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Abstract: The paper introduces new techniques to reduce the potential for pole-slipping induced by
control systems and presents a low-cost pole-slipping detection and recovery scheme for magnetic
drive-trains (MDTs). For the first time, the paper shows that a combination of electromagnetic and
load-torque excitations which individually are not greater than the maximum coupling torque can
initiate pole-slipping. For applications where acceleration feedback is unavailable, the motor-side
inertia is virtually increased with a tracking differentiator to provide feedback of acceleration. Subse-
quently, controller design and parameter optimization are discussed. Experimental measurements on
a custom test facility verify the presented principles that low-bandwidth controller designs with low
inertia ratios can accommodate a wider range of on-load startup torque and load-torque disturbances
without pole-slipping. To address overload issues, a pole-slipping detection method based on the
kurtosis of electromagnetic torque and a recovery strategy based on converting the state of pole-
slipping into that of on-load startup are presented. Experimental results demonstrate that detecting
slip anomalies without load-side information, and recovery from pole-slipping without auxiliary
mechanical devices are both feasible.

Keywords: magnetic drive-trains; dynamic analysis; speed control; pole-slipping detection; recovery

1. Introduction

Due to the physical isolation of motor- and load-side shafts when employing magnetic
couplings or magnetic gears, magnetic drive-trains (MDTs) can overcome the inherent
problems of traditional couplings/gearboxes, such as overload failures, jamming, me-
chanic fatigue, and regular maintenance requirements [1]. Since the first modern magnetic
gear solution was presented in 2001 [2], much published work has discussed various
topologies, computational models, and design aspects to improve torque densities and
gearing ratios for magnetic-torque transmission devices [3-5]. However, studies around
the high-performance control of MDTs, with pole-slipping amelioration, remain limited.

MDTs, which present with variable nonlinear stiffness, can be regarded as a variant of
two-mass systems. Montague [1] linearized the model of MDTs at the no-load condition to
derive a constant torsional stiffness; MDTs are then modelled as classic two-mass systems.
Recently reported work [6] shows that linearsing the MDT model at 75% of the maximum
coupling torque is more appropriate. Using the linearized model, Refs. [1,6] adopt basic
pseudo derivative feedback (PDF) and 2-degree-of-freedom PI as the control strategy,
respectively. By contrast, Refs. [7-9] employ observers to achieve a full-state feedback
control of MDTs. Among these studies, only [8] introduces a proportional gain to reduce
the probability of controller-induced slip; however, as in [1,7,9], specifications such as the
maximum starting load-torque or load-torque disturbance that designed controllers can
accommodate, have not been specified in [8].

Pole-slipping detection and recovery are crucial for the control design of MDTs. Mon-
tague [1,10] observed that pole-slipping imposes a modulation onto motor-side speed
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and that pole-slipping can then be observed through the speed oscillations of motor-side
components. However, [1,10] do not give a detection criterion due to the amplitude of
oscillations being affected by inertia ratios and design coupling torque. Ref. [11] calcu-
lates the relative mechanical displacement angle to identify pole-slipping, but it requires
sensors to be installed on both motor- and load-side shafts. If load-side information is
obtained through estimations, high-resolution sensors (to obtain motor-side information)
and high-performance computational units are required to be used.

Ref. [1] proposes a slip recovery strategy based on reconfiguring PDF controllers.
The pole-slipping recovery approach presented in [11] requires measuring or observing the
load-side position of MDTs. The pole-slipping recovery experimental results given by [1,11]
show that the speed of the load-side is almost zero during the overload pole-slipping. This
means the MDTs often require extra mechanic devices to isolate the shafts during overload
conditions and then re-couple them when recovery begins.

If speed oscillations can be suppressed, the possibility for pole-slipping can be reduced.
Methodologies [12-14] adopted to inherently reduce speed oscillations of two-inertia
systems indicate that effective oscillation suppression can be achieved by adjusting the
inertia ratio with additional acceleration or torsional torque feedback loops. In contrast,
speed oscillation attenuation with inertia ratio regulation has yet to be studied in the control
methods proposed for MDTs.

