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Abstract

:

Using a nonlinear pilot-induced oscillation prediction method based on digital virtual flight simulation calculations, digital experiments on predicting lateral-directional nonlinear pilot-induced oscillations due to landing configuration switching of fly-by-wire civil aircraft with different closed-loop dynamic characteristics are carried out. It is proposed that the lateral-directional pilot-induced oscillations due to the landing configuration switch can be evaluated using the changes in dynamic characteristic parameters before and after the configuration switch. The quantitative boundaries of the dynamic characteristic parameters of an example aircraft are determined, and a criterion suggestion is formed to predict the lateral-directional nonlinear pilot-induced oscillations due to landing configuration switching. This study provides a reference for the optimal design of the lateral-directional flight control law of fly-by-wire aircraft during the approach stage and provides suggestions for the formulation of evaluation criteria for other nonlinear pilot-induced oscillation phenomena.
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1. Introduction


To cruise at higher speeds, the wings of modern large civil aircraft are generally swept back, which also enhances the aircraft lateral static stability. During approach, to increase lift and decelerate, an aircraft needs to extend flaps and switch from the cruise configuration to the landing configuration [1,2,3]. At this time, the wings can generate additional lift, and asymmetric lift generated by the wings on both sides will increase during sideslip, enhancing the lateral stability effect generated by the wing sweep [4,5]. The lateral control law designed for the aircraft cruise configuration may no longer be applicable to the landing configuration, and control law parameters for fly-by-wire (FBW) civil aircraft should be designed for both cruise and landing configurations. Therefore, the lateral-directional dynamic characteristics of closed-loop aircraft may change greatly before and after a configuration switch [6].



To align an aircraft flight path to a runway during approach, a pilot needs to precisely control the roll attitude of the aircraft [7]. If the pilot is accustomed to manipulating the dynamic characteristics of the aircraft in the cruise configuration and then the aircraft changes to the landing configuration, the lateral-directional dynamic characteristics of the closed-loop aircraft will change greatly, and it may be difficult for the pilot to adjust their manipulation behaviour in time to adapt to the dynamic characteristics of the landing configuration. Therefore, aircraft configuration changes are one of the main factors causing a nonlinear pilot-induced oscillation phenomenon (Category III PIOs) [8,9,10]. When designing the control law parameters for the cruise and landing configurations, it is necessary to consider the problem that a change in closed-loop aircraft dynamic characteristics before and after configuration switching may induce lateral-directional PIO [11].



However, the traditional flying qualities evaluation criteria [12,13,14,15] can only be used to evaluate the PIO characteristics of an aircraft in a certain configuration, namely Category I or Category II PIOs, and cannot predict the Category III PIO phenomena caused by the change in closed-loop aircraft dynamic characteristics [16]. Therefore, it is difficult to evaluate whether a designed flight control law is suitable for the process of switching to the landing configuration, and it cannot expose flight safety hazards that may exist in the approach and landing stage of FBW civil aircraft. To predict the lateral-directional Category III PIO phenomenon induced by configuration switching during landing, new characteristic parameters or combinations that can characterize the dynamic characteristics of closed-loop aircraft need to be proposed to evaluate the closed-loop lateral-directional flying qualities more accurately during the approach and landing stages and provide a reference for optimal flight control law design.



At present, there is a lack of evaluation criteria for predicting PIOs due to abrupt changes in closed-loop aircraft dynamics [9]. In Ref. [17], a nonlinear PIO prediction method based on digital virtual flight simulation calculation [18,19] was proposed. By using a pilot model that can adjust the control behaviour adaptively according to the dynamic characteristics of the aircraft, the pitch attitude tracking task used to evaluate the PIO characteristics is simulated. Then, the PIO identification algorithm based on fuzzy logic is used to quantitatively evaluate the PIO trend of aircraft during flight tasks. The prediction results based on the simulation calculation are consistent with the results of a human-in-the-loop flight test conducted using a ground simulator, which verifies the effectiveness of the prediction method.



In this study, the nonlinear PIO prediction method based on digital virtual flight established in Ref. [17] is first used to carry out digital experiments on lateral-directional PIO prediction due to configuration switching during landing for aircraft with different closed-loop dynamic characteristics. Second, according to the calculation results, characteristic parameters that characterize the effect of the configuration switching on the lateral-directional PIO characteristics during landing are proposed. Finally, evaluation criteria for lateral-directional nonlinear PIOs due to landing configuration switching are proposed.




2. Digital Test of Lateral-Directional PIO Prediction Due to Landing Configuration Switching


2.1. Effect of Configuration Switching on Aircraft Dynamic Characteristics


In this study, an FBW aircraft adopting a control and stability augmentation flight control law is taken as the research object. To be more consistent with the pilot’s control habits and similar to the principle of conventional aileron control to directly control the roll rate, the roll axis flight control law adopts the roll angle rate command configuration so that the pilot’s manoeuvring force directly corresponds to the roll angle rate [20]. For the yaw axis, the sideslip angle command configuration control law is adopted to obtain a lateral-directional flight control structure, as shown in Figure 1.



A first-order inertial element, 1/(τacts + 1), is used to describe the control surface actuator dynamic model shown in Figure 1. According to the flight control law design scheme of an Airbus A320, the longitudinal flight control law of the example aircraft was selected as a C* command configuration [21] so that the pilot can stably control the pitch attitude and the longitudinal flight trajectory of the aircraft during a low-speed approach.



The roll damping moment of large civil aircraft is mainly generated by the wing. If the aircraft rolls right (positive) at roll angle speed p, the local angle of attack of the right wing increases, and the lift increases, and vice versa for the left. Asymmetrical lift creates a rolling moment to the left, impeding the aircraft roll. After switching to the landing configuration, the flaps are deflected downwards, and the wing lift line slope increases. At this time, the lift generated by the local angle of attack increment increases, so the generated rolling torque to the left also increases; that is, the roll damping increases, the roll time constant TR decreases and the aircraft roll handling response convergence rate accelerates [5].



In addition, large civil aircraft lateral static stability is mainly produced by the sweepback angle, dihedral angle and vertical tail. According to Ref. [5], the absolute values of the lateral static stability derivatives generated by the sweepback angle (χ > 0°) and dihedral angle (ψ > 0°), |Clβ,χ| and |Clβ,ψ|, are both proportional to the lift line slope CLα. When the flaps are down, the air foil camber increases, the lift line slope CLα increases, the absolute values of derivatives Clβ,χ and Clβ,ψ increase and the lateral static stability increases. As the ratio of the lateral to directional stability derivatives |Clβ/Cnβ| increases, the Dutch roll mode oscillation intensifies, the Dutch roll frequency of the aircraft increases and the damping ratio decreases [4,5].



In conclusion, the dynamic characteristics of an aircraft body change after the landing configuration switch, leading to the closed-loop dynamic characteristics deviating from the design point. In addition, the closed-loop dynamic characteristic requirements in the cruise and landing stages are not completely consistent. In the approach and landing stage, the aircraft attitude response must be faster, and the flight path must be tracked more accurately [20]. Therefore, it is necessary to reasonably adjust the landing configuration flight control law parameters so that the closed-loop aircraft after configuration switching can meet the flying qualities requirements during landing; that is, it has a faster attitude response rate and can better complete the approach and landing task.



