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Abstract—This paper presents a novel sensorless control The sensorless control in a PMSM drive is fundamentally
strategy for a salient-pole permanent-magnet synchronous motor classified into two kinds of strategies: 1) fundamental excita-

(PMSM). A new model of a salient-pole PMSM using an extended {jon method and 2) saliency and signal injection method [1],
electromotive force (EMF) in the rotating reference frame is

utilized to estimate both position and speed. The extended EMF is [14]. In fthe saliency and signal |nject|0n method, the f'eature
estimated by a least-order observer, and the estimation position Of & salient-pole PMSM such that the inductance varies de-
error is obtained from the extended EMF. Both estimated position pending on the rotor position is used to estimate the rotor po-
and speed are corrected so that the position error becomes zero. sition. A suitable test signal such as a high-frequency voltage or

The proposed system is very simple and the design procedure iscyrrent component is injected from the inverter in order to de-
easy and clear. Several experimental drive tests are demonstrated

, . tect inductance variation [2]-[6]. The position can be estimated
and the experimental results show the effectiveness of the proposed . .
sensorless control system. even at standstill and low speeds by this method. On the other

) o hand, the fundamental excitation method does not need any ad-
Index Terms—Extended electromotive force, interior per- yiiqna) test signal and estimates the rotor position and speed
manent-magnet synchronous motor, observer, salient-pole L
permanent-magnet synchronous motor, sensorless control. from the stator voltages and currents. However, it is hard to es-
timate position at the low-speed region. The sensorless strategy
proposed in this paper belongs to this fundamental excitation
. INTRODUCTION method. Various approaches in this category have been sug-
HE permanent-magnet synchronous motor (PMSM) @ested. Some approaches are based on the estimation of the
I widely used in many applications, such as high-perfop—aCk electromotive force (EMF) or flux linkage due to per-
mance variable-speed drives. In particular, an interior PMSR|anent magnets by means of a state observer or an extended
(|PMSM) can offer a high_eﬂ:iciency drive by utilizing the Kalman filter [7]—[11] Other S|mple methods are pased on the
reluctance torque and a constant-power operation by t‘ﬁéltage or current error between the detected variables and the
flux-weakening technique. In order to control a stator currefiflculated variables from the motor model [12]-{14]. Most fun-
vector suitably and then achieve a high-performance dri@@mental excitation methods are applied to a nonsalient-pole
the information of rotor position and speed are necessary. RSM. Slomgi?pproxw::at|orl1§ are nlecessary to ﬁpply such sen-
most variable-speed drives, some type of shaft sensor suctP@4ess algorithms to the salient-pole PMSM. The approxima-
an optical encoder or resolver is connected to the rotor shden might cause the estimation error and the d(_ecrease in perfor-
However, such sensor presents several disadvantages, Hce,l ﬁgl\(jl g'l\'/lght r(lealk_e thbet s_yst(;erg uns_,table n tthe (\;vodrsé'\c/ﬁ:se.
as drive cost, machine size, reliability, and noise immunit% nove | motells% ameb yc;Jsm?han exderll gth th '
Therefore, the sensorless control of an PMSM is desired, a Ge sgnEsl(\)/lrFe_ssti:]on iot_sc emef ase O? € modei wi e;gx-
various sensorless control strategies have been investig € In the stationary reference frame was proposed in
[1]-[15]. , Where the approxma'qon is not required. _

Inthe proposed strategy in this paper, the mathematical model
of the IPMSM using the extended EMF in the rotating reference
frame is utilized in order to estimate both position and speed.
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shown in Fig. 1, is derived as follows by transforming (1) into
the v—6 frame:

vy | | Ro+pLyg —wlL, 1y €y
{UJ _{ wly R, +pLy| | is + €5 3)

where
ey | —sin 6. (™ (™
e [T e [ e [
. iy
+@-w. 7] @
) .
Fig. 1. Space-vector diagram of IPMSM. L. — _(Ld_LfI) sin”fe - (La — Lq) Sln.9€2cos 0. (5)
| (Ly—Lg)sinb, cos b, (Lg— L) sin® 6.
_ [ —(Lqy —Lg)sinf.cosf. —(Lq—Ly) sin? 6,
[l. M ODEL OF SALIENT-POLE PMSM L,= (Lq—Lg)sin?6.  (La—L,)siné. cosb

