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COMMVINICTIONS

R. Filka - P. Balazovic - B. Dobrucky *

A SENSORLESS PM SYNCHRONOUS MOTOR DRIVE

FOR ELECTRIC WASHERS

This paper presents a complex solution for whole speed range sensorless control of interior permanent magnet synchronous motor drives.
To cover an entire speed range of IPMSM without position transducer, different sensorless techniques must be employed. Design and
implementation of sensorless techniques for different operating speeds are described in this paper. Presented application has been implemented
including the high frequency (hf) injection method and extended back EMF state observer on a single chip solution of DSC56F8300 series
without any additional supportive circuitry. The extended back EMF algorithm with angular speed and position observer is suitable for
sensorless control drive. It is also transferable for other motor types, e.g. synchronous reluctance- or synchronous one with ‘smooth’ rotor. The
presented sensorless control has been proved in electric washer drive with very good operating properties.

I. Introduction

An important factor for using sensorless control in the drive
applications is to optimize the total cost performance ratio of the
overall drive cost. The systems should be less noisy, more efficient,
smaller and lighter, more advanced in function and accurate in
control with a low cost. To achieve efficient control of AC machines,
knowledge of rotor position is essential. Different types of mechan-
ical position transducers can be used to measure rotor position
directly, but since solution with such transducer introduces addi-
tional cost alternative means of obtaining rotor position is highly
desirable.

Sensorless control of AC machines has become a frequently
discussed topic at engineering conferences. Many researchers and
scientists have published papers on this topic but there are only
a few articles that discuss complex implementation of the algo-
rithms into a single application covering all operating conditions.
Classical solution with six step commutation control (brushless
DC motor) has several drawbacks; such as low efficiency, higher
audible noise and lower developed torque when compared to sinu-
soidal control of PMSM. To increase efficiency of the drive, sinu-
soidal control is needed [1]. Here, all three phases of the inverter
are constantly conducting current making observation of back-EMF
zero crossing impossible. Therefore more complex sensorless algo-
rithms must be employed.

Sensorless algorithms for sinusoidal control of AC machines
can be broadly divided into two major groups; 1) those that utilize
magnetic saliency for tracking rotor position [2]-[12] and 2) those
that estimate rotor position from calculated motor model [8], [13].
The later, requires accurate knowledge of phase voltages and current
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for proper functionality. At low speeds, phase voltage reference
and measured phase current are low, making it very difficult to
separate from noise. Also distortion by inverter non-linearities and
model parameter deviation becomes significant with decreasing
speed. Therefore methods based on motor model are not suitable
for low rotor speeds.

For start-up and low speeds, additional carrier signal super-
imposed to the main excitation is required. This carrier signal adds
needed excitation to the motor at low and zero speed, and its back
analysis can provide a viable means of obtaining information about
rotor position. The carrier injection methods however, require
a certain amount of saliency present in the motor [3]. In IPMSM
this saliency results from inductance variation [1] as is explained
later in the paper. On the other hand, at high speeds the amplitude
of back EMF is big enough for motor model and angle tracking
observer to work properly, therefore no additional signal is required.
In fact, additional hf signal deteriorates tracking accuracy of the
angle tracking observer. Therefore injection of hf signal is not
desired for high speed operation. It is obvious that in order to achieve
full speed range sensorless operation of IPMSM, both techniques
have to be employed, each covering different operational speed
ranges. This requires algorithm that will ensure seamless blending
of the estimates throughout the entire speed range.

