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End effects in linear tubular motors and compermbsptssition
sensorless control based on pulsating voltagetiojec
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Abstract- The sensorless position control of permanent magnet
synchronous motors can be successfully implemented by
superimposing a high-frequency voltage signal on the control
voltage. In this paper the position estimation isobtained by means
of a high-frequency sinusoidal voltage signal injected along the
estimated d-axis. Several methods proposed in the literature
obtain the position estimation by tracking the zero condition of
the high-frequency g current component. We propose a new
approach that also exploits the d-axis high-frequency current
component, allows working with injected voltage signal of
reduced amplitude thus reducing noise and additional losses. The
main contribution of paper relies in the compensation of the
motor end-effects, due to the finite length of the tubular motor
armature. These effects must be taken into account in the motor
modeling because cause an error in the position estimation that is
variable with the motor position. The modeling of the
phenomenon and a proper compensation technique are proposed
in the paper. Last, a simplified |-type controller is used to
estimate motor position instead of the commonly adopted PI
controller plus integrator and this requires a low-effort design.
Experiments on a linear tubular permanent-magnet synchronous
motor prototype are presented to validate the theoretical analysis
and evidencethefeasibility of the proposed sensorlesstechnique.

l. INTRODUCTION

Linear permanent magnet synchronous motors (LPMSI\/%

are becoming increasingly widespread in automati
applications because they permit to eliminate meicah
transmission devices. Among the commonly used tsires for
LPMSMs the tubular one allows to better exploit th
permanent magnet flux reducing size and end eff&autsilarly
to synchronous rotating machines the LPMSMs neesitipo
information to synchronize the current vector phasgle to
the permanent magnets position. Since low and zeeed
operations are essential in most practical appdinat signal
injection-based schemes appear a necessary solfition
sensorless operation. As a matter of fact, at lo@ zero speed
the back EMF voltage magnitude is very small opzard this
makes all the techniques based on the back EMFcuassful
[1-2]. Recently, a large effort has been dedictbeidvestigate
techniques for position estimation of synchronowsars using
the injection of high-frequency signals [2-11] @ging PWM
excitation [12-13]. A high-frequency voltage signan be
superimposed on the motor control voltages to edérthe rod
position from the resulting high-frequency currentnponents
that are affected by the motor magnetic saliendys BRllows
realizing sensorless schemes that don’'t requireitiadal
hardware, are not sensitive to parameter variateorg have
been proven to be successful at low and zero spegeatdless
the loading condition. The high-frequency injecteditage
signal can be a rotating voltage vector in thei@mtaty frame

[2-6] or a pulsating voltage vector in the estindatetor frame
[5-10].

In this paper we consider the approach based on the
superimposition of a pulsating voltage vector (P\&fng the
estimated d-axis at a constant frequency. Thiscgupr has a
low sensitivity to the inverter non-idealities [@hd is almost
acoustically noiseless because the amount of hadguéncy
current injected into the g-axis is very small dahi$ reduces
the torque pulsations with respect to rotatingdtiggn methods
[7-8]. The position estimation can be based onathaysis of
the phase or amplitude of the negative and posgeguence
currents at injection frequency [5] or on the miiaation of
the g-axis high-frequency current by means of aitijpos
observer [8,10]. The latter approach requires a etow
computational effort because avoids multiple caooath
transformations but has a reduced sensitivity du¢hé low
value of the high-frequency g-axis current compoénen

In this paper we propose an improved position oksdhat
exploits the information contained in both d- anrdxis high-
frequency currents. Moreover, as major originaltdbation of
this paper with respect to [9], a novel compensatiethod is
roposed for taking into account the motor endetffethat

wz)uld lead the standard tracking methods to inktabiThe

Mite length of the motor armature makes the Higlquency

magnetic model of the motor variable with the gosit thus
introducing an estimation error that is also vdeawith the
Fhotor position. For this reason a compensated eefer frame

is introduced besides the estimated dq referereedr Finally,

a simple | type controller is used for the positiobserver
instead of the common Pl controller plus integratdhis
simplifies the tuning procedure for the positiortiraation
scheme. Experimental results obtained using a LPMSM
prototype are shown in this paper to demonstradehasibility

of the proposed position estimation scheme.

