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An Active Control Method for Chatter
Suppression in Thin Plate Turning

Haifeng Ma “?, Jiajie Guo
Zhenhua Xiong

Abstract—This paper presents an active control method,
consisting of an adaptive sliding-mode controller (ASMC)
and a displacement field reconstruction (DFR) method, for
chatter suppression in turning of thin-walled workpieces
(such as compressor disks and casings in aircraft engines)
where low workpiece stiffness renders machining with
potential regenerative chatter. Due to the presence of multi-
modal dynamics, variant modal parameters, and measure-
ment difficulties, active chatter control of thin plate turning
has been challenging. Unlike existing controls based on a
lumped-parameter single degree-of-freedom cutting model,
a distributed-parameter dynamic model of a rotating thin
plate with multiple vibration modes is used to analyze the
machining stability with the designed controller. Moreover,
model parameters of the plate are not needed to construct
the controller. The DFR is employed to capture the plate
dynamic behavior for feedback to the ASMC during turning,
overcoming the long existing difficulties to measure plate
vibration at the cutting point. A fast tool servo is utilized in
the control implementation. Theoretical analyses, numer-
ical simulations, and experimental evaluation on a lathe
demonstrate that chatter in thin plate turning can be effec-
tively attenuated with the proposed active control method.

Index Terms—Active control, displacement field recon-
struction (DFR), distributed-parameter system, regenerative
chatter, thin plate turning.
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|. INTRODUCTION

EGENERATIVE chatter is one of the most detrimental

phenomena in machining processes characterized by large
vibration and high-level noise [1]. The occurrence of regen-
erative chatter induces loss of dimensional accuracy, reduces
material removal rate (MRR), causes poor surface finish, and
increases tool wear. With the ever-growing demand for good-
quality products and high-efficient manufacturing, the need to
develop chatter suppression techniques becomes critical and
pressing for modern manufacturing industry [2]-[5].

Most existing chatter suppression methods are classified as
passive techniques. One typical way is to constrain/optimize
process parameters (spindle speed, feed rate, or width of cut)
to achieve a stable working point [6]. Although chatter can be
avoided by parameter regulation, the domain of stable operation
is not enlarged by this methodology; hence, the manufacturing
productivity is still limited. Passive chatter suppression tech-
niques that adopt tuned mass dampers (TMDs) [7] or vibration
absorbers [8] have also been used to dissipate the energy of
chatter vibrations. However, absorbers require special proce-
dures in industry [1] to ensure accurate tuning of their natural
frequencies for acceptable performance. Dampers also suffer
some drawbacks: large space is required at critical locations;
and the damping effect is limited with variable properties of
system dynamics. Hence, passive dampers and absorbers lack
robustness to changing machining conditions.

On the contrary, active chatter suppression schemes (with
suitable sensors/actuators installed on the spindle or tool
holder) have demonstrated potentials to improve machine tool
performances. Closed-loop control systems can be established
to properly regulate the self-excitation dynamics, and hence to
enlarge the domain of stable operation region in the stability
lobe diagram [1]. Ganguli et al. [9] and Munoa et al. [10]
demonstrated the effectiveness of active damping methods with
direct velocity feedback for turning and milling processes.
These methods can mitigate chatter with low computational
requirements, and guarantee the machining stability with
collocated actuators/sensors. In order to stabilize the spindle
of a milling machine, Dohner et al. [11] developed an active
control system employing a linear quadratic Gaussian controller
with piezoelectric actuators. Mei [12] analytically investigated
active chatter suppression (designed from a wave standpoint
to absorb chatter vibration energy) for boring processes with
a nonrotating tool. Chen et al. [4] designed chatter control
approaches employing p-synthesis for speed-independent,
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speed-specified, and speed-interval situations, respectively. The
speed-interval chatter controller proposed in [4] was adopted
by van Dijk et al. [5] for a high-speed milling spindle fully
supported by active magnetic bearings. Monnin et al. [13] pro-
posed two optimal control strategies to minimize the influence
of cutting forces on tooltip vibrations, which were embedded
in active magnetic bearings integrated into a spindle unit. Chen
et al. [14] designed an adaptive control strategy to compensate
the regenerative effect, especially for high-speed milling cases.
Wu et al. [3] developed active controllers for chatter mitigation
in milling processes by considering input constraints. Ma et al.
[15] presented a dynamic output feedback controller for chatter
suppression in turning processes, where only displacement mea-
surement was required by the controller. A different perspective
assuming that chatter is originated from flexible workpieces
(WPs) was presented in [16] and [17], where piezoelectric actu-
ators and sensors for implementing active damping to suppress
chatter in milling were attached on the stationary WPs. However,
this methodology is not suitable for machining of rotating WPs.

Although a lot of researches have been done on active chat-
ter suppression, it remains a challenging task in turning of thin
plates due to the following difficulties: 1) Thin or flexible com-
ponent (plate) is a spatially distributed system and contains
infinite number of vibration modes, so its cutting process is fea-
tured with multimodal machining dynamics. However, current
active controller designs are generally based upon a simpli-
fied lumped-parameter single degree-of-freedom (DOF) cutting
model. Consequently, only a single mode is suppressed and
the remaining modes may be excited, resulting in a spill-over
problem [17]. Although Mei [12] presented an active controller
in view of a distributed boring bar model, it was proposed for
one-dimensional structures and not suitable for the scenario in-
volving thin or flexible WPs (plates). Moreover, only one dom-
inating mode was considered in [12] to analyze and test the
stability of the controller. 2) Workpiece parameters (i.e., mass,
stiffness, and damping) vary greatly with the changing of cut-
ter location and the material removal process [18]. Thus, for
model-based active controllers, the model parameters are very
hard to acquire online. 3) Unlike milling process, the plate is ro-
tating during turning; and because of the limited space coupled
with interference between the plate and the machine tool, it is
very hard to capture the vibration displacement of thin plates at
the cutting point. To the best of our knowledge, active chatter
control in thin plate turning has seldom been studied.

This paper contributes to the development of an active con-
trol method, consisting of an adaptive sliding-mode controller
(ASMC) and a displacement field reconstruction (DFR) method
[19], for chatter suppression of thin plate by solving all three
difficulties mentioned above. The ASMC, which does not rely
on model parameters in implementation, is designed to suppress
thin plate chatter actively during turning. In order to capture the
dynamic behavior of the thin plate during turning, the DFR
method reconstructs the vibration displacement of the plate at
the cutting point for feedback control. Unlike existing control
methods based on the lumped-parameter single-DOF cutting
model, a distributed-parameter dynamic model of a rotating
thin plate with multiple vibration modes is used to analyze the
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Fig. 1. Feedback control of lathe turning of a thin plate. (a) Lathe

turning of a thin-walled plate. (b) Block diagram illustrating the active
control method.

machining stability with the developed controller. A fast tool
servo (FTS) is adopted as the execution unit of the developed
method. Experimental results obtained on a lathe are presented
to demonstrate the effectiveness of the active control method.

