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Abstract - This paper presents a technique that willmethods would be acceptable for closed loop position control
calculate the absolute angular position of a permanentof the motor. An industrial application of this technology has
magnet (PM) rotor within a pole pair at standstill. The been implemented by Micro Linear [6].

algorithm works with non-salient pole motors. By choosing A host of implementations has been utilizing the saliency
an appropriate voltage pulse width and applying it to eactapproach. For example, [2] and [17] use a flux linkage based
phase winding, the stator currents will partially saturate theapproach that relies on three phase current and voltage
stator iron, enabling the algorithm to discern between ameasurements. Having to measure all three phases for both
north pole and a south pole, and subsequently, the absoluteurrent and voltage is an undesirable feature. In addition, the
position. The scheme is computationally simple and doekesolution of the position decreases when reducing the speed.

not rely on the knowledge of any of the motor parameters. Reference [9] measures the motor current harmonics and
generates a position estimate based on calculations of the

inductance matrix. This technique does not require any
|. INTRODUCTION special signals to be injected into the system and can be
calculated every PWM cycle. This method relies on the

Many motion control applications, such as materig3aliency of the interior permanent magnet motor. The ma_ttrix
hand"ng’ packaging, and hydrau”c or pneumatic Cy“ndérlathemaucs and“ vector Callculatlons Qre not trivial.
replacement, requires the use of a position transducer fdgference [7] utilizes the third harmonic to calculate
feedback, such as an encoder or resolver. In additigd@sition. This algorithm also requires the availability of the
permanent magnet synchronous motors require positiBﬁUfa| point for voltage calculations, which does not make it
feedback to perform commutation. Some systems utiliéery practical. _ .
velocity transducers as well. These sensors add cost, weight, Reference [4] develops the motor equations relating
and reduce the reliability of the system. Research in the aff#se inductance to currents, voltages, motor parameters, and
of sensorless control of Permanent Magnet SynchronoR@sition. This scheme relies on the salient aspects of an
Machines (PMSM) is beneficial because of the elimination dfterior PM motor as a function of the g and d axis
the feedback wiring, reduced cost, and improved reliability. inductance variations. To find the position after calculating

There has been a great deal of research [1] - [18] in tHte motor inductance requires a lookup table.
area of sensorless PWSM control. This work concentrated on Reference [11] relies on 3-phase current and voltage
two different areas: back electromotive force (bemfjneasurements to derive the position estimate. A half-wave
technigues and magnetic saliency schemes. rectified brushless synchronous motor was tested. An

In regard to the first technique, [3] and [12] haveindesirable initial starting torque must be applied to rotate
demonstrated sensorless motor starting and velocity lo motor to determine the initial direction. Reference [16]
control using a bemf method. The velocity signal could LSO relies on 3-phase current and voltage measurements with
integrated to generate a position estimate. However, tiggnperature to perform on-line parameter identification to
signal is sensitive to parameter variations and tends to di§frive position estimates from the motor equations. This is a
and have offset problems [13]. Another problem with usingomparatively complicated algorithm. 3
bemf to estimate position is that at zero speed the bemf goes Several techniques rely on the injection of a specific
to zero. Even at low speeds the signal-to-noise ratio can 1#gnal to obtain a position estimate [1], [5], [8], and [14].
be ignored. Two other projects that have also demonstrafégference [14] builds a flux model based on current
velocity loop control are a variable inductance technique [1§}€asurements. The position estimate is generated from the
and a flux linkage technique [18]. Neither one of thes@odel of the magnetic properties of the leakage path changes
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due to saturation. Reference [8] injects signals into the motor In the motor shown in Fig. 1, the flux from the magnets is
and uses the ratio of g and d axis inductances from the salilmge enough to magnetically saturate the stator iron. In Fig.'s
poles to calculate position. This method requires a separata and 1.c, the flux linking the coil is saturating the stator
technique to differentiate between magnetic poles. Referericen. In Fig. 1.b, the flux linking the coil is not saturating the
[1] utilizes the motor like a resolver. They inject a highstator iron. Since the inductance of the coil is reduced when
frequency carrier on top of the voltage command and obtaime stator iron is saturated, the inductance of the coil is
the position estimate from the demodulated current feedbasiallest in Fig.'s 1.a and 1.c and the inductance is largest in
signal. Although a continuous feedback signal for position Eig. 1.b.

