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Abstract -- The sensorless position control of permanent superimposed on the motor reference voltages (oemwis) to

magnet motors is successfully implemented superimpmg a
high-frequency voltage signal on the voltage refenee or adding
a high-frequency current signal to the current refeence. The
former approach is usually preferred because of itsimplicity

although the latter one may allow better performane. This
paper presents a new algorithm for sensorless comtr of low-

saliency permanent magnet synchronous motors basegh high-
frequency sinusoidal current signal injection into the d-axis.
Differently from the related literature, the position information

is derived by analyzing the measured high-frequencgurrents.

The amplitude of the d-axis voltage reference is st exploited to
improve performance. A proportional integral controller plus

resonant term is adopted to ensure accurate trackinof both the
dc and high-frequency components of the d-axis cuent
reference. The main advantages of the proposed apgch are
the increased accuracy and sensitivity with respecto the
approach based on voltage injection, the insensitmess to
inverter non-linearities that are compensated by tk current
regulation loop, the actual control on the injecteccurrent value,
and practical absence of acoustic noise. Experimenbn a linear
tubular permanent magnet synchronous motor prototyg have
been carried out to verify the above mentioned advdages. The
paper also presents a discussion of the parametersf
proportional integral controller plus resonant term.

Index Terms — End effects, high frequency signal injection,
linear tubular permanent magnet motors, sensorlesgosition
control.

l. INTRODUCTION

Linear permanent magnet motors are

increasingly widespread in automation applicatibesause

they permit to eliminate mechanical transmissiowiabes.
Among the commonly used structures for linear peena
magnet synchronous motors the tubular one allowsetter

becomin

estimate the rod position from the high-frequency
components of the phase currents that are affdayethe
magnetic spatial motor saliency. This allows réadjz
sensorless schemes that don’t require additionedwzaae,
have low sensitivity to parameter variations angehbeen
proven to be successful at low and zero speed.npeadson
among the different approaches that can be useeatze a
sensorless scheme via high-frequency signal injeatan be
found in [7-9].

In this paper we consider the approach based on
superimposition of a pulsating current vector (P@\gng the
estimated d-axis at a constant frequency. Difféyefrmm [5-
6] the proposed approach is based on the analysiheo
measured d- and g-axis currents and the d-axisag®lt
reference at injection frequency. This approachldss
sensitive to the inverter non-idealities because dkaxis
control loop ensures a sinusoidal injected currand is
almost acoustically noiseless also because the ramoiu
electromagnetic torque generated by the injectegh-hi
frequency current signal is negligible. The progbapproach
is based on a proper current controller that iscpgrtional
integral controller plus resonant term (PI-RES)e Tining of
the PI-RES parameters is also discussed in the pape

Moreover, the LTPMSM’s windings present a non-
repetitive mutual coupling among the three phasestd the
end effects [10-11]. This phase unbalance haagimpact
the high-frequency motor model and makes thétipns
tracking unstable without the adoption of a proper
compensation method via look up table. Experimemgsiilts
obtained using a LTPMSM prototype are shown in paiper
to prove the feasibility of the proposed approach.

the

exploit the permanent magnet flux reducing size and

effects. Similarly to rotating machines, the tulbydarmanent IIl. - LINEAR MOTORMODELING

magnet synchronous motor (LTPMSM) need position The high frequency model of the LTPMSM can be dativ
information to synchronize the current vector toe thin the hypothesis that the injection pulsatiem is much

permanent magnets position. Since low and zero dspegigher than the motor speeg >>w , and the back-EMF
operations are generally essential in practicaliegon of S .
. . LT voltage has no components at injection frequengy ¢8il
such devices, signal injection-based schemes appear . .
. . resistance and iron losses can be neglected because
necessary solution for sensorless operation. Asaiemof . . o . -
) impedance practically coincides with reactancengction
fact, at low and zero speed the back EMF voltaggninade . . ;
. . . frequency in the considered motor [4]. Moreovelistasice
is very small or zero. This makes all the technigbased on g
only modifies the phase angle between voltagescanents

B e s Jareas it s o efecton e proposed derocatimesy
9 d — As it will be pointed out in the next section, tldg

estimation of synchronous motors having low-saljeuasing magnetic model of the linear motor (1) shows a ros

]E?: ugrjw?:C“OColg eh'g?;re(lﬁpecg/t S[E]%?)Is E:’;I '?:gr:“ b é:oupling inductance terrhy, due to the end-effects. For the
q y 9 9 Same reason all the inductances in the model anecéion of
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the electrical motor positiof estimation error and the motor electrical posit{bg means

Ay L, (9) qu(e) iy of the L, L, and L,, terms). Figure 3a reports the angle
[)\J = Ly, (e) L, (e) [ij @ as function of the motor position for differentiesdtion error
values.

