

  applsci-10-06643




applsci-10-06643







Appl. Sci. 2020, 10(19), 6643; doi:10.3390/app10196643




Article



Variable Guide Vane Scheduling Method Based on the Kinematic Model and Dual Schedule Curves



Sun Je Kim * and Taeseok Ki †





The 4th R&D Institute, Agency for Defense Development, Daejeon 34186, Korea









*



Correspondence: kimsj@add.re.kr






†



Deceased author.









Received: 8 September 2020 / Accepted: 20 September 2020 / Published: 23 September 2020



Abstract

:

The variable guide vanes (VGV) of gas turbine engines are commonly utilized to expand operating range and to improve efficiency of the compressor. Guiding air flow using the VGVs in the compressor prevents aerodynamic instability by making proper incidence angle to the blades. In this study, we dealt with rig-type three-stages VGVs for developed engine tests. The three link mechanism of VGVs are linked to each other with two hydraulic actuators, and inevitably, induced hysteresis exists between vane rotations and actuators strokes, due to links with non-fully constrained degree of freedoms for easy installation and instrumentation, as well. Therefore, the adjustment of each VGVs link mechanism is required to satisfy vane angle demands. To adjust coupled three-stages VGVs link mechanism, an analytical VGV-link kinematic model was derived, and effects of two adjusting parameters (lengths of bell cranks and vertical links) were discovered. Lastly, we obtained two vane angle schedule curves from the experiments according to link moving directions, and applied them to the engine controller to minimize hysteresis of the variable inlet guide vane (VIGV). The proposed VGV adjusting and controlling method can be simply applied to the pre-designed or pre-manufactured VGVs system without mechanical compensation or additional cost.
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1. Introduction


Aerodynamic stability should be assured for the compressor of an aircraft gas-turbine engine, not only at the operating design point, but also at off-design points, due to its wide operating range with frequent acceleration and deceleration. Any mismatch in the angles of inlet air-flow of the compressor and stator vane leads to flow separation and reduces the effective air-flow area. Moreover, aerodynamic instability such as surge or stall might appear, and these could lead to severe structural damage to the engine.



Variable guide vanes (VGVs) are therefore generally utilized to obtain stability of the compressor over a wide operating range and the stator vanes of VGVs change their angles according to the inlet air-flow, which varies with the engine RPM [1,2]. In the case of a centrifugal type compressor, inlet guide vanes (IGV) in front of the impeller and radial gap between impeller blade tip and diffuser leading edge are manipulated by using actuators and variable geometries [3,4,5,6]. In the case of axial type compressors, comparatively large numbers of vanes and multiple vane stages are needed. Thus unique actuation link mechanism is required to manipulate multiple vane stages, simultaneously [7,8,9].



The actuation link mechanism generally consists of actuators, links, a unison ring, lever arms, and vanes. The unison ring is connected to links, and rotates vanes about the rotational axis of the vanes via lever arms (shown in Figure 1). The links positioned between the actuators and unison-ring, transform linear extensional and compressional motion of the actuators into the rotational motion of the unison ring. There are a variety of link structures according to engine size, actuator type, and operational range of the vanes. Thus, analysis of the link mechanisms should be performed to define the actuator requirements: such as stroke or load capacity, and the precise vane and actuator control logic should be also needed to obtain exact angles of vanes according to VGV schedule. However, most of studies focused on the effect of the misaligned vane angle on the compressor performance and the fault diagnosis of the compressor [10,11,12,13,14]. Compared to that, precise control and compensation methods for mechanical drifting or hysteresis of the VGVs link mechanisms have still been rarely studied. Due to the limitations of previous references, this study was performed to obtain solutions for precise VGV control.



Link mechanisms are usually designed with redundancy degrees of freedoms (DOFs) in three-dimensional space to produce well, the rotational motion of lever arms from the linear motion of actuators. With this redundancy DOF, manufacturing tolerance, wearing of actuation link mechanism, and loosening of bolts cause drifting from the vane schedule and hysteresis between the actuator strokes and vane angles [10,12]. To compensate this hysteresis additional mechanical compensations are needed to the VGV link mechanisms such as pre-loading springs or flexible bushings. However, they produce unpredictable friction forces and need a complicated design [15].



