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Abstract

A digital signal processor (DSP) implementation of an active vibration controller for reducing periodic
vibration in a gear-set shaft is described in this paper. The proposed control algorithms are developed using
u-analysis to obtain robust stability and robust performance in experimental investigation. In experimental
work, three different active vibration control algorithms are used, and their characteristics and
performances are compared in various experiments. Apart from the traditional adaptive filter and the
robust feedback control system, a hybrid controller combining an adaptive controller with a filtered-x least
mean squares algorithm and a state feedback theory with a u-analysis to obtain robust performance and
fast convergence is proposed. The control plants are identified by the frequency-domain technique and
implemented on a DSP platform. Experiments are carried out to evaluate the attenuation performance and
characteristic of three control structures in gear-set shaft vibration. The experimental results indicated that
all the three controllers are effective in reducing the gear-set shaft vibration and the hybrid controller
demonstrated the best performance in experimental investigation.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Owing to the progress in digital signal processing (DSP) algorithms and hardware, active
control is beginning to make breakthroughs in many practical applications. In particular, active
vibration control (AVC) with modern digital control algorithm and technology has been
extensively investigated both theoretically and experimentally [1-3]. In the last two decades, AVC
technique has advanced rapidly and has become a promising alternative to conventional passive
control, thanks to improvements in DSP technology. The DSP has tended to concentrate on real-
time implementation at fast sample rates [4-6]. Many of the sophisticated control algorithms and
techniques have also been implemented on DSP platforms for practical applications. In particular,
AVC with synthesis vibration source has been extensively investigated [7].

In active-control structures, adaptive control has become the most widely used method to
reduce noise and vibration when a reference signal is available. For an adaptive control, the
filtered-x least mean squares (FXLMS) algorithm is the most well known, having been applied
extensively in many applications such as adaptive active noise cancellation in a duct [8] and active
vibration control in a rotor [9]. In 1999, Rebbechi et al. developed an adaptive AVC system to
reduce gearbox shaft vibration [10]. Other applications such as in helicopter vibration and rotor
vibration control were also developed [11-14]. To date, adaptive control in AVC application is
one of the effective methods; however, when practically applying the FXLMS algorithm, the
convergence speed causes limitations because the adaptive algorithm learning process fails to
respond fast enough to the changing operation conditions. Meanwhile, in a practical application,
the reference signal is not always obtained. In this case, a feedback control structure could be used
to improve the control performance [15]. For feedback structures, the Linear Quadratic Gaussian
(LQG) control theory is a well-known control method, which can supply a simple and effective
control method to solve optimal least-squares problems [16,17]. However, problems of stability
will arise and control performance will also fall because it does not consider system uncertainties.
Therefore, H,, control algorithm was proposed to replace LQG in practical design in 1981, which
considers the effect of uncertainties in a control system [18]. The objective of H,, control is to
minimize the maximum amplitude magnification factor of the primary system and to solve
robustness in the control system. It means that perturbation between the real plant and the
nominal plant should be considered in designing an AVC controller. The common causes of plant
uncertainties are error of measurement, error of modeling and error of computation in physical
conditions. Actually, in a control system, plant uncertainty is one of the major factors that can
affect nominal performance, robust stability and robust performance. For example, in a rotation
system, plant uncertainty may be caused by shaft speed change.

Recently, u-synthesis has been considered as an effective approach because it can increase
robust performance in a control system [19,20]. In this study, a u-synthesis method is used for
improving robust performance in a gear-set shaft vibration control system. Meanwhile, a hybrid
control algorithm consisting of a combination of an adaptive control with an FXLMS algorithm
and a feedback structure with a p-synthesis theory to obtain fast convergence and robust
performance is also proposed. In controller design, the p-analysis robust control is used to
overcome plant structure uncertainties. The proposed AVC system is implemented on a
TMS320C32 floating-point DSP platform to reduce the gear-set shaft vibration. Experimental
investigations are implemented to compare the attenuation performance of an adaptive controller,
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a feedback controller and the proposed hybrid controller. The control algorithm of three control
structures and experimental description are described in the following sections.

