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Abstract—In motor transition system, different components,
such as coupling, gears, and shaft are having different stiffness;
they may be high or low. The low stiffness component will cause
torsional vibration in the system, this phenomenon results in
defect of products. In this paper, how the affection the
parameters of a shaft caused to torsional vibration was discussed,
and an adaptive notch filter is utilized to suppress the torsional
oscillation, and then improve the bandwidth of the speed control
loop. The adaptive notch filter can auto-identify the vibration
frequency and auto-tune the parameters of the notch filter,
achieving the objective of auto-suppressing torsional oscillation.

Keywords—PMSM, adaptive IIR notch filter, tortional
vibration, suppress vibration, dual-inertia modle, auto-tuning
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L INTRODUCTION

Generally, the driving methods in motor-load system can
be separated into two types, one is the direct drive and another
is coupled drive. The benefit in the direct drive is the system
has a good dynamic characteristic, but when system re-designs
or installs new mechanic devices, the cost and manufacture
will be the main problem.

The advantage of the coupled drive way is its configuration
and structure of the whole system are more flexible, and the
prime cost is also lower, so the coupled drive is the common
way in industry.

Gears, belts, couplings, and even shafts can be seen as
linkage devices, driving the load part. The typical arrangement
of mechanical system is shown in Fig. 1. In order to drive the
load, the torque generated by motor transmits to shaft using
reducer, if the stiffness of the shaft is not enough and the gears

in reducer have backlash, the mechanical vibration will appear.

This phenomenon can affect the system dynamic response,
accuracy, and bandwidth, limiting the working efficiency.

For suppressing the torsional oscillation behavior and
improving the bandwidth of the whole system, several ways
and methods are suggested and raised. The simplest,
convenient and direct methods are reducing the control gain on
the speed loop, changing the speed command from step to
ramp function, or increasing the stiffness of coupling devices
[1]. The first and second methods affect the bandwidth of the

Load Coupling ]
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Figure 1. Typical arrangement of mechanical system.

speed loop, and then influence the transient response, the third
has to face some matters such as parts manufacture, re-design
and cost. So these methods are not the best choices.

The observer methods are the commonly used to improve
the transient response of the dual-inertia system; repress the
vibration behavior [2]-[6]. Although these methods can
achieve better quality, the system would be sensitive for these
state feedback values, and users have to understand the whole
system, such as features of the structure, parameters of
components, etc., for making a real-system-liked observer.
The other inconvenience is that parameters are tuned at off-
line state typically. Above disadvantages make observer
difficult to be used in application.

The fifth method utilizes a notch filter to suppress the
torsional vibration. This method has clarified its satisfactory
effect in [7] and [8], but parameters of the notch filter also
need to be modified manually. Various studies have been
investigated in order to automatically detect the vibration
frequency of a system and auto-tune the parameters of the
notch filter for suppressing the mechanical vibration using
adaptive notch filter, such as FFT method [9, 10], LMS/RLS
method [11], and adaptive IIR notch filter method [12]. The
main issue of these methods are the mass calculations at
particular operation period [9, 10], difficult to realize [11], and
only be applied in high frequency vibration (chattering
phenomenon) repression [12].

This paper proposes a control structure based on the
technique of adaptive IIR notch filter. Different from [12], the
proposed method identified the frequency in real-time
operation, and is applied to low frequency transient
suppression, since most of the resonance frequencies for
machinery are in the range of few tenths to few hundreds hertz.
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In section III, the results show the good performance of the
proposed control structure in the dual-inertia system with
adaptive IIR notch filter.

1L

The block diagram of the proposed control system is
shown in Fig. 2, where the transient vibration signal extractor
derives the oscillation signal from the speed error, its function
is similar to bandpass or highpass filter, and the output is sent
to parameters adaptive tuning block for detecting the
frequency of the error signal for modifying and estimating the
parameters related to the notch filter. Finally, controller
transmits these parameters into the notch filter to adjust the
notch frequency.

SYSTEM IDENTIFICATION

The structure of the speed controller in Fig. 2 is based on
the anti-windup, which is commonly used in feedback control
application. K, K;, and K, are proportional, integral and
integral correction gain of the speed PI controller. The current
control part consists of the PI controller and electric part in
motor, its bandwidth is designed to 2000 Hz.

The following three sections (A~C) detail describes of dual-
inertia system, geometric effect of a shaft and parameter
adaptive tuning part.

A. Dual-Inertia Model

In general application, loads are derived by shaft, and
assumed in no damping situation. The dual-inertia system or
said motor-load system can be simplified as Fig. 3(a) and its
block diagram is shown in Fig. 3(b), where Jn, Ji, Tn, Ti, Ks,
w, and @, are the rotor inertia, load inertia, motor generate
torque, disturbance torque, shaft stiffness, motor speed and
load speed respectively.