1. LINEAR TUBULAR PERMANENT MAGNET

SYNCHRONOUS MOTORS

Linear electrical machines allow to directly genterforce to
the payload and find application in several figldsging from
transportation to industrial automation and powenegation.
In this work we consider three-phase linear actsatd the
tubular topology. Due to the finite length of thechine two of
the three armature phases have one end coil awvthepposite
motor end, while the third phase does not. Thidigsghat the
mutual coupling between the three phases is nosahee, and
in particular it is lower for those two phases wathie end coil.
This effect can be observed in general in any lohdinear
machine and will be hereinafter referred as endetfbf the
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linear machine. To focus such effect Figure 1 repahe
results of a FEM (Finite Element Method) simulatioh a
simplified tubular motor armature having only thiasls, one
for each phase. There is no PM contribution in dimeplified
model. Two simulations were carried out supplyimlygphase
C and only phase A respectively. Figure 1 repdnts field
distribution in the two cases. From figure la ieigdent that
the mutual inductanceBlgc and Mc, are equal, while from
figure 1b results that the mutual inductaidgs has a lower
value with respect tMac. (=Mca.). Practical windings adopt a
number of coils multiple of three (for symmetry seas). The /
asymmetry of the mutual inductances decreases ttith
number of coils and also with slotted armature isutilways
present in linear machines.

. L a b

The linear tubular p_er_manent magnet mach_lne_ istitores Figure 1 — FIuE( d)istribution obtained when only ée?s (left figure)
by an armature containing the three-phase windamgsa rod or only phase A (right figure) is supplied.
containing the permanent magnets [19]. The rocbeaimternal
or external with respect to the armature and botfolbgies magnets coils
could be either moving rod or moving armature. @hmature J ‘ (
can be air-cored or iron-cored and in the latteseda could be < > < 0 <
slotted or slotless. Armature teeth increase ttezame force at
the expenses of an increased cogging force. Theldgy ‘ | K
considered in this work has an inner rod and a ngvi iron spacers iron cored Slgtless armature rod

armr?ltur_e, lro_n cored and_slotles_s. This is a tyrsoalthn for Figure 2 -Qualitative section of the IPM tubular linear motsed in
applications in tool machines (pick and place, Xéamnes). s work.

The magnets inside the rod could have axial or atadi d=a
magnetization [20]. In the first case the motorsprés saliency A
and is usually referred as internal permanent ma@R&1). In C ‘ -B ‘ +4 ‘ -C | +B ‘ -A ‘ +C
the latter case the motor is referred as surfagengeent

magnet (SPM). The first configuration is bettertadifor the J i J M / J
implementation of the sensorless control based ignak — 7 —
injection because this control technique explolis motor

T

saliencies for the estimation of the motor position + + + + >

A qualitative section of the IPM tubular motor usedthis -n2/3 -3 0 W3 n2/3 ()
work is presented in figure 2. The magnets are raggé by d o
iron pole pieces and the different permeabilityi@n and A A

permanent magnets produces the saliency of thernaitdhe «C |[-B [+~ |- +B | -A | +C
inductances (phase self-inductances and mutualciadces)

are functions of the motor position because the retg i% L/
coupling is higher when the field path includes tbd iron e U g
while it is lower when it does not. Figure 3 regoatportion of
the section of the IPM motor showing the relativesipon of ; : : : >
coils magnets and spacers. Thaxis coincides with the phase -m2/3 -m3 0 W3 n2/3 (b)
A axis and is used as reference for position measent. The a d
d-axis is defined as the direction of the equivaterth pole of A
the rod, that corresponds to the center of a spsigeen the d- ~C |-B |+~ |-c [+B |-~ [+C
axis is coincident with tha-axis the phase A self inductance is

minimum because magnets are aligned with phaseilé (see z M / 1

figure 3a). In figure 3b the rod position isTY6. In such N
position the mutual inductance between phase Aptiade B is . . .
minimum because magnets are aligned with the cefterB) j j ' >

and (-A) coils (as well as (-B) and (+A)). The sametual 23 -mW3 0 m3 mn23 (c)
inductance has its maximum value when the rod iposis Figure 3 - Sction of the IPM tubular linear motor showing the

/3 (see figure 3c) because the iron spacers takplttoe of relative position of rod and armature: 0 (8)176 (b) and 173 (c)
the magnets. electrical radians.