Moreover, previously reported work [1,6,11,15] has only considered pole-slipping in
response to overload or aggressive control effort induced by references or load-torque
disturbances. However, load-startup failures caused by the mismatch of load- and motor-
side inertias have yet to be discussed. The primary aim of this paper is therefore to provide
a mathematical analysis for pole-slipping and then use the developed principles to improve
the operational robustness of MDTs. The benefits presented in this paper include.

(1) Through a formal mathematical derivation, the paper firstly highlights that a MDT can
be led into a pole-slipping regime with electromagnetic and load-torque excitations
that are not individually greater than the maximum coupling torque. Moreover, the
analysis also shows that the robustness of MDTs to actuation induced pole-slipping
can be improved by decreasing the inertia ratio and reducing the bandwidth of
designed controllers.

(2) The kurtosis of electromagnetic torque is introduced to provide a pole-slipping de-
tection criterion that doesn’t rely on the information of load-side position/speed.
Moreover, a novel pole-slipping recovery is presented by transforming the pole-
slipping regime into that of an on-load startup problem. The pole-slipping remedial
strategy ensures MDTs recover from failures without the need for additional me-
chanical intervention/devices, as have been required in previous studies, to facilitate
recovery.

2. Dynamics of MDTs
2.1. Experimental Rig

A magnetically-coupled drive-train test facility has been setup as shown in Figure 1
to provide a practical focus to the investigation. The motor-side position sensor is a 12 bit
incremental encoder. The magnetic coupling has 5 pole pairs (p), and the maximum (pull-
out) coupling torque (T;) is 1.6 N-m. The test rig has the load- and motor-side friction
coefficients (B; and Bjs) of 0.003 N-m/(rad/s) and the load- and motor-side inertias (J;,
and Jps) are 0.001 kg-mz.

For the driving unit, the motor-side speed wy; and position 6 can be measured, but
the load-side speed w; and position 8], are assumed unavailable for control purposes. This
test facility emulates the most common application scenarios for MDTs, where w; and 0,
are ideally not measured. Control effort is electromagnetic torque (T,;;), and hence the
prime mover is operating in a torque control mode. The driven unit is used to emulate load
(Ty) variations.
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Figure 1. Experimental test rig (a) motor- and load-side actuation (b) magnetic coupling.

2.2. Dynamic Model

Defining T¢ as the torsional torque developed between the two magnetically-coupled
shafts, T¢ is then given by
Tc = Tg sin (pbp) ey

where 0p = 61 — 0 is the relative mechanical displacement angle.
If damping torque is not taken into consideration, MDTs are described by the following
set of equations [1].

Om = wim
1
wMm = ]_(Tem —Tc — BMWM)
. 2
BL = Wy
) 1
wr, = —(TC — TL — BL(UL).
Ju

Onm, wm, 01, wi, are considered as state variables, T, and T;, as inputs, and 8p as the
output. Linearizing (2) at an operating point, and letting Kj;, represent the resulting tor-
sional stiffness (Kj, = Tgp cos (pfp)), the transfer functions from T, and Ty to 6p are
then, respectively, given by

p(s) _Jis+ By
Tem(s) D(s) ’

0p(s)  Jms+ Bm
T.(s) ~ D(s) @

where D(s) = Jm/1s® + (JmBL + BumJ1)s* + (BLBum + (Jr + Jm)Kiin)s + (B + BL)Kiin-
The anti-resonance frequency (w;) and natural resonance frequency (w;) are then

given by
Kij; Kij;
Wy = ¢/ —in, wy = ﬂ(l +R) (5)
JL JL

where R = J; /J. Table 1 enumerates w,; and w;, which ranges from no-load to the 99%
of the pull-out torque.

®)

Table 1. w, and wj;, of the MDT rig subject to various percentages of pull-out torque conditions.

Percentage

(%)
wy (rad/s) 126.0 119.0 103.0 71.1 484
w, (rad/s) 89.4 83.2 72.7 59.1 336

0 50 75 90 99
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If By Byg and (Byg + Br)Kji, are negligible, then (3) and (4) simplify to

Op(s) _ 1/]m ©)
Tem(s)  s% 4 20wns + w3’
Op(s) _ 1/]L @
Ti(s) 824 2Cwns + w3

where { = 7%?&2%]%

2.3. On-Load Startup And Criteria For MDT5 To Maintain Normal Running

On-load startup is the most demanding operating condition that can result in actuation
induced pole-slipping, where the relative angle of both shafts is simultaneously developed
by the transients of electromagnetic torque demands and load-torque.