To meet the flying qualities requirements in the landing phase, the equivalent roll time constant TR of closed-loop aircraft needs to decrease, the roll response rate increases after adjusting the landing configuration control law parameters and the amplitude of closed-loop aircraft response to high-frequency control input increases. If the pilot still adopts the cruise configuration aircraft manipulation behaviour, that is, adopts a large manipulation amplitude to track the high-frequency roll attitude command, then a large overshoot will occur. The nonlinear pilot-induced oscillation phenomenon (Category III PIO) may be induced due to the pilot’s difficulty in adapting to the closed-loop aircraft dynamic characteristics of the landing configuration in time.



In addition, if the equivalent Dutch roll damping ratio ξd of the closed-loop aircraft is greatly reduced after switching, the convergence rate of the Dutch roll mode motion will be slow, which may also have adverse effects on the completion of the roll tracking task.




2.2. Test Task and State Determination


To predict the lateral-directional PIO trend, the roll attitude tracking task is selected as the flight task in the PIO prediction digital test by referring to AC25-7B [9]. When the mathematical simulation begins, the digital pilot controls the aircraft tracking roll angle command ϕr by applying lateral stick force Fa. Meanwhile, the sideslip angle is eliminated automatically by the directional flight control law. According to the tracking command designed in Ref. [17], roll angle command ϕr is generated by adding 14 sinusoidal signals with different amplitudes and frequencies, denoted as ϕr = ∑iAisin(ωit). The values of each sinusoidal frequency ωi are shown in Table 1. Since the roll angle of civil aircraft in the approach stage should not exceed 5° [22], the amplitude Ai corresponding to frequency ωi in Ref. [17] is scaled down to make the maximum amplitude of the sinusoidal signal superimposed to 5°, and the amplitude Ai is shown in Table 1.



To simulate the approach process, the longitudinal flight task in the digital test is as follows: by manipulating the joystick and throttle lever, the pilot controls the aircraft to glide steadily at an initial speed of V0 = 90 m/s and initial flight path angle of γ0 = −3°. The initial altitude of the aircraft is set to 2050 m in the digital test. At the switching altitude Hs = 1800 m, the flaps are lowered to complete the switch to the landing configuration. To evaluate whether the PIO phenomenon occurs after a configuration change, the aircraft glides steadily for a period. When the altitude drops to 1500 m, the flight mission is terminated.



Combining the digital flight task command, aircraft motion model (including landing configuration switching) and digital pilot control model, a digital virtual flight simulation calculation model for landing configuration switching is developed, as shown in Figure 2.



In Figure 2, the roll channel adopts the time-varying adaptive digital pilot model proposed in Ref. [17] to simulate the adaptive tracking behaviour of real human pilots to roll angle commands. After aircraft configuration switching, the model can also automatically adjust the pilot model parameters according to the changes in the aircraft dynamic characteristics and simulate the pilot adaptive manipulation behaviour to ensure the correctness of the predicted results. To realize the stable glide of the aircraft, the throttle channel and pitch channel digital pilot manipulation model in Figure 2 adopts a time-invariant Zaal’s pilot model [23] and calculates the throttle command and longitudinal stick force according to the airspeed and flight path angle of the aircraft, respectively.



Then, according to the nonlinear PIO prediction method based on digital virtual flight simulation calculation proposed in Ref. [17], mathematical simulation calculation of flight tasks is completed using the digital virtual flight simulation model for landing configuration switching. To quantitatively evaluate the nonlinear PIO trend according to the model simulation results, the PIO evaluation index EPIO based on the fuzzy logic algorithm is calculated according to Ref. [17]. In this paper, the maximum value of EPIO during the whole flight task is defined as the PIO prediction result RPIO. If the value of RPIO exceeds 0.5, it is considered that PIO may occur after the aircraft landing configuration switch; otherwise, oscillation does not occur.



Finally, the roll mode time constant TR, Dutch roll natural frequency ωd and damping ratio ξd, roll phase equivalent time delay τp and rolling attitude bandwidth ωBW of the low-order equivalent model of the high-order closed-loop aircraft were selected to characterize the dynamic characteristics and handling response characteristics of the closed-loop aircraft. By adjusting the control law gains KIa, Kfa, Kp, KIr, Kfr, Kny and Kr of cruise and landing configurations respectively, changing the values of TR, ξd, ωd, ωBW and other parameters, the handling response characteristics of closed-loop aircraft before and after switching are different in the set test case. Therefore, it is convenient to carry out the study on the influence of closed-loop aircraft dynamic difference on PIO characteristics before and after switching. Considering that an aircraft needs to have faster attitude response characteristics in the landing stage to achieve accurate tracking of the flight trajectory, the rolling attitude bandwidth of the closed-loop aircraft landing configuration is set to be greater than the cruise configuration bandwidth in the same group of test cases.



In addition, the research results in Ref. [17] show that too large a difference in the stick force gradient before and after switching may also induce nonlinear PIO. In this study, the lateral stick force gradient ΔFa/  ϕ ˙   for cruise and landing configurations is adjusted, and the difference in the stick force gradient before and after switching is changed. In summary, a total of 50 test cases were established in this study to simulate the difference in closed-loop aircraft dynamic characteristics before and after switching, as shown in Table A1.



To ensure that the test case is not prone to the Category I PIO phenomenon and avoid interfering with the predicted Category III PIO results, the flying qualities of the aircraft roll axis in the landing configuration should meet the attitude bandwidth criteria of civil aircraft in the C flight stage [24]. In the 50 test cases, the bandwidth criteria evaluation results for the closed-loop aircraft in the landing configuration are shown in Figure 3. Notably, the bandwidth criteria evaluation results for some different test cases in Figure 3 are the same. For example, the roll attitude bandwidth ωBW and delay τp of landing configurations F21–F25 in the test cases are consistent.



In the bandwidth criteria evaluation, if the flying qualities were evaluated as Level 3, the risk of Category I PIO was considered [24]. The landing configurations of the 50 test cases in Figure 3 all meet the Level 1 or 2 quality requirements of the bandwidth criterion, indicating that the test case set is not prone to the occurrence of the Category I PIO phenomenon and meets the requirements of the predicted test.



For each test case, the Category III PIO characteristic prediction method based on the digital virtual flight simulation is adopted to obtain the PIO prediction result RPIO, which is shown in the last column of Table A1.




2.3. Digital Test Example


In this study, a certain type of FBW aircraft is taken as an example to establish an aircraft body motion mathematical model [4]. Due to technical confidentiality issues, the specific values of the data related to the example aircraft are not given.



Taking test case F17 as an example, the lateral-directional control law parameters and stick force gradient ΔFa/  ϕ ˙   for cruise and landing configurations are given in Table 2.