The variation of the inductances with the motorifas is
reported in figure 1b.

As will be explained later, the proposed sensortesgrol
scheme impresses zero g-axis voltage (flux) atciige
frequency. The inverse of (1) has to be derivedruter to
analyze the d-q current components. By using thapbex
notation [12] and introducing the complex-conjugdliex
k;q =y — j4,, (1) can be rewritten as (2) where positive and
negative sequence components are evidenced:

) Ly (8)+L,(8) L(8)-L,(8) . Ly(0))..

qu :( : 2A 5 ;"dq - : 2A 2 +J qu ;"dq (2)

where A=L, (8)L,(6)- L% (6) and iy, =i, + ji, . In the
following the dependence of all the inductancesnmfrthe
motor positiond will be implied for simplicity.

In the proposed sensorless technique, a high-fregque
pulsating current signal is injected on the estadatl-axis.
For this reason, the equation (2) is rewritten gisthe
estimated dq reference frame, that leads the adtyditame

by 6, =6 -6 radians (x,, =x3e"), as defined in
figure 2:

, L +L L-L L e g
|§§:{ ”M“]x;‘—(—quﬂf]xzel” ®)

The d-axis current controller is a proportionakgnal plus ‘ ‘
a resonant term (PI-RES) to ensure the trackingthef | | | |
injected signal, but the g-axis current controlfern standard 2 0 100 s0 o 0 100 1%
Pl instead. The feedback g-axis current is low-fi#tesed so motor position [elect. deg.] (0)
to remove the component at injection frequency ithabove
the g-axis current control loop cutoff frequenayttis way it
is ensured that the g-axis reference voltage hatigitde
component at injection frequency, as above mentione
Consequently, the flux along the estimated g-agiszero

(A =g =A%) and equation (3) becomes:

L, +L L, -L L
i H—dzz 4 d2A % cos( 298”)_% sir( 2?8”)]+
(4)

Ly - L, L
: 9 i dq est _ est
+] [—sm(zﬁrm)—T cog Wm)ﬂﬁd =RAS
Fig. 2. Definition of the various reference franmegded for sensorless

where R is a complex operator whose argumemt is control: motor dq axes, estimated axd@S-G™), axes for end effects
expressed in (5). compensationd™™-g™").

e arcta{ (L“ _ Lq)sin(zem) = 2, 0% ye'f) .. » the argumenty varies
(L“ " Lq)_(l‘d - Lq)cos( Ber)~ A S B, with respect to the motor position and in partictlee sign of
The angley is the phase angle of the obtained highy changes at different rotor positions. As alreaaiyl sthe

frequency flux with respect to the injected curreattor. It dependence or@ is due to the end effects of the tubular
must be noticed thaty is function of both the position motor [10]. The red dashed curve in figure 3a destrates

motor inductances [H]

motor inductances [H]

Fig. 1. Measured motor inductances at 1000 Hheratc (a) and dq (b)
reference frame.