The motor self and mutual phase inductances attioje
frequency have been measured by means of a detlitege
bench. Each phase, in turn, was supplied with a016@

voltage with constant amplitude using a Chroma 8L7éwer
supply. The current of the supplied motor phase #rel
voltages of the two non supplied phases were medsat
different positions of the motor rod using oscilope probes
(see figure 4). The test was repeated three timresvialuating
the self and mutual inductances of all the motoasgls. The
measured inductances are reported in figure Saragién of
motor position and expressed in both the ABC aral dh

reference frame. The results show that the indeewrare
function of the motor position and their shape agreith the
considerations reported in the previous sectioe Waveforms
are not exactly sinusoidal due to the rod shapdrapdrticular
to the magnet length that is nearly twice the spaeegth.

With different lengths (e.g. magnet equal to spaceore

sinusoidal inductances would be achieved. Goingk bac
figure 5a, phase A self inductance is minimum whesition

is zero and the mutual terfivi | is minimum at-1y6 and

MEASURE OF THE MOTOR INDUCTANCES

maximum at7y3 (all the mutual inductances are negative due

to the adopted convention). Moreover the A-B mutigsn
Mag has a lower average value than the other two rhteétras
due to the end effect. The obtained results pertoit
approximate the mutual terms according to (1) wihdyés the
average value of thiglag term, AM,, is the difference between

the average mutual terms akld is the amplitude of the mutual
inductance oscillation:

M s :M0+M2co{ ;B—g )
Mg =M, +M,cos( B)+AM, 1)
MCA:MO+MZCOS( $+§T[]+AMO

The contribution of theAM, term to the motor flux is given by
(2) using phase coordinates:

0 0 AM,
M= 0 0 AM, i @)
AM, AM, 0

After some manipulations, equation 2 can be exprbss the
dq reference frame:

l+C0{ 23—2 j - sir( B——zn)
3 3

—sin(ZE)—z ) 1- co{ B——zn)
3 3

Equation 3 demonstrates that the end-effect teim,
produces a cross-coupling termglLand also a variable

A, = —%AMO iy (3)

contribution to the | and L, terms as also evidenced in figure

1b.

V. HIGH FREQUENCY MODEL OF THELPMSM

The high-frequency model of the motor can be derivethe
hypothesis that the injection frequency is mucthiighan the
motor speed, the back-EMF has no components attimfe
frequency, and the resistive drops are neglecté&d: [3

~ 1 Col

4
() 1,(0) “
Since a high-frequency voltage (flux) vector is etiimposed
to the motor control voltages, the inverse relatfop of (4)
has to be derived.
By using the complex notation [14] and introducitite

complex-conjugate quxx:,q =/As —J4,, equation (4) can be

@ A VNV
v, cos{wt) B VOV
D) WO L
N O,
VCN

Figure 4 — Scheme used to measure the high freguedactances

motor inductances [H]

motor inductances [H]

-50
motor position [elect. deg.]

0 50

(b)

Figure 5 — Measured motor inductances at 1000 Hzedrabc (a) and
dq (b) reference frame.



rewritten as (5) where positive and negative secgierestimated dq reference frame §yr radians as also defined in
components are evidenced: figure 6.

- ( L, (6) +L, (9)}“ _[ L (6)-L,(8) . Ly (9) Consideringxy™ =xge v, and 8™ = 6=+ gives:
dq dq

+] Ay (5) ' ,
20\ 2N A J igznp - ize_JwLuT :|R|/1§=lel(l//-wLUT) (10)

where A=L,(8)L,(6)-15(6). In the following the The argumentsyyr, evidenced in (10), is reported in figure

dependence of all the inductances from the motsitipn 8 7b for the same values d,, considered in figure 7a. In the
will be implied for simplicity. Equation (5) can bewritten compensated reference frame the sign of phase-aridlee
using the estimated dq reference frame, that lgsactual dg high-frequency current does not depend on motoitipos

frame byBq radians(xdq =xge®" 6% =6+ Har) as defined anymore.

in figure 6:

Ly +L Ly —L L .
izz[ d qj)‘?ql_( d q+jﬂj)"$ g i26er (6)