To study the effect of the closed-loop aircraft dynamic characteristics on the PIO characteristics, the low-order equivalent model parameters that can represent the high-order closed-loop aircraft dynamic characteristics are calculated through the low-order equivalent fitting of the aircraft’s lateral-directional. where the equivalent system model is [20]


          ϕ ( s )    F a  ( s )   =    K ϕ  (  s 2  + 2  ξ ϕ   ω ϕ  s +  ω ϕ 2  )      ( s + 1 / T   R     ) ( s + 1 / T   s     ) ( s   2  + 2  ξ d   ω d  s +  ω d 2  )    e  −  τ  e ϕ   s           β ( s )    F r  ( s )   =    K β  ( 1 + 1 /  T  β 1   ) ( 1 + 1 /  T  β 2   ) ( 1 + 1 /  T  β 3   )      ( s + 1 / T   R     ) ( s + 1 / T   s     ) ( s   2  + 2  ξ d   ω d  s +  ω d 2  )    e  −  τ   e β    s         ,  



(1)




where K(·) is the equivalent transfer function gain; τ(·) is the equivalent delay time of the transfer function; ωd and ξd are the natural frequency and damping ratio of the Dutch roll, respectively; ωϕ and ξϕ are the equivalent molecular natural frequency and damping ratio of the roll axis, respectively; Tβ1, Tβ2 and Tβ3 are the equivalent molecular time constants of the yaw axis; TR is the roll time constant and Ts is the spiral mode time constant.



A Bode diagram of the instantaneous transfer function ϕ(s)/Fa(s) is drawn based on the lower-order equivalent system of the aircraft before and after the switch, as shown in Figure 4.



Taking the landing configuration in Figure 4 as an example, the frequency ω180 is 15.9 rad/s when the phase angle is −180°; ω180 corresponds to an amplitude of −72.8 dB, and, based on this, 6 dB is added, and the frequency ωBW,gain corresponding to an amplitude of −66.8 dB is 11.2 rad/s. Figure 4 shows that, when the phase angle is −135°, the corresponding frequency ωBW,phase is 2.45 rad/s. According to the bandwidth criterion [25], the roll attitude bandwidth ωBW is the smaller of ωBW,gain and ωBW,phase, so, in this example, ωBW is 2.45 rad/s. In addition, the frequency 2ω180 in Figure 4 has a phase of ϕ2ω180 = −193°, so τp = 0.008 s based on the formula for the phase equivalent time delay, τp = −(180 + ϕ2ω180)/(2ω180 × 57.3) [25]. In summary, the lateral-directional low-order equivalent model parameters and bandwidth criterion parameters of the closed-loop aircraft are shown in Table 3.



In Table 3, TR and ωBW can represent the phase lag and response delay of the closed-loop aircraft roll mode response. ωd and ξd represent the oscillation period and decay rate of the closed-loop aircraft Dutch roll mode. The natural frequency ratio ωϕ/ωd can characterize the Dutch roll motion effect on the aircraft roll manipulation response [26]. Considering that the response of the roll mode is fast and the oscillation period of the Dutch roll mode is short, these two modes are the main lateral-directional modes of civil aircraft, and the frequency is similar to that of the pilot’s tracking manoeuvring; the modal characteristics have a great influence on the pilot-aircraft coupling phenomenon. Thus, in this paper, only the low-order equivalent model parameters related to these two modes are selected to characterize the lateral-directional motion characteristics of closed-loop aircraft.



By comparing Table 2 and Table 3, it can be seen that, in test case F17, the roll time constant TR of the closed-loop landing configuration aircraft is reduced, and the roll attitude bandwidth ωBW is increased by increasing the roll damping feedback gain Kp after the configuration switching so that the phase lag and response delay of the aircraft roll handling response are reduced. By reducing the yaw damping feedback gain Kr and increasing the overload feedback gain Kny, the Dutch roll frequency ωd of closed-loop aircraft increases and the Dutch roll damping ξd decreases, which increases the influence of aircraft roll manoeuvrability on the Dutch roll motion response. By reducing the lateral stick force gradient ΔFa/  ϕ ˙  , the stick force gradient of the closed-loop aircraft after configuration switching is reduced, and the manipulation sensitivity is increased, which can simulate the possible dynamic characteristics of the closed-loop aircraft before and after the landing configuration change.



The aircraft roll angle command and response, airspeed, altitude above ground level (AGL), sideslip angle, roll angular velocity, lateral stick force, aileron deflection and PIO evaluation index EPIO simulation results during the whole task are shown in Figure 5a–h.



In the simulation process between 0 and 48 s, the aircraft glided steadily and could complete the roll attitude tracking task well, as shown in Figure 5a. The PIO evaluation index in Figure 5h is less than 0.5, indicating that no lateral-directional PIO phenomenon occurs before the configuration switch.



As shown in Figure 5c, at 48 s, the aircraft descended to 1800 m AGL altitude and switched from the cruise configuration to the landing configuration. Due to lowering the flaps, the lift and drag of the whole aircraft increased instantaneously, the flight path inclination increased and the speed decreased slightly. By manipulating the joystick and throttle lever, the digital pilot gradually restored the longitudinal motion state of the aircraft to stability, as shown in Figure 5b,c. After configuration switching, the roll angle and sideslip angle of the aircraft shown in Figure 5a,d–f oscillate greatly, the amplitude of the roll angular velocity is more than 12 °/s and the amplitude of the lateral stick force is more than 25 N. In Figure 5h, the PIO evaluation index exceeds 0.5 at 50 s, and the lateral-directional PIO phenomenon is induced by the landing configuration switch. At 58 s, the PIO evaluation index EPIO reaches the maximum value of 0.8, so the PIO predicted result is RPIO = 0.8.





3. Characteristic Parameters of Lateral-Directional PIO Due to Landing Configuration Switch


3.1. Instantaneous Amplitude–Frequency Response Peak of Pilot–Vehicle Closed-Loop at Switching


Closed-loop pilot manipulation is a necessary PIO condition [20]. At this time, the pilot and aircraft form a closed-loop pilot–vehicle system (CL-PVS), as shown in Figure 6a. The pilot controls the aircraft by feeling the aircraft’s motion response and makes the motion response meet the command requirements. By disconnecting the CL-PVS feedback loop, the open-loop pilot–vehicle system (OL-PVS) shown in Figure 6b can be obtained.



According to the principle of automatic control, the amplitude–frequency response peak of the CL-PVS can represent its damping characteristics [27]. The larger the peak is, the smaller the damping. Based on this, the Neal–Smith criterion is proposed in Ref. [20]. A CL-PVS model is established by introducing a pilot control model, and the amplitude–frequency response peak of the CL-PVS is taken as the criterion parameter for evaluating the PIO characteristics. Under the premise that the CL-PVS meets the stability, if the peak value is too large, the CL-PVS will react strongly to a certain frequency command and have a tendency to resonate, resulting in large aircraft motion response overshoot during tracking, making it prone to the PIO phenomenon.