In this research, we dealt with a rig-type multiple-stages VGV system which was developed for testing gas-turbine engines. This VGV system has unique link mechanism with three stages of VGV and two hydraulic actuators. For easy instrumentation, it has long vertical link as shown in Figure 1, thus we should investigate the VGV link mechanism to reduce its mechanical hysteresis. Actuator stroke schedule should be presented with considering its coupling linkage motions between two actuators and three stages of VGV. In this respect, we propose novel and simple solution to adjust links and to reduce the hysteresis by analyzing link mechanism and by modifying only control software without mechanical compensations.



In Section 2, the link mechanisms of the newly developed VGV system are described, and their coupled kinematics and inevitable hysteresis of the links are explained. In Section 3, an analytical model that reveals relations between the actuator strokes and vane angles is derived from analysis of the link mechanism, and the methodology for adjusting the link mechanisms is proposed to obtain the desired VGV schedule. The control algorithm based on dual schedule curves is presented to reduce the hysteresis of a variable inlet guide vane (VIGV) in Section 4. Finally, the application test results are presented in Section 5. A summary and conclusions follow in Section 6.




2. Mechanical Structure of the VGVS


2.1. Component of the Link Mechanisms


The axial compressor to be tested consisted of three VGV stages: the VIGV, VGV1 (first-stage variable guide vane), and VGV2 (second-stage variable guide vane), as shown in Figure 1. Three-stage VGVs are connected to the each unison rings through lever arms, and the lever arms and vanes rotate, while the unison ring rotates about the center of the engine. In this research, enough space between the compressor and the hydraulic actuators was obtained by using long vertical links for easy installation of sensors and other components during the development phase of the engine. The unison rings are manipulated by vertical links of the link mechanisms, and extension/compression of the hydraulic actuators induce rotation of bell cranks and vertical movement of the vertical links. Due to using a common bell crank, the rotational motions of the unison rings of three VGV stages are coupled each other, and each motion can be characterized by lengths of their links.




2.2. DOFs and Hysteresis of the VGV Link Mechanisms


Figure 2 shows schematics of link mechanisms and joints representing bell cranks, vertical links, and unison rings of VGVs. There are four links below the bell crank in the mechanisms, including the ground part (   L a  ,    L b  ,    L c  ,    L d   ) which are represented in red lines. The DOF of the mechanisms was calculated using the Grubler’s Equation with joints as follows [16].


  D O F   =   6  (   N  l i n k   − 1  )  − 5  N  J 1   − 4  N  J 2   − 3  N  J 3   − 2  N  J 4   −  N  J 5    



(1)







Here,    N  l i n k     represents the total number of links,    N  J k     represents the number of joints having k DOF. The numbers of joints and links in the link mechanism in Figure 2 are listed in Table 1.



The number of DOF’s calculated using the Grubler’s equation was six. However, two rotational motions of vertical links about their longitudinal axes do not affect the motion of the unison ring motion; thus, the resultant DOF’s number is four (as kinematic redundancy). The kinematic redundancy causes eccentricity of rotation at the center of the unison ring, and inevitably causes the VGV link mechanisms to have hysteresis from the actuator to the unison ring.



For this reason, research about reducing DOF redundancy by modifying the joint type or array have been conducted, and additional springs and bushings to apply a pre-load have been widely used. However, elimination of redundancy and addition of pre-load parts also induces unnecessary frictional forces and increases system complexity.



The proposed methodology in this paper can be applied to the VGVs system to obtain vane angles according to the VGV schedule with minimization of VIGV hysteresis based on the control algorithm with dual schedule curves, as presented in the following sections.





3. Analytical Model of the VGV Link Mechanism


3.1. Model for the Links from Actuator to Unison Ring


The entire VGV link mechanism is divided into two parts and these were analyzed separately by reason of modeling convenience.