Fig. 1 shows the space-vector diagram of IPMSM, which )
o . L (6)
indicates the relations of three reference frames used in this - . 2 .9

o o (Lqg — Lg)siné. cos 8. —Lgcos” 6. — L, sin” 6,
paper. Thex—3 frame is fixed to the stator winding and the L.= Lasin? 6.+ L, cos? 6, —(Ly—L,)sin 6, cos6, |
axis coincides with the phase axis. Thé—; frame corresponds L ~d ¢ ¢ 47 ¢ ¢
to the synchronously rotating reference frame, anddiais @)
coincides with theN pole of the rotor. The voltage equation _ _
of a salient-pole PMSM such as an IPMSM in the stationatyseems that the expression of (3) is the same as (2), however,

a—3 frame is given as follows: the second term of each equation is quite different as shown
in (4). The second and third terms in (4) become zero if the

Ve Ra+p(Lo+Ly cos26) pLy sin 20 PMSM is a no_nsalient—pole machir@éd_: Ly), but they are
[W} = [ plLy sin 20 Ra+p(Lo— Ly cos 29)} very complex in the salient-pole machine such as the IPMSM.

’ ] ] In some sensorless control methods, such effects due to saliency

) ['f@} + wipg [_ Sme} (1) are ignored.
g cos ¢ The model in thel—q frame given by (2) can be rewritten as

where follows [15]:

ia,ig «-andB-axes armature current; va| _ |RBa+pLla —wl, id 0 8

Vs, ¥g - andg-axis stator voltage; [UJ - [ wly, R, +pLJ [LJ + [EGJ (8)

w rotor angular velocity;

0 rotor position; where

R, armature resistance; . )

Ve magnet flux linkage; Bew = wl(La = Ly)ia + o] = (La = Lo)(pia). ()

The second term of (8) is called an extended EMF. Transforming
Li+1L, Ly—L this equation into the—§ frame, the following novel model in
Ly = 5 L, = 5 = the rotating reference is obtained:

L and L, are thed- andg-axes inductances; angis the dif- {%} _ [R,,, +pla —wi } [W} n {@w} (10)
ferential operator. Us wly Ro+pLa | | is es

The voltage equation in the rotatinkq reference frame is where

expressed as follows by transforming (1) into the coordi-

nate: {Zﬂ _B. {—sin&} F (& - )l [—Lw} RECEN

cosf, y
|:Ud:| _ |:Ra +pLg —wl, } |:Ld:| n [ } 2) _ _ _ _ _ _
vy wly R, +pLy| | i, wiba This model is very simple compared with (3) and it can be uti-
lized by any type of synchronous motor such as a surface PMSM

whereiy and i, are thed- and g-axes armature currents, and L, = L,), interior PMSM(L, < L,), and synchronous re-
vg andv, are thed- andg-axes stator voltages. luctance motof), = 0). The proposed sensorless scheme in

The abovel—¢ model is usually used for a high-performancéhis paper is based on this new mathematical model, where the
PMSM drive. In the position-sensorless drive system, howevapproximation is not needed at all. The extended EMF in the
suchd—g model cannot be utilized because the rotor position istating reference frame, which includes the information of es-
not detected. The mathematical model in the estimated rotattimgation position errof., is utilized for the estimation of rotor

~—6 frame, which lags by. from the d—; reference frame as position and speed.
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Fig. 3. Equivalent block diagram of position and speed estimator.

iy ,ia vy >V
y-3 current y-0 voltage
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(Fig.2for ¢e,)

A

Fig. 2. Equivalent block diagram of least-order observer for estimation of
extended EMF.

_ . Estimated
€,,€s5 extended EMF
lIl. ESTIMATION ALGORITHM v
. . Calculation of estimation
A. Estimation of Extended EMF position error
From the model of (10), the state-space equation for esti- ((16) or (17))
mating the extended EMF is obtained when it is assumed that the . Estimated
differentiation of the time of the extended EMF is zépe, = 0 e position error
andpes = 0) ! -
Estimated speed correction
iy] _ 1 [-R, —1][éy], 1 [1 (Ge(s)
p{ej "L, { 0 0} LW t . lo] o 12
i 1 [— —1] [ 1 2
o[-l il o e
es Ls| O 0] |es Ly |0 1 Low-pass
where s filter
Uy = Uy Fwhiis (14) Estimated él @  Estimated
vs1 = Vs —wlyiy [ position speed

The input voltages are compensated in order to eliminate
cross coupling between the and §-axes as shown in (14).
Thus, the state-space equation is decoupled and becomes simple N ~

as (12) and (13). The extended EMF can be easily estimatedTe estimated speed, and the estimated positiof are com-

a least-order observer. Fig. 2 shows the equivalent block dRgnsated by compensat6t.(s) so that the position error be-
gram of the least-order observer for estimating whereg,, comes zero. This scheme can be comparatively represented as a
represents the gain of the observer. Thaxis component of simple feedback system as shown in Fig. 3. The estimated po-

the extended EMFe; is also estimated in the same way@s  sition ¢ follows the actual one as (18) when the proportional
Assuming that the error between the estimated speaad the 4 integral (PI) compensator is selectedzags)
actual speed is sufficiently small, the extended EMF is esti- '

