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Abstract

:

In this paper, a fractional-order extension of a negative position feedback (NPF) controller for active damping is proposed. The design of the controller is motivated by the frequency-domain loop shaping analysis, and the controller dynamics are defined to maintain the high-pass characteristics of an integer-order NPF. The proposed controller provides greater attenuation of a resonance peak of a flexible plant than the integer order equivalent with the same high-frequency gain. The stability and influence of tuning parameters on the behaviour of the proposed controller are analysed. The efficiency and feasibility of the fractional-order controller are demonstrated by implementing it on an experimental setup.
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1. Introduction


Vibration issues are becoming increasingly important when lightweight structures are used in machinery. The reduced mass of moving components reduces the power required to achieve high levels of acceleration, which benefits performance. Unfortunately, without reducing overall dimensions, this can only be accomplished by using thin structures and low-density materials. This may introduce lightly damped low-frequency resonances into the dynamics of a structure, making it more susceptible to disturbances and causing slowly decaying vibrations. The desire to solve this problem leads to increased interest in active vibration control techniques.



The fixed-structure controllers are important from the industry point of view since they are easier to implement than the optimisation-based alternatives. The control structures are designed to be inherently robust and easy to tune, using general knowledge of the dynamics of a plant. This approach is often used for collocated resonant mechanical systems, which have the interlacing pattern of poles and zeros along the frequency axis. As a result, in absence of time delays or parasitic dynamics, the phase of a frequency response of a system with generalised force as input and generalised displacement as output always remains between   0 ∘   and   −  180 ∘    [1].



Velocity feedback (VF) is a popular strategy to increase damping in structures [2], while the principle of VF is simple and intuitive, high gain of the controller at high frequencies may lead to the amplification of noise and the destabilisation of the system in the presence of time delays and parasitic dynamics. Moreover, due to sensor dynamics, low-frequency components of velocity signals measured with commonly used sensors such as accelerometers or geophones are unreliable. As a consequence, low- and high-pass filters are often incorporated into the controller. Their presence influences the performance of VF and has to be included in the design process.



The dynamics of VF combined with a second-order band-pass filter tuned for a single frequency are equivalent to passive vibration absorbers [3]. Similar dynamics are used in resonant controllers. In these methods, a controller is a second-order element with its resonance frequency tuned to the frequency of the mode to be damped [4,5,6]. The resonance peak of the controller is used to increase the gain in the vicinity of the target mode. An example is a negative position feedback (NPF) controller, which has high-pass characteristics. The same goal is obtained in negative derivative feedback (NDF) by using a velocity signal and a controller with band-pass characteristics [7,8]. For single-mode systems, this design will prevent any impact on both high- and low-frequency dynamics.



Another type of resonant controller is positive position feedback (PPF) [9], which takes a generalised displacement as an input and has low-pass characteristics. Consequently, the system is robustly stable, even in the presence of time delays, but at the cost of lowering the dynamical stiffness of the system at low frequencies [5].



For all resonant controllers, damping is an important tuning parameter. In the absence of damping, the use of resonant controllers leads to peak splitting, where the resonance peak of the mode is replaced by a zero accompanied by new resonance peaks at lower and higher frequencies. This phenomenon is typical for coupled resonators and has been described for tuned mass dampers already in [10]. In standard tuning procedures for resonant controllers, the peaks are removed by shifting the corner frequency of the controller with respect to the mode and increasing the damping of the controller.



In this paper, we study the behaviour of the resonant vibration control system using the frequency-domain loop shaping approach and show that the creation of new resonance peaks in the peak splitting may be prevented by using fractional-order filters. As the main contribution, we introduce a new fractional-order NPF controller. We analyse the dynamics of the control element in the active vibration control context and show that it provides stronger resonance peak attenuation than the integer-order counterparts with the same gain. The efficacy of the proposed attenuator is demonstrated experimentally.



The use of fractional-order (FO) calculus has proven to be beneficial in engineering applications. Besides being used for modelling various electrical, thermal and biomimetic systems, as well as chaos and fractals [11,12,13,14,15], they found application in modelling of viscoelastic materials [16,17]. FO calculus also has the potential to improve the performance of controllers [18,19]. In the majority of available literature on FO control, the focus is on high-authority control [1], with FO PID (proportional–integral–derivative controller) as an example [20,21].



