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Abstract: In order to achieve the speed sensorless control of a bearingless induction motor (BL-IM), a
novel sliding mode observation (SMO) method of motor speed is researched. First of all, according
to the mathematical model of a BL-IM system, the observation model of stator current and that
of rotor flux-linkage are derived. In order to overcome the chattering problem of a sliding mode
observer, a continuous saturation function is adopted to replace the traditional sign function. Then,
the SMO model of motor speed is derived, and the stability of the proposed motor speed SMO
method is validated by the Lyapunov stability theory. At the end, the observed motor speed and rotor
flux-linkage are applied to a BL-IM inverse “dynamic decoupling control” (DDC) system. Simulation
results show that the real-time observation or dynamic tracking of motor speed and rotor flux-linkage
are achieved in a more timely manner and more accurately, and higher steady-state observation
accuracy is obtained; the proposed SMO method can be used in the BL-IM’s inverse DDC system to
realize reliable magnetic suspension operation control without a speed sensor.

Keywords: bearingless induction motor; sliding mode observation; dynamic decoupling based on
inverse system; motor speed observer; current and flux-linkage

1. Introduction

To meet the need for high-speed drive in the industrial field, the alternating current
(AC) motor supported by all kinds of magnetic bearings is widely researched and devel-
oped [1-5], but it still has some obvious disadvantages, such as a limited critical speed
and more magnetic suspension system power consumption, etc. [1,6-9]. The bearingless
motor (BLM) is a new AC motor [1,10-15] proposed based on the similar structure between
an ordinary AC motor stator and a magnetic bearing. Under normal circumstances, two
sets of windings are embedded in the BLM stator, including a set of torque windings
with pole-pair number p; and current frequency w1, and a set of suspension windings
with pole-pair number p; and current frequency w;. When the pole-pair numbers and
current frequencies of the two sets of stator windings meet the “p; =p; £ 1, wy = wy”
qualifications, the controllable magnetic suspension force and electromagnetic torque can
be produced simultaneously [1,7,16-20]. The controllable magnetic suspension force’s
generation principle is shown in Figure 1 [15,19], where the p; and p; equal to 2 and 1,
respectively. Compared with a magnetic bearing motor, the BLM has unique advantages,
such as a shorter shaft and a higher critical speed, etc., giving it bright application prospects
in the high-speed-drive field [1,10,11,21-25]. In all kinds of BLMs, because of the robust
structure and larger stiffness coefficient of magnetic suspension force, the bearingless
induction motor (BL-IM) has aroused wide attention [1,6-9,12,13,26-28].

As for a BL-IM, during the process of magnetic suspension operation, accurate motor
speed information is needed. The mechanical speed sensor will increase the system cost
and the axial length of a BL-IM. In addition, its performance is easily affected by the
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environment. Therefore, in the future application of a BL-IM, speed sensorless technology
is one of the bottlenecks. For an ordinary AC motor, speed sensorless technology has been
widely studied. The adopted methods include the direct calculation method [29], model
reference adaptive system (MRAS) method [30], extended Kalman filter (EKF) method [31],
adaptive full order observer [32], the high frequency signal injection (HFSI) method [33],
and the sliding mode observation (SMO) method [34]. Regarding the speed/position
sensorless technology of a BLM system, some studies have been carried out, most of which
refer to the research ideas of an ordinary AC motor.

B

increase of flux density

decrease of flux density

Figure 1. Suspension force generation schematic diagram.

