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Parameter estimation of permanent magnet stepper motors whout
position or velocity sensors

Romain Delpoux, Marc Bodson and Thierry Floquet

Abstract— The paper presents a new sensorless parameter simulation results and in [9], only the stator resistancd an

identification method for permanent magnet stepper motors. the back EMF constant are identified. In [5], [6], [16],
Current sensors are assumed available, but position and vetity parameter identification is realized in the — ¢ frame

sensors are not. Data is obtained with open-loop voltage cem h th iti ded for thie ¢ f tion |
mands at multiple speeds. A new reference frame is proposed where the positon needed for — ¢ transformaton 1s

that presents advantages similar to the standardi — q frame, ~ €stimated using iden_tified parameters. This type of strectu

but without the need for a position sensor. The method explté ~may be successful in practice, but guarantees of stability
carefully derived linear parameterizations and a least-sgares  and convergence are absent, because parameter estimation
algorithm. In one case, overparameterization is resolved sing depends on position estimation and vice-versa.

elimination theory. Overall, the parameters identified ushg the . . .
new procedure are found to be very close to those obtained This paper presents a new method for the identification

with position sensors. The approach is potentially applicale to ~ Of the parameters of a PMSM without a position or ve-
other types of synchronous motors as well. locity sensor. Compared to existing approaches, the new

Index Terms—Permanent magnet stepper motors, syn- method has the advantages of: identifying all of the eleatri
chronous motors, sensorless systems, parameter identift@n, o3 meters as well as the mechanical parameters, deriving
elimination theory : . .

identification algorithms that are guaranteed to converge,
. INTRODUCTION validating the analytical results with experimental datad

comparing the results obtained without position sensors to

Permanent Magnet Stepper Motors (PMSM’s) are widel . , :
used in industry for position control, especially in manu_}lhose obtained with sensors and using comparable methods.

facturing applications. PMSM'’s are more robust than brus’ﬁnmher contribution of the paper is the presentation and
use of a new reference frame that is advantageous for

DC motors and produce high torque per volume. They areensorless applications. Experiments were performedjusin
often controlled in open-loop, although the potential los§ pp - =XP P @

of synchronism limits operation away from resonances an ;ﬁtsrglgegghl_ﬁ‘l\éanigf grttiéree ilsrpzj(i;vlifie?biﬁ:gt?r?;imgrts
from high acceleration trajectories. These problems can %e ' parts.

resolved by using closed-loop control methods with positio ection Il presents the model of the PMSM in three different

sensors of sufficient precision. Recent research has fedusgeference frames. In Section lll, an identification progedu

on whether the performance of closed-loop control method? de_ve_loped for syste_ms with position and vglocity sensors
could be achieved usingensorlesssystems. In this case and it is tested experimentally. The last section IV present

sensorless refers to systems that do not have positionrsens ne new identification procedure and the resuilts obtained
although current sensors are still assumed to be avaiIabIe?Xpe”mema"y'

Current sensors can reconstruct the position of the rotor II. MODEL OF THEPMSM
through the induced back-emf voltage at non-zero speePs

[4], [7] and [13]. For such methods to succeed, the mod%rﬂ this section, the model of the PMSM is presented in three
: . , i

of the motor and its parameters have to be well knowr fferent frames, including a new frame that is particuyarl

which brings to the forefront the question of parametelrjsefm for sensorless applications.

identification without position or velocity sensors. The esA. Model in the phase variables (- b)
timation of PMSM parameters was studied in [1], [8], an
[10], but with rotor position information. Position senkems
identification was applied using special signals at stalhdst

quuations (1) give the standard PMSM model in the phase
(or winding) variables

e . . e . d'
under load condition in [11], but for the |dent|f|cat|9n ofeth [ Sa va — Riq + KQsin(NO)
d and ¢ reactances only. Other methods to identify motor t
parameters online include [2], [9], but [2] only provides L% = w, — Ri, — KQcos(N6) L
R. Delpoux and T. Floquet are with Laboratoire d’Automa@igq@Génie i ; i
Informatique et Signal (CNRS FRE 3303), Ecole Centrale dée,Li Jd K(lb COS(NQ) ta 51n(N9))
59651 Villeneuve d’Ascq cedex, France and Team Non-A, INRifle — [ — Crsgn(2)
Nord Europe, Francg onai n. del poux@c-lille.fr and )
thierry.floquet @c-lille.fr wherev, andw, are the voltages applied to the two phases