Several examples of FO low-authority controllers can also be found in the literature. In [22], an FO Integral Resonant Controller (IRC) has been developed. A commensurate order FO PPF controller has been proposed in [23], where the additional degree of freedom has been used to increase the roll-off of the filter at high frequencies in order to reduce the spillover. In [24], an FO PPF with three additional tuning parameters has been proposed for vibration control of structures with parameter perturbations; however, depending on the parameters selected, the controller may lose the low-pass characteristics typical for PPF. A fractional-order integral controller for collocated smart structures was proposed in [25] to improve the robustness of the closed-loop system to changes in the plant. In [26], a concept of fractional-order difference feedback for active damping was introduced.



Most of the FO controllers mentioned above are FO generalisations of a second-order filter, previously studied in [27]. While the same applies to the control element proposed in this paper, the contribution lies in clearly motivating the use of FO elements in active vibration control. We focus on the filters with (pseudo)poles close to the stability margins and their use for active damping, as studied in [28,29] and extended to non-commensurate order systems in [30]. The topic is also related to the study of fractional-order mass-spring-damper systems [31,32,33] and electronic resonators [34,35]. The use of alternative fractional-order generalisations, such as power-law filters [36,37], can also be justified by the analysis conducted in this work and is an interesting direction for future research.



The design of the FO controller proposed in this paper is motivated by a frequency-domain analysis. The loop-shaping objective for active vibration control in collocated systems can be described as a reduction in the amplitude of the sensitivity function [5,38]. In [38,39], the relationship between the open-loop frequency response function and closed-loop sensitivity functions is represented using the Sensitivity charts, similar to the Nichols charts. In [40], manual loop shaping is used for tuning a vibration controller in an industrial setting.



The remainder of this paper is organised as follows. Background information is provided in Section 2. In Section 3, we introduce the FO NPF controller and consider the influence of tuning parameters. In Section 4, we demonstrate the performance of the proposed controller with experiments. The conclusion of the paper is given in Section 5.




2. Background


In this section, we present preliminary information for the paper. After introducing the type of plants considered in this work, we provide some basic information about fractional-order control systems. Finally, we present the objectives for active vibration control in the loop-shaping fashion.



2.1. System Description


Figure 1 presents the collocated vibration control system as a single-input single-output feedback loop. The plant G can be a lightly damped lumped mass system or a flexible structure with a collocated sensor–actuator pair. The plant dynamics can be represented as the sum of the contributions of N eigenmodes of the system


  G  ( s )  =  ∑  i + 1  N    ϕ  k , i  2    s 2  /  ω i 2  + 2  ζ i  s /  ω i  + 1   ,  



(1)




where   ω i  ,   ζ i   and   ϕ  k , i    are the eigenfrequency, damping ratio and the kth element of the eigenvector of the ith mode. In the case of flexible continuous systems, a quasi-static correction for the influence of high-frequency modes can be added to the model [1].



The controller is implemented in a negative feedback configuration and is represented by a transfer function   H ( s )  , as Figure 1 shows. The objective of the control system is to reduce the height of a resonance peak corresponding to a single target mode at frequency   ω n   without influencing other modes of the system.



The control system should also be robustly stable in the presence of uncertainty of modal parameters. An important property of the collocated system is that the poles and zeros of   G ( s )   have an interlacing pattern [1]. As a consequence, the phase of   G ( s )   is always between   0 ∘   and   −  180 ∘   . This property may be used to guarantee the robust stability of active control systems [1,5]. Unfortunately, it does not hold for systems with time delays, which may lead to instability if neither the controller nor the plant have high-frequency roll-off characteristics or if the plant is not sufficiently damped.




2.2. Fractional-Order Control


Fractional-order calculus has been developed to generalise conventional differentiation and integration to non-integer orders [41]. While there exists a vast number of definitions of FO operators, we use the Caputo derivative defined as


    C   D α  f  ( t )  ≜  1  Γ ( m − α )    ∫ 0 t     f  ( m )    ( τ )     ( t − τ )   α − m + 1    d τ ,  



(2)




where   α ∈  R +    is the order of differentiation, and m is a positive integer such that   m − 1 < α < m  .



The Laplace transform of Equation (2) is given by


  L    C   D α  f  ( t )   =  s α  F  ( s )  −  ∑  k = 0   m − 1    s  α − k − 1    f  ( k )    ( 0 )  .  



(3)







Note that for zero initial condition the Laplace transform of many FO operators is   s α  , which greatly simplifies the design of FO controllers in the frequency domain.