The observation accuracy of the MRAS method is greatly affected by the accuracy of
the reference model [30], but it is easy to implement, so it has aroused more attention in the
BLM field [35,36]. In order to solve the problems of cumulative error and initial integral
value caused by pure integrators in the traditional MRAS speed observer, reference [35]
combined “improved generalized second-order integrator” with phase-locked loop to
replace pure integrator, which effectively improved the speed observation accuracy of
a BL-IM system. In a d-q synchronous coordinate system, reference [36] established an
adjustable model of reactive power containing estimated speed, and realized the MRAS
speed observation of a BL-IM. Since the EKF method has the advantages of strong anti-noise
interference ability [31], it has also attracted attention in the field of BLMs. In reference [37],
the terminal voltage and stator current of a BL-IM are taken as control variables and
measurable variables, respectively. The observation algorithm of motor speed is obtained
through the recursive formula of EKFE. In reference [38], a cascaded Kalman filter is proposed
for a BL-IM, the volatile motor parameters are used as a state vector in the system model;
after the obtained motor parameter values are feed-backed to the identification algorithm,
the speed identification is achieved, and the influence of motor parameter change is
effectively reduced. In reference [39], a speed estimation method based on an iterative-
center-difference Kalman filter (ICDKEF) is put forward. Based on the analysis of the BL-IM
mathematical model, the model error is reduced by using the Sterling interpolation formula
in the filter, and the filtering accuracy is improved by iteration. Finally, the filter is used
to estimate the speed online. The advantage of this method is that it can reduce the
influence of load disturbance on speed estimation. But the calculation of the EKF method
is complex and there are a lot of random parameters to be debugged, so it is not convenient
for engineering applications. The speed observation based on the HFSI method is less
affected by motor parameters, but it requires that the motor structure has certain salient-
pole characteristics, which is more suitable for permanent magnet motor and switched
reluctance motor, but less used in the induction motor. In reference [40], to avoid the skin
effect of the rotor bar caused by a high-frequency carrier signal, based on a low-frequency
signal injection method, and combined with the BL-IM fundamental wave model, a speed
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self-detection method is proposed. The speed observer based on the signal injection method
has strong robustness, but its signal extraction algorithm is complex. In reference [41], a
speed observation scheme based on an artificial-neural-network (ANN) inverse system is
proposed for a BL-IM by cascading the original torque subsystem and its neural network
inverse system; the speed was observed successfully. The speed identification method
based on artificial intelligence can obtain strong robustness to noise interference, but its
implementation algorithm is complex and its practical application is difficult. The SMO
method has low requirements for the motor’s mathematical model, and it can obtain good
dynamic observation characteristics in a wide speed range. Therefore, it has a bright
application prospect in the BLM speed observation field. Now, aiming at BLM, there
are some preliminary study results on the speed SMO method, but they mainly focus on
the permanent magnet type BLM. In reference [42], a rotor position detection algorithm
based on the SMO method was established for a multiphase permanent magnet BLM,
and a low-pass filter varying with speed was designed, which effectively suppressed the
disturbance of magnetic suspension control current on the motor speed. As for a BL-IM, a
sliding mode control method is put forward in reference [25], but the speed SMO method
has not been reported.

In this paper, a novel motor speed SMO method of a BL-IM is proposed. Firstly, the
observation model of stator current and that of rotor flux-linkage are derived, and then
the SMO model of moor speed is derived. The identified speed and rotor flux-linkage are
used in the BL-IM inverse “dynamic decoupling control” (DDC) system. The stability of
the proposed observation method is proved based on the stability theory of Lyapunov.
Simulation results show that the proposed SMO method for BL-IM has higher observation
accuracy and faster dynamic tracking speed for rotor flux-linkage and motor speed, which
can be used in the BL-IM speed sensorless inverse DDC system, and can realize its reliable
magnetic suspension operation control.

2. Mathematical Model of Sliding Mode Observer for a BL-IM
2.1. SMO Models of Stator Current and Rotor Flux-Linkage

Definition: o-f3 is a stationary two-phase coordinate system whose o-axis is located at
the axis of A-phase torque winding. Then, in «-f3 coordinate system, the torque system
dynamic model can be expressed as follows [25,28]:

/ — RSl L31+R71L3nl / Lml Lml Usla
Plsia = — oL Is1a T 0LalnTr Pr1a + 0Ll wrlprlﬁ + oLg
i — R51L31+R71L%r11 ; Ly Ly Us1p
Pistp = == G 2 BB T alaLy Wrine T gt g+ or 1)