First, link connections from the hydraulic actuator to the unison ring are shown in Figure 2. With the assumption that the unison ring rotates with respect to the center of the compressor plane, these link connections can be simplified as in-plane motion. With change in the length of the actuator stroke (represented as green line in Figure 2), the bell crank rotates on its pivot like a revolute joint having one degree of freedom, then it induces movement of the vertical link.



The upper connection (consisting of links    L x    and    L e   , and joints J0, J1, and J2, represented as green and purple lines in Figure 2) can be summarized as three revolute joints and three parts, including a fixed part (ground). This results in zero DOF from a two-dimensional Grubler’s equation (based on in-plane motion assumption).


  D O F   =   3  (   N  l i n k   − 1  )  − 2  N  J 1   −  N  J 2    



(2)







A lower connection (including links    L a   ,    L b   ,    L c   , and    L d   , and joints J2, J3, J4, and J5, represented as red lines in Figure 2) is a typical four-bar mechanism, and it has one DOF. However, the movement of the lower connection is coupled on the upper connection motion via the bell crank. The sole solution for positions of upper and lower connections thus can be obtained when the actuator stroke (   L x   ) is defined.



The relation from the actuator stroke to the angle of the bell crank can be derived from the following simple transformation matrix.


   T  J 2  0    =    T  J 0  0   T  J 1   J 0    T  J 2   J 1    



(3)




where    T  P 2   P 1     represents a transformation matrix to change position with direction from P1 to P2. For example,    T  J 2  0    indicates a transformation matrix to define the position and direction of joint J2, with respect to the left-end mount of the actuator. The transformation matrix contains a 3 × 3 directional transformation matrix based on Euler angles and the position information in the last column. In this case, Equation (3) can be represented in the form of the following detail matrix.


    [           r  11        r  12          r  21        r  22                r  13        x 1         r  23        y 1                 r  31        r  32        0   0             r  33      0     0   1         ]   =   [          c  θ 0      − s  θ 0        s  θ 0      c  θ 0             0   0     0   0             0   0     0   0           1   0     0   1         ]   [          c  θ 1      − s  θ 1        s  θ 1      c  θ 1             0     L x       0   0             0   0     0   0           1   0     0   1         ]   [         1   0     0   1           0     L e       0   0             0   0     0   0           1   0     0   1         ]    



(4)




where cθ and sθ represent cosine and sine functions, respectively, and    r  x x     represents xx-directional values of the links (1 for x-axis, 2 for y-axis, 3 for z-axis).



The unknown variables of Equation (4) are    θ 0    and    θ 1   . They can be obtained using the actuator stroke, the bell crank angle, and the given joint J2 positions with Equation (4). Nonlinear simultaneous equations of Equation (4) are not directly computed, so simplification by multiplying the inverse matrix of    T  J 0  0    to both sides of Equation (4) proceeds as shown in Equation (5).


   [          c  θ 0      s  θ 0        − s  θ 0      c  θ 0             0   0     0   0             0   0     0   0           1   0     0   1         ]   [           r  11        r  12          r  21        r  22                r  13        x 1         r  23        y 1                 r  31        r  32        0   0             r  33      0     0   1         ]  =    [      c  θ 1      − s  θ 1     0     L e  c  θ 1  +  L x        s  θ 1      c  θ 1     0     L e  s  θ 1       0   0   1   0     0   0   0   1     ]   



(5)







The position terms of the Equation (5) matrix are summarized as Equations (6) and (7) to obtain    θ 0    and    θ 1   .


   θ 1    =     cos   − 1    (     x 1 2  +  y 1 2  −  L e 2  −  L x 2    2  L x   L e     )   



(6)






   θ 0    =     sin   − 1    (     y 1   L e  cos  θ 1  +  L x   y 1  −  x 1   L e  sin  θ 1     x 1 2  +  y 1 2     )   



(7)







Next, links from the lower part of the bell crank to connecting points of the unison ring are analyzed with an assumption of in-plane rotational motion with respect to the center of the engine. Thus, the connecting point of the unison ring and the vertical link is assumed to be a link that rotates at J5, a one DOF revolute joint (shown in Figure 2). Links    L a   ,    L b   ,    L c   , and    L d    show a general 4-bar link mechanism. The transformation matrix from bell crank to joint J5 is represented as in Equations (8) and (9).