If T,y and Ty are considered as step inputs (Tew (s) = Ten /s, and Tp.(s) = T1/s), then
0p resulting from T, and T} can be, respectively, rewritten based on (6) and (7), and are

given by
Tem/]M
0 = ,
D(S)|Tem S(SZ+2€wnS+w%) (8)
TL/]L
0 = .
D(S)|TL 5(52 +2§wns+w%) (9)
Inverse Laplace transforming of (8) and (9) yields
Tom ( Cwy —Lewnt s )
Op(t = 1—(1+=—)e *“"sin(wyt) |, 10
D( )|Tem W%JM ( wd ) ( d ) ( )
17 Cwn .\ _ .
Op(t)|1, = 1— (14 22 )e Swnt t 11
p(t)[r, w%h( (1+ o, Je sin(wy )) (11)
where w; = \/1 — {?wy. Since { is small, w, ~ w,. Referring to (10) and (11), the maximum

increment of p results from when T¢;;, and T} occur simultaneously and approximates to

TemR+TL — oK
0 1+4+e 2 12
o 2L ( ) 12)

It can be seen from (12) that increasing [)s improves the on-load startup capability
provided that J; is fixed (R = Ji./Jm). Moreover, if T,y output exhibits first-order dynamics
compared to T} which is usually assumed to be a step input, 6p,, would take a much lower
value. This also means that low-bandwidth controllers can potentially accommodate a
higher on-load startup torque and load-torque disturbances than high-bandwidth designs.

A MDT will enter a pole-slip operating regime if (13) or (14) holds.

7T
9D > —, 13
ool > 72 (13

Tem > T + T, or Ty > T+ Tp (14)

where Ty, and Ty, represent motor- and load-side friction torque. Now, assuming 6po is
the relative angle of both shafts while MDTs are running under normal conditions, then
a criterion for a MDT to avoid pole-slipping is given by

s
0po + Opm < 2 (15)
The experimental study of [6] shows that selecting 75% of the pull-out torque as the

operating point can accommodate a wider range of load-torque disturbance. Here, we will
show how to use Equations (12), (13), and (15) to estimate the maximum on-load startup
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torque and the permitted load-torque disturbance that a MDT can accommodate through
two example scenarios.
Example 1: supposing the MDT rig is operating at 800 r/min under no-load conditions
(6pp = aresin(0.18)/p), 75% of the pull-out torque is selected as the operating point
(wp = 103.0rad/s), and the increment of T, can immediately follows T}, to find the
maximum load-torque disturbance that the MTD rig accommodate without pole-slipping.
According to (12) and (15), we have

75— 0o, (16)
5wt

T <

Substituting the values of 6pg, wy, and i into (16) yields T} = 0.43Ts. However, due
to the delay induced by current/speed control loops, the permitted load-torque disturbance
can conceivably be greater than 0.437.

Example 2: Assuming 75% of the pull-out torque is selected as the operating point,
and Ty, is equal to Tg, find the maximum on-load starting torque (T7,,) that the facility
can accommodate without pole-slipping.

According to (12) and (13), T, for the rig discussed in the paper is 0.66 T¢. If friction
torque is taking into consideration, then, T;,, = 0.48 T;.

3. Controller Design And Pole-Slipping Amelioration
3.1. Virtually Increasing [y Using Acceleration Feedback

From the analysis above, we know that increasing [ (effectively decreasing R, see
(12)) decreases the possibility of pole-slipping related to on-load startup. Figure 2 shows a
model of the MDT with motor-side acceleration feedback (K; is the feedback coefficient).
Clearly, with acceleration feedback, the equivalent motor-side inertia T is given by

Jm = Tum + Ka. (17)
Accordingly, the inertia ratio is adjusted to

R=JL (18)

Im

Letting T}, represent the actual torque developed by the drive, then
To = Tem — Kap. (19)

Equation (19) indicates the aggressive control effort T, can be modified by K,, and this
mechanism can be used to prevent 6p exceeding its constraint under on-load startup and
inertia mismatch.