20 27 A

In the proposed sensorless scheme a pulsatingftagbency
voltage signal is injected along the estimated id;akus the
high-frequency voltage (flux) along the estimatedxis is
zero. Equation (6) can be rewritten under the apsom

Mg Shg =AC Figure 6 — Definition of the various reference femmeeded for
L+l L-L L sensorless control: motor dq axes, estimated a&s(T),
+ - COMp_ Comp
ijz :H d " —q _=d g COS( 296”)_ dg sir( Z,e")}_ compensated axed{™-q°™).
2N 2A A 10 r e PP PRSPPI
) : : : : :

L, -L L
+] (%sin(z@,)—f cog Z?ar)HAf‘ =RAS

whereR is a complex operator whose argum@ris expressed
in (8).

_ (Ld —Lq)sin( %)~ Ay CO% B )
W _arctav‘{(l_d n Lq)_(Ld _Lq)cos( B, )- 2, sif ye,r)](S)

The angley is the phase angle of the obtained high-frequency
current with respect to the injected flux vectdr.must be
noticed thaty is function both of the position estimation error :
and the motor electrical position by means oflthdq andLgq e 120 o 0 P 120 180
terms. Figure 7a reports the angleas function of the motor O [elect. deg.] (@)
position for different values of the estimationceré,.

For a given estimation errék,, the argumen{y varies with
respect to the motor position and in particular sign of ¢
changes at different rotor positions. As alreadyd,sgéhe
dependence ofis due to the end-effects of the tubular motor.
The red dashed curve in figure 7a demonstratesvifitatno
estimation error the high-frequency current id siilt aligned
with estimated d-axis. In other words, having zeworent
along the estimated g-axis does not mean that tbeorm
position is estimated correctly, as it usually heqpp with
rotating machines. A proper compensation methodhen
necessary. When the estimation error is zero thsgbetween
flux and current becomes

L M0 20 60 0 60 120 180
Y, ,; =arcta 1 9) 0 [elect. deg.] (b)

4 Figure 7 — Phase angle of the high-frequency ctuimethe estimated
The angley gt is the red dashed line plotted in figure 7a. It iga) and in the compensated (b) dq reference fréonesveral values
convenient to represent the high-frequency currenta of the position estimation error between -15 an8 electrical
compensated dq reference frame that is shifted ftom degrees.

Y [elect. deg.]

W=y, lelect. degl]




In particular, when the high-frequency g-axis cotren the

compensated frame is zero, also the position éraero and
vice versa.

With pulsating voltage injection along the estintai axis

(vi=V, sin(awt+ 73), the injected flux is the one defined in (11):

AS(t) :ﬁcos@,t) (11)
W

straightforward, and can be performed off line. Blwrer,
removing an integrator from the open loop tran&fection of
the position observer gives T2 increase of the phase thus
improving the stability margin.

In both the schemes presented in figure 8, theubutipthe
integrator is the estimated motor position thaused for the
current vector control and for the injection of timigh-
frequency voltage signal (see figure 11). The lapktable

whereV, and w are magnitude and pulsation of the injecteelUT contains the values of the angleyr (), that are added

voltage respectively. The product of the curremhponents in
the compensated reference frame can be easilyedetiging
(10) and (11) and applying Werner formula:

2 \ 2
|gorm|§0mp :%[l— Sln2 (C()It ):| S"( Zw _wLUT )) (12)

A low pass filter can be used to remove the compbaew

from (12):
RV’
4ot

LPF{icmie} =

sin(2(¢ - ¢ ))

As demonstrated in figure 7b, the angleyyr is zero only
when the estimation error is zero, thus (13) isethrer function
that will be used here for tracking the rotor positby means
of both a PI-type controller plus an integratorl[}j,and an I-
type controller. It is important to underline onoere that the
high frequency voltage is injected along the edf@tad-axis
while the current demodulation must be performedtha
compensated dq reference frame to take into acadbenénd-
effects of the tubular motor.