II. ACTIVE CONTROL METHOD FOR CHATTER SUPPRESSION

Fig. 1 schematically illustrates the active control method for
lathe-turning of a thin plate clamped to a shaft rotating at the
speed of €. As illustrated in Fig. 1(a), the WP being machined
is an annular thin plate (outer radius a, inner radius b, thickness
h, and elastic modulus E). Because the plate thickness 4 is very
small compared with its radius (4 << a), the dynamics of the
plate that has the smallest stiffness in the normal direction of
its mid-surface is dominant by the out-of-surface displacement
w(t; r, 0) in polar coordinates [r, §]. Thus, the active control
method for chatter suppression consists of two parts [Fig. 1(b)]:
an ASMC designed to adapt to the time-varying system and the
DFR [19] served as an observer to monitor the plate vibration
in real time. The vibration displacement w(t; rp, 6,) is recon-
structed from a set of eddy-current (EC) displacement sensors
appropriately positioned around the plate, and is fed back to
the ASMC that actively suppresses the plate vibration through
a piezoelectric actuator (PEA) housed in the FTS.

A. Distributed-Parameter Model of the Thin
Plate Dynamics

The WP is subjected to its own body centrifugal force f; as
well as disturbance d in addition to external loads that include
the dynamic cutting force f., and active control force f..

Considering the oblique cutting model, the total dynamic
cutting force can be expressed as [21]

{JJZ} = % Eg] [cos ¢ —sin c] {ﬁ;} (1)
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Fig. 2. Schematic representation of the chatter in turning process.

where f; and f, are the components of the total cutting force;
ay is the chip width; Ky and K, are the corresponding cutting
force coefficients; ¢ is the side-edge cutting angle; Ax and Ay
are the dynamic chip thickness. Considering Fig. 2, since the
plate has the smallest stiffness in the normal direction of its
mid-surface, the in-plane displacement Ax is negligible, Ay =
w(t —T; r,, 6,) —w(t; vy, 6,) and only consider the dynamic
cutting force f,, (normal to the mid-surface of plate). 7' (= 60/£2)
is the regenerative delay equivalent to a period of rotation. By
coordinate transformation, and noting (1), f., can be expressed
as

fC(l (t; TP’Q”)
=tan ¢ {Kysin ¢+ K,cos c}a, [w(t —T;7,,6,)

—w (t;7p,0,)] 6 ((r —1p), (0 — 6p))

=Kiap [w(t = T;rp,0,) —w (t;rp,0,)] 6 ((r —1p), 0 — 6,))
(2a)

fe(tmp,0p) =u @) ((r—1p), (0 —6y)). (2b)

In (2a), K; = {Ksinc + K, cos c}tanc. Since the dynamic
cutting force f., is a point load, f. is modeled with a spatial
impulse 0() [22] at the cutting point p(r,, 6,) in (2b), where the
u(t) is to be designed. f,. and f., are both perpendicular to the
plate’s mid-surface. The distributed state-variable w(z; r, 0) is
governed by the dynamic model (3), where (m and K) are the
elemental (inertias and elasticity) Laplacian operators and ¢ is
a damping coefficient

mw(t;r, 0) + cw(t;r, 0) + kw(t;r, 0) = fi(t;r,0;Q)
+fc,1(t;7‘,0)+fc(t;’l",0). (3)

For completeness, the elemental Laplacian operators and the
centrifugal force f; are explicitly given in Appendix A.

Without loss of generality, the displacement field is expressed
as a serial product of time and spatial components [23]

k

w(tir,0) =Y ¢i(r,0)q(t) @

i=0

where ¢; is the ith mode shape determined by the inertia and
stiffness as well as given boundary constraints; and g; is the cor-
responding modal coordinates. Neglecting higher order terms,
the displacement field is approximated by the lowest k orders in

(COF

As detailed in Appendix B, substituting (4) into (3), the dy-
namic model of the distributed state variable w(z; r, 6) is reduced
to (5a) characterized by a finite sets of mode shapes ¢; (1, 0,)
and time-varying modal coordinates ¢; (¢) where i =0, 1, ...,k

Mz‘]z (t) + 07(11 (t) + Xi(b’ (t) = ¢; (Tpv gp)Fca + ¢ (Tp, ap)u(t)

(5a)
B 2w a
M, = / / phé?rdrdd (5b)
0 b
_ 27 a
C; = / / porrdrdd (5¢)
0 b
N 2 a
K, = / / dikoirdrdd (5d)
0 b
and
F..(t)
k k
= —Kiaqp [Z Gi(rp,0p)qi (t) — Z(bi(rwgp)‘ﬁ(t —-T)
i=0 i=0
(5e)

In state-space representation with q(t) = [q0...q; - .. qx]%,
(5a) can be recast into (6),where d(7) represents the combined ef-
fect of parameter uncertainties, external disturbance, and resid-
ual nonlinearity, including hysteresis and creep of PEA. The
elements of the diagonal matrixes (M, C, K) are given by
(5b)—(54d)

M(t) + Cq(t) + (K + Ky)q(t)

—Kiq(t—T)+d(t) = ®u(?) (6)
where
%o @ Godr -+ oy
¢ % G T - G
®(ry,0,) = l and %;ﬁp): 1. O . 1. k :
: p : R
Pr. brdo Prdr - OF

The above formulation reduces the partial differential (3) with
infinite-DOFs to an uncoupled kth-order ordinary differential
(6), where the displacement field w(t; r, §) has been trans-
formed into a finite set of modal coordinates q(?) to facilitate the
controller design.

B. Adaptive Controller Design

Noting (4), the sliding function is defined in (7) where c; is a
positive constant

k

k
s(t) =c Z Gi(rp,0p)ai (t) + Z Gi(rp, 0p)di (). (7)
i=0

i=0

Next, an ASMC is designed to force the system states to reach
the neighborhood of the sliding surface with Assumption 1.
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Assumption 1: Disturbance d(7) is bounded and satisfies (8) 2 lAc 1s()] 1] (14c)
where ki (>0) is the unknown bound of the total disturbance =

|@TM (1] < ki ||| (8a) =[s(@®)[llalt =T)|- (14d)

where In (14a), the first term employs the sliding function to

form the nonswitching reaching law [20] to increase the con-

y(t)=[q" ¢ 1]. (8b)  vergence rate and alleviate chattering of the SMC. The sec-

Lemma 1: The model parameters of the thin plate and system
states satisfy inequality (9) where k; is the unknown bound of
the model parameters and disturbance [24]

[(c1@" — "M T C)q(t)|

+ @7 MK+ Ka)a(t)] < (ks — k) [l ©)

Proof: The left side of (9) can be written into the following
two inequalities:

(@ — "M 1C)q(1)] < [Ja®” — "M 1C|[|a(r)
(10a)

|®"M (K +Ky)q(t)] < ||@"M (K +Ky)| [la(t)
(10b)

Let & :cli’T "M 'C = [710 Vit WIk] (11a)
="M " K+Ki)= 7071 ] (11b)
Noting that [Eq(?) < [[E:][ [[a(?)]] (12a)
1Z2q(t)] < [[Z2| la®)]| - (12b)

The positive constant k4 which satisfies the condition (ks —
—k1) > 2 x max{||Z||, ||=2||} can be found since ||Z|| and
||=,| are bounded and (13a) and (13b) are always held

la@®ll < 1ol = \/Hél(t)ll2 +lla@)lf +1
la@®Il < Il = \/Hél(t)ll2 +la®)]? + 1.