M. Bodson is with the Power Electronics an‘d Automation Re-gf the PMSM,i, andi, are the two phase currents,is the
search Laboratory (PEARL), Department of Electrical andm@oteur . d f h indi is th . f h
Engineering, University of Utah, Salt Lake City, UT 84112,SAN inductance of a phase winding; is the resistance of a phase

bodson@ng. ut ah. edu winding, K is the back-EMF constant (and also the torque



constant) is the angular position of the rotoR, = df/dt  that the motor is supposed to track. For example, an open-
is the angular velocity of the roto#y is the number of pole loop voltage control strategy consists in setting = 1,
pairs (or rotor teeth)/ is the moment of inertia of the rotor v, = 0. Second,d, may be defined as an estimate tf
(including the load)f, is the coefficient of viscous friction, using a procedure to be determined. Then, the g model
and C, is the coefficient of Coulomb friction. approximates thel — ¢ model, with the advantage that it

. : is valid and computable even #. is not exactly equal to
B. Model in the rotating framed(— ¢) 0. We will consider the problem of sensorless parameter
The phase model can be transformed using Park’s transfedentification in thef — ¢ frame, settingd,. as a reference
mation [12], position. In order to provide a basis for comparison, howeve

[id,z’q]T = M, [ia,ib]T @) we _fl_rst discuss identification in thé — ¢ frame using a
T T position sensor.
[, vg = M, [va, ve] ©)
h Ill. PARAMETER IDENTIFICATION USING A POSITION
where
cos(N@)  sin(N6) N . S.ENSOR | |
Mp=| - sin(Ng) cos(N6) (4)  If a position sensor is available, the-¢ frame is attractive to

) ) ) ) perform identification. Most variables can be estimatedgisi
Using this change of coordinates, the system (1) is tranggeady-state measurements at constant speed and, béwause t

formed into the so-callled — g model d — ¢ variables can be averaged over batches of data, good
Ldz‘d B Ris+ NLQi robustness to noise and unmodeled effects can be obtained.
o Vet lq Such effects include the detent torque, biases in the vestag
s vy — Rig — NLQig — KQ (5) Measurement bia_ses irlllthe_currents, and amplifier distartio
C% The core of the identification procedure is a least-squares
JE = Kig— fu2 — Crsgn(Q) algorithm [1]. Consider an equation
Thed—q transformation is commonly used for PMSM'’s (and y[n] = W n]Puom (10)

synchronous motors in general), because it results in aohst wherey is the output vectorji” is the regressor matrix,

voltages and currents at constant speed (instead of the hi%rhdp is the nominal (unknown) parameter vector. Given
frequency phase variables). Also, the model highlights the " "™ P ’

role of the quadrature currenj in determining the torque. Measurements of and W, the objective is to determine

However, thed — ¢ transformation is based on the positionp’ an estimate of the nomlnall parameter vedRy,,,. The .
o : . . ... estimated parameters are obtained by least-squaresthigori
6, which is not directly available in sensorless application

A. Parameter estimation using steady-state measurements

C. Model in the rotating reference fram¢ ¢ g) . )
. .At steady-state, the model in thie— ¢ frame gives
To overcome the problems caused by the use of the position

in the d — ¢ frame, a different reference frame is proposed . _NQi 0 R
- o Vd | _ | U K L 11
that uses a reference position instead of the real position. i NQi; Q (11)
The transformation is expressed in matrix form as a K

[if,z'q]T - M, [ia,ib]T 6 Whic_h is linear in the pa_rameters, so that the least-squares
T algorithm can be used with

Uq

[Ufavg]T = M, [Uaavb]T (7)
vdimn
where yln] = [ vdM ] (12)
M. — cos(NO,)  sin(N6,) ) a
r —sin(N@,) cos(NO,) W] = [ ialn] —NQnligln] 0 } (13)
and#,. is an arbitrary reference position. igln]  NQnlig[n]  Qn]
The PMSM model in the transformed variables is P [ R L K }T (14)
dl ' . nom
L= = vy - Ri; - KQsin(N(0, - 0)) To identify R, L, and K, experiments are performed with
dt
+LNQ, i, various voltagesy; and v,, which are transformed in the
dig . phase variables using (3) and applied to the motor. The
a9 RZ-",_ K cos(N (0, = 0)) (9) currentsiy andi, are obtained using (2). Once the velocity is
—LNQ,is (approximately) constant, the average values of the ctgren
J@ = K(igsin(N(0, —0))+ a_nd pf the velocity are_computed over a small time inte_rval,
dt i, cos(N (6, — 0))) yielding one data point for the least-squares algorithm.
9 - — . . .
Z 1,0 = Crsgn(9Q) Various values of; andv, are applied to the motor to obtain