The drive for a practical facility usually integrates period or frequency measurement
methods to calculate speed signals with feedback from encoders. However, most drives do
not provide acceleration information. Calculating acceleration from speed measurements
at a particular sampling frequency will inevitably amplify noise components.
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Figure 2. Block diagram of MDTs with acceleration feedback.

A tracking differentiator (TD) [16] can effectively suppress the amplification of deriva-
tive noise while quickly tracking the derivative of input signals without relying on model
information. Here, the TD is adopted to obtain an estimation of acceleration.

Supposing v; tracks the motor-side speed wpy, v7 is the derivative of v1, then the TD
is described by

U1 = 0y
20
Uy = fst(v1, vp, wp, 1, h) (20)
where r dictates tracking speed, and  is a parameter that determines the filtering effect
(h > Ts, Ts is the sampling period), and fst(vq, v, wpy, 1, h) is given by

_ —ra, la| <d
fst = {—rsign(a), la| >d @1

where d = rh, and a is given by

_ { v +y/h, ly| < do (22)

2 + 3 (ag — d)sign(y), |y| > do

with dy = dh,y =01 — wp + hvy, ag = +/d? —|—81"y|.

3.2. Controller Design and Parameter Optimization

The paper now describes the design of a generalized controller (fractional-order
controller) represented by

K:
Fe(s) = Kp+ 3 + Kus" (23)

where {Kj, K;, K;} represent the proportional, integral, and derivative gains and {A, i}
are the order of integrals and derivative items. Of note is that traditional integer PID
controllers can be regarded as fractional-order PID controllers (FOPID) with A = u = 1.
Hence, the following design process is also applicable for the design of integer-order
controllers. Figure 3 shows the principle of optimizing parameters for speed controller
using integral of time and absolute error as a performance metric. Specifically, the objective
function f(x, t) is considered:

Flat) = [ Hett)lar 1)
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where x = (K,,, K;, Ky, A, ;4) and e(t) is the error of the control loop at time .

f(xt)
O T

clock

e
I r TD ? GrM(s)
Wref _ |e ] w d WDy
Fds) »O—] G M(s) >

A4

Tem

Figure 3. Block diagram to optimize controller parameters.

The purpose of parameter optimization is to find an x subject to constraints to ensure
f(x,t) has a minimum value, described by

c(x) <0

I <x<u @)

mxinf(x, t) such that{

where c(x) represents general nonlinear inequality constraints; and [, and u; are the
lower- and upper-boundaries for x, respectively. Normally, ¢(x) can be constructed with a
combined specifications of gain crossover frequency, phase margin, gain margin, sensitivity
function, and complementary sensitivity function.

From the design perspective of two-mass systems, the gain cross-over frequency (wgc)
should be set much smaller than w, to obtain responses similar to that of a low-pass
filter, i.e. ideally with no overshoot. It can be seen from Table 1 that w, = 59.1rad/s
while the MDT rig is running at 90% of the pull-out load-torque. Moreover, the analysis
of Section 2.3 shows that a low-bandwidth design can accommodate a wider range of
load-torque disturbances. Here, wy is set to 5 rad/s.

The sensitivity function S(jw) represents the transfer function from the disturbance
(d) to wp and the speed reference (r) to e (S(]w) =1/ (1 + FC(S)G%‘:(S)), see Figure 3).
Equations (10) and (11) show that 8p under excitations takes the form of a step plus a
damped oscillation which is regarded as disturbances in this design. To obtain a small
control error, |S(jw)| is also required to be set small at low frequencies since references
usually take the form of relatively low-frequency inputs. Hence, the sensitivity specification
for controller design can therefore be given by

ws =5rad/s, |S(jw)| < —20dB, Vw < w;. (26)

Note: here, ws is assumed to be a value approximately equal to wg.