Based on the analysis, it is deduced that inequality (9) can be
satisfied. This conclusion will be used later in Theorem 1.

Remark 1: It should be noted that Lemma 1 is satisfied for
the thin plate turning system, since there always exists damp-
ing in flexible structures. Even small damping ensures that the
magnitude of vibration is bounded.

Remark 2: Since various disturbances exist in machining in
addition to the fact that the model parameters of the thin plate
vary with material removal and cutter location, an accurate
knowledge of the bound k4 cannot be easily obtained. In order
to relax the bound on the system parameters and disturbances,
an adaptive control method is necessary to estimate the bound
in the sense of Lyapunov [25].

Thus, ASMC is designed as

(13a)

(13b)

o TS0 B o . B S t)
u(t) = =) = [k el + < late = DI o5
(14a)
withd > 1andp; >0
k=p |s(O] 1] (14b)

ond term uses the sliding function to construct the switching
function, s(t)/|s(?)|.

Remark 3: The nonswitching reaching law [20] is adopted
here. By properly tuning the parameters 7 and s, the system
convergence to the neighborhood of the sliding surface will be
speeded up; and the undesired chatter (that is a disadvantage of
the SMC [25]) can be reduced simultaneously [20].

Remark 4: The unknown bound k4 is estimated by the adap-
tive law k [26]; and the initial value I%(O) > 0 must be selected
to guarantee k(t) > 0 k(t) for V¢ € [0 co). The adaptive laws
7 and ¢ are constructed to tackle the unknown model parameters
and regenerative delay term [3].

The effectiveness of chatter suppression is guaranteed by the
following stability of the designed controller.

Theorem 1: For system (6) with Assumption 1 and the de-
signed controller (14a)—(14d) under condition (9), the suppres-
sion of the chatter in the turning process can be guaranteed by
driving the system states asymptotically from any initial state
to the neighborhood of the sliding surface and maintaining the
bounded system states.

Proof: Consider the following Lyapunov function (15a) in
terms of the estimation errors (l~€, 7, and <) [14]:

Via = % s (t) + o k2 i + T (15a)
where

r=&"M'o (15b)

and
¢=d"M K, (15¢)
k=ks—kij=T—qn" (15d)

and
=T g| - ¢ (15¢)

The time-derivative of the Lyapunov function is given by

| N G
Via = s(t)$(t) — o +ann+ (TS —lgl)¢ (16a)

§(t) = a1 @7 g(t) + @7 §(t) from (7). (16b)
With some algebra operations, (6) can be written as
Tq(t) = "M Cq(t) - (K +Ki)q(t)

+ "M 'Kiq(t —T) — &M 'd(t) + T M ' ®u(t).
a7

dTM!
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Substitute (17) and (15¢) into (16b)

§(t) = (@ —@"™™M'C)q(t) - "M (K + K1 )q(t)

"M 'd(t) + "M ' ®u(t)

and noting Assumption 1, s(t)$(t) < |s(t)||(c; T — ®T
M-1C)q (1)) + [s(6)[| 87 M~ (K + Ko )q(0)] + s(t)ealt -
T) + ki|s(@)|||]] + s(t)®T M~ ®u(t).

After accounting for Lemma 1, the first term in (16a) satisfies
(18a) where u(t) is defined in (14a)

s(t)s(t) < (ks — K1) [s()] [ + s(t)salt — T)
+ Ey [s(t)] ||| + s(t)@T M~ ®ul(t).

+eq(t —T) —

(18a)
From (14b), the second term of (16a) can be written as
(RE) /o = Fls(o)] 191
From (14c) and (15b), the third term can be rewritten as
i =6 (@TM 1@ — 1) k[st)] [|¥]
With (15b) and (14d), the fourth term in (16a) becomes
(¢ = llglps = [(@" M~ ®) ¢ — [igl|] |s(t)] [lat — D)l

(18b)

(18¢)

(18d)
Substituting (18a)—(d), along with (14a), into (16a) leads to
Vi < (1= b0l 0] - #7M e | T |2
(19)

where @7 M~1® = ZZ 092 (rp, ,)M; ' > 0. From (14b)
where p; > 0, it is deduced that k> 0 provided k(0) > 0.
Hence, V,, < 0 can be guaranteed with & > 1 for all s(7)
# 0. The states of closed-loop system are bounded, imply-
ing that the chatter is suppressed. This completes the proof of
Theorem 1. |
Remark 5: The controller parameters can be obtained by
trial-and-error method. More specifically, the parameter selec-
tion falls into three steps: i) First, the parameters § (>1) and p;
(>0) of adaptive laws I%, 7 [(14b) and (14¢)] should be adjusted
to guarantee a stable turning process. To speed up the conver-
gence rates of k and 7 to the desired ones, large § and p; should
be selected. For example, the adjustment of parameter § can be
carried out by setting other parameters as 0.1. By this means, it
is convenient to determine an appropriate value for & because
only this parameter is tuned. It should be noted that too large &
will cause performance deterioration and even system instabil-
ity. In practice, the parameter ¢ is assigned by making a tradeoff.
ii) Then, the parameter 7 in (14a) [20] and the parameter c; in (7)
are tuned to speed up the system convergence to the neighbor-
hood of the sliding surface. However, the undesired chattering,
which is one of the disadvantages of the SMC, will enlarge by
increasing 7 and c; . iii) Finally, the reaching law parameter s; in
(14a) [20] is tuned to reduce the undesired chattering. A tradeoff
is made between the system convergence, i.e., speed of chatter
suppression and the amplitude of undesired chattering.