)1 (5) For a given estimation errof]



that with no estimation error still the high-frequeg current
is still not aligned with estimated d-axis. In atheords,
having zero current along the estimated g-axis do¢snean
that the position is tracked correctly, as expecteth
rotating machines. A proper compensation methothésn

necessary. When the estimation error is zero thaseh

between flux and current becomes:

-L
W :arctar{ dq}
Lq

(6)

The angley,,,; is the red dashed line in figure 3a. It is

convenient to introduce a compensated dq referénaree
shifted from the estimated dq frame Iy, = 6™ - 6%

radians(xff(;rrp = xsze""”LUT ) as also defined in figure 2:

(7

rcomp — et - it — est o (W -¢Lur)
ig® =ige v =|RAfe

The angley -y, ,; is reported in figure 3b for the same
values of g, considered in figure 3a. In the compensated

reference frame the sign of the phase angle betf@emnd

current does not depend on motor position anymase,
clearly evidenced in figure 3b. Moreover the fig@ke shows
that the g-axis current in the compensated referéraome at
injection frequency will be null only if6,, =0, because in

the compensated reference frame, flux and currane heal

component only, wherg,, =0. The previous two sentences

provide insight into the working principle of theoposed
position observer described in section IV.

Ill. SENSORLESSCONTROL SCHEME
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When the PCV technique is adopted, the high-frequen Fig. 3. Phase angle of the high-frequency cuiirettie estimated (a) and in

pulsating current signal is only superimposed omn dhaxis
reference current because the injection on theigaguld
produce torque ripple. The d-axis is on the magnedtirth
pole of the rod. Since only the estimates of the® position
are available, the high-frequency pulsating curségmal will
be injected into the estimated d-axis. The d-axisrent
controller is a proportional integral plus a resani@rm (PI-
RES), needed to adequately follow the high-frequentrent
reference [13-14]. The PI-RES output is:

CRCCRIC) DRSS I

where ¢ is the injecting pulsationk , k andk are the

proportional, integral and resonant gain respelstivéhis
controller structure is effective in regulating hothe dc
component and sinusoidal component simultaneo@8ly [

the compensated (b) dq reference frames for sevalas of the position
estimation error between -15 and +15 electricatetegy

As already mentioned, the g-axis current controlera
standard Pl and the g-axis voltage reference action
frequency can be neglected. The selection of theecu
controller gains will be discussed in the next isectThanks

to the adoption of a resonant controller, the dciffacurrent
will track precisely its referenceii™ =1sin(wt). The
expression of$* is then derived in equation (9) using (4):

& =|RAs cos(w) =1 sir{at) ©
From (9), it is possible to obtain the relationsiip) between
the flux amplitude and the injected current:

_ Isin(wt)

|[Ricos(w)
The current components in the compensated reference
frame can be easily derived substituting the equoati0) in
the (8), as shown below:

est
d

(10)



I sin(wt)

cos(y)

Ism(a)t)

5(‘//) n(w_l/jLUT)

The product of the current components (11) is giiren
(12) and is obtained applying Werner’s formula:

200§ I:l CO§ a)t :I SII’( 21/1 wLUT )) (12)

A low pass fllter can be used to remove thecomponent
from (12):

'gorm = COS(‘/’“/’LUT)
(11)

foomp
q

jomiemw =
d

q

2

W (13)

LPF{igmic™} = sin(2(¢ ~¢ur))

amplitude at injection frequency. The influenceiferter
non-idealities (dead-time) on position estimate gieatly
reduced with a small extra effort of tuning and potational
cost. Although a PI-RES controller is required floe d-axis
current, the g-axis controller can be a standardvith no
special requirements on its bandwidth. This singdifthe
commissioning of the proposed scheme with resmeottter
approaches based on current injection.

A look-up table (LUT) stores the values of the angl
Y., - given by equation (6), that are added to themedéd

motor positiong® to obtain the position of the compensated
dg reference frame used to implement the current
demodulation algorithm. The estimated position sedufor
the coordinate transformation of the vector curremmtrol

Even if the termcos’ (¢/) depends on the estimation errorand for the injection of the high-frequency currsiginal. The

figure 3a shows that the angfe has relatively small values
and, as a consequence, the coefficiléqu cos (w) is almost

constant. As demonstrated in figure 3b, the aggley, ; is

zero only when the estimation error is zero, tHi®) (s the
error function that will be used here for trackitige rotor
position by means of a I-type regulator. It is intpat to
underline again that the high-frequency currentnjscted
along the estimated d-axis while the current deraditun is
performed in the compensated dq reference franoeder to
compensate the end-effects of the tubular motor.