However, the Neal–Smith criterion can only predict Category I PIO when the dynamic characteristics of the aircraft are constant, and the criterion does not apply to Category III PIO when the dynamic characteristics of an aircraft change. Therefore, a pilot control model Yp suitable for cruise configuration aircraft is first established in this study. Considering that, when closed-loop aircraft motion response characteristics change, it is difficult for pilots to quickly adjust their manipulating behaviours, and the original manipulating behaviours remain unchanged at the switching instant [17], this study combined the pilot control model Yp during cruise and the aircraft motion model in the landing configuration to establish a CL-PVS of aircraft configuration switching instant. The coupling characteristics of pilot control and aircraft motion during switching are described. Finally, the maximum peak Mp is calculated according to the amplitude–frequency response curve of the CL-PVS at the switching instant. If Mp is large, the control behaviour taken by the pilot during cruise does not match the motion response characteristics of the aircraft in the landing configuration, resulting in small CL-PVS damping at the switching instant, large aircraft motion response overshoot when the closed-loop tracking task is completed and a PIO is prone to occur.



The following takes test case F17 as an example to illustrate the amplitude–frequency response peak Mp calculation of the CL-PVS at the switching instant:




	
According to Ref. [17], Zaal’s pilot model is selected to establish the CL-PVS, whose transfer function is as follows [23]:


   Y p   s  =  K p  ·    T l  s + 1   ·  G n  ·  e  − s  τ v    ,  



(2)




where    e  − s  τ v      and Gn both represent the limiting characteristics of the pilot’s manipulation ability.    e  − s  τ v      represents the pilot response delay, and the delay time τv is generally 0.3 s. Gn is a simplified expression of a pilot’s neuromotor limb dynamics model, mathematically described as a second-order oscillation element with natural frequency ωn equal to 10 rad/s and damping ratio ξn equal to 0.707:


   G n  =     10  2     s 2  + 2 × 0.707 × 10 s +   10  2    ,  



(3)







	
Considering only roll damping, the aircraft’s roll motion response in Equation (1) is simplified to the first-order inertial element Kϕ/(s + 1/TR). To compensate for the response lag generated by the first-order inertial element, the lead time parameter Tl in the pilot control model in Equation (3) can be taken as the roll time constant TR1 of the cruise configuration aircraft, namely:


Tl = TR1 = 0.67 s,



(4)







	
The root locus plot of the CL-PVS during cruising is shown in Figure 7. According to Ref. [28], to limit the overshoot in the tracking task, the damping ratio of the leading pole of the CL-PVS should be 0.15. To this end, the pilot’s control gain is adjusted to Kp = 3.39 N/rad to meet the requirement of a 0.15 damping ratio of the CL-PVS.



	
According to the principle of automatic control [27], the OL-PVS shown in Figure 6b can be used to evaluate the stability of the CL-PVS. The frequency of the OL-PVS with an amplitude of 0 dB is called the crossing frequency ωc. If the corresponding phase lag at ωc is close to or greater than 180°, the CL-PVS is unstable and prone to the PIO phenomenon. Therefore, to ensure that the CL-PVS has sufficient stability and is not prone to Category I or II PIOs, it is necessary to check the phase margin of the OL-PVS during cruise. If the phase margin is not less than 45°, the pilot’s control gain Kp in Equation (3) remains unchanged; otherwise, gradually reduce Kp until the OL-PVS has a phase margin of 45°. In test case F17, when Kp = 3.39 N/rad, the pilot–vehicle system phase margin is 22.6°, which does not meet the requirements. When Kp decreases to 2.22 N/rad, the pilot–vehicle system phase margin is exactly 45°; thus, Kp = 2.22 N/rad.



By adjusting the pilot’s control gain Kp, the following requirements have been met during cruise flight:




	
The damping ratio of the dominant pole of the CL-PVS is no less than 0.15, and the tracking overshoot is small, meeting the requirements for the pilot’s control stability [28].



	
The OL-PVS has a 45° phase margin to ensure the stability of the CL-PVS [28].



	
The crossing frequency should be as large as possible to improve the tracking accuracy.








	
Finally, a CL-PVS was formed by combining the pilot control model for the cruise phase and the equivalent motion model of the aircraft roll axis in the landing configuration in Equation (3). The amplitude–frequency response curve of the CL-PVS at the landing configuration switching instant is obtained, as shown in Figure 8. The maximum peak value is Mp = 19.6 dB.









3.2. Closed-Loop Aircraft Handling Response Parameters before and after Switch


According to research on the stick force gradient in Ref. [17], manipulation sensitivity is one of the important factors inducing the nonlinear PIO phenomenon. After configuration switching, if the manipulation sensitivity of an aircraft is greatly improved, the pilot needs to quickly reduce the stick force. Otherwise, the roll attitude of the aircraft will be greatly changed, and the pilot needs to take large high-frequency manipulations to stabilize it. If the aircraft roll angle response delay corresponding to a large manipulation frequency is large, it will reduce the stability of the CL-PVS and is prone to the PIO phenomenon. Therefore, the change in roll manipulation sensitivity before and after configuration switching is selected as one of the characteristic parameters to characterize whether a nonlinear PIO is prone to occur.



Ref. [20] defines the roll manipulation sensitivity as the ratio of the roll angular velocity p to the lateral stick force Fa when the aircraft’s lateral step handling response reaches a steady state, which can be expressed by the frequency domain response amplitude of the roll angular velocity at low frequency. In this study, the low-frequency value is set to ω0 = 10−1 rad/s. In addition, since the frequency domain response of roll angle and roll angular velocity differs approximately by a linear integral element, the roll manipulation sensitivity variation can be expressed by the frequency domain response amplitude variation of the roll angle. Therefore, the difference between the amplitude–frequency response of the roll angle between the landing and cruise configurations, ΔM, at a low frequency of 10−1 rad/s is selected in this study to describe the change in the manipulation sensitivity of the roll axis after configuration switching, as shown in Figure 9. Subscript 1 on each parameter in Figure 9 represents the cruise configuration; subscript 2 represents the landing configuration.



In addition, compared with the landing configuration, the handling response rate of the aircraft in the cruise configuration is slower, and the pilot needs to carry out some advance control when tracking the high-frequency command to achieve accurate tracking of the roll attitude. After switching, if the aircraft roll response speed increases significantly, it may be difficult for the pilot to quickly change the original manipulation behaviour, and the pilot still uses a large control amplitude to track high-frequency commands, resulting in an increase in the roll response amplitude and a large overshoot, thus inducing the PIO phenomenon. Large manoeuvring may also trigger the deflection angle or speed limit of the aircraft control surface actuator, resulting in an increased closed-loop aircraft response delay and CL-PVS instability and then leading to the PIO phenomenon. As shown in test cases F14, F19, F28 and F38, the roll attitude bandwidth ωBW before and after the switch is set to increase by 1.0 rad/s, 1.4 rad/s, 1.8 rad/s and 2.2 rad/s, respectively, and the difference gradually increases. The simulation results of the roll angle response and PIO prediction index in the prediction test are shown in Figure 10.