The complementary sensitivity function T(jw) relates speed measurement noise to
motor-side speed wys. Typically, the cut-off frequency of shaft speed filters is usually
designed to be 3~5w;, (w, = 126rad/s while the MDT rig is running at no-load condi-
tions, see Table 1) to meet dynamic processing requirements.The specifications for the
complementary sensitivity function are then given by

wi = 5wy, |T(jw)| < —20dB, Yw > w;. (27)

Previously reported work [17] shows that satisfactory performance can be obtained by
setting the gain margin GM > 6 dB and the phase margin 30° < PM < 60°. Here, PM and
GM are chosen to be

PM =45°, GM = 10dB. (28)
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The parameters for the TD are r = 500 and & = 0.004 (the sampling frequency for
running speed signals is set to 250 Hz). In this case, K; is set to be 0.1 (see Figure 2).
The optimization is carried out using the open-source software FOMCON [18], and the
optimized parameters for the design controller are K, = 3.97,K; = 3.17,K; = 3.8 x
107%,A = 1, and p = 0.12. The optimized controller can be further approximated to a
classical PI structure as (3.97s + 3.17) /s.

3.3. A Criterion For Pole-Slipping Detection

Here, an overload pole-slipping detection methodology is considered. MDTs will
enter a pole-slipping regime when the relative mechanical displacement angle between
the magnetically-coupled shafts exceeds the designed range. During pole-slipping, wm
will rise for a short period and then return to the reference speed since the speed controller
remains in operation. The control effort T, will therefore converge to be roughly equal to
the friction torque in steady state (Tem ~ Tpy,).

The abrupt change of T,;; can be measured by kurtosis, which is a dimensionless
indicator widely used for evaluating the characteristics of vibrations. The kurtosis of T, is
derived from [19]

N4
%2?:1 (x; — %)

Kyr = > (29)
2
(% i1 (xi — %) )
where x; represents the control effort T, at time i, and ¥ is the mean value of x;.
A pole-slipping detection criteria can then be described as when
Tem ~ Tfy, Kur > 5. (30)

3.4. A Strategy for Pole-Slipping Recovery

It can be seen from the paragraph below Equation (2) that the equivalent torsional
stiffness (Kj;;,) varies with the displacement angle (6p) between the magnetically-coupled
shafts. Once the load-side shaft synchronizes with the motor-side, the displacement angle
is constant, resulting in a stable coupling torque (T = K};,0p). Hence, the variance of wy
during synchronization is much smaller than the commensurate value when the motor- and
load-side speeds are different. The proposed pole-slipping recovery strategy considered
here is based on the assumption that Ty, can be greater than T, and Ty, can restore from
the state Ty, > T to Ty, < Tg. The proposed recovery strategy is summarised as follows:

¢ At the onset of pole-slipping, reverse the running direction of the motor-side shaft
and control the speed of it up to the maximum specification speed, then;

e Control the electromagnetic torque to be zero (T, = 0); |wpr| will consequently then
decrease;

e As|wy| decreases, the motor-side shaft will re-synchronize with the load-side shaft
(the variance of wy, is now used as a synchronization detection indicator). The PI plus
TD configuration can then be reconfigured to control the MDT to the reference speed.

4. Simulation And Experimental Results

To verify the theoretical analysis in Section 2.3, this Section will initially consider
three cases of on-load startup (first case: T} = 0.4T, second case: T, = 0.5T, third case:
Tr = 0.61¢) through simulation. For the discussed cases, the electromagnetic torque is
assumed to be saturated immediately (T,;; = Tg). Note that in this paper, T, and T, are
normalized at T for both simulation and experimental trials.

Figure 4a shows the simulation results for R = 1. It can be seen that slip between two
shafts of the MDT occurs while Ty, is 0.5T¢ or above. Although increasing Js results in
a slower transient response, Figure 4b shows that the on-load starting torque can be up
to 0.5T¢ by modifying Jas to 2]; . However, as shown in Figure 4c, by setting [y to 0.5];,
the two sides of the MDT are out of synchronization in all studied cases. It is clear that
decreasing the inertia ratio through increasing J)1 improves on-load startup capability. In
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practice, low-cost drives often cannot provide sufficient bandwidth for their current control
loops. Hence, the output electromagnetic torque and load-toque are assumed to exhibit
first-order dynamics. Under these circumstances, from Equation (12) and subsequent
discussion, the permitted on-load startup torque can be a higher value compared with the

simulation studies.