2. Control structures of AVC system
2.1. Adaptive AVC system

The multi-input multi-output (MIMO) FXLMS algorithm with synthetic reference is utilized in
the control structure [21]. In this study, control structure is a 1 x 2 x 2 system (one reference
sensor signal; two error sensor signals; two secondary sources), as shown in Fig. 1. The reference
input signal of the AVC system, x(k), is generated from a signal generator with an optical fiber
sensor signal input. The e(k) is an error signal, which is obtained from an accelerometer, and the
y(k) is a control signal to shakers. The block diagram of a 1x2x2 AVC system using the
FXLMS control algorithm is shown in Fig. 2, where x(k) is the reference input signal; the
vibration signal m(k) is generated from a motor; Pi(z) and P,(z) are the primary paths from the
vibration source to the two error sensors; the error signals e;(k) and e,(k) are the residual
vibrations of the shaft; the output signals y,(k) and y,(k) are generated from the adaptive filters
Wi(z) and Wx(2); S11(2) and S5,(z) are the secondary paths from y;(k) to two error sensors; S2(2)
and S»,(z) are the secondary paths from y,(k) to two error sensors. The transfer function S,,,(z) is
the estimation of S,,,(z) for m = 1,2 and n = 1, 2. The weight vector update is as follows:

2
walle 1) = w0, (0) + 1Y X aRen(k), n=1,2, ()
m=1

where u is the convergence factor.

In Eq. (1), u is the step size that will affect the stability and convergence rate of a system. It is
inversely proportional to the convergence time. Care should be taken to decide the step size value
u and the length of the least mean squares order. In general, a large p guarantees the tracking
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Fig. 1. Adaptive AVC system in a gear-set system.
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Fig. 3. Feedback AVC system in a gear-set system.

capability of the algorithm; however, this capability is reduced when the mean-square error
(MSE) is excessively large. In contrast, a small u will affect the tracking capability and the
convergence speed. Therefore, the selection of the optimal convergence factor in an adaptive
control structure is important.

2.2. p-analysis AVC system
The generalized control framework of feedback control in a gear-set system is shown in Fig. 3

[22]. Tt contains the vibration signal e(k), which is measured using two accelerometers, and the
output signal y(k). The general problem of H, controller design is formed in a configuration as
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Fig. 4. Generalized control framework in robust control theory.

the augmented plant G(z) shown in Fig. 4 is combined with a weighting function and practical
plant. In the structure, K(z) is the controller, w(¢) is the vector signal including noise, disturbances,
and reference signal. u(¢) is the control signal, z(¢) is the vector signal including all controller
signals and tracking errors, and y(¢) is the measured output signal. The system model can be

expressed by
[z(z)] G0 [w(z)] _ [Gll(z) Glz(Z)} [W(Z)]’ )
y(2) u(z) G2(2) G(2)] Lu(z)

U(2) = K(2)Y(2),

where the sub-matrices Gy(z) are the compatible partition of the augmented plant G(z); signal
variables are capitalized to represent symbols in the S-domain.

The H ,, control system is used to find a stable controller K(z) that minimizes the infinity norm
of the transfer function from w(z) to z(z) denoted by HTZW(Z)HOO, where

| Tow@)||, = sup [TaGo)|. (3)
w#0

(—00,00)

T.,(z) can be expressed by lower linear fraction transformation (LFT) as
T..(z) = F1(P.K) = G11(2) + G)K@)I — Gn(2)K()] ' G (2). “4)

However, finding an optimal H., controller is often complicated. In practice, we try to find an
admissible controller K(z) for the T,,,(z) system, that easily satisfies the infinity norm and that will
be called suboptimal controller. The sub-optimal controller K(z) is given by y>0; stabilizing
controllers as

[T (2)]| o <7- (5)