(13)

V. SENSORLESSCONTROL SCHEME

In most of the related literature the position restion
relies on the minimization of the low pass filten@ebduct of
the currents in the dq reference frame using diffeschemes.
Usually a PI regulator gives the estimated speed an
successive integrator gives the estimated motoitipog10,
15]. The modified approach here introduced estimdtee
position by minimizing the product given in (13)viied by

the RMS value ofi™ (see figure 8). The RMS value is

calculated using the last 16 samples, that correspo one
period of the 1 kHz injected voltage. Sintg >L4 in the

considered prototype ™™ reaches its largest amplitude when

the estimation error is zero and decreases whepdti@ation
error increases but always remains well above Zenading

by the RMS value of™™ permits to increase the gain of the

estimation loop when the estimation error increatiass
improving the observer performances during transiefihe
experimental results showing the effect of the psmul
division are reported in [9] and have been omifterevity.

An I-type controller can be used to estimate thetomo

position in place of the Pl controller followed ag integrator.
This does not compromise the zero steady state evralition
that is guaranteed by a single integrator in thiena@sion loop
[21]. In this way the scheme is simplified becaweit will be
shown later, the selection of the single integraingis

to the estimated position to obtain the compensatgqd
reference frame position. The compensated posisoonly
used inside the position observer shown in figure 8

The LUT values can be obtained using equation (6) b
means of the measured inductances (see figurerSbgan be
also derived directly during the experiments. Asnatter of
fact the compensating LUT has been also obtaingmbgition
sensorless control, changing the compensation amglethe
estimation error became negligible. The operatias vepeated
56 times in different motor position covering 36l@atrical
degrees. The two LUTs are reported in figure 9 agreée quite
well. They have a peak value of about 4 electrilgagrees and
do not depend on motor load.

VI.

All the experimental investigations presented iis {raper
were performed using a dSPACE 1103 microcontrditzard.
Figure 10 shows the experimental test bench. Thkertier
switching frequency and the sample frequency ofdbetrol
algorithm were set equal to 16 kHz and the invettzad time
was equal to 0.8s. The injected voltage amplitudé was
12V and its frequencyfi= 1000 Hz, the generated high-
frequency current was equal to about 0.5 A. The BRMated
parameters are as follows: rated current ZR&9 Q, polar
pitch 56 mm (corresponding tor2electrical radians), force
constant 20 N/A.

EXPERIMENTAL SETUP AND ALGORITHM COMMISSIONING

i
d

BPF

[

(@

iop Q

(b)
Figure 8. Signal flow graph of the improved positmbserver with Pl
regulator plus integrator (a) and a simplified i@nswith an I-type
regulator (b).



The motor inductances are the ones reported indigu

! ! ! ! ! : ! The DC bus voltage is 72 V. Figure 11 reports theclb
ot S\ G - S diagram of the vector control scheme. The statsistance of
B AN the considered prototype is negligible in the hfggquency

[P S N | (- [ . I impedance. MoreoveRs only affects the phase relation
= ; ; ; ; ; ; ; between voltages and currents in the time domaan ihnot
; l’";’" L Y utilized by the algorithm proposed for positionimsition.
/S L. W Sel . & As shown in figure 8, the band-pass filters arelemgnted
S R / AU | W AN R in the stationary reference frame because they cmmipe
= | | | | | | observer transient performances if executed aftee t
2T T TR coordinate transformation. In the stationary rafeseframe the
A N/ Fom o injected components are at injection frequency ph@smotor
af - o LUT -model [ B¢” 37 o 37 o if stator frequencyw, /2mt. The band-pass filters are second-
oL TECLUT - experiments ; ; order Butterworth filters centered fatwith 100 Hz bandwidth
150 -100 50 0 50 100 150 so to guarantee efficient signal processing inriaor low-
motor position [elect. deg ] speed range [16]. The first order LPF, that remabes 2y

Figure 9. Compensating LUT obtained using the nma#tieal component and noise from the product (13) has Zime
model (blue+circle) and directly measured undessgass control  ~ynstant that has been selected by trial and error
(red+square). '

The selection of PI or | controller gains in thespion
observer has been performed off-line, using a fireaoder to
close the control loops and comparing the estimaad
measured values. One of the contributions of thisep is the
introduction of a simplified position observer thegduces
instability problems and shortens the observernginWhen
the observer is running off-line it is simple tolest an
adequate value for the integral gain with a fevistd$ the gain
is too low the position estimate tracks the meabsree with
considerable delay, and evident estimate oscillatioccur
when the integral gain is too high. Figure 12 emims the
steps followed to tune the integral gain.