available, there is a continuous torque disturbance signal Fig. 2 is a plot of the variation of the coil’s inductance as
being applied to the motor. This technique relies on thefunction of rotational angleFig. 2 shows it is possible to
saliency of the rotor or stator. If the saliency is not presemfetect when the coil is aligned with the rotor magnets by
to create a signature may require modifying the rotor @neasuring the inductance of the coil. For proper control of a

stator. permanent magnet motor it is also desirable to detect whether
the coil is aligned with a north or a south rotor pole. This is
. THEORY possible by applying a DC current to the winding shown in
Fig. 1.
Reference [10] presented a technique that used the
saturation effect of the iron bridges in a salient pole buried 0.8

magnet rotor to estimate position angle. The detection
algorithm required multiple steps and varying levels of
applied voltage while the rotor is locked in position. Interior
Permanent Magnet (IPM) motors were used with this
algorithm because of the large change in inductance that was
required. Unfortunately, the algorithm must be tuned for the ! ! !
motor and drive. This paper presents a technique that makes 0'40 90 180 270 360
use of the saturation effect of the stator iron. The rate of Electrical Angle (degrees)
change of the current in the stator winding is a function of the
changing inductance, saturation of the iron, and the flux due Fig. 2. Stator Inductance As A Function Of Rotor Flux
to the position of the rotor's magnets. Measuring the change
in current due to the changing inductance will allow an Fig. 3 shows the coil inductance as a function of rotor
estimate of the position to be made. position when the coil adds flux to the flux produced by the
Fig. 1.a. is a diagram of a 4-pole surface mount Plptor magnets. When a north pole is aligned with the coil, the
motor with one of the north poles aligned with the coifurrent in the coil increases the flux linked by the coil (Fig.
shown. Solid arrows represent the flux from the rotor magneta ), increases stator saturation, and slightly decreases the
that links the coil. A dashed arrow represents the flux frofaductance which was present with no stator current. When a
current in the coil. Fig. 1.b. shows the rotor rotated to guth pole is aligned with the coil, the current in the coil
position where equal amounts of flux from a north pole andgecreases the flux linked by the coil (Fig. 1.c.), decreases
south pole link the coil. Fig. 1.c. shows the rotor rotated i§ator saturation, and slightly increases the inductance that
the position where one of the south poles is aligned with thess present with no stator current. Since the inductance of
coil. the coil is different for north and south poles, one can

distinguish the polarity of the rotor pole that is aligned with
o
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The rate at which current changes in the stator is Fig. 5. Peak Current Feedback Signals At A Fixed Rotor
inversely proportional to the inductance. Fig. 4 shows the Position At Zero Speed
variations in dl/dt caused by the sum of the rotor flux and the
unidirectional current flowing in the stator. This plot was The sinusoidal like behavior of the phase currepts,)|
generated during a simulation by using the parameters foamd |, as shown in Fig. 4, can be modeled [5] as an average
model of a motor used in the laboratory. value I g, plus some offset valuaig, as a function of the

mechanical positiof, as shown in (1)-(3).

456
3 454 In = lg+0lgcod B) @)
% 45.2 % 2”%
= + +—
5.0 g lg + Algcog=D 3 (2)
44.8 ' : : 2
0 90 180 270 360 lc = g +AlgcosHd - —- 3)
Electrical Angle (degrees) 3
Fig. 4. Rate Of Change In Stator Current As A Function OPefine the difference between the phase currents and the
Inductance average value as
Al =1p-1g (4)
At zero speed short voltage pulses are applied to the
stator windings. The change in current in each phase can be Alg =1g — 1y (®)
measured during each pulse. The rate of change in the A =l - |0. (6)

current is used to estimate position.