In the proposed study, an uncertainty model is included in H, control structure. Therefore, the
u-analysis is introduced to obtain better robust performance. The p-analysis control structure can
be cast into a generalized control framework, as depicted in Fig. 5. The framework contains a
controller K(z), an augmented plant G(z) and an uncertainty A(z). The input signal d(¢) and output
signal v(¢) of uncertainty A(z) correspond to model uncertainties or perturbations, while w(z), u(?),
z(¢) and y(7) have been defined as in Fig. 4. The closed-loop transfer function M(G, K) is illustrated
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Fig. 5. Generalized framework in p-analysis control theory.
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Fig. 6. Linear fractional transformation with an uncertainty model.

in Fig. 6. The transfer function from w(z) to z(¢) is represented by way of linear fractional
transformation (LFT),

z = F,(M, A)w = [M(2) + M1 (2)AE)I — M11(2)A(2))” ' Mia(2)]w,

where

[d(l)] :M[V(l)] _ [Mll M12} {V(f)]. ©)
(1) w(1) My My, | [ w(2)

The uncertainty model A(z) is assumed to belong to the set

A = {diag(®\1y,..... 00y, Aty ., A) 2 8 € C, Ay € C¥i), (7)

Sk’
For all perturbations 4 € A satisfying max a(4)<1, it can be written as

By :={4eA:6(4)<1}, ®)

where 0;1y is the repeated scalar blocks uncertainty, A; is the full blocks uncertainty, and &

denotes the maximum singular value. Two non-negative integers (k and r) represent the number of

repeated scalar blocks and the number of full blocks, respectively. The dimension of the ith
repeated scalar blocks is s; x s;, while the jth full blocks is m; x m; [23].
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In u-analysis, the structured singular value u is a generalization of a singular value. It is used to
analyze robust stability and robust performance in a system with structured uncertainty. The
structured singular value u of a system M is defined as

1 (M) := (min{5(4): 4 € A, det(I — MA) = 0})"", 9)

which is a measurement of the smallest uncertainty that may destabilize the closed-loop system. In
Fig. 6, uncertainty affects stability and performance of a system and is indicated as follows:

(A) Nominal performance is by setting model uncertainty A(z) in the problem formulation to zero;
it is just a norm test on HTZW(Z)HOO<1 or [Mnll<1 [24].

(B) Robust stability has to think about structure uncertainty in Fig. 6. That must suffice for
ITuall, <1 or [My1]l,<1. In this part, ||e|, is not norm; it is a structured singular value test.

(C) Robust performance is to suffice for (A) and (B) and reach ||M(G, K)H” < 1. This part implies
that performance objective described in terms of infinity norm test, robust performance of
any linear, time-invariant system in the presence of structured uncertainty can be written as a
structured singular value test.

2.3. The hybrid AVC structure

In this section, an adaptive hybrid active vibration controller for gear-set shaft vibration
attenuation is proposed. The hybrid control structure is shown in Fig. 7, the reference input signal
x(k) is obtained from an optical fiber sensor; the error signals e(k) are measured from two
accelerometers; y(k) are the control signals to shakers; Tgr is an adaptive controller with FXLMS
algorithm, and Tgg is a feedback u-analysis controller. The proposed system differs from
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Fig. 7. Hybrid AVC system in a gear-set system.
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Fig. 9. AVC system of a gear-set system in feedback structure.

the traditional adaptive algorithm in that it uses an internal model control as shown in Fig. 8,
where F,,(z) is the feedback controller essential point (FCEP) and is defined by F,,(z) =
[1 4+ Gu(2)Syn(2)] " Gu(2)Sn(2). Gu(2) is an Ho, p-analysis controller with two plant functions and
two weighting functions, u,,,(k) are the control signals, and S,,,(z) are the secondary paths in the
FCEP. In the electrical domain of Fig. 8, the transfer functions Fm(2) are estimations of F,(z)
that stabilize the closed-loop system and that include a wu-analysis feedback controller and
secondary path transfer function. The model design of F,,(z) is necessary to overcome plant
uncertainties to obtain fast convergence and robust performance.

In this hybrid structure, the FXLMS algorithm is compensated by an H, feedback controller
T in closed loop. In order to obtain both fast convergence and stability, step size u is an
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Fig. 10. Equivalent block diagram of a gear-set system.