Ly ; 1
PYPria = ﬁlsltx - TTI’-Prl/x - wr¢rlﬁ
_ Ly 1
Plprlﬁ = ﬁlslﬁ + WrPria — TTﬁPrl/S

where, 151, and ug; p are stator voltage components; is1, and isq p are stator current compo-
nents; 1, and ¥, are rotor flux-linkage components; o =1 — Lfnl /Ls1Li, Tr1 = Ly /Ry,
the Ls1, L1 and Ly,;q are the parameters of stator self-inductance, rotor self-inductance and
mutual inductance; w; is motor speed; R,1 is rotor resistance; and p is a differential operator.

From (1), the expressions of rotor flux-linkage and stator current can be simplified
as follows:
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P¥ria | _ . Y Wy Pria . Is1a
[ Pnrp } - ({ —wr 0 } [ Yrip } 5Lm[ is1p D ®
1

— _Lm — Ra — _1 —
Wherekl—ﬁ%,kz—aigl,k?’— ,5—T




Energies 2021, 14, 864 4 0f 18

Defining “S” matrix as follow:

6 Wy :| |: Pri« :| |: Is1 :|
S = — 4L . 4
|: —wy 6 Prp ml Is1p @)
From (2) and (3), it can be seen that the “coupling term S” in (4) is contained in the
equations of rotor flux-linkage and stator current. If the same sliding mode functions f «
and fp are used to replace the “coupling term S”, at the same time, the stator current

variable and the rotor flux-linkage variable are displaced by their observation variables,
then the observation model of stator current and that of rotor flux-linkage can be obtained

as follows: R R
Pisla _ le . iSltX Usia
{ Pisip } kl[ fp } kz[ Is1p } +k3[ Usip ] ©
P@rltx]:_sz_[ﬁx] 6
[ Pwrlﬁ fﬁ ©)

where iz, and iy p are the observation variables of stator current components; 1, and
P p are the observation variables of rotor flux-linkage components.

The observed value of rotor flux-linkage can be directly obtained from the sliding
mode function without speed information, so the implementation of an observation system
is relatively simple. But when the switch function is selected as the sliding mode func-
tion [17], the switch switching process and time delay would produce serious chattering
phenomenon. In order to get rid of the effect of chattering, and improve the motor speed
observation accuracy, a continuous smooth saturation function is used as the sliding mode
function, and its expression is as follows:

+1 e>(
sat(e)—{ ¢ —0<e<( 7)
-1 e<¢

where ( is the boundary constant, ¢ > 0.

If the value of { is too large, the response time of the observer will be long; if the value
is too small, the chattering will be still large. By adjusting the parameter ¢ according to the
observation results, an appropriate value of parameter { can be selected. Then, the selected
sliding mode functions is obtained as follows:

fo = —7sat(esa), fp= —ysat(esp) (8)
where 7 is the sliding mode gain coefficient, esy = is1q =ls1a — istas €sp = Isip = ls1a — isip-

2.2. SMO Model of Motor Speed

According to the rotor flux-linkage SMO model, the motor speed SMO model can be
derived. The details are as follows:

Firstly, according to the equivalent relationship between Equations (3) and (6), the
following relationship can be obtained:

{ ftx = _5Lm1fsltx + 5¢rltx + cz]rl,b\rl‘B

N R A 9
fﬁ = _5Lmllslﬁ - wﬂ/}rlﬁ + (Slprlﬁ ©

Then, by multiplying both sides of the equal sign in the upper formula of (9) with
lﬁrl B and multiplying both sides of the equal sign in the lower formula of (9) with lﬁrla, the
following relationship can be obtained:

Pripfa = —0LuisiaPrip + 6PriaPrip + c@rlﬁfw (10)
lprlafﬁ = _‘SLmlislﬁlPrla - (ﬁrll)fl,x + 5¢rﬁlprla
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Finally, correspondingly subtracting the two sides of the upper and lower formula
in (10), then by arrangement and simplification, the SMO model of motor speed can be
obtained as follows:

&, = OLm ({slalprlﬁ - Zésl/Slpr‘ltx) + Iﬁrﬁfa - lpmfﬁ (11)

lp%la + 115;%1 B

According to (11), Figure 2 gives the principle structure diagram of speed sliding
mode observer. From Figure 2, it is seen that according to the measured voltage and current,
and according to the SMO models in (5) and (6), the rotor flux-linkage and stator current
variables of torque system can be observed. Then through the SMO model of motor speed,
the observed or estimated value of motor speed can be calculated.