   T  J 5   J 2     =    T  J 3   J 2    T  J 4   J 3    T  J 5   J 4    



(8)






    [            r ′  11        r ′  12          r ′  21        r ′  22                r ′  13       x 5          r ′  23       y 5                  r ′  31        r ′  32       0   0              r ′  33     0     0   1         ]   =   [          c  θ 3      − s  θ 3        s  θ 3      c  θ 3             0    −  L b       0   0             0   0     0   0           1   0     0   1         ]   [          c  θ 4      − s  θ 4        s  θ 4      c  θ 4             0     L c       0   0             0   0     0   0           1   0     0   1         ]   [         1   0     0   1           0     L d       0   0             0   0     0   0           1   0     0   1         ]    



(9)







Equation (10) is derived by multiplying the inverse matrix of    T  J 3   J 2     to both sides of Equation (9).


    [          c  θ 3      s  θ 3        − s  θ 3      c  θ 3             0     L b  c  θ 3       0    −  L b  s  θ 3               0   0     0   0           1   0     0   1         ]   [            r ′  11        r ′  12          r ′  21        r ′  22                r ′  13       x 5          r ′  23       y 5                  r ′  31        r ′  32       0   0              r ′  33     0     0   1         ]   =   [      c  θ 4      − s  θ 4     0     L d  c  θ 4  +  L c        s  θ 4      c  θ 4     0     L d  s  θ 4       0   0   1   0     0   0   0   1     ]    



(10)







   x 5    and    y 5    are positions of Joint 5 with respect to local coordinate of Joint 2 which is represented as black arrows in Figure 2.    x 5    and    y 5    are calculated with the following equations.


   x 5    =   cos  (   3 2  π +  θ 6  −  θ 0  −  θ 1   )     (  Δ  x 2  + Δ  y 2   )     



(11)






   y  5     =   sin  (   3 2  π +  θ 6  −  θ 0  −  θ 1   )     (  Δ  x 2  + Δ  y 2   )     



(12)




where ∆x and ∆y mean distance values of Joint 5 from Joint 2, according to the global coordinates.



The angle-variable    θ 3    and    θ 4    are obtained with respect to position    x 5    and    y 5    from Equation (10), and define the lower mechanism position.


   θ  4     =     cos   − 1    (       (   x 5  +  L b   )   2  +  y 5 2  −  L d    2    −  L   c 2      2  L d   L c     )   



(13)






   θ 3    =     sin   − 1    (     y 5   L d  cos  θ 4  +  y 5   L c  −  (   x 5  +  L b   )   L d  sin  θ 4       (   x 5  +  L b   )   2  +  y 5 2     )   



(14)







By summarizing all the angles from Equations (6), (7), (13), and (14), the rotational angle of the unison ring is derived from Equation (15) based on their geometric relation.


   θ 5    =   − 810 +  (   θ 0  +  θ 1  +  θ 3  +  θ 4   )   



(15)








3.2. Model for the Links from the Unison Ring to the Vane


The rotational motion of the unison ring induces rotation of the lever arm and the vane connected to it. The lever arms make connection with the unison ring and the vanes as shown in Figure 3. The trace of the lever arm end viewed from the front side, follows the blue line in Figure 3, and its longitudinal distance is    L  d ′   tan  θ 5   , while the radial distance of the end of the lever arm is    L  d ′     from the center of the engine. In the top view, the longitudinal distance of the lever arm end can be represented by the lever arm length and lever arm angle, as in Equation (16).


   θ l    =     sin   − 1    (   L  d ′   tan  θ 5  / L  )   



(16)







The mechanistic model comprising Equations (6), (7) and (13)–(16) has constants, state variables, input variables, and output variables, as shown in Table 2.