Magnitude (dB)

-80 1 1 1
0 200 400 600 800

@ Frequency (Hz)

40

Magnitude (dB)
o

0 200 400 600 800
(b) Frequency (Hz)

Fig. 11. Frequency responses of the real plants measured within 0-800 Hz. (a) Frequency response of G.,(z) and G,,(z2);
(b) frequency response of G.,.(z) and Gy,,(z).

approximate upper bound in the FXLMS algorithm as follows:

2
- 1
O<v<pZ+2012) (10)
where P, = E[x?(k)] is the reference signal power function, L is the order of filter W,(z), and D is
the small delay of the secondary path [25]. Hence, a small size u can be used as hybrid controller to
obtain fast convergent and tracking performance.
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Fig. 12. Frequency responses of the nominal plants measured by low pass. (a) Frequency response of G.,(z) and G,,(2);
(b) frequency response of G.,.(z) and Gy,,(z).

3. p-analysis of a gear-set system

The structure of the proposed gear-set system in feedback structure is shown in Fig. 9. In a
robust control structure, the augmented plant relation is expressed as

[ z(1) ] _ [ G, (2)G.(2) } [W(Z)]
(1) G(2)Gyu(2) | | u(?) ’

where G.,,(z), G..(2), G,(z) and G,,(z) are the compatible partition of augmented plant G; they
are shown in Fig. 10. An uncertainty of frequency domain multiplicative type is used in robust u-
analysis for a gear-set AVC system. The problem can be indicated as

40 =5 -1 (12)

where Ppn(z) 1s the physical plant, Pn(z) is the nominal plant and A4(z) represents the
multiplicative uncertainty [26]. In the present case, the frequency response function is measured by
the signal analyzer. The four frequency response functions of partition plants are measured in
0-800 Hz for the physical plants as shown in Fig. 11(a) and (b), whereas the four frequency
responses measured in 0-30 Hz are regarded by low pass as the nominal plants as shown in

(11)
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Fig. 13. Interconnected structure which considers uncertainty.
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Fig. 12(a) and (b). Fig. 13 illustrates the block diagram of the structure system considering
uncertainty. In Fig. 5, the generalized framework in p-analysis control, the input—output
relationwhich includes the multiplicative uncertainty of the augmented plant, is described as
follows:
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The term W), is a performance weight function for disturbance rejection in the desired
frequency band and Wy is a controller weight function to restrict the controller gain out of
controlled frequencies. In the present case, W, and Wy are chosen as band-pass and band-stop
weighting functions. Meanwhile, in the present work, the types of uncertainty blocks must be
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Fig. 14. Uncertainty function and weighing function. (a) Result of calculation for G.,(z) and G,,(z); (b) result of
calculation for G, (z) and G,,(z2).

specified. The full complex block is chosen as
A 0 0 0
A [Al O]: o 0 4 0 0
0 4, 0 0 43 0|
0 0 0 Ay

All—A14€CIXI,A2€C1X2 > (14)

where 4 is the multiplicative uncertainty of Eq. (12) and 4, is a fictitious uncertainty block meant
to incorporate the performance objectives on the weighted output sensitivity transfer function into
the u framework. The structure uncertainty of each transfer function is assumed to be bounded by
a high-pass weighting function. In Eq. (14), each W, is an uncertainty weighting function and
must satisfy

|AGo)| <[ W)

, i=1,2,3,4, VYo. (15)

The calculated uncertainty bounded by uncertainty weighting function W, ; is shown in Fig. 14(a)
and (b). In addition, uncertainty does not include the control bandwidth (below 30 Hz) due to
numerical errors in system identification. Thus, we can estimate the uncertainty of an un-
controlled bandwidth (above 30Hz) in the system. In this work, the system has robust
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Fig. 19. Experimental results of an adaptive controller. (a) Direction X; (b) direction Y.

performance due to a p-analysis controller and is considered the effect of structure uncertainty.
The bounds for the structured singular values of direction X and Y are shown in Fig. 15(a) and (b)
In the u plot, the values of u are smaller than 1 within the control bandwidth. Robust performance
has been achieved in this system.