Relationship between motor torque and motor speed is:

1( 2+Jle]
@, m
T, L (J +JL) M
moog e g s
Ju-Jr

From (1), we can get the resonance frequency and anti-
resonance frequency shown in (2), (3).

Transient vibration
signal extractor

tuning part

Parameter adaptive

(S +J1)
Wyos = s 7 (rad/s) )
Jm "]L
1
Dpres = Ks e (md/s) (3)
JL

Consequently, resonance and anti-resonance of the dual-
inertia system are produced by motor and load side inertia and
stiffness of the shaft. Notice that the resonance frequency is
close to the anti-resonance frequency when load side inertia is
very large compared with the motor side inertia.

B.  Geometric Effect of a Shaft

When the load inertia and rotor inertia both are fixed, from
(2), the resonance frequency of the system will only be
influenced by the stiffness of the shaft. For a shaft in cylinder
shape, the stiffness is:

4

zr'G
K =—= N-m/rad 4
Y (N -m/rad) 4)
and for a hollow shaft:
x(rt-rt)G
K = 3 (N -m/rad) %)

where r,, v, G and L are outside radius of the shaft, inside
radius of the shaft, shear modulus and length of the shaft
respectively.

motor load
OV =000 )7
T, @, K, 75
()
T
- _{l} -H .m Jl _H
i J,5 I'T 5 } J.s I
(b)

Figure 3. Dual-inertia model in no damping situation. (a) Physical
configuration. (b) Block diagram of dual-inertia model.
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Figure 2. Proposed control system.
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Figure 4. Frequency response of different outside radius of the shaft.
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Figure 5. Frequency response of different length of the shaft.

For the same material, the shear modulus is identity, the
radius of shafts affects the spring constant majorly, next is the
length of the shaft, shown in (4) and (5) clearly.

Fig. 4 shows that different outside radius of the shaft
changed the resonance frequency, and different lengths of the
shaft altered the response shown in Fig. 5. Comparing these
two figures, the frequency response variances for the different
outside radius are greater than different lengths. It is an
important knowledge for designing a shaft; the thicker and
shorter the shaft is, the higher the resonance frequency is.

C. Parameter Adaptive Tuning Part [13], [14], [15]

This part is an adaptive IIR notch filter, which is combined
by four components: notch filter [Hx(z)], bandpass filter
[H3e(z)], partial sensitivity filter [Hr(z)], and sensitivity filter
[Hs(z)], as shown in Fig. 6. Here, the bandpass filter is the ALE
(adaptive line enhancement) structure, its function is enhancing
the signal at certain desired frequency. Sensitivity filter and
partial sensitivity filter are used to modify the parameters of the
notch filter.

Equation (5) and (6) are the transfer function of the H(z)
and Hy(z).

Hy(z)=

@:[2—a]1—2[(2—a—k2)/(2—a)]z*‘ +z72 5)
X(2) 2 ) 1-Q-a-k)z" +(1-a)z

gt netch filter H, (z)
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:.H‘H.!‘Hn in

X o i
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Figure 6. Parameter adaptive tuning part.
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H(2)

where a determined the stop band, and & determined the
notch frequency. a usually is a constant value to maintain a
fixed stop band, only & is adjusted to let the notch frequency
regulate to certain desired frequency.

Let a=1-? and k:1l1+r2—2rcosé’p , where r is the

pole radius in the z domain, 6, is the normalized frequency, is
defined as 0, =w,/f, , where , is the system vibration

frequency (rad/sec), f, is the sampling frequency (Hz), in this

paper, the sampling t;requency is 10 KHz. Then (5) can be
simplified as (7):

E@) _, r’-1  (+zhi-z) 7)

Hy(z)= =
N X(z2) 2 172rcost9pz’l+rzz’2

The adapting rules of the parameters k and p are shown in
(8) and (9)

k(n+1) = k() -~ ®
p(ﬂ) *+ Pmin
pn+1)=Ap(n)+(1 —/1)||S(")||2 ®

Where s(n) is the output of (6), pp, is used to prevent
the singularity. g is the positive quantity scaling factor or
called step size parameter which affecting the rate of
convergence and stability. 4 is a forgetting factor, its value
between zero and one.

III. SYSTEM SET-UP AND RESULTS

In order to verify the proposed controller for two-inertia
system, the rotating motion system is shown in Fig. 7. Fig. 8 is
the simple representation for Fig. 7. The system is constructed
by PMSM (Teco JSMA-MBI10), couplings, shaft, flywheels,
hysteresis brake and servo motor driver; corresponding
parameters are listed in Table 1.

Motor side inertia is formed by rotor and motor side
flywheel, used to increase motor side inertia. Load side inertia
is composed by hysteresis brake and load side flywheel; load
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side flywheel can change the load side inertia as the motor side.
Beside, hysteresis brake can be a disturbance generator.