Slidingmode | /| Flux-linkage

function (8) | observation (6)
Stator current | A
Uy | observation (5) |
: v A
! _ Speed P Vi
| identification (11) |

o
Figure 2. Schematic diagram of speed sliding mode observer.

2.3. Stability Analysis of Sliding Mode Observer

Defining the Lyapunov function as follows:

1
V= EeZen >0 (12)
where e, = | esy esp ]T; the definitions of e;, and e, are the same as those in (8).
The first order differential expression of the Lyapunov function can be obtained
as follows: ‘
V=ele, (13)
According to Equations (2) and (5), the differential expression of e, can be obtained
as follows:
e Pgsltx _ foc :| l: 6 Wy :| |: Yr1a :| |: Is1a ]) l: 2slot :|
ey = ey = - =k — + OL . —ky| = 14
peén n |: plslﬁ :| 1 (|: fﬁ —w, 5 ¢r1ﬁ ml lsl,B 2 lslﬁ ( )

where p is a differential operator.
Then, after substituting (14) into (13), the following equation can be obtained :

_ K H foc 0 Wy Yr1a Isla H H ;sloc
PV =t daa g ]q fs } - { —w; b } [ Prip } ML"”[ istp D ke[ daa g ]{ isip } (1%

From the Lyapunov stability theorem, if the conditions of “V > 0” and “pV < 0”
are satisfied, the sliding mode observer is stable. Therefore, by introducing (15) into the
inequality condition of “pV < 0”, following formula can be obtained:

3 . ) . TZ 7.2
ky [Zsla (fa - (5#771“ - wﬂl]rlﬁ + 5Lmllsluc) + 518 (fﬁ + wWrPria — 51/];'1/5 + 5Lm1151,6)] < ky (lsla + lslﬁ) (16)
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After (16) is simplified, the following formula can be obtained:
= = k2 2 =2 = =
lslrxfa + lslﬁfﬁ < E (Zsla + lslﬁ) — Al — Blslﬁ (17)
where A = *54’rlzx - wﬂPﬂﬁ +6Ly1is1a; B = wrﬂbrlaf&gbrlﬁ + 5Lm1i51/3~
By substituting (8) into (17), the following inequality can be obtained:
')/(lslzxsat(lslzx) + 1slﬁsat(lslﬁ)) > Aisiq + Bisig — Fj (1sltx + lslﬁ) (18)
When ﬁsla‘ >, fslﬁ’ > (, then ;sltxsat(;sltx) = ﬁsla , ;slﬁsat(;slﬁ) = ﬁslﬁ ; When

lis1e] <1, |isip] < 1, then igqsat(is1) = Efm/g, igigsat(isp) = Efw/g. Then the expression
of “igiasat(is1a)+isipsat(is1p) > 0” is permanent. Thus, according to (18), the following

formula can be obtained:

isie A+ Z51/3B - % (lslzx + 151/5)
;slasat(gsla) "";slﬁsat(;slﬁ)

(19)

According to the above analysis, when the sliding mode coefficient -y satisfies formula
(19), the Lyapunov stability condition can be satisfied, and the proposed sliding mode
observer is stable. In other words, through the observed rotor flux-linkage and stator
current, the motor speed can be observed or identified based on the SMO method.