C. Displacement Field Reconstruction

Since plate vibration at the cutting point is difficult to mea-
sure, the DFR is employed to reconstruct w(t; r,, 0,) and q(7)
for displacement feedback of the designed ASMC. The hard-
ware configuration of DFR is illustrated in Fig. 1(a). According
to (4) and [19], [23], the displacement field is rewritten as

k
w(t;r, 0) Zal

i=

(r,0) + B; ()7 (r,0)]  (20)

where «; and 3; are the time-varying coefficients; and the mode
shapes ¢¢ (r,0) = ¢;(r)cos(if) and ¢? (r,0) = ¢; (r)sin(if).
Consider N EC displacement sensors positioned around the
plate to monitor w at R,, = (r,, 0,,) wheren =1,2, ..., N.
In matrix form (21a) where a = [af]”, the coefficients in
(20), @ = [ag ... x]" and B = [By...0k]", can be calculated
in terms of the measurements W and mode shapes S = [S¢ Sg |

a=(STS) 's™wW (21a)
where

W = [w(t;Ry) -+ w(t;Ry)] (21b)

HR1)... ¢l(Ry) ... L(Ry)

#(R2)... ¢/(R2) ... ¢.(Ra)

and szCorS = . .

¢(Ry)... ¢!(Ry) ... ¢} (Ry)

(21¢)

In (21c¢), the subscript “;j ” in S; and superscript 5 in ¢/
denote C or S in the mode shapes in (20), ¢¢ (r,6) or d)f (r,0).
In view of (21a~c), there are N known quantities and (2k + 2)
unknown quantities. The mode shapes, ¢¢ (r,6) and ¢7 (r,6),
can be obtained by offline computing and only the modal coef-
ficients require online calculating by solving the linear equation
(21a)—(21c). Hence, DFR has high computing efficiency and
this method is suitable for real-time application.

The reconstruction accuracy of DFR is affected by the sensor
locations (radius and angle), number of sensors (modes), and
the measurement noise. For the sensor locations, through the
genetic algorithm in the MATLAB Optimization Toolbox, the
sensor locations are optimized by finding a proper matrix S
that minimizes the condition number cond(S) (=||S||-[IS~].
Considering Fig. 1(a), the EC sensors are positioned close to the
spindle motor, the measurement signals may be noisy, and hence
the LMS (least mean square) filter in the MATLAB Filtering
Toolbox is used to smooth them. Moreover, more sensors and
modes lead to higher reconstruction accuracy. However, this
will result in a larger modal coefficient matrix and thus longer
calculation time. Hence, tradeoffs should be made between the
number of sensors (modes) and the reconstruction efficiency in
terms of reconstruction accuracy and computation time.

Based on the formulation in Section II, the active control
method can be implemented with the aid of the flowchart in
Fig. 3. For specific applications, ¢¢ (r,0) and ¢? (r,0) can be
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+ A62 o025 03 035 04 002 0.4 0.6 0.8
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Update modal coefficients _Calculate adaptive laws | P1> 4
a(), Eq. (21a) k¢, 1 by Bgs. (14b~d) Fig. 4. Simulations illustrating the active damping [9], [10]
performance.
Field reconstruction, Synthesize ASMC So, T
w(t; r,, 0,), Eq. (20) u(f), Eq. (14a)
No_— op machining? Execute by FTS Case B, respectlyely? are dlspl.ayed in the bottom row of Table I.
In both cases (with different widths-of-cut a,, and spindle speeds
Yes ), the WP displacements of the uncontrolled system diverge.
Fnd It is worth noting that the tuneable vibration absorber (TVA)
Fig. 3. Flowchart illustrating the active control method. in[17] cannot. t')e aPPhed to th.15 situation because it was des.lgne'd
for chatter mitigation of boring bars. The TVA has to maintain
contact with the controlled objects; this is impossible for the
5 v TABbE ' S chatter suppression in thin plate turning as the WP rotates and
ARAMETRIC VALUES USED IN SIMULATION o . .
will interfere with the TVA. The model-based active controllers,
— r—— Aluminum (Al) WP like [4]-[13], are alsQ very hard.to acco.mmod'ate'thls situation
s o= 150 mm Density: 2700 kg/m’ because the WP considered here is a spatially distributed system

Elastic modulus: 70 GPa
Poisson ratio: 0.35

Cutting conditions
K,=750 kg/mm2
Controller Parameters
¢1=20; (5., 0=(1, 0.01);
(p1, 9)=(380, 750)

Case B: Cutting point at B
(ap, ) = (0.6mm, 300rpm)

Motor

(Q rpm) i
\

s> Inner edge

clamped to shaft

b =40 mm

Case A: Cutting point at A
(ap, ©) = (0.5mm, 600rpm)
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precomputed/stored as a look-up table; and the control parame-
ters (c1, p1, 9, So, and 7) can be tuned offline. The DFR recon-
structs the w field from online measurements, from which the
WP displacement w(t; 7, 6,) at the cutting point is fedback to
the ASMC as illustrated in Fig. 3, where the coefficients a(7)
and modal coordinates q(#) are equivalent.

D. Numerical Illustration and Verification

The effectiveness of the active control method for chatter sup-
pression is numerically illustrated using published parametric
values [19], [23] for the setup shown in Table I (left of top row).
The DFR [19], [23] is used to reconstruct the vibration displace-
ment at specified points of the plate.

As illustrated in Table I, three mode shapes ¢q, ¢1, and ¢o
are used in the DFR in this investigation. For visualization, the
displacements at points A and B (along # = 0° at the edge and
mid-radius, respectively) simulated using (4) subject to a cutting
force exerted at point A or B (referred to here as Case A and

and its parameters (mass, stiffness, and damping) vary greatly
with the changing of cutter location. The active damping method
with direct velocity feedback [9], [10] does not require a very
accurate model of the controlled objects; for comparison pur-
poses, it is employed here using the same input as the ASMC. As
seen in Fig. 4, the WP cannot be stable for both cases, no matter
how the active damping method tunes its control parameters.

The simulated displacements under the sliding-mode control
are numerically demonstrated in Figs. 5-7. Fig. 5 shows the
vibration displacement of the WP (as observed at A and B) con-
verges to a steady state (defined by a residual vibration tolerance
of 1 pum) within 1.35 s for Case A (left column) and 2.52 s for
Case B (right column), demonstrating that the chatter can be
effectively suppressed within tolerance under the sliding-mode
control. As shown in Fig. 5 where the sliding functions (third
row) and control forces (fourth row) are plotted, the sliding
states are driven onto and maintained in the neighborhood of
the sliding surface, and thus the sliding modes are stable.

To suppress chatter, five parameters [c1, (so, 7), and ( p1,
0)] of the ASMC are numerically tuned based on Remarks 3
and 5 to achieve a satisfactory convergence rate and control
performance for a range of rotational speeds €2 and width-of-cut
ay. The parameters (c; and 7) are selected to rapidly suppress
chatter as depicted in Fig. 6(a) where s is tuned to reduce the
undesired chattering of sliding-mode control; and (p;, d) are in
relation to the amplitude of chatter as shown in Fig. 6(b).