When the actuator stroke    L x    is defined first, the vane angle is calculated analytically using the mechanistic model just presented. The models can be used to adjust the links of VGV1 and VGV2 to obtain the vane angles demanded when a specific stroke    L x    is given.




3.3. Model Validation by ADAMS Simulation


The derived model is validated by comparing the model in ADAMS (commercial mechanism analysis software, MSC software). In the case of the ADAMS model, the analysis is based on the three-dimensional space, so the axial movements of unison rings (also clevis) and longitudinal axis rotations of the vertical links, which are neglected in the analytical model are also included. The same actuator stroke (   L x   ) was assigned to both models and verified by comparing the vane angles (   θ l   ). The ADAMS model consists of the bell crank, vertical links, and clevis (connector of the vertical link to the unison ring), which moves with the unison ring (shown in Figure 4). A 3-D rendering of the actuators above the bell crank is omitted, and instead, the stroke input (   L x   ) is numerically applied. The vane angle (   θ l   ) is obtained from the rotational angle of the unison ring (   θ 5   ) using Equation (16) to reduce model complexity. Connections between the bell crank and vertical links are defined by the connections of geometric markers which represent the connection points of the bell crank and vertical links, without the 3-D rendering structure. Thus, invisible connections of markers can define relations of motions between the bell crank and vertical links. Different from the analytical model, the clevis (unison ring) has translational motion to the engine axis due to coupled motion with lever arms that rotate at their stem axis. Axial displacement of the clevis is applied using Equation (17) (refer to Figure 3).


   x a    =   L  (  1 − cos  (    sin   − 1    (   L  d ’   tan  θ 5  / L  )   )   )   



(17)







All the joints in the ADAMS model are listed in Table 3.



The VGV link mechanism has two identical link connections on the right and left side of the compressor, and it is manipulated by two hydraulic actuators. Thus, the inputs of the ADAMS model are two identical actuator strokes, and the outputs are stage vane angles calculated using the clevis rotational angle.



As presented in Figure 5, the results of the analytical mechanistic model coincide with those of the ADAMS model, even if the planar motion of the unison ring is assumed in the analytical mechanistic model. Axial movement of the vertical links due to the translational motion of the unison ring cannot affect the vane rotational angle because the vertical links are large enough to neglect the translational motion of the unison ring. In this research, the verified analytical mechanistic model is used instead of the ADAMS model to schedule the VGV link mechanism to reduce calculation time and to perform iterative calculations.




3.4. Parameters for Adjusting the Link Mechanism


The 3-stage VGVs in this research are mechanically coupled to one actuation system, thus, the stroke command for generating a VIGV angle does not satisfy the vane angle schedule of the remaining VGV stages (first-stage and second-stage VGVs in this case). Therefore, the link mechanisms of the first-stage and second-stage VGVs need to be modified to satisfy the VGV schedule by adjusting their link parameters, such as bell crank length (   L b   ) and vertical link length (   L c   ).



The bell crank length, an adjusting parameter, represents the distance between the rotation center of the bell crank and the mounting point of the vertical link. Adjusting the bell crank length changes the relations of the vane angle and actuator stroke, as shown in Figure 6a. Increasing the bell crank length makes the rotational radius of the pivot point of the bell crank and vertical link longer with respect to the rotational center of the bell crank. Then, larger vane angle changes can be obtained with identical bell crank rotational motion (increase in the slope of the curve in Figure 6a).



Changing the vertical link length changes the distance from the pivot point of the bell crank and vertical link to the pivot point of the unison ring and vertical link. Therefore, it changes the offset value of the curve representing the vane angle according to the actuator stroke (shown in Figure 6b).



The curve of the vane angle shown in Figure 6 can be fitted to a linear regression model that consists of curve slope value (   C  s l o p e    ) and offset value (   C  o f f s e t    ) as following equation.


   θ l    =    C  s l o p e   ×  L x  +  C  o f f s e t    



(18)







An increase of 1mm in the bell crank causes 2% increase in the curve slope value, and an increase of 1mm in the vertical link causes 1.6 degree decrease in the offset value, respectively. Therefore, we can obtain a solution of link adjusting parameters to satisfy the coupled rest of VGV stages (in this study, VGV1 and VGV2) schedule requirements when stroke commands have been already presented.