3. Speed Sensorless Inverse DDC System of a BL-IM

Definition: d-q is a two-phase synchronous coordinate system, which is oriented by
the rotor flux-linkage of the torque system. Then in o3 coordinate system, the components
of controllable magnetic suspension force are expressed as follow [25-28]:

{ Fy = KWL(idelPld + iqulqu) (20)
Fg = K (is2a19 — is29¥14)

where Kj;, is a controllable magnetic suspension force coefficient. Its expression is as follows:

T2

K = 4p0lrNTN, @1)

In (20) and (21), F« and Fg represent x- and (3-axis components of controllable mag-
netic suspension force; isp; and isp; represent d- and g-axis components of suspension
control current; §1; and 11, represent d- and g-axis rotor flux-linkage components of the
torque system; y( represents air-gap permeability, / and r represent stator core’s length and
internal diameter; Ly, represents suspension winding’s single-phase exciting inductance,
Nj and Nj represent the turns in series of torque and suspension windings.

According to the principle of dynamics, the motion equations of the bearingless rotor
along o-axis and (3-axis are obtained as follow:

mii = Fy + fo, mp = Fg + f (22)

In (22), o« and P represent the radial displacement components in o-3 coordinate
system; m represents rotor mass; f « and fp represent the «- and (-axis components of
unilateral magnetic pull, and their expressions are as follows:

fo=ksa, f5=kip (23)
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where ks represent the radial displacement stiffness coefficient, it can be expressed as
“ks = mrlB? / (211060)”; o represents BL-IM’s average air-gap length; and B represents the
amplitude of torque system air-gap flux-density.

According to the flux-linkage relationship of the torque system, the air-gap flux-
linkage components are expressed with rotor flux-linkage as follows:

Ly . Ly, .
Y1a = Lm1 (Y1 + Lysisia), Py = Lm1 Lrllslq (24)
r r

where 1,1 is the rotor flux-linkage amplitude of torque system; Ly,; is the mutual inductance
parameter of torque system; and L,q; is the leakage inductance parameter of the rotor.

As for a BL-IM system, defining the input variable U, state variable X and output
variable Y as follows:

U = [uy, up,u3, 1) = [, Us1q, is2d, is2q) (25)

T Lo . T
X = [x1,x2,X3,X4, X5, X6, X7, X8] = [, B, &, B, is14, is19, Pr1, Wr] (26)
Y = [y 2.y, 04l = [0 B, @] (27)

The input variable of BL-IM inverse system is selected as follows:
T . . . w T

v =[v1,v,v3,v4]" = [Y1, Y, Y3, Y4l (28)

Based on the implicit function theorem, the reversibility of a BL-IM system can be
confirmed. According to the suspension system model and dynamic model of torque
system in (20)—(24) and (1), and combining the selected state variables in (25)—(27) and
input variables of the BL-IM inverse system in (28), the BL-IM inverse system model is

obtained as follows [25,28]:

w1 = 3 laros 7w = 0(8 + ) — (v P
&l 04 + 71X + x5 + Gipx7xs)

Lrl
Llem[(X7+Lrilxs)2+(Lr11xe)2] X [Lrxe(mva + fp) + (x7 + Lyyxs) (mvy + fo)]

— rl —
e = Llem[(x7+Lr11X5)2+(Lr1IX6)2] % [Lrllxé (mV1 * fa) (X7 * Lrllxs>(mv2 + fﬁ)]

(29)

where v = Ry /(0Ls1) + Ry1/(0Ln), 0 = 1— L2, /LgLyy, € = 1/0Lgy, p = p2Lya/JLn,
n= L1/ L.