4. DSP implementation and experimental investigation
4.1. Experimental arrangement

The photograph of the experimental setup is shown in Fig. 16. The horsepower of DC servo
motor is %, with a maximum rotational speed of 3000 rev/min. The motor can be controlled by
using an inverter. The diameter of shafts is 20mm and the shafts are supported by passive
bearings. The tooth number of gear 1 is 40 and of gear 2 is 31. The active controller designed
around shaft 1 with two electromagnetic actuators and springs are shown in Fig. 17. The move-
bearing structure is a similar active controller. Fig. 18 shows the experimental arrangement
components. An optical fiber sensor (LM339) is used to detect the motor rotational speed as a
reference signal of the control system. The residual vibration signal is measured by using two
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Fig. 20. Experimental results of a u-analysis controller. (a) Direction X; (b) direction Y.

accelerometers (PCB model 353B15). Two electromagnetic actuators are used to generate the
control force to reduce the vibration in the gear-set shaft. The controllers are implemented on a
TMS320C32 DSP equipped with two 16-bit analog I/O channels and sampling frequency set at
2048 Hz. Some controller design considerations and control structures verifications in practical
implementation are summarized as follow.

4.2. Experimental verification

In the first experimental implementation, an adaptive control with FXLMS algorithm is applied
to the test platform. The step size value u is set at 0.01 and the weight length selected is 30.
Frequency-domain identification is used to obtain an adaptive filter. The experimental results in
directions X and Y are shown in Fig. 19(a) and (b). Periodic vibration power attenuation values
achieved are 4 and 7dB at 27Hz (1620 rev/min) of the gear-shaft revolution. In the experiment
using feedback p-analysis algorithm, the gain of W, is 2 and that of Wy is 1 in controller design.
The controller achieves a gamma value of 5.6741 and infinity norm 0.2686. Experimental results of
directions X and Y are shown in Fig. 20(a) and (b). Vibration power attenuation is only achieved at
about 2 and 5dB in the directions of X and Y. In the final case of the experiments, a hybrid
controller is used to implement the vibration control. The order of the LMS algorithm is 30.
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Table 1
Experimental results of different control methods
Control method Adaptive control p-analysis control Hybrid control
Direction of sensor X Y Y Y
Attenuation (dB) 4 7 5 8
Average attenuation(dB) 5.5 3.5 7
Table 2

Comparison of three active vibration control systems

Control method Adaptive control

u-analysis control

Hybrid control

Uncertainty considered No
Convergence speed Slow
Adaptability Yes
Robust stability No

System complexity Simple

Yes
Fast

No

Yes
Medium

Yes

Fast

Yes

Yes
Complex
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The step size value p is set at 0.01. The lower and upper bound parameters of y are set at y,;, = 1
and y,,,« = 100, and the step size tolerance value of v is set at 0.01. Experimental results are shown
in Fig. 21(a) and (b). The shaft maximum vibration power attenuation value achieved is about 7 dB
at a frequency of 27 Hz.

5. Conclusions

A DSP-based AVC system for reducing the periodic vibration of a gear-set shaft has been
investigated. Apart from the adaptive and feedback control system, a hybrid controller combining
the adaptive control with the FXLMS algorithm and a feedback structure with robust theory to
obtain fast convergence and superior robust performance is proposed. Experimental results show
that all the three controllers contribute to reducing gear-set shaft vibration. In practical
implementation, the performances of the three different controllers are summarized in Table 1.
The adaptive structure, the feedback structure, and the hybrid structure have average attenuation
values of about 5.5, 2.5 and 7dB at gear-set shaft vibration of 27 Hz. In particular, the hybrid
controller attenuation performance has the best performance in experimental implementations.
However, only narrowband performance has been achieved in the proposed study. The
performance of broadband frequency vibration attenuation is poor in implementation
investigation. Future research should focus on the development of robust adaptive for broadband
vibration attenuation. Comparisons of the crucial parameters in implementation of the gear-set
system vibration attenuation are summarized in Table 2. Consequently, the hybrid controller
combines the advantages of adaptive with FXLMS algorithm and feedback with u-analysis
theory: better performance, faster convergence, adaptability, robust stability and robust
performance of a proposed test platform.
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