A continuous-time FO system is given by a transfer function of the form


  H  ( s )  =    b m   s  β m   +  b  m − 1    s  β  m − 1    + ⋯ +  b 0   s  β 0      a n   s  α n   +  b  n − 1    s  α  n − 1    + ⋯ +  a 0   s  α 0     ,  



(4)




with   a , b ∈ R  . In a commensurate-order system, all the orders of derivation are integer multiples of the base order  α , i.e.,    β k  = k α   with   k ∈  Z +   , so the transfer function (Equation (4)) is given by


  H  ( s )  =    ∑  k = 0  m   b k    (  s α  )  k     ∑  k = 0  n   a k    (  s α  )  k    ,  



(5)




and can be presented as a pseudo-rational function   H ( λ )   of the variable   λ =  s α   


  H  ( λ )  =    ∑  k = 0  m   b k   λ k     ∑  k = 0  n   a k   λ k    .  



(6)







The shape of a transfer function can be described by defining its slope in certain frequency regions. A transfer function has a slope of q in a certain frequency range if its magnitude in this range is proportional to the q-th power of frequency   ω q  . For example, a high-pass filter   F  ( s )  =  s  s +  ω f      has a slope of   + 1   at low frequencies   ω < <  ω f    and slope 0 at high-frequency region   ω > >  ω f   .



The stability of a fractional-order system can be assessed by studying its transfer function [41]. In general, the denominator of Equation (4) is not a polynomial and has an infinite number of roots. Among them, a finite number of roots belonging to the principle sheet of the Riemann surface will determine the system’s stability. The fractional-order system is bounded-input bounded-output (BIBO) stable if all of the roots of the denominator, which are in the principle Reimann sheet and are not the roots of the numerator, have negative real parts [42].



For a commensurate-order system represented by Equation (6), the stability condition is


   | arg   (  λ i  )   | > α   π 2  ,  



(7)




where   λ i   are the roots of the characteristic polynomial in  λ  [41].



The stability of a closed-loop system containing a linear FO controller and a linear plant can be concluded using the frequency-domain Nyquist criteria [43].



A common way to implement an FO controller is to approximate it in an appropriate range of frequencies using finite-dimensional integer-order transfer functions. An overview of approximation techniques can be found in [44]. In continuous time, expansion-based and frequency-domain identification methods can be used to find the approximation. In the later category, the approximation can be found analytically, like in the method of Oustaloup [45], or identified directly from the desired frequency response using commercial software. While direct discrete-time approximation of FO systems exist, it is also possible to discretise a continuous-time approximation, which yields satisfactory results if the sampling ratio is sufficiently high.




2.3. Loop-Shaping for Active Vibration Control


The objectives of the control system can be formulated in the frequency domain by defining desired shapes of closed-loop and open-loop transfer functions. For the system presented in Figure 1, the closed-loop dynamics from the disturbance d and noise n inputs to the performance output x and measurement y are given by  


    S    =  y n  =  1  1 + G H   ,     



(8a)






     T n     =  x n  =   − G H   1 + G H   = S − 1 ,     



(8b)






    T    =  x d  =  G  1 + G H   = G S .     



(8c)







In this case, the sensitivity function S acts as the vibration reduction ratio. It can also be related to the degree of robustness of the system [5]. In order to minimise excitation of the system dynamics by the measurement noise n, the transfer function   T n   should be as small as possible at all frequencies. This means that   S ≈ 1   is required. The objective of attenuating a single vibration mode without influencing other dynamics of the system can be expressed by comparing the desired closed-loop and open-loop behaviour. At the frequency of the target mode,   | T | < < | G |   is required, while   | T | ≈ | G |   should be maintained at all other frequencies. This leads to   | S | < < 1   and   | S | ≈ 1  , respectively. To satisfy the conflicting requirements, the sensitivity function S should have a shape of a notch filter. In the vicinity of the resonance peak, the magnitude of S should be small to attenuate the resonance peak, and at the other frequencies,   | S |   should be equal to 1. The idea of loop-shaping is illustrated in Figure 2.



The loop shaping for active damping can be presented as follows:




	
Gain requirement: The ideal loop shape of the open-loop gain   G H   is triangular, which can be deduced from Equation (8). This means that   G H   should have a positive slope for   ω <  ω n    and a negative slope for   ω >  ω n   .



	
Phase requirement: The ideal triangular loop gain results in a region where the gain is above 1. This is required to provide high gain and reduce sensitivity at   ω n  . However, it results in two crossover frequencies that can be defined as


   ω  c i   = :  { ω |  ω ∈ R  and  G ( ω ) H ( ω )  = 1 }  , i = 1 , 2 .  



(9)







To follow the ideal closed-loop gain, the sensitivity at the crossover frequency should be   | S | ≤ 1  . Moreover, the open-loop phase at crossover frequency should satisfy


  ϕ  (  ω  c i   )  = ∠  G  (  ω  c i   )  H  (  ω  c i   )   ≥ −  120 ∘  .  