As shown in Figure 10, no PIO phenomenon occurred in test cases F14 and F19. With the increase in the roll attitude bandwidth before and after configuration switching, the roll angle of the aircraft in test cases F28 and F38 oscillates greatly, and the maximum values of the PIO prediction index reach 0.73 and 0.98, respectively, showing the PIO phenomenon. Therefore, the reduction in roll attitude bandwidth before and after switching is also one of the sensitive parameters of lateral-directional nonlinear PIO characteristics. In this study, the ratio of the roll attitude bandwidth of the landing and cruise configurations, ωBW2/ωBW1, is used to describe the variation in the bandwidth.



Taking test case F17 as an example, the known roll attitude bandwidths of the cruise and landing configurations are ωBW1 = 1.48 rad/s and ωBW2 = 2.45 rad/s, respectively, and, thus, the ratio of the roll attitude bandwidths ωBW2/ωBW1 is 1.66. In Figure 4, on the amplitude–frequency response curves of the roll attitude for both configurations, the amplitude at the frequency ω0 = 10−1 rad/s is found to be Mϕ1 = −17.1 dB and Mϕ2 = −12.7 dB, respectively; then, the amplitude increment before and after switching can be expressed as ΔM = Mϕ2 − Mϕ1 = 4.4 dB.



In summary, ΔM and ωBW2/ωBW1 are selected to represent the differences in the roll axis manipulation sensitivity and rapidity of response before and after the landing configuration switch, jointly determining the changes in the closed-loop system stability. The characteristic parameters Mp, ωBW2/ωBW1 and ΔM are calculated for the 50 test cases listed in Table A1, and the calculation results are shown in Table A1.





4. Suggestions for Criteria to Evaluate Lateral-Directional PIOs Due to Landing Configuration Switch


The amplitude–frequency response peak Mp of the CL-PVS, the roll attitude bandwidth ratio ωBW2/ωBW1, the change in roll manipulation sensitivity ΔM and the corresponding PIO prediction index RPIO in Table A1 are plotted, as shown in Figure 11.



By fitting the parameters near the ‘No PIO’ region, quantitative requirements for characteristic parameters without PIO occurrence can be obtained, as shown in the dotted boundary in Figure 11, including requirements for the values of Mp, ωBW2/ωBW1, ΔM and their combinations.



4.1. Requirements for Mp


The instantaneous amplitude–frequency response peak Mp of the CL-PVS at switching describes the degree of matching between the pilot’s manoeuvring behaviour during cruise and the dynamic characteristics of the aircraft in the landing configuration. If the Mp is too large, the match between the two is poor. After configuration switching, it is difficult for pilots to quickly adapt to the dynamic characteristics of the aircraft in the landing configuration, and the overshoot of the roll angle response may be large in the tracking process, resulting in poor stationarity of the CL-PVS and poor tracking effect and being more prone to the PIO phenomenon. Therefore, it is necessary to propose requirements on the upper limit of Mp, as shown in Figure 11a. The upper limit is 15 dB.



If the Mp exceeds 15 dB, such as in test cases F11 and F40, the manipulation sensitivity increases significantly after the configuration switch, and then the pilot needs to significantly change the control behaviour to adapt to the dynamic characteristics of the aircraft in the landing configuration, resulting in a significant decline in the stability of the CL-PVS after the switch, and then the PIO phenomenon.



The existing Neal–Smith criterion requires that the amplitude–frequency response peak of the CL-PVS should not exceed 11 dB, thus limiting the overshoot of the tracking task and making the PIO phenomenon less likely to occur in the task [20]. However, the Neal–Smith criterion is primarily used to evaluate linear and time-invariant PIO phenomena, where the dynamic characteristics of the aircraft and the pilot’s handling behaviour can be considered approximately constant. In this study, the time-varying digital pilot model established in Ref. [17] is adopted, which has the ability to adjust the manoeuvring behaviour and adapt to the dynamic characteristics of the aircraft in landing configuration to a certain extent to reduce the overshoot in the tracking task and to avoid the large and continuous oscillation in aircraft motion parameters after switching. Therefore, compared with the Neal–Smith criterion, the value of the upper limit of the amplitude–frequency response peak in this study is slightly larger; that is, a slightly larger overshot is allowed during configuration switching.




4.2. Requirements for ωBW2/ωBW1 and ΔM







	
ωBW2/ωBW1 characterizes the differences in the roll axis manipulation sensitivity before and after the landing configuration switch. ωBW2/ωBW1 > 1, indicating that, after the configuration switch, the manipulation response of the aircraft roll axis is accelerated; otherwise, it slows. As shown in Figure 11b, before and after the configuration switch, the aircraft’s roll attitude bandwidth ωBW should not be increased too much, and a right boundary for the bandwidth ratio is needed, that is, ωBW2/ωBW1 ≤ 3.1. If the bandwidth increases significantly after switching, that is, ωBW2/ωBW1 is greater than 3.1, such as test cases F30 and F31, the aircraft roll handling response is accelerated. If the pilot cannot change the leading manipulation behaviour quickly, a large manipulation amplitude when tracking high-frequency commands after configuration switching may be adopted, resulting in a large tracking overshoot, and then the PIO phenomenon is induced.



	
ΔM represents the differences in the rapidity of the roll axis handling response before and after the landing configuration switch. ΔM > 0 dB indicates that the manipulation sensitivity of the aircraft roll axis increases after configuration switching and conversely decreases. As shown in Figure 11b, when ωBW increases relatively little, i.e., 1 ≤ ωBW2/ωBW1 ≤ 1.3, it is also necessary to limit the increase in manipulation sensitivity, and the increase in manipulation sensitivity ΔM after switching should not exceed 4 dB. If ΔM increases substantially, such as in test cases F3, F7 and F12, the response amplitude of the aircraft roll attitude increases significantly under the same manoeuvring quantity, and then a large overshoot may be generated during closed-loop tracking, which makes accurate tracking difficult and leads to the PIO phenomenon.



	
In addition, with the increase in bandwidth change amplitude after switching, the limit on the increase in manipulation sensitivity is increasingly strict. As shown in Figure 11b, by fitting the characteristic parameters of test cases F19, F22 and F50, the expression of the upper right boundary can be obtained:


  20 lg      ω  B W 2    /   ω  B W 1       + Δ M ≤ 6.5 d B ,  



(5)







Equation (5) is the combined boundary formed by ΔM and ωBW2/ωBW1, which reflects the requirement of coordination between the change in response rapidity and manipulation sensitivity. If the upper right boundary is exceeded, the control bandwidth and manipulation sensitivity increase simultaneously after configuration switching. According to the analysis results in 1. and 2. above, an increase in control response rapidity and response amplitude will lead to an increase in overshoot in closed-loop tracking. The superposition effect caused by the simultaneous increase in the two factors may lead to a large increase in overshoot during closed-loop tracking and is thus prone to the PIO phenomenon.








In conclusion, when Mp, ωBW2/ωBW1 and ΔM are in the ‘No PIO’ region of Figure 11a,b, it can be ensured that the example aircraft will not have the lateral-directional Category III PIO due to the landing configuration switch.