The position can be obtained with an integratot theces
(13) to zero. In most the related literature thargity to be
minimized is the input of a PI regulator the outpfitvhich is
the estimated motor speed and a further integiatoeeded
to obtain position [2-5]. The modified approach eher
introduced estimates the position by integration

LPF{ oorm,mrm} multiplied by the RMS value of™ and,

successively, by integral gain (see figure ®)e RMS value
is calculated using the last 16 samples, that spomd to one
period of the 1 kHz injected voltage. In this wag number
of parameters to be tuned is reduced so to simphigy
commissioning of the position observer. Moreoverist

exploited the condition thatvf‘* reaches its smaller
amplitude when the estimation error is zelq & L, in the

considered prototype). Multiplying by the RMS vatufev:s‘*

permits to increase the gain of the estimation ladyen the
estimation error increases, thus improving the olese
performances during transients.

When a high-frequency voltage reference is addex high-
frequency current is distorted due to inverter wglities
and a number of frequency components that couldhlithe
audible range. Moreover, the resistance variatinotreduce
an uncertainty on the actual injected current atonbdi. The
PI-RES controller ensures sinusoidal current witimstant

o)

LUT values were obtained using equation (6) togetti¢h
the measured inductances. It can be also derivestthi
during the experiments. As a matter of fact the memsating
LUT was also obtained experimentally changing the
compensation angle until the estimation error becam
negligible during sensorless position control opers. The
operation was repeated 56 times in different mptsition
covering 360 electrical degrees. The two LUTs amorted
in figure 5 and agree quite well. They have a pealke of
about 4 electrical degrees and do not depend oorntedd.
The motor under test has a very limited iron qugrdn the
rod that does not saturate for any current valwk afack
armature iron that is already saturated by the eizgat no
load. Thus the saturation level is not affectedigyarmature
current in the operating current range. It musubderlined
that the considered motor is slotless. With slottextors the
gore saturation (teeth, yoke and rod iron) can cedthe
aliency and the signal to noise ratio of the tirmgknethod,
but this is a common issue of all saliency trackimethods.

iop

Fig. 4. Block diagram of the proposed positionesissr.



-1

Yot [elect. deg.]

-2

SN /T

—e— LUT - model ‘

—E— LUT - experiments |
1 1

1
-100 -50 0
motor position [elect. deg.]

_4,,,‘,,,

-5

Fig. 5. Compensating LUT obtained using the matitaral model (blue
circle) and directly measured under sensorlessadnéd square).

Fig. 6. LPMSM prototype used for the tests.

IV. EXPERIMENTAL IDENTIFICATION OF THE LTPMM

The motor self and mutual phase inductances attioje
frequency have been measured by means of a detlitge
bench. Each phase, in turn, was supplied with & 169
voltage with constant amplitude using a Chroma 81y@wer
supply. The current of the supplied motor phase tme
voltages of the two non supplied phases were medsair
different positions of the motor rod using oscilope
probes. The test has been repeated three timevdtating
the self and mutual inductances of all the motaasels. The
measured inductances are reported in figure laredién of
motor position. The-b mutual termM,, has a lower average
value than the other two mutual terms. Phasesdb both
have an end coil at the two opposite motor enddevphase
¢ does not. This justifies the reduceeb coupling that is
lower than thea-c andb-c coupling as reported in figure 1a.
The dg magnetic model introduced in equation (1) fegure

1b has been derived from the experimental phaseiadces
of figure 1a.

V. EXPERIMENTAL RESULTS

All the experimental investigations presented is thaper
were performed using a dSPACE 1103 microcontrditeard
based on a Motorola Power PC microprocessor. Battorm
and inverter are prototypes under development. rE€idh
shows the experimental test bench. The invertetchimg
frequency and the sample frequency of the contgurithm
were set equal to 16 kHz, the inverter dead timeqigal to
0.8us. The rated LTPMSM parameters are as follows:
current 2 A, Ry =9Q, polar pitch 56 mm (@ electrical
radians), force constant 20 N/A, DC bus voltag&/72

The PI-RES controller was tuned considering tha th
resonant gaitk..s has reduced influence on the step response
of the system and the integral g&jrhas almost no effect on
the response to a change of the high-frequencyrerefe
signal. It is worth to underline that the d-axis-FHES
controller usually works with d-axis current refece equal
to zero in LTPMSM drives. The d-axis current refexe is
equal to zero to guarantee maximum torque per amadio
and the injected current has constant frequdénsyl000 Hz
and amplitudd=0.5 A. As a consequence, the quality of the
transient response of the PI-RES controller is aratial in
the considered application. The d-axis current robribop
has to be fast enough to guarantee robustnessgdiarique
transients (due to the coupling with the g—axisasigits).