Fig. 7 shows the results, numerically illustrating the control
performance of the designed controller. Unlike the simulation in
Fig. 5 where the control action is exerted from the beginning, the
control action in the simulation summarized in Fig. 7 is exerted
from 0.35 s (representing a more rigorous working condition
since severe chatters have already lasted for 0.35 s). In this pa-
per, the cutting (with a width-of-cut a, = 0.9 mm) is assumed
to be exerted at point A while the WP rotates at {2 = 600 rpm.
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Using the same controller parametric values in Table I but
switching on at 0.35 s when chatter has already occurred, the
effective attenuation of the chatter confirms that the designed
controller will remain valid under different situations.

[ll. EXPERIMENTAL RESULTS AND DISCUSSION

The active control method for chatter suppression during turn-
ing of a thin plate has been experimentally evaluated using the
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Fig. 7. Time response of the controlled plate at point A; cutting point A.

setup shown in Fig. 8, where results obtained from a conven-
tional lathe turning without feedback control provide a basis for
comparison.

During experiments, the thin annular (Aluminum 6061) plate
was clamped at its inner edge on the shaft of a servomotor
(Yaskawa SGMJV-08 ADE 6S with power 750 W, nominal
torque 2.39 N m, and maximum torque 8.36 Nm). The free outer
edge of the plate was passively damped by a pair of repulsion
magnets to keep the vibration within the controllable range of
the PEA-actuated FTS, where the stroke of PEA was amplified
by the flexible-based mechanism (FBM). The PEA nonlinear
hysteresis was compensated by the modified Prandtl-Ishlinskii
model [27]. The inner and outer radii of the 2-mm-thick plate
are 40 mm and 150 mm respectively, between which the annular
region (69 mm < r < 99 mm) is used for turning experiments
[Fig. 8(b)].

Conducted on the testbed designed for duplex lathe turning
of a thin WP [23], a pair of symmetrical cutters was applied
on both sides of the WP to reduce deformation as well as to
increase the stability margin of the cutting process. For clarity
in illustrating the experimental verification with EC sensors on
one side of the WP, only one cutter is applied (on the other side
of the WP). During experiments, three mode shapes ¢, ¢1, and
¢- are used in the DFR. According to Section II-C, at least six
EC sensors should be used for the DFR. However, since modal
shape ¢ is symmetric and has one coefficient oy, six EC sen-
sors (with resolution of 0.1 ym) are mounted in fixed locations
to measure the WP vibration, as shown in Fig. 8(d); five of
these sensors are employed for the DFR [19] and the first sen-
sor provides a mean to evaluate the accuracy of the DFR. The
output voltages of these sensors are simultaneously acquired
by the analog-to-digital (A/D) converters with a sampling fre-
quency of 3.3 kHz. The hardware specifications are listed in
Table II.

Fig. 9 compares the WP displacement reconstructed from
the five EC sensors using the DFR during turning with that
measured directly by the first EC sensor. As shown in the zoom-
in plots, the DFR faithfully tracks the WP dynamics, and thus
the reconstructed displacement at the cutting point is employed
for subsequent feedback control. As mentioned before, the DFR
has high computing efficiency.
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TABLE Il
Spindle motor SPECIFICATIONS OF HARDWARE
Eddy-Current
Sensors Eddy-current Sensor (CWY-DO-20XLT08-M10)
Thin-wall plate Parameters Performance
Diameter (mm) 8 | Response (kHz) 10
Standoff (mm) 0.5 | Range (mm) 2
R Input (Vdc) -24 | Resolution (um) 0.1
Output (Vdc) —18to -2 | Linearity (£ %FS) 1
Temp. stability (%FSR/°C) 0.04
. ) PEA (PSt150/14/40VS20)
Piezoelectric Parameters Performance
actuator Diameter (mm) 20 | Stroke (um) 38
; Length (mm) 53 | Push/pull force (N) 4700/700
(@) K Input (V) —30to 150 | Resonance frequency (kHz) 20
i FTS amplification ratio 1to3 | Stiffness (N/um) 120
51 mm
Y 300
‘ﬂ) mm 200! — DFR

Eddy-Current
Damping
Eddy-Current
Sensors

Voltage
Amplifier

) 16-bit
((;:::;;;; dSPACE DAG
avie | (> Ds 1103
+DFR (DSP) 16-bit Voltage IEddy-current
(©) ¢ ADC Amplifier Sensor
Radius (mm) Angle (°)
r =94 0,=0
ry = 88 02 =29
r; =83 0y =-35
rs=120 04=-23
HEC sensors rs =124 65 =20
(d) O1"EC sensors re=134 0s=0

Fig. 8. Experimental setup. (a) and (b) Plane and side views.
(c) Data acquisition and controller. (d) Configuration of eddy-current (EC)
SEensors.

The ASMC with the DFR are programmed in
MATLAB/Simulink and downloaded via the ControlDesk in-
terface to the dSPACE-DS1103 controller board equipped with
16-bit analog- to-digital (A/D) converters and 16-bit digital-
to-analog (D/A) converters. The output signals of D/A con-
verter are amplified for driving the piezoelectric actuator
(PSt150/14/40VS20). The cutting conditions and ASMC para-
metric values are listed in Table III. Considering Remarks 3 and
5, the ASMC parameters are tuned by trial-and-error before the
turning experiments. To speed up the convergence rates of k
and 7) to the desired ones, large § and p; should be selected.
We can increase the values of parameters § and p; gradually
with a small step 0.05. However, too large ¢ and p; will make
the FTS unstable (oscillatory response along with unwanted
noise). Hence, the parameters J and p; are assigned by making
a tradeoff.

Four different cutting parameters are adopted in experiments:

Comparison 1: h, = 12.5 pm/r, a, = 40 pm, Q = 600 rpm.

Comparison 2: h, = 12.5 pm/r, a, = 50 pm, Q = 550 rpm.

Comparison 3: h, = 14.0 pm/r, a, = 35 pm, = 500 rpm.

Comparison 4: h, = 11.0 pm/r, a, = 40 pm, Q = 600 rpm.

Sensor

Displacement (jum)

-50

Displacement (pm)
o

119.7 Tos 1199 126" o6 196.2 196.4  196.6
Time (s) Time (s)
Fig. 9. Comparison between reconstructed and measured data.
TABLE Il

CUTTING CONDITIONS AND CONTROLLER PARAMETERS
Cutting Conditions Controller Parameters
Blade DCGT11T304 ¢ 2
Cutter holder SDJCR2020-K11 k) 0.3
Feed rate, A, (mm/r) 0.0125 T 0.015
Width of cut, a, (mm) 0.04/0.05 J 1.5
Spindle speed, Q (rpm) 600/550 )2 1.3

In all four Comparisons, the chatters were effectively
suppressed by the active ASMC-DFR control method. For
conciseness and readability while avoiding repetitions, only
the evaluation results for Comparisons 1 and 2, which are
organized into two groups, are presented here.