5. Conclusions







	
By analysing the digital test results of the lateral-directional PIO due to landing configuration switching and the formation mechanism of nonlinear PIOs, three characteristic parameters, namely the peak of the amplitude–frequency response of the CL-PVS at the switching instant, Mp, the ratio of the roll attitude bandwidth of the landing and cruise configurations, ωBW2/ωBW1, and the difference between the steady-state response of the roll attitude of the landing and cruise configurations, ΔM, are proposed to represent the difference in the lateral-directional dynamic characteristics of the aircraft before and after the landing configuration switch. They are also used to predict the characteristics of a lateral-directional PIO due to configuration switching.



	
For the example aircraft, to avoid the lateral-directional PIO phenomenon after the landing configuration switch, Mp cannot exceed 15 dB, which reflects the tracking overshoot limit requirement at the switching instant. ωBW2/ωBW1 should be less than 3.1; that is, the increase in the roll attitude bandwidth should not be more than 3 times, which reflects the requirements for the response speed of the aircraft’s roll handling response. ΔM should not exceed 4 dB, indicating that the increase in the roll manipulation sensitivity should not exceed approximately 1.6 times. Further, |20lg(ωBW2/ωBW1)| + ΔM is no more than 6.5 dB, reflecting the requirements for coordination between changes in roll response rapidity and manipulation sensitivity.



	
The research results have certain theoretical reference value for the analysis of the lateral-directional nonlinear PIO characteristics, flight quality assessment and flight control law optimization design of fly-by-wire civil aircraft during the approach phase. In the future, research on the criteria for Category III PIO phenomena induced by other factors can be carried out.
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Table A1. The low-order equivalent model parameters, bandwidth criteria parameters, PIO characteristic parameters and prediction indexes of different test cases.






Table A1. The low-order equivalent model parameters, bandwidth criteria parameters, PIO characteristic parameters and prediction indexes of different test cases.





	
No.

	
ΔFa/   ϕ ˙   

(N·s/°)

	
ξϕ

(-)

	
ωϕ

(rad/s)

	
ξd

(-)

	
ωd

(rad/s)

	
TR

(s)

	
ωBW

(rad/s)

	
τp

(s)

	
Mp

(dB)

	
       ω  B W 2      ω  B W 1        

(-)

	
ΔM

(dB)

	
RPIO

(-)