(10)












With such a loop shape, the control system will have a strong influence on the frequency regions where the magnitude of   G H   is high and will not change the dynamics of the system elsewhere. It should be noted that PPF cannot satisfy the above requirements. PPF was created with a focus on assuring stability for flexible systems with uncertain dynamics. As a consequence, the use of PPF leads to the undesired amplification of the plant’s response at low frequencies. NPF controllers presented in the last plot of Figure 2 can only satisfy the gain requirement, while VF control can satisfy both requirements. However, VF decreases the slope of the triangular open loop from   ± 2   to   ± 1   compared to NPF. To solve this problem, this next section proposes a new element using fractional-order calculus.





3. Fractional-Order Negative Position Feedback Control


In this section, we present the main contribution of the paper and introduce the FO-NPF controller. First, the definition of the dynamics of the element is motivated with the frequency-domain analysis. Subsequently, we consider the stability and tuning of control systems containing the proposed controller.



3.1. Main Concept


To motivate the use of fractional-order resonant control, we will first more closely study the frequency-domain properties of the integer-order negative position feedback (NPF) controller [5]


   H 2  =    k f    ( s /  ω f  )  2      ( s /  ω f  )  2  + 2  ζ f   ( s /  ω f  )  + 1   ,  



(11)




where   ω f   and   ζ f   denote the corner frequency and damping ratio of the filter, with a single degree of freedom plant


   G T  =   1 / k     ( s /  ω n  )  2  + 2 ζ s /  ω n  + 1   .  



(12)







The integer controller satisfies the first requirement with a triangular loop gain    G T   H 2    of   ± 2   slopes, which is beneficial since it limits both the low- and high-frequency spillover. The shape of the controller can be seen in Figure 2. Unfortunately, the steep slopes also have an adverse effect on the vibration attenuation performance of the system. Since the considered systems are linear, Bode’s magnitude–phase relationship holds [43], and the phase of the system with   ± 2   slopes is equal to   ±  180 ∘   , which is a violation of the second requirement. At regions where the loop gain    G T   H 2    has the phase of   ±  180 ∘   , the response of the system is amplified, which can be seen from the sensitivity transfer S in Equation (8b). This limits the vibration attenuation performance of the system and leads to the creation of new peaks in the frequency response if the magnitude of the loop gain at these frequencies is close to 1. This behaviour can also be seen in other resonant controllers or tuned mass dampers [10].



The phase of the loop gain in the vicinity of the resonance peak is influenced by the damping ratio   ζ f   of the controller. Increasing   ζ f   increases the phase margin of the system, which leads to smaller secondary resonance peaks in a closed loop. It also leads to a lower gain of the open loop    G T   H 2    at the frequency of the target mode and its smaller attenuation. With an integer-order controller (Equation (11)), the secondary resonance peaks are always attenuated by the cost of reducing the attenuation of the target mode.



In order to relax this trade-off, we propose a fractional-order resonant controller


   H α  =    k f    ( s /  ω f  )   2 α       ( s /  ω f  )   2 α   + 2  ζ f    ( s /  ω f  )  α  + 1   ,  



(13)




where   k f   denotes gain,   ω f   the corner frequency and   ζ f   the damping ratio. Equation (13) is a fractional-order generalisation of a second-order high-pass filter [27]. The slope of    G T   H α    at lower frequencies is determined by the fractional-order   α ∈ ( 0 , 1 )   of the controller and is equal to   + 2 α  . Decreasing the steepness of the magnitude response at low frequencies prevents the phase in this region from approaching   +  180 ∘   . At the same time, the high resonance peak of the controller can be maintained to increase the magnitude at the target frequency. At high frequencies, the slope is determined by the plant dynamics and in the considered case is equal to   − 2  . While the second requirement for loop shaping is satisfied only for the lower zero-crossing frequency, it is sufficient to obtain a more desirable sensitivity S than in the integer-order case.



Tuning of the fractional-order attenuator in Equation (13) requires finding four parameters: the fractional-order  α , the gain of the controller   k f  , the corner frequency of the controller   ω f   and its damping ratio   ζ f  . Below, we present the stability conditions for the fractional-order attenuator and analyse the influence of the tuning parameters on the shape of open- and closed-loop transfer functions.