velocities covering the whole velocity range. Multiple aat
whereQ), = df,./dt. The f — g frame is potentially useful in points are thereby obtained for the least-squares algoyith
two ways. Firstd,, may be defined as the reference positiorfirom which estimated?, L, and K can be computed.
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Fig. 1. Representation of the identification of the eleatrigparameters in Fig. 2. Inertia estimation in thd — q frame
thed — ¢ frame

which is linear in the parametef to be estimated. A large

The estimate of obtained in the first step is used in theStepP in voltage is applied to produce a large acceleration
mechanical equation in order to identify two more param;etefm/dt' which is necessary to obtain a reliable estimate in the

using presence of unmodeled effects in the mechanical equation.
. £ The angular acceleration can be reconstructed from the
{qu} = [ Q sgn() ] [ c, } (15) velocity using the difference equationThe resulting signa

is low-pass filtered to reduce noise (in the experiments, a

Again, equation (15) is linear in the parameters, so that thfjird-order Butterworth with cut-off frequency a@t00H =
least-squares algorithm can be used to obtain estimatgs of\as used). Using the Matlab functiditfilt, then no delays
andC. are introduced. Note that, in general, velocity may have to

The results of identification using this two-step procedurge reconstructed from position using a similar procedure.
are shown in Table I. Fig. 1 shows the output vector fronpowever, the testbed used in the experiments of this paper
(11) as a function of2, as well as the fit from the least- included a tachometer as well as an encoder, so that it was
squares algorithmi.e., WT[n]P, where P is the least- pot necessary to do so.
squares estimate of the parameters). The components of thgvhen step changes in voltages are applied, the velocity
output vector are the voltages; and v,, whose jagged changes rapidly, yielding an acceleration profile such as
appearance is due to the fact that multiple values of theéhown in Fig. 2. The response exhibits spikes, which are well
voltages can yield the same velocity, and multiple valuegatched by the least-squares fit. The identification resuéts
were deliberately applied to increase the richness of the dashown in Table I. Using the — ¢ frame, all the parameters
The match of the least-squares fit with the data on the figueg the model have been identified. The estimates provide
is found to be very good. a reference to compare with in the sensorless identification

o N . . section presented next.
B. Parameter estimation of inertia using transient measure

ments

The inertia parameter does not affect the dynamics in steady |V SENSORLESS PARAMETER IDENTIFICATION

state, and is the only parameter that requires the measaoteméhe d — ¢ model is beneficial for identification compared

of a transient response. Using the estimakésf,, andC, to thea — b model, because it makes it possible to average
obtained in steady-state, the mechanical equation idthe data over batches at constant speed. However, its drawback
frame gives an equation is that it cannot be used without a position sensor. To derive
an algorithm for position-sensorless identification, the g

Kig— fuQ — C'rsgn(Q)} =[Q][J] (16) transformation is advantageous.
) Identification experiments can be performed in the ¢
frame similarly to thel — ¢ frame, specifically with constant
Parameters [ d — ¢ frame [ f — g frame voltagesv; andwv, applied at constant speed. However, as
L?;QI}) 250 280 opposed to thel — ¢ frame, the PMSM cannot be operated
K(Nm.A-1) 0.26 0.27 for all speeds in this manner. There are regions of the
fo(Nms/rad) | 2.37.10° % | 2.69.10 * speed range where the PMSM loses synchronism due to
Cr 0.0752 0.0742 resonances. Acceleration is also limited.
J (kg m?) 3181077 | 3.13.10°* When the PMSM is controlled in th¢ — ¢ frame, it
TABLE | can be assumed that, ~ Q as long as the motor keeps
RESULTS OF THE PARAMETER ESTIMATION synchronism. This condition can be verified without a sensor

because loss of synchronism results in a stalled motor and/o



considerable vibrations. Further, everfifoscillates around 2 S —
Q, due to disturbance torques, averaging of the data over —3
periods of time removes the effect of these oscillations, so 20
that one can assume th@t = Q.