Keps + Kei

mated as follows: g — _repS T et 4 (18)

. . oa 24+ Keps+ Kei
ey | —sin 6,
[ ] = Eex [ ] : (15) K., and K.; in (18) are proportional and integral gains. The
estimating performance is designed only by the PI gairfs of
andK.;. When the natural frequenay, and the damping ratio
B. Estimation of Speed and Position ¢, in the feedback system in Fig. 3 are designed, the PI gains
are automatically determined by

tHS 4. Block diagram of position and speed estimation algorithm.

es cos 6,

From the estimated extended EME(and ¢;), the estima-

tion position errord, can be derived by the following two ways: Kep = 2Cwn, Ko =uwl. (19)
Scheme A: The transfer function from the actual speedo the estimated
7 — tan-! €y 16 speeds, is the same as that frofhto 6 given by (18).
e = Al _E_ (16) The position and speed estimation algorithm is summarized
& . . . . ~
Scheme B: as shown in Fig. 4. In practical use, the estimated spegd

)
@
I

5 is filtered through a low-pass filter to reduce the influence of
<_> (17) noise. The filtered estimated spegdis used to motor control
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Fig. 5. Block diagram of proposed sensorless speed control system.

TABLE | by the maximum torque-per-ampere control below the base
SPECIFICATIONS OFTESTEDIPMSM speed of 2000 r/min and by the flux-weakening control above

- the base speed.
Number of pole pairs 2 The observer gain is selected@s= gs = 600, which cor-
Rated (base) speed 2000  r/min responds to the cutoff frequency of a first-order low-pass filter
Rated Torque 177 Nm in the observer which is 600 rad/s. The Pl compensator in the
Rated phase current 50 A estimated speed correction is designedas= 45 rad/s and
Armature resistance R, 0.824 Q ¢, = 0.5. The cutoff frequency of a low-pass filter in the speed
Magnet flux-linkage v, 0.0785 Wb estimation is selected as 100 rad/s. Scheme A given by (16) is
d- axis inductance L 9.67 mH applied for the calculation of position estimation error in the ex-
g-axis inductance L Equation (20) periments of Sections IV-B and C.

B. Steady-State Performance
and estimation of extended EMF. The proposed algorithm is ofrjg. 6 shows the steady-state performance at rating

simple structure and the process of design is clear and easy,2000 r/min, 1.77 Nm). Both an estimation position error and
an estimation speed error are very small and, as a result, the
IV. EXPERIMENTAL RESULTS high-performance drive equal to that using the position sensor
A. Experimental Test Setup can be achieved by the proposed sensorless control.

Fig. 5 shows the block diagram of the proposed sensorle@{'g' 7 shows the steady-state torque—speed characteristics.
0

. e flux-weakening control is applied above the base speed
speed control system. The specifications of the tested IPMS 2000 r/min in ogrder to contrglpthe stator voltage witrﬁ)in

are listed in Table I. Theg-axis inductance.,, of the IPMSM o .
usually varies due to the magnetic saturat?on The variationt(gl _ce|I|ng voltagt_a and, thus, the constant-power operation is
L, is considered by (20) in the experiments ' achieved over twice rated speed. Thg speed range below t_he
4 base speed is the constant-torque region. The speed fluctuation
L, = 0.0243 — 0.0007is. (20) becomes large as the speed decreases below 200 r/min. The op-
eration at 100 r/min with about 40% load has been confirmed,
The position estimation error occurs although the speed ésH a stable operation cannot be obtained below 100 r/min.
timation error is not caused when there is an error-@ixis In the proposed method, which is a kind of fundamental exci-
inductance between a motor model and actual motor. Ttagion method, the effective information of voltage and current
control system might become unstable when the error of thanishes as the speed decreases, and the estimation performance
motor parameter is very large. The control algorithms are irdeteriorates just as in other kinds of the fundamental excitation
plemented on a Texas Instruments TMS320C32 floating-poimiethod. In order to drive to lower speed, the accurate voltage
digital signal processor (DSP). The sampling period is 5 nasd currentinformation, an accurate motor model and its param-
for speed control and 0.1 ms for the other control parts, ieters are necessary. In the proposed method, the position estima-
cluding the speed and position estimation. The speed controlien at standstill is impossible just as in other kinds of the fun-
generates the- and ¢g-axes current referencég andi;. The damental excitation method. Therefore, it is necessary to apply
g-axis current referenc€ is produced by a PI compensatoother methods such as a saliency and signal injection method to
according to the speed error and thaxis current referencg;  estimate the initial rotor position and drive the motor at lower
is determined by the current vector control algorithm such apeed. In the other starting method, by the open-loop V/F con-
a maximum torque-per-ampere control and a flux-weakenitigpl method, the motor is also accelerated up to the speed where
control [16]. In the experiments, the current vector is controllatie proposed sensorless method can estimate the rotor position.
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Fig. 6. Steady-state performance of proposed sensorless drive at ratinc
(a) Detected position and estimated position. (b) Estimation position error,

estimated speed, and current.
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Fig. 7. Steady-state torque—speed characteristics.