The flexible shaft connects motor side and load side, the
shaft can be treated as torsional spring, making the structure to
have the characteristic of resonance vibration.

The following test cases are in the two different situations:
for K,=0.2 and K,=1. In this section, the parameters in tuning
part is £ =0.008, a=0.0975, B, =0.001, 1=0.95 and
k(0)=0.1; and from the Table I, we can calculate some

parameters such as shaft stiffness £ and resonance frequency
@, , these value can be substituted into dual-inertia system

shown in Fig. 2.

Figure 7. Experiment set up.

Hysteresis

PMEM
brake

conpling flywheel

Motor terminal

Load terminal

Figure 8. Simple representation of the set up.

4. K,=02

In this example, the motor speed response is shown in Fig.
9(a), which in the situation of no transient vibration signal
extractor and no parameter adaptive tuning part.

It is clearly that the speed response vibrated during the
raising period. In order to improve the transient response,
suppress this phenomenon with no affection on the bandwidth,
this paper uses transient vibration signal extractor and
parameter adaptive tuning part to do the vibration control.

The oscillation signal shown in Fig. 9(b) is extracted from
speed error signal by transient vibration signal extractor, and
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Figure 9. Kp gain = 0.2 (a) Speed response. (b) Oscillation signal.
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TABLE I. CHARACTERISTICS OF EACH ELEMENT

shaft Flywheel at Flywheel at load motor Hysteresis
motor side side brake
Inertia (kg-m"2) 19¢* 3.073¢7 6.145¢7 637¢* 145¢7
Outside radius (m) 1le2 lle? lle?
Length (m) ~0.4 0.0106 0.0206
Material aluminum alloy cast iron cast iron
Flywheel outside
Radius (m) 0.07 0.7
Flywheel inside
Radius (m) 0.011 0.011
Shaft stiffness
(N-m/rad) 1500
Resonance Frequency .
o, (rad/sec) About 763.8rad/sec(121.56 Hz or 0.07638 normalized frequency)
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then it can obtain the normalized frequency of this vibration
signal via the parameter adaptive tuning part, as shown in Fig.
10, where the initial value of normalized frequency is based on
the initial value of &k = 0.1; this tuning part starts receiving the
output of the signal extractor and calculating the algorithm at
0.01s.

The detected normalized frequency is about 0.0762 at 0.2s,
which very closed to the exact value 0.07638. After this 0.2s
time moment, parameters a and k are then sent into the notch
filter, performing the vibration control.

In speed response shown in Fig. 11(a), during 0 to 1s, the
vibration signals are sampled and the vibration frequency is

on
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Figure 10. Normalized frequency.
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Figure 11. (a) Speed response (b) Comparison of speed response before
and after parameters transmits.

3363

calculated only, tuning parameters did not transmit into notch
filter yet. At 1s, tuning part sending out parameters to notch
filter to modify it. Then the transient vibration phenomenon
can be repressed. The comparison of speed response before
and after transmitting parameters is shown in Fig. 11(b), which
is redrawn from Fig. 11(a).

In Fig. 11(b), the blue line (vibration line) is the speed
response before transmitting parameters into notch filter, the
response after transmitting is the red line. It shows that the
rising time in both lines are the same, and torsional vibration is
suppressed clearly.

B. K,=1

We consider now the case of large proportional gain. Fig.
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Figure 12. Kp gain = 1 (a) Speed response. (b) Oscillation signal.
(c) Normalized frequency.
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Figure 13. (a) Speed response (b) Comparison of speed response before
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12(a) is the load-motor’s speed response, the oscillation signal
shown in Fig. 12(b) and the Fig. 12(c) is the detected
normalized frequency. In this case, the detected normalized
frequency is about 0.0775, which also closed to the actual
frequency.

In speed response shown in Fig. 13(a), during the 0 to 0.2s,
the vibration signals are sampled calculated without
transmitting parameters into notch filter. At 0.2s, tuning part
sends out parameters to notch filter to modify it. Then the
transient vibration phenomenon can be repressed. The
comparison of speed response before and after transmitting
parameters is shown in Fig. 13(b), which is redrawn from Fig.
13(a).

IV. CONCLUSION

There are many papers discussed the efficiency in
vibration suppression of two-inertia system using adaptive
notch filter. Actually some advanced servo drivers system
already contained this function, but the resonance frequency
repressed is in the range of several hundreds Hz or above,
which is in the high frequency range, cannot using in the range
around one hundred Hz or below (transient vibration type).

The design concept proposed in this paper improved the

control structure [12] which focused on high frequency
repression (chattering reduction), and cannot be utilized in low
frequency transient suppression. Proposed composition can be
applied to low frequency repression using transient vibration
signal extractor.
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