In order to maximize the information content of the data,

. . ; g
experiments were performed using the following proposion =
controller in the rotating reference frame P10

vy = maz(k(Imaz — I), Vinaz), vg =0 a7 5

wherel =2 + zﬁ is the peak current],,.. is the current
limit, Vi,.x is the voltage limit, andk is an adjustable U ;‘fnadlsi‘g o 0w e

gain. This control law was used to maximize the currents

and voltages while respecting the limits. The control lawig. 4. Representation of the identification of the mectainarameters
was applied with multiple values d#,, which were slowly inthe f — g frame

increased fronf2,. = 0. Fig. 3 shows the average speeds and

the speed references for the experiments of the paper. The

figure shows that the set of average speeds indeed followeghe equation is linear with respect to the parameters with
the reference speeds when the control (17) was used. On

the figure, one can see a gap caused by resonances between y[n] = vg[nlis[n] + vg[nlig[n] (22)

14 and 28 rad/s. However, speeds well above the resonant

region could be reached. W] = [ igln]? +igln)> Q> Q0] ] (23)
T

A. Parameter estimation using steady-state measurements Prom = [ R f, C. } (24)

As for thed — ¢ identification, almost all the parameters canso that a least-squares algorithm is applicable.

be estimated with steady-state experiments infthg frame, ~ The results for the identification using equation (21) are

leaving the identification of the inertia to a well-designedshown in Table I. The estimated parameters are close to the

transient experiment. In Steady'state,the Variableg[fﬂfg parameters estimated in the— q frame using a position

frame are related through sensor. Fig. 4 shows the output variable, which is the power
KQsin(N (0, — 0)) v — Rip + LNQyi, (18) absorbed py th.e- mqtor. The Ieast-squqres fit is excellent.

For the identification of. and K, consider(18)% + (19)2,

KQeos(N(6: —0)) = vy = Rig— LNQuis (19)  pich vields
0 = K(ifsin(N(@, —0)) s ) pro Ly B .
+ig4 cos(N (6, — 0))) K=Q* = vy +vg + R (Zf + Zg) R(2vyiy —|— 2’0919.)4-
; LQ(N293(13: +1i2)) + L(2NQ,(vyig — vyig))

— [0 = Crsign(2)  (20)

Although linear parameterizations are apparent as in the (25)
d — q frame, they cannot be used due to the unknown rotoff he relationship (25) can be written in the form of a linear
position. A different procedure must be used. Substitutingguation usingz, the estimate of? obtained in the first step
(18) and (19) in (20), one finds (another option would be to measure the resistance with a
DC voltage), so that
Vi 4 vgig = R(i} +1i0) + [ + Co|Q]  (21)

y[n] = W n]Puom (26)

© with

vl = oglnl? oo~ 2R lnlisfn]l
o +uglnlign]) — R*(if[n]? + ig[n)?)
| ~2NQ (vs[nligln] — vy [nlis[n])
Ll , Win]=|  —N?Q.[n]*(ig[n]* + ig[n]?) (28)
Q[n}?

j:: Pnom = [ L L2 K2 ] = [ Pnom,1  Pnom,2 Pnom,3 }T

0 The system (26) is linear in the parameters, but it is

0 10 20 30 40 50 60 70 80

sample number overparametrized since

Fig. 3. Speed tracking in experiment DProm,2 = pfwm,l (29)



The overparameterization can be handled using techniguBs Parameter estimation of inertia using transient measure
described in [3], [14] and [15], where the problem is reforments

mulated as a least-squares minimization objective Without a position sensor, the torque produced by the motor
cannot be directly computed from the currents. In order to

(30) circumvent this problem, the technique discussed in this se
tion is based on a computation of power rather than torque.