We did not experience observer instability with tkigpe
controller. On the contrary, a poor choice of tlang in the
scheme with the PI controller plus integrator caadl to
instability and a longer procedure is requiredeach the same
level of accuracy obtained with the simplified stiee To
obtain a fair comparison of the two observers shawfigure
8, the proportional gain of the PI controller wdmsen equal
to the gain of the integral one in the tests shawthe next
section.

. v, sin(wt+) +\_¢ }_‘
i;=0 % v,

@™ %) Ce— — Vi
final (- Controller Axis v PWM
e Trajectory [ pip iy . . el ke A
(CElElETe; position o ot @ |Transforn] Ve |INVERTER
ontroller
B controller -
) _ o= A
] ) lq o
Ia"b |
Axis N v !
w 0 Transform [« Position | (4= | TLSM | =
observer
wﬂ

Figure 11. Block diagram of the drive.



VILI.

EXPERIMENTAL RESULTS

Figure 14 reports the position, position errors grairrent

responses measured during a test in which a 20rdtaot

The position reference used for the tests hereepted was external force was applied to the motor and the imam
a minimum time trajectory for a 28 mnt (adians) movement speed was set to 200 mm/s. During the loaded testight is
[17]. For the tests presented here the maximumlemt®n connected to the motor mover using a metal catideagoulley.
was set equal to 5ni/sFigure 13 reports the positionin this way a constant force equal to 20 N was iagpio the
references and the position estimation errors pbthiduring motor in the direction of the connected cable. Timiglies that
some no-load tests and using trajectories witherbfit peak the machine is working as a brake during the finsivement
speeds. The peak position error is below 12 etsdtdegrees and as a motor in the second movement shown inefitydia.
when the maximum speed is limited to 50 mm/s aigksato
24 degree and 36 degree when the maximum speedsédssorless and sensored control using the samegiara for
200 mm/s and 300 mm/s respectively. The speed reogkl
be extended by the adoption of a model based sclemmePerformances are comparable, even if the positiomtral

proposed in [18].
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Figure 12. | controller tuning procedure resultgasured and
estimated position obtained using the observepandoop and with
an integral gain equal to 600 (a), 23000 (b), aB@0DO0 (c).

Figure 14a compares the responses obtained under

the cascaded position speed and current contropsloo

bandwidth could be increased under sensored cohtrblis
limited to a few Hz in sensorless conditions.

The position performances are comparable but the
estimation error is higher in motoring phase (ab&3
electrical degrees peak error) as the figure 1l4twsh The
steady state position estimation error is alwaysovbel
electrical degree (15@m for the considered prototype) at
steady state. Figure 14b reports two curves oftiposerrors
obtained with the different position observers shaw figure
8. It is evident that the performances of both suk® are
comparable. Figure 14b demonstrates that the uaesifgle |
controller does not reduce estimation accuracy nguri

transients but simplifies the control scheme corsinigng.
20C— ‘ \
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Figure 13. Position reference trajectories (a) estianation error (b)
under sensorless position control at different pgmdeds (no-load).
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Figure 14. Comparison of the performances obtairsang the Pl +
integrator controller and the proposed single lmler: position
trajectory (a), estimation errors under 20N loagdg(b) and,
response (c).

VIII. CONCLUSIVE REMARKS

In this paper, an improved sensorless control @tyaorfor
LPMSMs based on high-frequency pulsating voltageciion
has been presented. The method is suitable forimexhvith
reduced saliency and utilizes a simple | contrai&her than a
Pl controller plus integrator in the position obssr The error
due to motor end-effects has been evidenced, nbdshe
compensated by means of a new reference frame extioqmt
high-frequency current demodulation. The positioh tioe

compensated reference frame is stored in a LUT ¢hatbe
obtained either by measuring the motor inductaocatirectly

by experiments. The algorithm exploits the inforiomt
contained in both the d-q axes current componefitss

guarantees a better signal-to-noise ratio to tipeasiprocessing
technique and permits to reduce the amplitude efinfected
voltage.

All considered, the estimation scheme is as simgde
possible for a motor with such little saliency apdsition-
dependent non-idealities. The design criteria givetine paper
make straightforward the commissioning procedurd avoid
the risk of instability. Moreover the estimatiorcaracy of the
proposed observer is almost not affected by thd marent
value.
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