3.2. Stability of the Fractional-Order Attenuator


The stability of second-order fractional systems has been studied in [28,29]. Here, we present only the specific results relevant to this paper. The fractional-order attenuator in Equation (13) is a commensurate-order system, so it can be represented by a pseudo-rational function    H α   ( λ )   , with   λ =  s α   ,


   H α   ( λ )  =    k f  /  ω f  2 α     λ 2    1 /  ω f  2 α     λ 2  + 2  ζ f  /  ω f α   λ + 1   .  



(14)




The roots of Equation (14) are given by


   λ  1 , 2   = −  ζ f   ω f α  ± j  ω f α    1 −  ζ f 2    .  



(15)




The stability condition (Equation (7)) states that the roots of a stable fractional-order transfer function must lie outside of a closed angular sector. For   α = 1  , this condition is equivalent to the roots remaining in the left-half complex planeand can only be satisfied with positive damping coefficients. For   α ∈ ( 0 , 1 )  , the stability region is larger, and the condition can also be satisfied by a fractional-order attenuator with    ζ f  < 0  . This leads to greater design freedom and allows for maintaining a high resonance peak for transfer functions with orders smaller than 2. As a consequence, stronger attenuation of the resonance in the plant can be achieved with an FO controller, which will be further elaborated on in the following sections.




3.3. Influence of the Tuning Parameters on the Attenuator


The definition of the FO attenuator in Equation (13) has been chosen such that the influence of the tuning parameters is similar to the integer-order case. This is contrary to the example presented in [24], where the conversion of a filter to an FO version significantly alters its character.



The influence of the gain of the attenuator   k f   and its corner frequency   ω f   are the same as in the integer-order case. Their change leads to the modification of the magnitude and shift of the controller along the frequency axis, respectively. The fractional-order  α  defines the slope of the controller in the low-frequency region. Additionally, it also influences the behaviour of the damping parameter   ζ f  .



The response of the attenuator (Equation (13)) at frequencies close to   ω f   is characterised by a resonance peak, similar to the integer-order case. The resonance peak can be measured by a quality factor Q, determined by the maximum value of the peak, relative to the crossing point of the low- and high-frequency asymptotes in the frequency response plot [46]. By evaluating Equation (13) with the assumption that the fractional-order attenuator has the peak of response at   ω =  ω f   , we obtain


  Q =     ( 2  ζ f  sin  (  π 2  α )  + sin  ( π α )  )  2  +   ( 2  ζ f  cos  (  π 2  α )  + cos  ( π α )  + 1 )  2    −  1 2    ,  



(16)




which reduces to   Q =  1  2  ζ f      for   α = 1  .



The equivalent damping for an attenuator with fractional-order  α , which leads to the same Q-factor as for the integer-order attenuator with   ζ  f , α = 1   , is given by


   ζ  f , α   =  ζ  f , α = 1   − cos   π 2  α  ,  



(17)




which is obtained by comparing the quality factor in Equation (16) with its integer-order equivalent and finding   ζ f   such that both are equal.



Figure 3 illustrates the influence of changing the fractional order of the attenuator. In Figure 3a,   ζ f   is kept constant. As a consequence, the height of the resonance peak decreases with decreasing order  α . In Figure 3b, the values of   ζ f   are selected according to Equation (17) such that the oots of Equation (14) lie on the border of the stability region, i.e., satisfy    | arg   (  λ i  )   | = α   π 2   . Similar to a marginally stable integer-order mass-spring system without damping, the marginally stable FO resonator has an infinite resonance peak. When   ζ f   is adjusted such that a high resonance peak is maintained for all  α , the phase in the vicinity of   ω f   may exceed the low- and high-frequency asymptotes. This may destabilise a closed-loop system, so the stability should be checked in the design process.



Note that all the above considerations, even in the integer case, are valid only for lightly damped systems. For attenuators with significant damping, the point with the maximal magnitude of the frequency response is shifted from the corner frequency   ω f  .




3.4. Influence of  α  on Open- and Closed-Loop Response


Following the convention used for the integer-order attenuators [10], we consider first the behaviour of marginally stable systems. The influence of increasing damping in the system is presented in the second step.



The phase of the loop gain    G T   H α    with the fractional-order controllers does not approach   ±  180 ∘   , and as a consequence, smaller new peaks are created, which was already highlighted as a motivation to use FO controllers. This is especially visible in Figure 4a, where the sensitivity function S is presented. When the resonance frequencies of the attenuator and the mode to be dampened are the same    ω f  =  ω n   , two uneven peaks are created in the closed-loop system (see Figure 4b). Similar behaviour can be seen in the tuned mass damper [10], and equal peaks can be obtained by adjusting the   ω f  .