4. VGV Scheduling Method


Control commands from the engine controller are actuator stroke commands for scheduling the vane angle. The actuator controller accepts these control commands and calculates the error by sensing the actuator stroke from the LVDT (linear variable displacement transducer) module. Afterwards, it generates control signals to servo-valves of the hydraulic actuator to control the position of the actuator rod end, as shown in the lower part of Figure 7.



In this research, the stroke command of the controller was first established to satisfy the VIGV schedule, because the inlet mass flow rate of the compressor depends greatly on the VIGV angle. However, because all three VGV stages are mechanically coupled to the one actuation system, the angular difference of the vanes between schedules in VGV1 and VGV2 is inevitable, due to the stroke command only for the VIGV. The link adjusting parameters described in the previous section can be used to satisfy the schedules of all the VGV stages.



A real VGV mechanism has angle hysteresis according to the actuator stroke, due to DOF redundancy and eccentricity of the unison ring, thus, an ideal tabulated stroke command is not enough to realize the VGV schedule. In this research, the VIGV hysteresis was eliminated by applying two distinct schedule curves, the use of which depends on the moving direction of the actuator stroke. Compression or extension of the actuator stroke is equivalent to decrease or increase of the vane angle when the engine RPM is changing. Thus, the engine controller decides which look-up table is correct for the current state by figuring out the RPM trends.



If the measured engine RPM is used as the look-up table switching criterion, unnecessary frequent switching of the look-up table occurs due to noise signals in the engine RPM, and this also causes instability of the actuator system. For this reason, the look-up table is switched based on engine RPM demand under the assumption that the engine RPM tracking error is maintained within a stable range.



Although this hysteresis elimination method only applies to the VIGV stage, if each VGV stage constitutes an independent link mechanism, then all the hysteresis can be eliminated with a software application. Moreover, it can flexibly cope with the unexpected mechanical hysteresis such as the thermal growth of the parts, small deflection of the links, and wearing of the structures because the modification in each case can be done by adjustment of stroke commands in the control software without change of the mechanical parts. Figure 7 and Figure 8 summarize the control scheme and scheduling methodology developed in this research.



The stepwise method shown in Figure 8 was implemented using in-house software with a MATLAB GUI (graphical user interface), as shown in Figure 9. The derived mechanism model is calculated under the MATLAB environment, thus MATLAB GUI is the best platform to integrate the stepwise VGV scheduling method and to utilize efficient user interface. The user can obtain the solutions by entering few design parameters and only pressing push buttons. In this way, analysis of the link adjusting parameter and calculation of the stroke command to obtain the VIGV angle schedule can be performed simply by using this software.




5. Engine Application Test


The proposed VGV scheduling method was applied to a real engine system. The initial link geometry is presented in Table 4, and the relation between the VGV angle and actuator stroke, which is derived from the analytical model in Section 3, is shown in Figure 10. Three-stage VGVs have different ranges of angles within the actuator stroke limit, and the VIGV has a wider range of angles.



The stroke command used to manipulate the target VGV angle can be obtained from the relations between the VGV angle and actuator stroke. The graph shown in Figure 11 is the target angle with respect to engine RPM that VGV vanes should fit. First, the stroke commands are obtained with respect to engine RPM to satisfy the target VIGV angles from the analytical mechanism model without considering RPM increasing or decreasing. However, the stroke commands make a discrepancy from the target value near 100% RPM in the cases of VGV1 and VGV2, as shown in Figure 12a (Error: 1.03 degree (VGV1), 2.16 degree (VGV2)). The bell crank length, one of the link adjusting parameters, can be adjusted to change the slope in Figure 12a. Changing the bell crank lengths from 48 to 49 mm for VGV1 and from 35 to 38 mm for VGV2 provides more accurate vane angles when the engine RPM is around 100%, as depicted in Figure 12b (Error: 0.39 degree (VGV1), 0.08 degree (VGV2)).