Figure 3 gives the schematic diagram of a BL-IM speed sensorless inverse DDC system.
In Figure 3, each variable with an asterisk represents the given signal of a corresponding
variable. For example, i*554 and i*;,, are given signals of «- and (3-axis suspension control
current components. Firstly, the BL-IM inverse system model is connected in series before
the original system, then the whole BL-IM system is decoupled into four (pseudo) linear-
integral-subsystems, including a speed subsystem, a rotor flux-linkage subsystem, a «-
displacement subsystem, and a (3-displacement subsystem. Then, in order to improve the
dynamic control effect of the BL-IM system, a closed-loop regulator is equipped for each
subsystem; here, the PID regulator is adopted. The observed rotor flux linkage and motor
speed, and the measured values of x- and (3-axis displacement components are used as
feedback signals, which are compared with the given values of the corresponding variables.
Then by closed-loop control of each subsystem, the independent control of the relevant
variable can be achieved, and the purpose of BL-IM speed sensorless vector control can be
finally achieved. The specific inverse system decoupling control principle can be found in
references [19,28], and will not be described in detail here.
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Figure 3. Schematic diagram of a bearingless induction motor (BL-IM) speed sensorless control system.

4. Simulation Analysis of BL-IM Speed Sensorless Control System

According to the control system structure in Figure 3, the proposed motor speed SMO
method of a BL-IM is verified and analyzed based on MATLAB/Simulink. Table 1 presents
the parameters of the prototype motor used for simulation.

Table 1. BL-IM’s Parameter.

Parameter Name Torque System Suspension System
Stator resistance (QQ) 1.6 2.7
Stator leakage-inductance (mH) 4.3 3.98
Rotor resistance () 1.423 2.344
Rotor leakage-inductance (mH) 4.3 3.98
Exciting inductance (mH) 85.9 230
Stator inner diameter (mm) 62
Stator core length (mm) 82
Average air-gap length (mm) 0.6
Auxiliary bearing clearance (mm) 0.2
Moment of inertia (kg~m2) 0.024

The simulation conditions are as follows: given speed 1500 r/min, given rotor
flux-linkage 0.95 wb, given displacements oc* = 3* = 0, initial values of displacements
ap= —0.12 mm, fp= —0.16 mm; and load torque T}, = 0.

According to the initial conditions, Figure 4 shows the observation response wave-
forms of motor speed and corresponding observation error during no-load start-up. To
better prove the observation effect of motor speed, the simulation response waveforms of a
rotor flux oriented BL-IM system that adopts the conventional speed MRAS identification
method are also given. From Figure 4, the following research results can be obtained:

(1) During the no-load start-up of a BL-IM, if the MRAS speed identification method is
used, the observed speed reaches its peak value at 0.07 s, its rising speed is lower than
the actual starting speed, the maximum dynamic tracking error is about 800 r/min;
while if the proposed motor speed SMO method is used, the observed motor speed
basically change synchronously with the actual motor speed, it reaches the peak value
at 0.05 s, and the maximum dynamic tracking error is about 6 r/min. Therefore,
compared with the MRAS speed identification method, the proposed motor speed
SMO method can track the actual motor speed in a more timely manner at the moment
of no-load starting, and obtain higher real-time observation performance and dynamic
tracking performance.
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(2) After the BL-IM system starts with no load and enters into steady state, if the MRAS
speed identification method is used, the steady-state observation error is about
1.5 r/min; while if the motor speed SMO method is used, the steady-state obser-
vation error is about 0.5 r/min. Therefore, compared with the MRAS Speed identifi-
cation method, the proposed motor speed SMO method can obviously improve the
steady-state observation accuracy.

1800 ! ! ‘ ! ! 1000 : : : ; ‘
: : —— Sliding mode observation ==--- MRAS identification
R T R— i 5 i s00f - I A AR i
" : : 3 : / 15 : — Poa : ‘
~4 s | s s ! s
1600 : 1504 : : H
1200HF------ s RECECREE ] 6001512 ,l' —5—————2—“"--.-—,.---.,.,_ _____ s
AW T —_ H il
5 i\ 1502 = s o
= H 1200 '; £ |: '
£ 900t i 1500 e ]2, 4009 e o
— i H piihatatetorrt = :
- 800 ! 1408k wmm mom s mim e e = s 4
U J R ECT . . ] 200 : : :
/ 2is 27 20 3 ; i
400/ |/ ‘ : : :
i :
300 /N Ac.:h_lal motor speed R 0 :
0 H —— Sliding mode observation '
0 {005 01 015 =--- MRAS identificaion ; ;
0 i i | | | =200 i i i i 1
0 0.5 1 15 2 25 3 0 0.3 1 1.5 2 25 3
t [s] t [s]
(a) (b)

Figure 4. Speed response waveform during no-load start-up: (a) Observed motor speed; (b) Observation error of

motor speed.