For low values of attenuator damping, the decrease in the factional-order  α  leads to improved resonance peak attenuation, similar to the marginally stable case presented in Figure 4. This is demonstrated in Figure 5, where the closed-loop dynamics of the system with the fractional-order attenuators with different damping are compared. For all values of  α , equivalent damping has been calculated using Equation (17), so the responses can be compared. The gain of all controllers is kept constant, and the values of   ω f   are selected such that the value of the closed-loop   H ∞   norm is minimised.



When damping is increased, the effectiveness of the attenuator no longer increases monotonically with the decrease in  α , but an optimal value for which a nearly flat response in the vicinity of the resonance frequency of the plant is obtained can be found. In this case, the best attenuation of a resonance peak is obtained for certain values of    k f  ,  ω f    and   ζ  f , α = 1   , which is illustrated in Figure 5b for    ζ  f , α = 1   = 0.4  .



In general, the optimal attenuation is achieved when    ω f  ≠  ω n   . The shift in the corner frequencies depends on  α  and damping parameters    ζ n  ,  ζ f   . If all other parameters are kept constant, the optimal   ω f   increases as  α  decreases, which is illustrated in Figure 6.




3.5. Heuristic Tuning Guidelines


To summarise the considerations on the FO NPF controller introduced in this paper, we provide heuristic tuning guidelines that may be helpful in obtaining an initial design of the controller. A common method of determining tuning parameters for resonant controllers is the fixed-point theory [10]. In this method, the gain of the controller (or the mass ratio in the case of a tuned-mass damper) is fixed as the main design parameter. In the integer-order case with an undamped single-mode plant, the presence of fixed points in the frequency response independent of the damping of the controller can be used to determine the remaining tuning parameters. However, even in the integer case, the parameters have to be adjusted to account for the presence of damping and other flexible modes in the system.



For systems with non-integer-order controllers, such fixed-points cannot be found. Moreover, the presence of FO derivatives significantly complicates analytical derivations. The tuning guidelines presented here are based on an optimisation study, in which the   H ∞   norm of a closed-loop response of a plant (Equation (12)) with FO NPF (Equation (13)) with different gains   k f   and orders  α  was minimised, while the closed-loop stability was used as a constraint. The results of the study are presented in Figure 7. For fixed   k f  , the height of the resonance peak is decreasing monotonically as the  α  is lowered. The changes in optimal values of the corner frequency and damping ratio are also monotonic, which greatly simplifies the tuning procedure.



In a design process, integer-order NPF with parameters selected as described in Appendix A can be used as an initial design. The maximal gain of the controller   k f   that satisfies the requirements in terms of high-frequency spillover should be selected. Subsequently, the order  α  can be lowered as long as the requirements in terms of low-frequency spillover are met, which leads to a stronger attenuation of the resonance peak. The corner frequency and damping ratio should be adjusted to obtain a flat magnitude of the frequency response in the vicinity of the targeted resonance frequency of the plant.





4. Experimental Validation


In this section, we demonstrate that fractional-order attenuators can be implemented in practice and that they provide stronger attenuation than comparable integer-order filters. To focus on controller validation, a simple plant is selected. A precision flexure-based positioning stage presented in Figure 8 is used as an experimental setup. This is a planar positioning system, in which two translations and one rotation of the platform (MC) can be controlled. It is achieved by controlling translations of three intermediate elements (M1–M3). Each of the intermediate elements is constrained to allow a single translation by parallel flexures, actuated by a dedicated voice-coil actuator (A1–A3), and its position is measured with an optical encoder.



For the purpose of this experiment, only actuator 1A is used to control the position of the intermediate element M1. The same actuator is used to provide both the disturbance signal and the control force. This results in a SISO system, whose dynamics can are approximated by a transfer function


  G  ( s )  =  7597   s 2  + 5.914 s + 7138   .  



(18)







This is equivalent to a mass-spring damper system with    ω n  = 84.49   rad/s   = 13.45   Hz,    ζ f  = 3.5 ×  10  − 2     and   k = 0.9395  . The attenuators are implemented as digital controllers with a sampling time of   0.1   ms. This leads to a time delay of approximately   0.2   ms in the identified plant. The approximated and measured frequency responses of the plant are compared in Figure 9b. In the measured dynamics, two closely placed resonance peaks can be seen, which have been approximated by a single mode in the model. Despite this discrepancy, the controllers designed using the approximated model yield good results when implemented in the actual setup.