	
F1

	
2.2

	
0.45

	
1.0

	
0.45

	
1.0

	
0.67

	
1.48

	
0.008

	
3.6

	
1.0

	
0.0

	
0.3




	
2.2

	
0.45

	
1.0

	
0.45

	
1.0

	
0.67

	
1.48

	
0.008




	
F2

	
2.2

	
0.45

	
1.0

	
0.45

	
1.0

	
0.67

	
1.48

	
0.008

	
14.2

	
1.0

	
3.9

	
0.5




	
1.4

	
0.45

	
1.0

	
0.45

	
1.0

	
0.67

	
1.48

	
0.008




	
F3

	
2.2

	
0.45

	
1.0

	
0.45

	
1.0

	
0.67

	
1.48

	
0.008

	
22.3

	
1.0

	
6.6

	
0.7




	
1.0

	
0.45

	
1.0

	
0.45

	
1.0

	
0.67

	
1.48

	
0.008




	
F4

	
2.2

	
0.45

	
1.0

	
0.45

	
1.0

	
0.67

	
1.48

	
0.008

	
16.1

	
1.0

	
7.5

	
0.9




	
0.9

	
0.45

	
1.0

	
0.45

	
1.0

	
0.67

	
1.48

	
0.008




	
F5

	
2.2

	
0.45

	
1.0

	
0.45

	
1.0

	
0.67

	
1.48

	
0.008

	
4.5

	
1.1

	
0.1

	
0.3




	
1.9

	
0.45

	
1.0

	
0.45

	
1.0

	
0.59

	
1.70

	
0.008




	
F6

	
2.2

	
0.45

	
1.0

	
0.45

	
1.0

	
0.67

	
1.48

	
0.008

	
15.0

	
1.1

	
3.8

	
0.4




	
1.2

	
0.45

	
1.0

	
0.45

	
1.0

	
0.59

	
1.70

	
0.008




	
F7

	
2.2

	
0.45

	
1.0

	
0.45

	
1.0

	
0.67

	
1.48

	
0.008

	
27.5

	
1.1

	
5.5

	
0.6




	
1.0

	
0.45

	
1.0

	
0.45

	
1.0

	
0.59

	
1.70

	
0.008




	
F8

	
2.2

	
0.45

	
1.0

	
0.45

	
1.0

	
0.67

	
1.48

	
0.008

	
18.2

	
1.1

	
6.5

	
0.7




	
0.9

	
0.45

	
1.0

	
0.45

	
1.0

	
0.59

	
1.70

	
0.008




	
F9

	
2.2

	
0.45

	
1.0

	
0.45

	
1.0

	
0.67

	
1.48

	
0.008

	
5.7

	
1.4

	
−0.1

	
0.3




	
1.6

	
0.45

	
1.0

	
0.45

	
1.0

	
0.48

	
2.04

	
0.008




	
F10

	
2.2

	
0.45

	
1.0

	
0.45

	
1.0

	
0.67

	
1.48

	
0.008

	
14.7

	
1.4

	
2.5

	
0.5




	
1.2

	
0.45

	
1.0

	
0.45

	
1.0

	
0.48

	
2.04

	
0.008




	
F11

	
2.2

	
0.45

	
1.0

	
0.45

	
1.0

	
0.67

	
1.48

	
0.008

	
31.9

	
1.4

	
3.9

	
0.6




	
1.0

	
0.45

	
1.0

	
0.45

	
1.0

	
0.48

	
2.04

	
0.008




	
F12

	
2.2

	
0.45

	
1.0

	
0.45

	
1.0

	
0.67

	
1.48

	
0.008

	
25.7

	
1.4

	
4.6

	
0.7




	
0.9

	
0.45

	
1.0

	
0.45

	
1.0

	
0.48

	
2.04

	
0.008




	
F13

	
2.2

	
0.45

	
1.0

	
0.45

	
1.0

	
0.67

	
1.48

	
0.008

	
10.4

	
1.4

	
7.5

	
0.9




	
0.7

	
0.45

	
1.0

	
0.45

	
1.0

	
0.48

	
2.04

	
0.008




	
F14

	
2.2

	
0.65

	
1.0

	
0.65

	
1.0

	
0.67

	
1.48

	
0.008

	
9.3

	
1.7

	
0.5

	
0.3




	
1.2

	
0.40

	
1.1

	
0.40

	
1.1

	
0.40

	
2.45

	
0.008




	
F15

	
2.2

	
0.65

	
1.0

	
0.65

	
1.0

	
0.67

	
1.48

	
0.008

	
14.3

	
1.7

	
2.0

	
0.5




	
1.1

	
0.40

	
1.1

	
0.40

	
1.1

	
0.40

	
2.45

	
0.008




	
F16

	
2.2

	
0.65

	
1.0

	
0.65

	
1.0

	
0.67

	
1.48

	
0.008

	
30.3

	
1.7

	
3.1

	
0.6




	
0.9

	
0.40

	
1.1

	
0.40

	
1.1

	
0.40

	
2.45

	
0.008




	
F17

	
2.2

	
0.65

	
1.0

	
0.65

	
1.0

	
0.67

	
1.48

	
0.008

	
19.6

	
1.7

	
4.4

	
0.8




	
0.8

	
0.40

	
1.1

	
0.40

	
1.1

	
0.40

	
2.45

	
0.008




	
F18

	
2.2

	
0.45

	
1.0

	
0.45

	
1.0

	
0.67

	
1.48

	
0.008

	
2.3

	
1.9

	
−2.9

	
0.3




	
1.5

	
0.45

	
1.0

	
0.45

	
1.0

	
0.33

	
2.88

	
0.008




	
F19

	
2.2

	
0.45

	
1.0

	
0.45

	
1.0

	
0.67

	
1.48

	
0.008

	
12.6

	
1.9

	
0.6

	
0.5




	
1.0

	
0.45

	
1.0

	
0.45

	
1.0

	
0.33

	
2.88

	
0.008




	
F20

	
2.2

	
0.45

	
1.0

	
0.45

	
1.0

	
0.67

	
1.48

	
0.008

	
24.0

	
1.9

	
2.0

	
0.8




	
0.9

	
0.45

	
1.0

	
0.45

	
1.0

	
0.33

	
2.88

	
0.008




	
F21

	
2.2

	
0.25

	
0.5

	
0.25

	
0.5

	
1.00

	
0.93

	
0.038

	
1.3

	
2.8

	
−4.7

	
0.3




	
1.3

	
0.25

	
1.1

	
0.25

	
1.0

	
0.29

	
2.57

	
0.036




	
F22

	
2.2

	
0.25

	
0.5

	
0.25

	
0.5

	
1.00

	
0.93

	
0.038

	
7.0

	
2.8

	
−2.4

	
0.4




	
1.0

	
0.25

	
1.1

	
0.25

	
1.0

	
0.29

	
2.57

	
0.036




	
F23

	
2.2

	
0.25

	
0.5

	
0.25

	
0.5

	
1.00

	
0.93

	
0.038

	
13.2

	
2.8

	
−0.8

	
0.6




	
0.8

	
0.25

	
1.1

	
0.25

	
1.0

	
0.29

	
2.57

	
0.036




	
F24

	
2.2

	
0.25

	
0.5

	
0.25

	
0.5

	
1.00

	
0.93

	
0.038

	
27.8

	
2.8

	
0.6

	
0.8




	
0.7

	
0.25

	
1.1

	
0.25

	
1.0

	
0.29

	
2.57

	
0.036




	
F25

	
2.2

	
0.25

	
0.5

	
0.25

	
0.5

	
1.00

	
0.93

	
0.038

	
16.4

	
2.8

	
2.4

	
1.0




	
0.6

	
0.25

	
1.1

	
0.25

	
1.0

	
0.29

	
2.57

	
0.036




	
F26

	
2.2

	
0.65

	
1.0

	
0.65

	
1.0

	
0.67

	
1.48

	
0.008

	
0.6

	
2.2

	
−4.2

	
0.3




	
1.5

	
0.40

	
1.0

	
0.40

	
1.0

	
0.29

	
3.31

	
0.008




	
F27

	
2.2

	
0.65

	
1.0

	
0.65

	
1.0

	
0.67

	
1.48

	
0.008

	
9.3

	
2.2

	
−0.7

	
0.5




	
1.0

	
0.40

	
1.0

	
0.40

	
1.0

	
0.29

	
3.31

	
0.008




	
F28

	
2.2

	
0.65

	
1.0

	
0.65

	
1.0

	
0.67

	
1.48

	
0.008

	
15.2

	
2.2

	
0.5

	
0.7




	
0.9

	
0.40

	
1.0

	
0.40

	
1.0

	
0.29

	
3.31

	
0.008




	
F29

	
2.2

	
0.65

	
1.0

	
0.65

	
1.0

	
0.67

	
1.48

	
0.008

	
35.1

	
2.2

	
2.1

	
1.0




	
0.7

	
0.40

	
1.0

	
0.40

	
1.0

	
0.29

	
3.31

	
0.008




	
F30

	
2.2

	
0.45

	
0.5

	
0.45

	
0.5

	
1.43

	
0.72

	
0.008

	
14.6

	
4.6

	
−5.2

	
0.5




	
0.8

	
0.45

	
1.0

	
0.45

	
1.0

	
0.29

	
3.31

	
0.008




	
F31

	
2.2

	
0.45

	
0.5

	
0.45

	
0.5

	
1.43

	
0.72

	
0.008

	
29.5

	
4.6

	
−3.4

	
0.8




	
0.7

	
0.45

	
1.0

	
0.45

	
1.0

	
0.29

	
3.31

	
0.008




	
F32

	
2.2

	
0.45

	
0.5

	
0.45

	
0.5

	
1.18

	
0.87

	
0.008

	
9.2

	
3.8

	
−4.9

	
0.5




	
0.9

	
0.45

	
1.0

	
0.45

	
1.0

	
0.29

	
3.31

	
0.008




	
F33

	
2.2

	
0.45

	
0.5

	
0.45

	
0.5

	
1.18

	
0.87

	
0.008

	
18.9

	
3.8

	
−3.1

	
0.8




	
0.8

	
0.45

	
1.0

	
0.45

	
1.0

	
0.29

	
3.31

	
0.008




	
F34

	
2.2

	
0.45

	
0.5

	
0.45

	
0.5

	
1.00

	
1.00

	
0.008

	
11.9

	
3.5

	
−4.8

	
0.5




	
0.9

	
0.45

	
0.9

	
0.45

	
1.0

	
0.29

	
3.55

	
0.008




	
F35

	
2.2

	
0.45

	
0.5

	
0.45

	
0.5

	
1.00

	
1.00

	
0.008

	
20.3

	
3.5

	
−3.6

	
0.7




	
0.8

	
0.45

	
0.9

	
0.45

	
1.0

	
0.29

	
3.55

	