Through the real engine application test, we verified the effectiveness of the control method using dual schedule curves on the VIGV stage. The vane angles were measured using the potentiometers on the stem of the vanes, and VIGV angles with respect to the actuator stroke were obtained, as shown in Figure 13. This hysteresis data was divided into two stroke-angle relations to represent the extension and compression cases of the actuator stroke. Inherent mechanical hysteresis is about 1.6 degrees, as shown in Figure 13. These two stroke-angle curves were applied to the engine controller for the RPM up (increasing) and RPM down (decreasing) case, respectively.



The engine test results are presented in Figure 14. The data in Figure 14 includes all transient data during the entire engine run (over 30,000 samples) and includes multiple engine RPM rises and falls with 10 Hz sampling rate. The angular errors in the VIGV are summarized in Table 5. The mean error was 0.55 degree while inherent mechanical hysteresis was 1.6 degree, as describe in Figure 13. This represents overall hysteresis was reduced about 1.1 degree, in the VIGV stage. The resultant VIGV angles also trace the target angles well, and 0.47 mean angle error was measured especially in the range from 99% RPM to 100% RPM that is the engine design operating point. Considering that compressor instability during increase of the engine RPM, this tracking performance does not limit operation of the compressor.




6. Conclusions


The VGV link mechanism is usually composed of complex link connections, it is, thus, difficult to be modeled. In this study, the VGV link mechanism used for testing the compressor was simplified and represented in an analytical mechanistic model to estimate the rotational angles of the coupled multiple stages of the VGV. Coupled multiple stages of the VGVs (VGV1 and VGV2 stages in this case) were adjusted by changing link parameters (lengths of bell cranks and vertical links), and the relations between link parameters and VGV linkage motions were unveiled. As a result, angles of coupled stages of the VGVs at design operating point (100% RPM) could be adjusted with the small errors no more than 0.5 degrees from the target angles. Finally, the effectiveness of hysteresis reduction in the VIGV stage was verified through the real engine application test with applying the controller with the dual schedule curves.



The proposed scheduling methodology is based on the analytical mechanistic model and control logic software with dual schedule curves. Therefore, it can be directly applied to the compressor test-rig to adjust the VGV mechanism and to eliminate the hysteresis of links without using mechanical compensation, as well. Therefore, this method needs no extra cost to reduce hysteresis of the already developed VGV system.



In this study, the frictional interactions of joints and moving parts and flexibility of the links are neglected. Studies on various friction models with verified experimental data [17,18,19,20,21] and studies on hysteresis including structural flexibility or clearances of the joints have been continuously conducted [21,22,23,24,25]. Following to this state of art, the causes of link hysteresis will be dealt with and a sophisticated model including friction model of the joints will be developed in the future. Moreover, the novel non-hysteresis mechanism for VGVs will be studied as well.
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Nomenclatures




	Acronym/Nomenclature
	Definition



	VGV
	Variable guide vanes



	VIGV
	Variable inlet guide vane



	IGV
	Inlet guide vane



	DOF
	Degree of Freedom



	VGV1
	First-stage variable guide vane



	VGV2
	Second-stage variable guide vane



	J0, J1, J2, J3, J4, and J5
	Joint 0, 1, 2, 3, 4, and 5



	ADAMS
	Multi-body dynamics analysis software



	LVDT
	Linear Variable Displacement Transducer



	RPM
	Rotations per minute



	MATLAB GUI
	MATLAB Graphical user interface



	    L a        L b        L c        L d    
	Length of link a, b, c, d



	    L x    
	Length of link x (actuator stroke)



	    L e    
	Length of link e (length of upper link of bell crank)



	  L  
	Length of lever arm



	    L  d ′     
	Radial distance of the end of the lever arm from the center of the engine



	    N  l i n k     
	Total number of links in the mechanism



	    N  J k     
	Number of joints having k DOF



	    T  P 2   P 1     
	Transformation matrix from P1 to P2



	cθ
	Cosine θ



	sθ
	Sine θ



	   r  x x    ,     r ′   x x    
	xx-directional values of the links(x: 1 for x-axis, 2 for y-axis, 3 for z-axis)