8000 Nrmzm — — ——— — — — — — —
J
6000- },/(\_ LT T T T T T I T I T :7-
g I'I/ casel
£ 4000} i “m
= ’ — — —w,,, Case2
T | .
',
Goooopf T - case3
wL,Casel
0 — — —w,cae2
————— wL,case3
-2000 -
0 5 10 15 20 25 30
Time(s)
(a)
8000} '
6000
<
€ 4000}
& 2000

-2000 y
0 5 10 15 20 25 30
Time(s)
(b)

8000 (\Z-romrimromTnmorToeT I oIITI
_ 6000} . . ._. ]
s |\ I - - — — 7
g W, case 1
§4000- ___wM,casez b
v W) case 3

2000+ w, ,case 1

— — =W, case 2
oH == w, , case 3 |
0 5 10 15 20 25 30
Time(s)
(c)

Figure 4. Simulation results of on-load startup: (a) R =1 (Jy; = 0.001 kg~m2); b) R=05(Jpm =
0.002 kg:m?); (c) R = 2 (Jp = 0.0005 kg-m?).
Figure 5 shows tshows the measured load rejection dynamics for the optimized con-

troller. As shown in Figure 5a, the speed of load-side coupling follows the motor-side
without speed oscillations even when the MDT rig is subject to 2 significant load distur-
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Speed (r/min)

bances. Figure 5b shows that by adjusting the inertia ratio with K; = 0.1 offers first-order
filter dynamics for the reactive control effort T, compared to the step load-torque dis-
turbance occurring at 13 s. This characteristic greatly improves the range of load-torque
disturbance and on-load startup torque that the MDT rig can accommodate while referring
to (10), (11), and (12). It can also be seen from Figure 5b that the peak control effort result-
ing from the speed reference is about 0.7T;. Assuming K, = 0 (remove the acceleration
feedback) and T, can immediately follow T} without overshoot, the maximum on-load
startup torque would be around 0.481; if friction torque is included (as shown in Figure 5b,
Ttm = Tp =~ 0.18T¢ at around 800 r/min).

The on-load startup torque is now set to 0.63T. Figure 6 shows that virtually increas-
ing [y through acceleration feedback overcomes the pole-slipping problem associated with
on-load startup and that a starting load-torque that is greater than 0.63T¢ can lead the MDT
to pole-slipping (Te; slightly exceeds T at around 1.8s; however, the effective coupling
torque is still a slightly lower than T due to the existence of motor-side friction). Of note
is that if load-side friction torque (T}) is considered, the maximum on-load starting torque
is 0.81T in this case.

It can also be seen from the experimental trials that the inertia ratio is set to 0.09
(Ks = 0.1) to prevent pole-slipping resulting from on-load startup and inertia mismatch.
By contrast, previously reported work [12,13,20] shows that effective oscillation suppression
is achieved by setting the resonance ratio (w; /w,) of two-mass systems to be V2 ~ /5
thus, R ranges between 1 and 4 (see (5)). Although MDTsare traditionally regarded as
two-mass systems, it can be seen from the simulations and experimental trials that the
recommended inertia ratio for MDTs should generally be set much lower than that of
classical two-inertia systems to prevent MDTs from entering pole-slipping initiated by the
combined effects of T, and Tj.

- 12
1000+ P\
rf r 1k r-_nu-.n-..-u-.u-nunn_l
500f 1 =)
£ 08
W gg
0 w, = 0.6f i
H
o} Tcm
2 04} To . .
-500f §
N )
0.2t
ool
0 10 20 30 40 0o 10 20 30 40
Time (s) Time (s)
(a) (b)

Figure 5. Experimental responses using the optimized controller with K, = 0.1 (speed reference w, ¢
is imposed at 15s; T} is set to 0%, 63%, and 0% of the pull-out torque at 1-13 s, 13-28 s, and 28-40s,
respectively): (a) shaft speed of on both sides of the magnetic coupling; (b) T, and T7.
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Figure 6. Experimental measurement while starting with 63% of the pull-out torque (wy, s and T, are
imposed at 1, simultaneously): (a) speed of both side shafts; (b) Ty, and Tr.
The efficacy of pole-slipping detection and recovery strategies are now investigated.
Figure 7b shows that the kurtosis of T, is lower than three, when the MDT is operating
in normal conditions. However, the kurtosis rises dramatically to 8.71 during the period
of 10.42s to 12.64s (pole-slipping occurs at 12.1s). It can also be seen from Figure 7a
that Tey ~ Ty, at around 12.5s. Hence, the proposed method can effectively detect the
transition to pole-slipping.
15
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Figure 7. Pole-slipping detection using kurtosis: (a) the output of Te;,, with respect to T ; (b) kurtosis
of T, (pole-slipping occurs at 12.1 s, and kurtosis is calculated individually with 200 samples of T,
output).