To show the benefits of the proposed FO controller, the performance of two FO controllers with different values of  α  and an integer-order NPF controller were compared experimentally. To guarantee fair comparison for each selected value of  α , the gain of all controllers was set to    k f  = 0.1  , and the remaining controller parameters were chosen with the same optimisation method. The objective of the optimisation problem was set to minimise the   H ∞   norm of the closed-loop frequency response of the system with the approximated plant (Equation (18)), with the constraint that the closed-loop system must be stable. The obtained parameters are presented in Table 1, and frequency responses of the controllers are shown in Figure 9a. The controllers with orders   α < 1   are characterised by higher resonance peaks, which contributes to the stronger attenuation of the resonance in the closed loop. The width of the resonance peaks of the optimally tuned FO controllers increases as  α  decreases, which may indicate higher robustness of the control system to parameter variation and should be studied in the future.



To enable the implementation, the FO controllers were approximated with integer-order systems. Continuous-time state-space systems of order 8 appeared to be sufficient to achieve a satisfactory approximation of the FO controller in frequencies between 1 and 5000 Hz. The approximations were obtained with the identification-based approach using the desired frequency responses of the FO controllers and Matlab function ssest. All the controllers were discretised using the bilinear (Tustin) method with a sampling time of 0.1 ms and implemented on a real-time FPGA target.



The predicted and measured closed-loop dynamics of the system are shown in Figure 9b. As expected, stronger attenuation of the resonance peak can be achieved with the fractional-order controllers. The maximal magnitudes of the measured frequency response for systems with   α = { 1 , 0.7 , 0.5 }   are   13.81   dB,   12.11   dB and   10.36   dB, respectively. The differences between the predicted and measured responses are a result of using a simplified model for the plant dynamics.




5. Conclusions


In this paper, we introduced a new FO NPF controller for collocated control systems. The design of the controller was motivated by the frequency-domain loop-shaping analysis, and the controller dynamics have been defined to maintain the high-pass characteristics of an integer-order NPF. The stability and tuning of the proposed controller were analysed, and we demonstrated that the extension of the NPF provides greater design freedom. In particular, lowering the steepness of the magnitude of the frequency response of the controller at low frequencies leads to stronger attenuation of the resonance peak of the plant in the closed loop. The ideal FO controllers were approximated by finite-dimensional integer-order systems, discretised and implemented for damping in an experimental setup. Despite the discrepancy between the assumed dynamics of the plant used for tuning and actual dynamics, the FO controllers provided stronger attenuation than the optimal integer-order one with the same high-frequency gain.
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Appendix A. Optimal Tuning of Integer-Order NPF


In this appendix, we briefly present derivations of tuning formulas for controllers with   α = 1  . An alternative derivation, including robustness considerations, is presented in [5]. The procedure used for the derivation is based on the fixed-point method, as introduced by Den Hartog for tuning of tuned mass dampers [10].



In the derivations, we consider a single-mode plant (Equation (12)) and the controller (Equation (11)). We assume that the damping in the mechanical system has negligible influence on the tuning parameters and can be ignored in the derivations. To make the formulas more general, relative parameters are introduced. We have then:


   G T   ( ω )  =   1 / k     ( j ω / Ω )  2  + 1   =   1 / k   −  g 2  + 1    



(A1)






   H 2   ( ω )  =    k f    ( j ω /  ω f  )   2 α       ( j ω /  ω f  )   2 α   + 2  ζ f    ( j ω /  ω f  )  α  + 1   =    k f    ( j g / f )   2 α       ( j g / f )   2 α   + 2  ζ f    ( j g / f )  α  + 1    



(A2)




with the relative frequency   g = ω /  ω n    and corner frequency shift   f =  ω f  /  ω n   . The open-loop gain   K =  k f  / k   is also used in further derivations.



The closed-loop response of a single-mode system is presented in Figure A1. Points independent of the damping ratio   ζ f  , as shown in Figure A1c, are used to derive the tuning formulas. First, we find the frequencies   g  α = 1  *   of the fixed points. Next, we select   f  α = 1  *   such that the magnitudes of the fixed points are the same. Finally,   ζ  f , α = 1  *   is chosen to obtain a flat response.
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Figure A1. Influence of the tuning parameters on the closed-loop frequency response of a single-mode system with FracNPF with   α = 1  . 
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The closed-loop frequency response of the system with   α =   is given by


   T  α = 1   =  G  1 + G  H 2    =   1 / k ( 1 + 2  ζ f  g j / f −  g 2  /  f 2  )    g 4  /  f 2  −  (  f 2  + K + 1 )   g 2  /  f 2  + 2  ζ f   ( −  g 3  / f + g / f )  j + 1   ,  



(A3)




and the magnitude of the response is


   |   T  α = 1     |  2  =   1 /  k 2   (  f 4  + 4  f 2   g 2   ζ f 2  − 2  f 2   g 2  +  g 4  )      ( K  g 2  −  f 2  +  g 2  −  g 4  +  f 2   g 2  )  2  + 4  ζ f 2   f 2    ( −  g 3  + g )  2    .  