The first group investigates the effects of the active control
method on chatter suppression by comparing with convectional
cutter without control under Comparison 1 (Fig. 10) and Com-
parison 2 (Fig. 11) where the estimated & value is depicted in
Fig. 11(b). To protect the PEA, an upper limit was imposed
as an upper bound on k in all the active control experiments.
The WP vibration displacements at the cutting point are ana-
lyzed in Figs. 10(a) and 11(a) with surface finishes compared in
Figs. 10(c) and (d) and 11(c) and (d).

The second group compares the active control method
with the PID control (with the same reconstructed displace-
ment at the cutting point from the DFR as input), where
the PID parameters (i.e., k, = 0.6, k; = 3, kq = 0.001) were
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tuned by trial-and-error before the turning experiments. The
WP vibration displacements at the cutting point are com-
pared in Fig. 12(a) (Comparison 1) and Fig. 12(b) (Compar-
ison 2), along with the surface finishes under the PID for
completeness.

From the experimental results presented in Figs. 10-12, the
following observations can be made.

As compared in Figs. 10(a) and 11(a) under Comparisons 1
and 2, respectively, unlike the conventional cutter without con-
trol where chatter vibration grows incrementally in machining,
the active control method with DFR maintains the WP vibration
well within =70 pm. However, chatter cannot be completely
suppressed experimentally (different from the theoretical re-
sults in Section II-D); the reason is that controller parameters in
the experiment cannot be adjusted large enough due to the pres-
ence of noise and external disturbance. The FTS, including the
FBM and the PEA, causes phase lag of the control command.
The control command cannot be perfectly executed by FTS as
theoretical results in Section II-D due to the dynamics of FTS
and residual nonlinearity in PEA.

Time (s)

— PID

Displacement (pm)
o

Compaison 2

-300 50 100 150 200 230
(b Time (s)
Fig.12.  PID controlled vibration displacement at cutting point and plate

surface. (a) Comparison 1. (b) Comparison 2.

As shown in Figs. 10(a) and 11(a), the amplitudes of stable
vibrations are considerable. Chatters are effectively suppressed
with the proposed active control method; as a result, the WP vi-
brations are kept within the stable cutting region. The developed
method achieves smoother surface finish with finer vibration
marks than conventional cutter, as depicted in Figs. 10(c) and
(d) and 11(c) and (d).

Fig. 10(b) compares the spectrum analyses of displacement
measurements at the cutting point with/without active control.
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(a) Without upper limit on %. (b) With upper limit on k. (c) Vibration dis-
placement at cutting point. Left column: Case A. Right column: Case B.

Without control, chatter vibration results in several peaks at
multiple frequencies and their harmonics. It is worth noting
that multiple modes of the thin plate can be easily excited; the
first three natural frequencies of the plate are 115.6, 116.8, and
168.3 Hz. As observed from Fig. 10(b)—(d) and Fig. 11(c) and
(d), the dominant vibration frequencies are near to the natu-
ral frequencies of the plate where clearly visible chatter marks
can be found on its surfaces; hence, chatters are induced. Tradi-
tional methods developed for single-mode vibration are difficult
to achieve desired results as shown in this application. On the
other hand, the proposed active control method designed to sup-
press multiple-mode vibrations overcomes common problems
associated with traditional single-mode methods.

As proved in Section II, the unknown bound of disturbance
is estimated by the adaptive law k, which dynamically adapts
to the variation of the switching function. However, the esti-
mated k value [as depicted in Fig. 11(b)] increases gradually
according to (14b) because chatter cannot be completely sup-
pressed in practice, which is a common phenomenon in adaptive
control [28]. To avoid excessively large value of k that could
damage the PEA, an upper limit value was imposed on k in all
the active control experiments. In our paper, the upper limit k
value is selected empirically by conducting experiments with
the developed active control method. During experiments, the
estimated value of k is recorded without an upper limit value,
while the PEA output is monitored simultaneously. If the PEA
output is saturated, the experiment is stopped and the upper
limit value can be selected, which is the current record value
of k. The effects of imposing an upper k: limit on the dynamic
performance of the active control method can be illustrated nu-
merically in Fig. 13 using numerical simulations of Cases A
and B discussed in Section II-D. As shown in Fig. 13(a), the
final values of the estimated k values (without setting the upper
limit value) are 309 (Case A) and 323 (Case B). As shown in
Fig. 13(b), the estimated k values (with the upper limit value)
after reaching the upper limit are kept at this limit along the en-
tire evolution. Because of the upper limit that results in a “lower
equivalent estimated k value,” the controlled system is “fooled”

by the lower than expected k value. Thus, a reduced dynamic
performance is expected when the imposed limit is reached. As
numerically illustrated in Fig. 13(c), the displacements converge
but slower to the steady states, demonstrating that the chatter
can be suppressed under our developed method with a limit k
value. However, it exhibits a slow system convergence for chat-
ter suppression as compared with Fig. 5 in Section II-D. The
problem can be overcome by increasing the PEA output capac-
ity. A potential alternative is to employ the projection algorithm
with projection operator [29], [30] to redesign the adaptive laws
to ensure the boundedness of the estimated value of k.

As shown in Fig. 12(a) and (b), chatter cannot be suppressed
by the PID control (with the same reconstructed displacement
at the cutting point from the DFR as input); and clearly visible
chatter marks can be found in the plate surfaces. These find-
ings demonstrate the superiority of the proposed active control
method over the conventional method.

[\V. CONCLUSION

The design of an active control method, including an ASMC
and the DFR, was proposed in this paper. Dedicated to chatter
suppression of thin plates in turning, the dynamics of a rotating
thin plate was modeled using a distributed-parameter approach.
Different from existing active chatter controllers that rely on the
lumped-parameter single-DOF cutting model, the effectiveness
of the designed ASMC was theoretically analyzed and numeri-
cally illustrated with the distributed thin plate model. Parameter
selection of the ASMC was discussed. The DFR was employed
to capture the plate vibration during turning for displacement
feedback of the ASMC. The active control method was eval-
uated via experiments on a lathe machine testbed. The results
showed that the proposed method with the ASMC exhibits su-
perior performance than the PID control and the conventional
cutter without control. Particularly, the thin plate displacement
was successfully reconstructed, and the plate chatter can be ef-
fectively attenuated under different working conditions with the
proposed method. In contrast, the turning chatter could not be
suppressed with the PID control and the conventional cutter
without control.

APPENDIX
A. Elements of Dynamic Model

The elemental inertias m, damping ¢, and elasticity k in (3)
are defined in (A1-3) where p, u, E, and v are the density,
damping coefficient, elastic modulus, and Poisson ratio of the
material, and the moment of inertia is calculated by I, = ph’/12

ER?

v2)

272
B VY

m=ph—LV? c=pu, k= (A1-3)

In (A1), the Laplace operator V2 is in polar coordinates

0? 0 0?