The procedure followed to select the PI-RES colarol
gains is divided into three steps. At first the dirmonstant
ko/ki is selected. The ratiky/k can lead to underdamped or
overdamped step responses, as evidenced in figufdeh
the proportional gairk, is selected by looking at the system
response after the application of a sinusoidalresiee (see
figure 8). Lowerk, values give more oscillations and longer
transients. In the last step the resonant gains increased
until the desired settling time after the applicatiof a
sinusoidal reference is reached. Figure 9 confithed the
gain k. has no influence on the overshoot amplitude. The
final gains used for position control test akg= 20,

k, = 20000, andk = 10000. These numeric values, together
with the sensitivity analysis presented in figuies8 and 9
suggest that no fine tuning was necessary to obtaisonable
performances. Thg Pl controller gains were selected using
the sameky/k; time constant. The proportional gain choice has
to trade off between a higher cut-off frequency ahd
limitation of current ripple and acoustic noiseopurtional
and integral gains were chosen equal to 10 and QL000
respectively. The closed loop Bode magnitude dragra
measured under sensorless force control and repante
figure 10 evidences that the -3dB cutoff frequen€yhe i
current control loop equals 560 Hz.
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12. The similarity of the errors shown in figurekbland 12
demonstrates that the performances are weaklyetktatthe
load, even when a LUT with constant parameterdapted.
As term of comparison, table | reports the valuethaf
integral absolute error (IAE) measured during tlositon
] trajectory of figure 11 using the proposed currgfgction
(Cl) scheme and a voltage injection (VI) scheme {8]
estimate the motor position. Both position aigdcurrent
controller gains were set equal to those utilizedhie test
shown in figure 11. The amplitude of the injectedtage was
selected so to obtain a high-frequency current letqu#hat
| | utilized in the proposed current injection scheme.
0 200 0 800 . . .
frequency [Hz] The proposed current injection scheme reducesiérans
Fig. 10. Bode magnitude diagram for thecurrent control loop. The and steady-state estimation errors. The positacking error
measured bandwidth under sensorless force costedial to 560 Hz and g comparable because the regulator parameteidearical.
comparable to the value reachable in sensoredatontr Finally, the effect of inverter dead time was irtigated

Figure 11 reports the position response, the pasiti ON Poth Cl and VI schemes. The test shown in fidurevas
estimation and tracking errors, and fiecurrent response '€peated several times increasing the dead timeeawihg
measured during a test in which a 20 N constard lwas Unaffected all the other control system parameibftsile the
applied to the motor. The position reference wasirimum- VI scheme has stable behavior with dead time b, it
time trajectory for a 28 mm (that correspondsiteadians) Was possible to run the ClI scheme obtaining redsena
movement. The maximum acceleration was set equal Bgrformances using dead time values up tqué.8'he power
10 m/$¢ and the maximum speed equal to 200 mm/s (thepectrum of the id current shown in figure 13 révea
corresponds to about 22.4 electrical radians peorsl). The reduced leakage of the component at injection faqy
maximum steady state estimation error is below ha#sing Cl scheme. The reduced sensitivity to deadke ti

millimeter (3 electrical degrees) and slightly dege on both increase can be considered an advantage of thesgo[Cl
the applied load force and the absolute positianisi Scheme over the standard VI one. The advantagesstal

important to underline that the estimation errouses a Poth the presence of the PI-PRES controller ancioice of
reduction of the torque/ampere ratio. The transiempbr estimating the rod position using the measured -high
could be reduced by lowering the maximum speedhef t frequency g-axis current in place of the high-fremgy g-axis
position trajectory. The test shown in figure 11sHseen Voltage as proposed in previous Cl schemes.

repeated in no-load conditions and the obtainedtipons

estimation and tracking errors have been repomefigire
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