(A4)







To find the frequency at which the magnitude of the response is independent of   ζ f  , the numerator and denominator of    |   T  α = 1     |  2    are expressed as polynomials in  ζ , i.e.,    |   T  α = 1     |  2  =  (  n 1   ζ f 2  +  n 2  )  /  (  d 1   ζ f 2  +  d 2  )  ,  n 1  ,  n 2  ,  d 1  ,  d 2  ∈ R  . The magnitude of the response is independent of   ζ f   at frequencies g where the ratios of corresponding terms of the polynomials are equal, i.e.,    n 1  /  d 1  =  n 2  /  d 2   . This is the case for


   g  α = 1  *  =  1 2    K + 2  f 2  + 2 ±   (  ( 2  f 2  − 4 f + K + 2 )   ( 2  f 2  + 4 f + K + 2 )  )   1 / 2     1 / 2   .  



(A5)







The magnitude at the fixed points is independent of   ζ f  . To find this magnitude, we can select the most convenient   ζ f  . By taking    ζ f  = ∞  , we obtain


   |   T  α = 1  *    |  2  =     1 / k   1 −    g  α = 1  *   2     2  .  











By substituting   g  α = 1  *   and requiring the magnitudes of the closed-loop response at both fixed points to be equal, we obtain


   f  α = 1  *  =  2  / 2   2 − K   .  











The optimal value of damping should provide a flat magnitude of the closed-loop response near the frequency of the target mode. This goal can be achieved by requiring that the magnitude of the response at the fixed points   g  α = 1  *   and at the target frequency   g = 1   are identical. This is the case for damping ratio


   ζ  f , α = 1  *  =   2  4     K ( 8 − K )   2 − K    .  











The quality factor of the system with   α = 1   can be estimated using the magnitude of the response at the fixed points as


   Q  α = 1  *  ≈ k  |  T  α = 1  *  |  =   2 / K   .  
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Figure 1. Control structure. Adapted from [4]. 
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Figure 2. Illustration of the concept of loop-shaping. Using the knowledge of uncontrolled G and desired dynamics T, the necessary shapes of sensitivity S, loop gain   G H   and controllers can be deduced.   H 1   denotes VF, while   H 2   denotes NPF. Both lead to different slopes of   G H  . 
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Figure 3. Frequency responses of a fractional-order attenuator with    ζ f  = 0   (a) and marginally stable fractional-order attenuators (b) for different values of  α . All other parameters are constant. 
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Figure 4. Sensitivity function S (a) and closed-loop frequency response T (b) for a lightly damped plant and marginally stable fractional-order attenuators with different  α . All other parameters are constant,    ω f  =  ω n   . 
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Figure 5. Closed-loop frequency response T for a lightly damped plant and fractional-order attenuators with (a)    ζ  f , α = 1   = 0.2  , (b)    ζ  f , α = 1   = 0.4   and different  α . Values of   ω f   are adjusted for maximal attenuation. 
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Figure 6. Frequency responses of optimal fractional-order attenuators with    ζ  f , α = 1   = 0.2  . Dashed lines indicate the corner frequencies   ω f   of attenuators with corresponding  α . 
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Figure 7. Optimal quality factor and tuning parameters for a single-mode plant with an FO NPF controller. 
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Figure 8. Planar precision positioning stage with voice-coil actuators denoted as A1, A2 and A3 controlling the three masses (indicated as M1, M2 and M3) and constrained by leaf flexures. The central mass (indicated by Mc) is connected to these 3 masses through leaf flexures and linear encoders (indicated by Enc) placed under masses M1, M2 and M3 to provide position feedback. 
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Figure 9. Implemented controllers (a) and compassion of frequency responses (b) obtained from experiments. Dashed (–) and solid (-) lines in (b) present the predicted and measured responses, respectively. 
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Table 1. Tuning parameters of implemented fractional-order controllers.
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	    H 1    
	    H 2    
	    H 3    





	   k f   
	   0.1   
	   0.1   
	   0.1   



	  α  
	1
	   0.7   
	   0.5   



	   ζ f   
	   0.2116   
	   − 0.2974   
	   − 0.6016   



	    ω n  /  ω f    
	   0.9565   
	   1.0690   
	   1.1954   
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