N
E*(P) =Y _ly(n) - W(n)P|?
n=1
Specifically, the electrical power converted to mechanical

subject to the contraint, = p?. Define power is
Ld
Pn®lp ps]” 31)  Pem = wveia+wpis — Rig — Rij — 5= (i5 +1})
q = KQ(—i4sin(N0) + i, cos(NG)) (33)
an
v Using the mechanical equation of the model, one also has
E*(Ppn) = Y, ly(n) —Wm)PP?  _ . (32)

o Pem:Pkin+Pf (34)

The value ofP,, that minimizes the residual errdi?(P,,)

. . i ) where Py;,, is the kinetic poweri.e., the variation in kinetic
is obtained by solving the two equations

energy .
OE2(P,,) Prin £ JOOQ (35)

=0
Ips while P is the power lost to friction

OE2(P,,)

™ (Pm) ° Op1

= Oa W?(Pm) =
m1(P,,) andma(P,,) are polynomials in the parameters

. Py = £, + G| (36)
and ps. In general, such system of equations can be solved
using resultants. Thus, one computes the resultant The inertia can therefore be computed using a least-squares

algorithm or, simply

r(p1) £ Regmy, w2, p3) P.,, — Py

- . - Q(dQ/dt)
to eliminateps. r(p1) is a polynomial inp; (only), whose .
roots are substituted iml(Pm)' which is then a po|yn0mia| In order to reduce the effect of noise and unmodeled
in ps only. For each roop:;, solutions {1, psi;) of 71 (P,,) dynamics, the inertia experiment is carried out as follows.
are then obtained. The solutions that also satisf,,) are ~With constantv; and vy, the motor is operated at some
the possible solutions of the least-squares problem. In ti@gbitrary reference velocitf2, = (,, and data is taken for
experiments of this paper, the computations were carri¢d o@ Period[to, t1]. The friction powerPy , is computed as the
symbolically using Maple. average ofP.,, over [ty, t1] (sincedQ/dt = 0). Then, the

The results of the identification fof and K are shown reference velocity is rapidly increased using
Table I. The estimated parameters are close to those obtaine 2
in the d — ¢ frame using a position sensor. Moreover, Fig. 5 Q(t) = V 0 +2c(t — 1) (38)
shows the output variable from (26) as a functiorfbfThe  This reference profile is such that
least-squares fit is very good.

J= (37)

0,0, =c (39)

andc is adjusted experimentally as large as possible to max-

Y
]

0

Fig. 5. Representation of the identification of the eleatriparameters in

the f — g frame

80

90

imize the information content of the data. The acceleration
continues until some timeé, where an arbitrary reference
velocity Qs is reached. Then, a third batch of data is collected
at constant speef); for a period[ts, t3], and the friction
power Py o is computed as the average Bf,,, over [t2, t3].

The velocity and the reference velocity for such an ex-
periment are shown Fig. 6. One finds that tracking is only
approximate, but the collection of data over periods of time
enables the hypothesis th@t. = €. The inertia estimate is
then computed using

J = AVG (P — Py)/] (40)

where the average is taken ovéf, t»] and Py is an
estimate of the friction.P; can be obtained using the
estimated coefficients of friction obtained in the previous



section. Alternatively, the experiments discussed heesl us

the interpolation formula
Py = Pr1+ (Pro— Pra)(t —t1)/(t2 — 1) (41)

Also, the contribution of the inductive term iR,,, was
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neglected in the computations.
The experiment realized for the estimation of the inertia

is plotted Fig. 6. The estimate of inertia was further refinedy

by repeating the experiment with different velocities and

Q9, and with different values of. The resulting estimate is 2]

shown in Table I, and matches closely the value estimatecf

with a position sensor.

[3]
V. CONCLUSIONS

There has been considerable interest in developing sessorl
control methods for synchronous motors, and permanery,
magnet stepper motors in particular. The objective is to re-
place position and velocity sensors with less costly andemor
reliable current sensors (which are often present anyway}s]
Sensorless methods rely on the knowledge of a model and
of its parameters, which raises the question of how these
parameters can be determined without position sensors.

In this paper, a new approach was proposed for the estimaeé]
tion of the parameters of PMSM'’s using current sensors only.
Data was collected with the motor operated in open-loop,
which is always possible with PMSM'’s, although certain [7]
speed ranges may be prohibited and accelerations may be
limited. Although open-loop tracking of a speed reference
may not be satisfactory from a control perspective, thes]
paper showed that the information gathered was sufficient
to determine all the parameters of the model. Results were
close to those that were obtained with a position sensor. [9]

A special frame of reference was introduced based on the
reference position. It presented the advantage of regultin
in constant voltages and currents at constant speed, y&i
without the need for a position sensor. The reference frame
may be useful for sensorless control as well. An interesting
possibility is to havef,. be an estimate of the positioh

using an observer to be derived using the g model. (1]

[12]

(23]

[14]

[19]

305 [16]

t(ins)

Fig. 6. Inertia identification experiment
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