The experimental results shown in Figure 8 provide an example of the recovery
strategy. As shown in the figure, pole-slipping is induced at 12s. At the beginning of
pole-slipping, the load-side shaft reverses its direction due to Ty, being temporarily higher
than the maximum coupling torque and T,;;,. Following that, the load-side shaft loses
synchronization with the primary-side, running at around 1600 r/min during pole-slipping.
After detecting pole-slipping with the kurtosis methodology discussed above, the motor-
side drive reverses its running direction from 14 s and controls wp to 2000 r/min, a setting
higher than wy. It can be seen from Figure 8 that the motor-side speed varies around
2000r/min from at 16s and that the variance of wj; increases considerably when both
side speeds are different. From 255 to 30, Tey, is set to 0, |wy| then decreases. Following
that, the motor-side shaft synchronizes with the load-side shaft from roughly 27 s. Now,
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the coupling torque is relative constant; therefore, speed oscillations are reduced. This is a
situation that can be regarded as on-load startup. The reconfigured scheme can then be
used to recover the MDT rig from pole-slipping. It can be seen from the figure that the
MDT recovers after 30s. According to Table 2, the variance of wy; during the period of
19-21s (wp = 1600r/min, wys = 2000 r/min) is far higher than the variance calculated
from 9s-11s or 27s-29s (w;, = wypr). Hence, the variance of wy, is a suitable indicator
for synchronisation.

2000+
1000
E
£
% 0
@
-1000
-2000¢
0 10 20 30 40
Time(s)

Figure 8. Experimentally measured speed of both coupled shafts components before, during, and after
the overload condition.

Table 2. Variance of wy,.

Time (s) 9-11 11-13 19-21 25-27 27-29

o 2.01 x 107 0.88 0.02 0.71 4.70 x 107>

5. Conclusions

In this paper, pole-slipping anomalies induced by electromagnetic inputs and load-
torque disturbances are investigated. Experimental trials have been used to verify that a
low-bandwidth controller design incorporating a tracking differentiator to virtually increase
motor-side inertia significantly improves the on-load startup performance and load-torque
disturbance handling range for the MDT where acceleration feedback is unavailable. MDTs
are traditionally classified as two-inertia systems; however, the experimental trials show
that an appropriate inertia ratio for MDTs to maintain normal operation is much lower
than that of traditional dual-inertia control systems. Experimental measurements have
confirmed that the proposed amelioration methods can effectively detect pole-slipping
without using load-side position/speed measurements and can overcome the requirement
for including additional mechanic devices to facilitate recovery.
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Abbreviations
Wy Anti-resonance frequency (rad/s)
wy The frequency of damped sine signal (rad/s)
wy, Load-side angular velocity (rad/s)
wpm Motor-side angular velocity (rad/s)
wp Natural resonance frequency (rad/s)
or Load-side angle (rad)
Om Motor-side angle (rad)
QD 9M — BL (rad)
4 Damping coefficient (kg/s), and { = %
A Integer order
U Derivative order
Bp Load-side friction coefficient N-m/(rad/s)
Bum Motor-side friction coefficient N-m/(rad/s)
IL Load-side inertia (kg-mz)
Im Motor-side inertia (kg-mz)
Tm The equivalent value of motor-side inertia (kg-m?)
K, Feedback coefficient
Ky Derivative gain
K; Integral gain
Kp Proportional gain
Kiin Linearized torsional stiffness (N-m/rad)
p Pole-pairs
R Inertia ratio (J1./ Jp1)
Tc Coupling torque (N-m)
Tem Electromagnetic torque (N-m)
Ty Load-side friction torque (N-m)
Trm Motor-side friction torque (N-m)
1L Load torque (N-m)
Tg The maximum coupling torque (N-m)
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