pieces’ resistance characteristics, but the changing trend was the same. Moreover, both the dynamic error and steady-state error were within the required range. The results show that the repeatability of the test was acceptable.



It can be seen from the results that the system structure designed in this paper has reduced the coupling effect on temperature control and pressure control. However, as shown in Figure 9, the temperature suddenly dropped when the pressure rose. The main reason for this phenomenon is that when the initial set temperature value is low, the opening of the valve in the high-temperature branch is low at the time. When the valve is at a low opening, the valve’s mass flow characteristic is seriously non-linear, so the sudden increase in mass flow has a more significant impact on temperature.



In addition, as shown in Figure 10, the temperature control could not eliminate the steady-state error before reaching the maximum value. The specific reason is that the control valve opening at this time reached more than 95%, the valve’s response to the input was prolonged, and the control entered the dead zone. Therefore, the outlet temperature of the electric heater should be increased reasonably in the test to prevent the temperature control valve from entering the dead control zone.



Figure 12 shows that when the equipment is running in a low state, it can also meet the test accuracy requirements.




5. Conclusions


In this study, with the help of the theoretical model of the thermodynamic laboratory equipment, the pressure and the temperature change were controlled with the same control organs in simulation software, and then compared the performance difference between the PID controller and LPID controller in temperature control. The simulation results showed that the LPID controller gave a better performance than the PID controller.



Obviously, we applied the LPID controller to the temperature and pressure control program of the laboratory equipment. Moreover, the dynamic response and steady-state control performance of the LPID controller were verified through specific experiments.



The test results demonstrate that:




	(1)

	
The test results were consistent with the simulation results, which shows the effectiveness of the LPID controller;




	(2)

	
The temperature and pressure dynamic tests errors were within 10%, and the steady-state accuracies were within ±2%. The pressure and temperature control had a high precision and a low overshoot amount, and the dynamic response and stability had a high control performance;




	(3)

	
The laboratory with the LPID controller can create a thermal environment with a vast range of pressure and temperature variation. Moreover, the temperature and pressure change rate can be selected in a wide range;




	(4)

	
Under sufficient test conditions, the repeatability of the tests is acceptable, and dynamic and steady-state tests can be performed on different TAI/ECS test pieces.









In conclusion, the LPID controller can not only control the temperature and pressure at the steady state but can also raise the temperature and pressure by a given slope efficiently. Compared with the conventional thermodynamic laboratory equipment, which can only test the steady-state performance of the TAI/ECS, the proposed system can effectively test various TAI/ECSs at the entire flight envelope creatively. It provides strong support for the development of the TAI/ECS on new models of aircraft.
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Figure 1. System flow chart of the laboratory equipment. 
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Figure 2. The temperature control components. 
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Figure 3. Schematic diagram of the LPID. 
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Figure 4. Simulation model diagram of the system. 
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Figure 5. Dynamic response simulation with the PID and LPID controllers of (a) a huge range of pressure variation; (b) a huge range of temperature variation. 
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Figure 6. Dynamic response simulation with the PID and LPID controllers of (a) a low range of pressure variation; (b) a low range of temperature variation. 






Figure 6. Dynamic response simulation with the PID and LPID controllers of (a) a low range of pressure variation; (b) a low range of temperature variation.



[image: Aerospace 08 00367 g006]







[image: Aerospace 08 00367 g007 550] 





Figure 7. Structure diagram of the TT&C system. 
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Figure 8. Compressor bleed air simulation of test piece one under the rise rates of 900 kPa/s and 90 °C/s. 
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Figure 9. Compressor bleed air simulation of test piece one under the rise rates of 480 kPa/s and 55 °C/s. 
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Figure 10. Compressor bleed air simulation of test piece one under the rise rates of 50 kPa/s and 5 °C/s. 
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Figure 11. Compressor bleed air simulation of test piece two under the rise rates of 900 kPa/s and 90 °C/s. 
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Figure 12. Fan bleed air simulation under the rise rates of 10 kPa/s and 20 °C/s. 
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Table 1. The dynamic test parameters of the engine bleed air simulation.






Table 1. The dynamic test parameters of the engine bleed air simulation.





	
Variables

	
Test Equipment 1: Compressor Bleed Air

	
Test Equipment 2: Fan Bleed Air






	
Conditions

	
  Test   piece   one ,    P 0  ≈ 3500   kPa    ,    T 1     = 650 °C

	
  Test   piece   two ,    P 0  ≈ 3500   kPa    ,    T 1     = 650 °C

	
  Test   piece   three   &    P 0  ≈ 1000   kPa    ,    T 1     = 200 °C




	
Pressure range (kPa)

	
300–3100

	
250–1400

	
300–3100

	
300–3100

	
105–220




	
Pressure variation ratio (kPa/s)

	
900

	
480

	
50

	
900

	
10




	
Temperature range (°C)

	
230–580

	
150–480

	
230–580

	
230–580

	
40–115




	
Temperature variation ratio (°C/s)

	
90

	
55

	
5

	
90

	
20
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