C. Transient Performance

Fig. 8 shows the responses for step change of speed refere
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Fig. 8. Responses for step change of speed reference :92000— 1900
r/min, 28% load). (a) Detected speed, estimated speed, and estimation speed
error. (b)v- andé-axes currents. (c) Estimation position error.

speed errorg — w) are sufficiently small and good speed re-
sponse is achieved.

Fig. 9 shows the responses for a step change of 100% load
torque. The estimation position error and estimation speed error
reach 15 and 40 r/min, respectively, when the load changes
rapidly, but they decrease at once. Good performance against
load disturbance is obtained.

Fig. 10 shows the acceleration performance from 500 to
4000 r/min, which corresponds to twice the base speed. Below
the base speed of 2000 r/min, the current vector is controlled
fFSrder to produce the maximum torque under the current

The estimation position errak, (=6 — 5) and the estimation limitation, thus, the motor is accelerated by the maximum
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to the estimated position becomes (22), and the decrease of es-

available torque. The stator voltage exceeds the maximdifation error during acceleration is expected
available voltage of the inverter above the base speed and, thus,

the current controller is saturated. Avoiding voltage saturation, K K
. . . 2 3
the flux-weakening control is applied over the base speed. The Ge(s) =K1 + ~ Tz (21)
current vector is effectively controlled according to the motor - 2
.. . Kis*+ Kss+ Kj
speed, and the transition from the maximum torque-per-ampere 0 (22)

=33 2 :
control to the flux-weakening control has been smoothly 04 Kis® + Kos + K

achieved as shown in Fig. 10. Good accelerating performanceig. 11 shows the experimental results of the same drive test
from low speed to high speed is achieved. The estimatigfFig. 10, where the compensator of (21) is used and three gains

position error over 1Dappears during acceleration in Fig. 10in (21) are determined so as to satisfy the following condition:
It can be reduced by changing the compensato(s) in

the speed and position estimator. Whéh(s) is selected
as (21), the transfer function from the actual rotor positions®+ K, s>+ Kys+Ks = (s+wp ) (s> +20wns+w?).  (23)
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w, and¢, are the same values as in the foregoing experimemntie~-axis component of the extended EMF is estimated as only
(wp, = 45 rad/s,(, = 0.5). The effect of reducing estimationone least-order observer shown in Fig. 2. The algorithm of esti-

position error during acceleration is confirmed. mating speed and rotor position is the same after the estimation
position error is calculated by (24).
D. Simplification of Sensorless System Fig. 12 shows the performance of this simplified algorithm,

It is possible to make the speed and position estimator si¥ihere the change of speed reference is the same as in Fig. 8.

pler by using Scheme B for calculation of estimation positioti S6€ms that the estimation position error and speed error are
error, where the position estimation error is assumed to be snfgMewhat increasing compared with Fig. 8, however, good op-
enough. The estimation position error is calculated as follows Bj2ting performance is obtained.
applying some approximation to (9) and (17):

V. CONCLUSIONS

~

5@ = Cy ) (24) This paper has proposed a novel sensorless control strategy
w[(La — Lg)iy + 1) for a salient-pole PMSM, which is based on a novel motor
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model in the rotating reference frame with an extended EMH16] S. Morimoto, M. Sanada, and Y. Takeda, “Effects and compensation of
The sensorless drive system was implemented on a DSP and magnetic saturation in flux-weakening controlled permanent magnet

synchronous motor drivesJEEE Trans. Ind. Applicat., vol. 30, pp.

several drive tests were carried out. When the speed reference 1535 1637 Nov./Dec. 1994.

or the load torque changes rapidly, the position estimation

error and the speed estimation error are caused. However, such

errors are very small, and their influence on the motor driv Shigeo Morimoto(M’93) was born in Japan in 1959.
is little. The effective current vector control strategy includini He received the B.E., M.E,, and Ph.D. degrees from

a flux-weakening control over the base speed was applied

Osaka Prefecture University, Sakai, Japan, in 1982,

- X . - 1984, and 1990, respectively.
the IPMSM sensorless drive, and it has been confirmed tt ol i He joined Mitsubishi Electric Corporation, Tokyo,
the proposed sensorless control strategy is effective for t = Japan, in 1984. Since 1988, he has been with the De-

salient-pole PMSM drives.
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