	(   x 1  ,    y 1  )  
	Position of Joint 2



	(   x 5  ,    y 5  )  
	Position of Joint 5w.r.t. local coordinate based on Joint 2



	∆x, ∆y
	Distance of Joint 5 from Joint 2 according to x or y axis



	    θ k    
	Angle value represented in Figure 2



	    θ l    
	Lever arm rotational angle



	    x a    
	Axial displacement of the clevis (unison ring)



	    C  s l o p e     
	Slope of the linear regression between vane angle and actuator stroke



	    C  o f f s e t     
	Offset of the linear regression between vane angle and actuator stroke



	    N r    
	Engine rotor RPM



	    N  d e m     
	Engine rotor RPM demand



	    N  d e m , k     
	Engine rotor RPM demand at k-th step



	    x  d e m     
	Actuator stroke demand
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Figure 1. Variable guide vane (VGV) link mechanism of the compressor. 
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Figure 2. Simplified diagram of VGV links and joints 
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Figure 3. Lever arm kinematics. (a) Front view; (b) Top view. 
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Figure 4. Layout of the Adams Mechanistic Model. 
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Figure 5. Verification results of the link mechanism model. 
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Figure 6. Effect of link lengths on relations between vane angle and actuator stroke. (a) Effect of bell crank length (   L b   ); (b) Effect of vertical link length (   L c   ). 
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Figure 7. VGV link mechanism control diagram. 






Figure 7. VGV link mechanism control diagram.



[image: Applsci 10 06643 g007]







[image: Applsci 10 06643 g008 550] 





Figure 8. VGV scheduling methodology flow chart. 
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Figure 9. In-House software for scheduling VGVs. 
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Figure 10. Link mechanism results based on the initial geometry. 






Figure 10. Link mechanism results based on the initial geometry.



[image: Applsci 10 06643 g010]







[image: Applsci 10 06643 g011 550] 





Figure 11. VGV scheduling target. 
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Figure 12. Scheduling results. (a) before link adjustment, (b) after link adjustment. 
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Figure 13. Mechanical hysteresis of link mechanism. 
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Figure 14. VIGV angle measurement results from engine test. 
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Table 1. Joints and links of the VGV’s link mechanisms below the bell cranks.
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	Description
	Type
	Numbers





	    N  J 3     
	Number of 3 DOF Joint
	Spherical Joint

(2 x bell crank-vertical link)

(2 x clevis-vertical link)
	4



	    N  l i n k     
	Number of Parts
	Links

(2 vertical links,

1 unison ring, ground)
	4
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Table 2. Variables of the VGV mechanistic model.
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	Variables





	Constants
	   L a   ,    L b   ,    L c   ,    L d   ,     L e  ,      L  d ′   ,   L ,    θ 6   



	State variables
	    θ 0  ,    θ 1  ,    θ 3  ,    θ 4  ,    θ 5    



	Inputs
	    L x    



	Outputs
	    θ l    
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Table 3. Definitions of joints in ADAMS model.
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	Number in Figure 4
	Joint
	Parts
	DOFs





	①
	Spherical
	Bell Crank, Vertical Link
	3



	②
	Revolute
	Bell Crank, Ground
	1



	③
	Slide + Revolute
	Clevis, Ground
	2



	④
	Spherical
	Vertical Link, Clevis
	3
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Table 4. Geometry parameters of the initial link mechanism (unit: mm).
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	Parameters
	VIGV
	VGV1
	VGV2





	    L e    
	112.3
	112.3
	112.3



	    L b    
	74.0
	48.0
	35.0



	    L c    
	497.1
	493.7
	498.8
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Table 5. VIGV angular errors obtained from the engine application test (unit: degree).






Table 5. VIGV angular errors obtained from the engine application test (unit: degree).





	Max. Error
	Overall Mean Error
	Mean Error

(99% RPM < RPM < 100% RPM)





	2.17
	0.55
	0.47
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