The speed MRAS identification method based on rotor flux-linkage has low identifica-
tion accuracy because of the pure integration link in the reference model. The observation
accuracy of motor speed is inevitably affected by the cumulative error and the initial
value of the pure integrator, especially at a lower speed. If the proposed motor speed
SMO method is used, the shortcomings of the MRAS speed observation method can be
effectively overcome and better observation performance can be obtained. In particular,
the chattering phenomenon of the sliding mode observer can be overcome by replacing the
traditional switching function with a smooth and continuous saturation function.

As for a BL-IM system adopting the proposed motor speed SMO method, so as to
verify the speed observation performance and DDC performance under load and without
speed sensor, the given signals of several controlled variables are changed at different
moments. At 1.0 s, the given motor speed w* is increased to 2500 r/min; at 2.5 s, a 8.4 n.m
load torque is added, and then unloaded at 2.8 s; the given displacement «* is changed
to —0.05 mm at 1.5 s, and then returned to 0.0 mm at 1.8 s; the given displacement 3* is
changed to 0.05 mm at 2.0 s, and then returned to 0.0 mm at 2.3 s. Figures 5-9 present the
observation response of motor speed, and those of rotor flux-linkage and stator current.
The response of radial displacement components are given in Figure 10.
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Figure 5. Speed response waveform with load: (a) Observed motor speed; (b) Observation error of motor speed.

Under the conditions of loading and speed regulation, the observation response
waveform and observation error waveform of motor speed are given in Figure 5. According
to Figure 5, and combining Figure 4, there are the following research results:

(1) Regardless of the process of starting or speed regulation, the speed SMO method
can obtain higher observation performance than the MRAS speed identification method,
and can track the actual motor speed more quickly.

(2) In the process of sudden loading and unloading, when the MRAS speed identi-
fication method is adopted, obvious speed fluctuation about 25 r/min occurs; when the
speed SMO method is adopted, because of its fast tracking performance and the better
DDC performance of a BL-IM inverse system, the motor speed is hardly affected by the
change of load.

(3) In view of the stronger real-time observation and dynamic tracking performance of
the proposed speed SMO method, the BL-IM system can obtain stronger load disturbance
resistance and higher steady-state speed control accuracy.

Under the conditions of loading and speed regulation, Figure 6 gives the observation
response waveforms of «- and f3-axis rotor flux-linkage components, Figure 7 gives the
error response between the given- and observed-value of rotor flux-linkage.

According to Figures 6 and 7, the following research results can be obtained:

(1) At the sudden change moment of motor speed, a transient rotor flux-linkage observa-
tion error of about 0.3 Wb appears. At the moment of load sudden change, the rotor
flux-linkage fluctuation with an amplitude of 0.04 Wb appears. However, under the
action of the BL-IM inverse DDC system, the transient observation error is quickly
suppressed and reduced to near zero.

(2) In steady state, the observation error of rotor flux-linkage is always kept within
0.02 Wb (i.e., within the steady-state error range of about +2.1%). The high obser-
vation accuracy of rotor flux-linkage ensures the stable suspension operation of a
BL-IM system.

In the - coordinate system, Figure 8 gives the observation response waveform
and observation error waveform of a-axis stator current component; Figure 9 gives the
observation response and observation error waveform of 3-axis current component.
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Figure 6. Response of rotor flux linkage: (a) x-axis rotor flux-linkage; (b) 3-axis rotor flux-linkage.
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From Figures 8 and 9, the following research results can be obtained:

Regardless of the process of motor starting or that of speed regulation, the stator
current error is always within 0.03 A.