0.008




	
F36

	
2.2

	
0.45

	
0.5

	
0.45

	
0.5

	
0.95

	
1.07

	
0.008

	
4.6

	
3.1

	
−4.8

	
0.3




	
1.2

	
0.45

	
1.0

	
0.45

	
1.0

	
0.29

	
3.31

	
0.008




	
F37

	
2.2

	
0.45

	
0.5

	
0.45

	
0.5

	
0.95

	
1.07

	
0.008

	
10.6

	
3.1

	
−2.9

	
0.5




	
0.9

	
0.45

	
1.0

	
0.45

	
1.0

	
0.29

	
3.31

	
0.008




	
F38

	
2.2

	
0.45

	
0.5

	
0.45

	
0.5

	
0.95

	
1.07

	
0.008

	
23.5

	
3.1

	
0.0

	
1.0




	
0.7

	
0.45

	
1.0

	
0.45

	
1.0

	
0.29

	
3.31

	
0.008




	
F39

	
2.2

	
0.45

	
0.5

	
0.45

	
0.5

	
0.95

	
1.07

	
0.008

	
8.0

	
3.1

	
−3.6

	
0.4




	
1.0

	
0.45

	
1.0

	
0.45

	
1.0

	
0.29

	
3.31

	
0.008




	
F40

	
2.2

	
0.45

	
1.0

	
0.45

	
1.0

	
0.67

	
1.41

	
0.023

	
15.3

	
1.3

	
2.5

	
0.8




	
1.2

	
0.45

	
1.0

	
0.45

	
1.0

	
0.48

	
1.91

	
0.023




	
F41

	
2.2

	
0.25

	
0.5

	
0.25

	
0.5

	
1.00

	
0.93

	
0.038

	
14.4

	
2.9

	
−2.3

	
0.5




	
0.8

	
0.25

	
1.0

	
0.25

	
1.0

	
0.29

	
2.69

	
0.036




	
F42

	
2.2

	
0.25

	
0.5

	
0.25

	
0.5

	
1.00

	
0.93

	
0.038

	
28.5

	
3.0

	
−2.4

	
0.8




	
0.7

	
0.25

	
0.9

	
0.25

	
1.0

	
0.29

	
2.82

	
0.036




	
F43

	
2.2

	
0.45

	
0.5

	
0.45

	
0.5

	
1.00

	
0.93

	
0.038

	
7.3

	
2.7

	
−2.4

	
0.3




	
1.0

	
0.45

	
1.1

	
0.45

	
1.0

	
0.29

	
2.51

	
0.036




	
F44

	
2.2

	
0.25

	
0.5

	
0.25

	
0.5

	
1.00

	
0.93

	
0.038

	
6.9

	
1.0

	
−2.4

	
0.3




	
1.0

	
0.10

	
1.1

	
0.10

	
1.0

	
0.29

	
0.95

	
0.036




	
F45

	
2.2

	
0.65

	
0.5

	
0.65

	
0.5

	
1.00

	
0.93

	
0.038

	
7.5

	
2.6

	
−2.4

	
0.3




	
1.0

	
0.65

	
1.1

	
0.65

	
1.0

	
0.29

	
2.45

	
0.036




	
F46

	
2.2

	
0.45

	
0.5

	
0.45

	
0.5

	
0.91

	
1.10

	
0.008

	
8.8

	
3.2

	
−4.9

	
0.5




	
1.0

	
0.45

	
0.9

	
0.45

	
1.0

	
0.29

	
3.55

	
0.008




	
F47

	
2.2

	
0.45

	
0.5

	
0.45

	
0.5

	
0.91

	
1.10

	
0.008

	
14.1

	
3.2

	
−3.7

	
0.8




	
0.9

	
0.45

	
0.9

	
0.45

	
1.0

	
0.29

	
3.55

	
0.008




	
F48

	
2.2

	
0.45

	
0.5

	
0.45

	
0.5

	
0.91

	
1.10

	
0.008

	
19.7

	
3.4

	
−5.0

	
0.6




	
0.8

	
0.45

	
0.8

	
0.45

	
1.0

	
0.29

	
3.72

	
0.008




	
F49

	
2.2

	
0.45

	
0.5

	
0.45

	
0.5

	
0.91

	
1.10

	
0.008

	
25.9

	
3.4

	
−3.6

	
0.9




	
0.7

	
0.45

	
0.8

	
0.45

	
1.0

	
0.29

	
3.72

	
0.008




	
F50

	
2.2

	
0.45

	
0.5

	
0.45

	
0.5

	
0.95

	
1.07

	
0.008

	
5.1

	
2.9

	
−2.9

	
0.4




	
1.1

	
0.45

	
1.1

	
0.45

	
1.0

	
0.29

	
3.09

	
0.008
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Figure 1. Example aircraft lateral-directional control law. 
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Figure 2. Landing configuration switching digital virtual flight simulation model. 
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Figure 3. Test case results evaluated using the bandwidth criteria. 
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Figure 4. Bode diagram of the transfer function ϕ(s)/Fa(s). 
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Figure 5. Results of typical motion parameters of the rolling attitude tracking task. (a) Roll angle; (b) airspeed; (c) AGL altitude; (d) sideslip angle; (e) roll angular velocity; (f) lateral stick force; (g) aileron deflection; (h) PIO evaluation index. 
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Figure 6. Structure of the pilot–vehicle system (PVS). (a) CL-PVS; (b) OL-PVS. 
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Figure 7. Root locus plot of the CL-PVS in test case F17. 
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Figure 8. Amplitude–frequency response of the CL-PVS. 
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Figure 9. Roll angle frequency domain response characteristics before and after landing configuration switching. 
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Figure 10. Comparison of the PIO prediction results of test cases F14, F19, F28 and F38. (a) Roll angle; (b) PIO prediction index. 
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Figure 11. Relationship between the nonlinear PIO prediction results and the characteristic parameters. (a) Mp in different test cases; (b) ωBW2/ωBW1 and ΔM in different test cases. 
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Table 1. Amplitude and frequency of the sinusoidal signal.
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	No.
	ωi (rad/s)
	Ai (rad)
	No.
	ωi (rad/s)
	Ai (rad)





	1
	0.262
	2.970
	8
	2.618
	0.155



	2
	0.524
	1.474
	9
	3.142
	0.120



	3
	0.785
	−0.890
	10
	3.927
	0.098



	4
	1.047
	0.575
	11
	5.236
	−0.055



	5
	1.309
	0.393
	12
	7.854
	0.035



	6
	1.571
	0.348
	13
	10.470
	0.028



	7
	2.094
	−0.235
	14
	15.710
	−0.010










 





Table 2. Lateral-directional flight control law parameters in test case F17.
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No.

	
Parameter

	
Configuration




	
Cruise

	
Landing






	
1

	
ΔFa/  ϕ ˙   (N·s/°)

	
2.20

	
0.80




	
2

	
Tw (s)

	
3

	
3




	
3

	
τact (s)

	
0.3

	
0.3




	
4

	
KIa

	
0.39

	
0.39




	
5

	
Kfa

	
0.10

	
0.10




	
6

	
KIr

	
0.02

	
0.02




	
7

	
Kfr

	
0.02

	
0.02




	
8

	
Kny

	
1.97

	
2.20




	
9

	
Kr

	
0.14

	
0.01




	
10

	
Kp

	
−0.26

	
−0.19











 





Table 3. Lateral-directional low-order equivalent model parameters and bandwidth criterion parameters.
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No.

	
Parameter

	
Configuration




	
Cruise

	
Landing






	
1

	
ξϕ

	
0.65

	
0.40




	
2

	
ωϕ (rad/s)

	
1.0

	
1.1




	
3

	
TR (s)

	
0.67

	
0.40




	
4

	
ξd

	
0.65

	
0.40




	
5

	
ωd (rad/s)

	
1.0

	
1.1




	
6

	
ωBW (rad/s)

	
1.48

	
2.45




	
7

	
τp (s)

	
0.008

	
0.008
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