2 —_— — —_—
V= or?2  ror + r2002°

(A2)
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For a constant spindle speed (2, the centrifugal force f; acting
on the thin plate can be derived as follows:

_ P oy (92 42 2% w
fi= 200 (v “’“w) TP
. 8710 . A*w n 20%w B 20w
Do\ vor T 2002 ) T\ oro0 ~ 1206

(A3)

where q = [ ¢, qps ¢-6])7 is generated by the stress function

[19].

B. Derivation of Dynamic Model in Modal Coordinates

Given the displacement field (4), the left side of (3) and the
centrifugal force can be written in terms of ¢;(r, 6)and g; (t)as

k k k

> i [ph = LV ¢+ Y didi +E Y a;V V6 (BI)

i=0 i=0 i=0
k

_ 20 b 2,
. . _— . 2 [ . . . 7]'
filt;r,6;9) = =k Y g <V + W) i +i§:0 e

i=0

k
o¢; ¢,
+ ZQiq% (r@r + r2892>
i=0

k
*¢; 0¢;
+ z;qiq,-e (mma - r289) (B2)
where
. ER? . ph 2
kl = m and kz = 7(7"9) .
Equation (3) becomes
> " Gi() [ph — LV ¢i(r,0)+ > pdi ()i (r, 0)
i=0 =0
k
+ Z qi(1)Oi(r,0) = [Fea(t) +u(t)] 6(r — Tpy 0 —0,)
i=0
(B3a)
where
_ _ 0 0?
- 22 2 I T
O=KVV +k (V +27“87"> qr,.ar2
Can (2 N, (2020
“o\vor T r2ogr) T U\ roroe  1200)
(B3b)

Multiplying ¢;(r, #) in both sides of (B3a), integrating over
r and 6, and using the orthogonality, (5a)—(5e) can be obtained.

REFERENCES

[1] M. Siddhpura and R. Paurobally, “A review of chatter vibration research
in turning,” Int. J. Mach. Tools Manuf., vol. 61, pp. 27-47, Oct. 2012.

[2] M. Stephens, A. Michael, C. Manzie, and C. Malcolm, “Model predictive
control for reference tracking on an industrial machine tool servo drive,”
IEEE Trans. Ind. Inf., vol. 9, no. 2, pp. 808-816, May 2013.

[3] Y. Wu, H. Zhang, T. Huang, H. Zhao, and H. Ding, “Adaptive chatter
mitigation control for machining processes with input saturations,” Int. J.
Robust Nonlinear Control, vol. 26, no. 14, pp. 3088-3100, Sep. 2015.

[4] M. Chen and C. R. Knospe, “Control approaches to the suppression of
machining chatter using active magnetic bearings,” IEEE Trans. Control
Syst. Technol., vol. 15, no. 2, pp. 220-232, Mar. 2007.

[S] N.J. M. van Dijk, N. van de Wouw, and E. J. J. Doppenberg, “Robust
active chatter control in the high-speed milling process,” IEEE Trans.
Control Syst. Technol., vol. 20, no. 4, pp. 901-917, Jul. 2012.

[6] E. Chen, M. Hanifzadegan, Y. Altintas, and X. Lu, “Active damping of

boring bar vibration with a magnetic actuator,” IEEE/ASME Trans. Mecha-

tron., vol. 20, no. 6, pp. 2783-2794, Feb. 2015.

A.Som, D. Kim, and H. Son, “Semiactive magnetorheological damper for

high aspect ratio boring process,” IEEE/ASME Trans. Mechatron., vol. 20,

no. 5, pp. 2575-2582, Feb. 2015.

X. Liu, C. Su, Z. Li, and Y. Fan, “FNN approximation-based active

dynamic surface control for suppressing chatter in micro-milling with

piezo-actuators,” IEEE Trans. Syst. Man Cybern., Syst., vol. 47, no. 8,

pp. 2100-2113, Aug. 2017.

A. Ganguli, A. Deraemaeker, and A. Preumont, “Regenerative chatter

reduction by active damping control,” J. Sound Vib., vol. 300, no. 3-5,

pp. 847-862, Mar. 2007.

[10] J. Munoa, I. Mancisidor, N. Loix, L. G. Uriarte, R. Barcena, and
M. Zatarain, “Chatter suppression in ram type travelling column milling
using a biaxial inertial actuator,” CIRP Ann. Manuf. Technol., vol. 62, no.
1, pp. 407-410, 2013.

[11] J. L. Dohner et al., “Mitigation of chatter instabilities in milling by ac-
tive structural control,” J. Sound Vib., vol. 269, no. 1-2, pp. 197211,
Jan. 2004.

[12] C. Mei, “Active regenerative chatter suppression during boring manufac-
turing process,” Robot. Comput. Integr. Manuf., vol. 21, no. 2, pp. 153-158,
Apr. 2005.

[13] J. Monnin, E. Kuster, and K. Wegener, “Optimal control for chatter mitiga-
tion in milling-part 1: Modeling and control design,” Control Eng. Pract.,
vol. 24, pp. 156-166, Mar. 2014.

[14] Z. Y. Chen, H. T. Zhang, X. M. Zhang, and H. Ding, “Adaptive active
chatter control in milling processes,” J. Dyn. Syst. Meas. Control Trans.
ASME, vol. 136, no. 2, Dec. 2014, Art. no. 021007.

[15] H.F. Ma,J. H. Wu, L. Yang, and Z. H. Xiong, “Active chatter suppression
with displacement-only measurement in turning process,” J. Sound Vib.,
vol. 401, pp. 255-267, Aug. 2017.

[16] Y. Zhang and N. D. Sims, “Milling workpiece chatter avoidance using
piezoelectric active damping: A feasibility study,” Smart Mater. Struct.,
vol. 14, no. 6, pp. N65-N70, Dec. 2005.

[17] H. Moradi, F. Bakhtiari-Nejad, and M. R. Movahhedy, “Tuneable vi-
bration absorber design to suppress vibrations: An application in boring
manufacturing process,” J. Sound Vib., vol. 318, no. 1-2, pp. 93-108,
Nov. 2008.

[18] J. Munoa et al., “Chatter suppression techniques in metal cutting,” CIRP
Ann. Manuf. Techn., vol. 65, no. 2, pp. 785-808, 2016.

[19] J. Guo, W. Liu, and K.-M. Lee, “Displacement field sensing and recon-
struction for vibration of a thin-wall plate,” in Proc. IEEE/ASME Int. Conf.
Adv. Intell. Mechatron. (AIM), 2015, pp. 1350-1355.

[20] A. Bartoszewicz, “A new reaching law for sliding mode control of contin-
uous time systems with constraints,” Trans. Inst. Meas. Control, vol. 37,
no. 4, pp. 515-521, Apr. 2015.