The high-precision observation of stator current and rotor flux-linkage provides a
guarantee for the high-precision sliding mode observation of motor speed, and also
shows the reliability of the proposed SMO method.

The response waveforms of «- and (3-axis displacements are given in Figure 10a,b;

except for the artificial change process of radial displacement, the «- and (-axis displace-
ments are always kept near zero value, and the magnetic suspension operation control of

the

)

)

®)

bearingless rotor with high accuracy is obtained.
From Figures 5-10, the following results can be obtained:

Under the speed sensorless conditions, when the motor speed suddenly changes, the
stator current of the torque system can respond immediately to produce the required
electromagnetic torque; the rotor flux-linkage subsystem only produces about 0.3 wb
fluctuation, which is suppressed instantaneously; the displacement components are
basically not affected.

Under the speed sensorless conditions, when any one of the two radial displacement
components changes suddenly, the stator current, rotor flux-linkage, and motor speed
of the torque system are basically not affected. At the same time, there is no coupling
phenomena between the two displacement components.

After the speed sensor is displaced by the speed sliding mode observer and the
observed motor speed, rotor flux-linkage is used in the BL-IM’s inverse DDC system.
The BL-IM system not only achieves stable magnetic suspension operation, but also
achieves almost the same DDC performance as when the speed sensor is used [25,28].
That is to say, the speed sensorless vector control can be achieved when the proposed
speed SMO method is applied to a BL-IM system.
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5. Conclusions

The BL-IM is taken as a research object, and an SMO method of motor speed and
rotor flux-linkage is researched. First, according to the characteristics of the BL-IM system
model, the observation models of stator current and rotor flux-linkage are derived. The
sign function in the observation model is displaced by a continuous saturation function, so
as to eliminate or suppress the chattering problem of the sliding mode observer. Then, the
SMO model of motor speed is derived, and the stability of the proposed SMO method is
confirmed by Lyapunov theory. Finally, the observed motor speed and rotor flux-linkage
are applied to the inverse DDC system of a BL-IM. According to the simulation results, the
research conclusions are obtained as follows:

(1) Compared with the MRAS speed identification method, whether in the process of
no-load starting, or in that of load mutation and speed regulation, the proposed SMO
method can realize the real-time observation or dynamic tracking of motor speed in a
more timely manner and more accurately, and can effectively reduce the observation
error of steady-state motor speed and improve the steady-state observation accuracy
of motor speed.

(2) On the basis of the inverse DDC system of a BL-IM and the proposed motor speed
SMO method, when the observed motor speed and rotor flux-linkage are used as
the feedback signals of corresponding closed loops, the stable magnetic suspension
operation can be realized, and the good DDC performance between motor speed,
rotor flux-linkage, and two radial displacement components can be achieved.

(3) The proposed sliding mode observer is effective and feasible, and can be used to
replace the speed sensor in a BL-IM system to achieve the stable speed sensorless
magnetic suspension operation with high performance.

As for the speed SMO method of a BL-IM proposed in this paper, the speed informa-
tion is not needed in the observation of rotor flux-linkage, which can effectively avoid the
observation coupling problem between rotor flux-linkage and motor speed. Therefore, in
the real-time implementation process, it can effectively reduce the calculation workload
and improve the convergence speed of the motor speed observer. Because the algorithm
of the proposed speed SMO method is not so complex, it will not affect the real-time
performance in system implementation. Therefore, this technology is more suitable for
the speed sensorless control system of a BL-IM, which can be applied to large-capacity
electromechanical energy storage, centrifugal equipment, high-speed motorized spindle
drives, and military and aerospace industries. However, in the change process of motor
speed, there is still instantaneous fluctuation of rotor flux-linkage, which needs further
improvement. In addition, in order to improve the DDC performance, the speed sensorless
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control system of a BL-IM is constructed on the basis of inverse system decoupling. Com-
pared with the speed observation algorithm, the inverse system decoupling algorithm is
relatively complex; therefore, in order to ensure the BL-IM system’s real-time properties,
the adopted microprocessor should have relatively high performance as far as possible.
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