This paper presents a technique where three negative ]
voltage pulses and three positive pulses are applied to tHee phase current that has the largest magnitude change or

stator windings at an initial unknown rotor position at zer§ifference (positive or negative) determines which region the
speed. A positive and negative pulse is applied to eatfor north pole nearly aligns. The remaining 2 phase current
phase. For example, a positive pulse to phase A correspofifierences are used to calculate the approximate rotor
to turning on the upper gate of phase A and the two lowBpsition. For example, if phase A has the largest dlffer.ence,
gates for phases B and C. A negative pulse ties one phast'& phase B and C measurements can be used to find the
the negative dc bus and the remaining two phases to ffedle. Equation (7) is generated by dividing (2) by (3) and
positive dc bus. The pulses are designed to raise the curréifd the differences found in (5) and (6).

from zero, to some peak value determined by the length of

the voltage pulse and a function of the inductance as 2m 2

explained with Fig.'s 1-4. Immediately following the voltage Alg 00%39 - ?% = Alg 00%3 + ?% (7)

pulse for one phase, a voltage pulse in the opposite direction

is fired to force the phase currents back to zero. This drives . . :
the free wheeling current to zero and minimizes the tinfen €Xpression for the angular position found in (8) was

torque is applied to the motor. Fig. 5 demonstrates the pegﬁnerated by using trigonometric identities and isolating the
current values at one position location for both positive arf@dle terms foe.
negative pulses for all three phases.

iy
S | cof2B (- a1g)
L PhaseA oo sin(28) _ 30 |Alc-Alg ®)
: \ PHase C.- COi $) sin? (A| C + Al B)
] 3
31 /\ : / ;
i . e oo The actual position could be found by calculating the inverse
= - w'\/ \/ o tangent and dividing the remaining angle by two. An
approximation for the position is made by assuming that the
cos (D) = 1 and the sin @ = 20 for small angles. This is
Phase A .. PhaseC - x the case when the position is in a known region. The position
Phase B : ] . . .
estimate is shown in (9)
500 ps/div
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calculation of the position angle generates a cyclic error 0
proportional to the number of regions the angular area is 0
divided. These regions are a function of the number of poles
and phases on the rotor.

(AIC—AIB) g T T T ]
~ X~ 7 5o Calculated Rotor Angle (solid) ! ! !

0 9) 53 I Gt T oo
Al +Al g= 2707 Theoretical Rotor Angle (dashed) [ 1 1
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wherek is a constant defined as= cos(2v3)/sin(273). ﬁg oo F---- e S Y A M

The small angle theorem approximation for the & L - ! ! ! ! ! .
w 1 1 1 1 1 1 1

225 45 67.5 90 1125 135 157.5 180

Actual Rotor Mechanical Angle (degrees)

Fig. 7. Calculated Rotor Electrical Angle Versus Actual
lll. EXPERIMENTAL RESULTS Rotor Mechanical Angle

The 6 series of voltage pulses were applied to a 4-pole The error between the calculated angle and the
surface mount PM motor and the corresponding peak curréfgoretical or actual angle was found to be cyclic
values measured and plotted as shown in Fig. 6. Thes@responding to the application of the small angle theorem
measurements were taken at zero speed at each of itheach region.
positions as the motor was mechanically rotated from one Fig. 8 shows the absolute value of the position error

position to the next. signal as a function of the actual rotor mechanical angle.
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-55
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Mechanical Rotor Position (degrees) ) .
This paper presented a technique to calculate the

Fig. 6. Phase Current Profiles Versus Rotor Mechanical absolute position of the initial rotor angle of a non-salient
T Angular Position pole PM motor. By applying voltage pulses that partially
drive the stator iron into saturation the absolute position of

The peak current values are approximately the ratélae rotor can be m_easured foragiven_p_ole pair. _This sch_eme
current value for the motor that was 45 amps. These plégﬁrobust because it calculates the position as a simple ratio of
demonstrate the saturation effects of the stator iron fer_ence_s of current \_/alues. Moto_r_ parameters are not
explained with Fig's 1-4. The per-phase stator windingauired in the calculations. In addition, the calculations
resistance was méasured at 2.8 ohms. The inductaggmre no trigonometric or inverse functions, enabling the

measured across one phase to the other two phases sho gaolest of processors to handle the estimates. .
Coupling this technigue to sensorless control algorithms

varied between a maximum of 7% and a minimum of while the motor is turning [13] will enable a totally sensorless

629pH. . . .control scheme to operate the motor reliably from zero speed
' The estimated electr|cal angle that was calcula}ed usi to full speed. Research to implement sensorless

this voltage pu!se technique was pl(_)tted as a_fun(_:tlon of t hnology on a process application is currently being

actual mechanical rotor angle and is shown in Fig. 7. T nducted.

actual rotor angle was measured using a feedback resolver

attached to the motor shaft and is shown for comparison.
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