[21] G. Stepan, A. Kiss, B. Ghalamchi, J. Sopanen, and D. Bachrathy, “Chat-
ter avoidance in cutting highly flexible workpiece,” CIRP Ann. Manuf.
Technol., vol. 66, no. 1, pp. 377-380, 2017.

[22] C.Chen and Y. Tsao, “A stability analysis of turning a tailstock supported
flexible workpiece,” Int. J. Mach. Tools Manuf., vol. 46, no. 1, pp. 18-25,
Jan. 2006.

[23] Y. Man, J. Guo, and K.-M. Lee, “A modal expansion method for dis-
placement and strain field reconstruction of a thin-wall component during
machining,” IEEE/ASME Trans. Mechatron., vol. 23, no. 3, pp. 1028—
1037, Jun. 2018.

[24] Q. Hu, “Robust adaptive sliding mode attitude maneuvering and vibration
damping of three-axis-stabilized flexible spacecraft with actuator satura-
tion limits,” Nonlinear Dyn., vol. 55, no. 4, pp. 301-321, Mar. 2009.

[25] P. Li, X. Yu, and B. Xiao, “Adaptive quasi-optimal higher order sliding
mode control without gain overestimation,” IEEE Trans. Ind. Inf., vol. 9,
no. 2, pp. 1-9, Dec. 2017.

[7

—

[8

—

[9

—

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on May 01,2020 at 19:03:49 UTC from IEEE Xplore. Restrictions apply.



MA et al.: ACTIVE CONTROL METHOD FOR CHATTER SUPPRESSION IN THIN PLATE TURNING

1753

[26] Z. Zhu, Y. Xia, and M. Fu, “Adaptive sliding mode control for attitude
stabilization with actuator saturation,” IEEE Trans. Ind. Electron., vol. 58,
no. 10, pp. 4898-4907, Oct. 2011.

G. Gu and L. Zhu, “Motion control of piezoceramic actuators with creep,
hysteresis and vibration compensation,” Sens. Actuators A Phys., vol. 197,
no. 1, pp. 76-87, Aug. 2013.

K. J. Astrom and B. Wittenmark, Adaptive Control. Reading, MA:
Addison-Wesley, 1989.

J. Pomet and L. Praly, “Adaptive nonlinear regulation: Estimation from
the Lyapunov equation,” IEEE Trans. Autom. Control, vol. 37, no. 6,
pp. 729-740, Jun. 1992.

G. Goodwin and K. Sin, Adaptive Filtering, Prediction and Control.
Englewood Cliffs, NJ: Prentice-Hall, 1984.

[27]

[28]

[29]

[30]

Haifeng Ma received the B.E. and M.E. de-

grees in mechanical engineering from South-

west Jiaotong University, Chengdu, China, in

2010 and 2013, respectively, and the Ph.D. de-

gree in mechatronics from Shanghai Jiao Tong
University, Shanghai, China, in 2017.

He is currently working with the Key Labo-

ratory of High Efficiency and Clean Mechanical

' Manufacture, Ministry of Education, School of

"‘ h Mechanical Engineering, Shandong University,

Jinan, China. He is also a Hong Kong Scholar

Postdoctoral Fellow in The Hong Kong Polytechnic University, Kowloon,

Hong Kong, China. His research interests include sliding-mode control

and intelligent manufacturing.

Jiajie Guo (M’12) received the B.S. degree in
theoretical and applied mechanics from the De-
partment of Engineering Mechanics and Sci-
ence, Peking University, Beijing, China, in 2006,
and M.S. and Ph.D. degrees in mechanical en-
gineering from the Department of Mechanical
Engineering, Georgia Institute of Technology, At-
lanta, GA, USA, in 2009 and 2011, respectively.

He is currently an Associate Professor with
the State Key Laboratory of Digital Manufactur-
ing Equipment and Technology, the School of
Mechanical Science and Engineering, Huazhong University of Science
and Technology, Wuhan, China. His current research interests include
mechatronics, robotics, and system dynamics/control.

Jianhua Wu (M’13) received the B.E. degree
in engineering mechanics and the Ph.D. de-
gree in mechatronics from Shanghai Jiao Tong
University, Shanghai, China, in 2002 and 2007,
respectively.

He is currently an Associate Professor
with the State Key Laboratory of Mechanical
System and Vibration, School of Mechanical
Engineering, Shanghai Jiao Tong University,
Shanghai, China. His research interests include
high-speed and high-precision motion control,
high-performance motor driver design, and servo self-tuning technology,
which are applied to numerical control systems.

Zhenhua Xiong (M’11) received the B.E. and
M.E. degrees in aircraft design and vibration
engineering from the Department of Aircraft
Design, Nanjing University of Aeronautics and
Astronautics, Nanjing, China, in 1995 and 1998,
respectively, and the Ph.D. degree in mecha-
tronics from the Department of Electrical and
Electronics Engineering, Hong Kong University
of Science and Technology, Clear Water Bay,
Hong Kong, in 2002.

He is currently a Professor with the State
Key Laboratory of Mechanical System and Vibration, School of
Mechanical Engineering, Shanghai Jiao Tong University, Shanghai,
China. His research interests include servo motion control and
intelligent manufacturing.

Kok-Meng Lee (M'89-SM’02-F’05) received
the B.S. degree in mechanical engineering from
the State University of New York, Buffalo, NY,
USA, in 1980, and the M.S. and Ph.D. de-
grees in mechanical engineering from the Mas-
sachusetts Institute of Technology, Cambridge,
MA, USA, in 1982 and 1985, respectively.

He is currently a Professor with the George
W. Woodruff School of Mechanical Engineer-
ing, Georgia Institute of Technology, Atlanta, GA,
USA. He is also a Distinguished Professor with
the State Key Laboratory of Digital Manufacturing Equipment and Tech-
nology, Huazhong University of Science and Technology, Wuhan, China.
He holds eight patents in machine vision, three degrees-of-freedom
spherical motor/encoder, and live-bird handling system. His research
interests include system dynamics/control, robotics, automation, and
mechatronics.

Dr. Lee is a Fellow of the American Society of Mechanical Engineers
(ASME). He is the Founding Editor-in-Chief of Springer International
Journal of Intelligent Robotics and Applications. He received the Na-
tional Science Foundation Presidential Young Investigator, the Sigma Xi
Junior Faculty Research, the International Hall of Fame New Technol-
ogy, the Kayamori Best Paper Awards, the TMech Best Paper Award,
and the Michael J. Rabin Leadership Award. He was also honored as a
Pao Yu-Kong Chair Professor at Zhejiang University, Hangzhou, China.

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on May 01,2020 at 19:03:49 UTC from IEEE Xplore. Restrictions apply.