The proposed solution is based on field oriented control of
IPMSM with implemented speed control loop. This includes inner
current control loop with implemented decoupling of cross-coupled
variables achieving good torque control performance. To maxi-
mize converter efficiency and minimize its rating, current loop is
designed with maximum torque/ampere criteria [1].
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II. IPMSM Characterization

A. Motor Description
Mathematical model of IPM synchronous motor in synchro-
nous reference frame is described as follows

u, | iy L;s Lo, ||i, 0
ol Lo 3]

where
s - differential operator;
u,, - stator voltages in synchronous reference frame;

iy, - stator currents in synchronous reference frame;
L,, - direct and quadrature inductances;

w, - rotor speed;

Uy - permanent magnet flux;

Torque developed by the IPM synchronous motors as
described by (2), can be divided into two components. First com-
ponent of the torque is created by contribution of the s, field
and is called synchronous torque. Second component, referred to
as reluctance torque, arises due to rotor saliency, where the rotor
tends to align with the minimum reluctance.

3
T,= Ep(wPM Iy + Ly — Lpiy) (2)

where
p - number of pole pairs

IPM motors have the permanent magnets buried inside the
rotor, which makes them salient pole machines with small effective
air-gap. Reluctance in g-axis direction is smaller than that one in
d-axis, resulting in g-axis inductance bigger than d-axis; L, < L,.
Therefore, in order to develop maximal torque according to (2),
reluctance torque should be utilized, i.e. i, current has to be adjusted
to negative values, weakening the resulting magnetic field. On the
other hand, the armature reaction effects are dominant, due to
small effective air-gap, resulting in saturation of g-axis inductance
according to the level of applied load. This phenomenon is par-
ticularly important, because magnetic saliency decreases propor-
tionally with saturated inductance and disappears completely at
certain load level. Furthermore, under load the torque current in
g-axis winding creates a term i, i, causing air-gap flux distribu-
tion to move towards direction of g-axis. Since the HF signal injec-
tion sensorless algorithm estimates the position of saliency rather
than the position of rotor itself, this phenomenon has to be
accounted for in the final application.

B. High Frequency Impedance

In order to verify presence of magnetic saliency at high fre-
quencies (#f), hf impedance measurements were carried out [4]. In
these measurements, the rotor is mechanically locked to prevent
current signals distortion. HF signal of 50V/500Hz is injected in d,,,
- axis of the measurement d,,—¢,, reference frame. This frame is
shifted from the actual rotor d—g frame by angle_offset. Offsetting
the measurement frame will ensure correct alignment of the frames
any time the measurement is repeated. Injection of f'voltage u,,, =
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= U, sin(wy,1) into d,, - axis, will result in i, current as described
by (3).

idm = Idmimax Sin(whfl + QD) (3)
= Ly max €08(@) sin(whft) + L max SIN(Q) cos(whft) 4)

Multiplying by sin(w,, ) and cos(w,,t) respectively will result
in spectral separation of low and high frequency components. This
allows removing of 4f component by simple low pass filtering of
both products, resulting in (5), (6).

1
lgm o = LPF iy, * sin(w, )] = E 1,,, cos(o) (5)

*

1
[dmib = LPF [ldm * COS((!)hft)] = 5 Idm SIH(QD) (6)

In order to extract amplitude 7, from (5), and (6), sine and
cosine functions have to be eliminated. This can be easily done by
squaring iy, , and i, , components respectively and subsequent
addition (7). Then the amplitude /,,, is calculated as in (8).

Idm2 = 4 * ((l.dmia)2 + (idmib)z) (7)
7 Un @)
dm — Idm

The algorithm as described by eq. (3)-(7) is implemented on
16-bit Freescale Semiconductor digital signal controller (DSC).
Output of the algorithm is the square value of /,,,. Calculation of
square root value of /,,, from is done externally together with sub-
sequent calculation of /f impedance (8).

Since angle_offset is varied = 180 deg. electrical, at 90 deg.
igm Will correspond to i,,,. Therefore, to suppress DC offset of the
iy, current under load, 1s' order high pass filter with cut-off fre-
quency 10Hz is used. Block diagram showing the /4f impedance
measurement algorithm as implemented in DSC is depicted on
Fig. 1.
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Fig. 1 Block diagram of HF impedance measurement

The obtained measurement results are shown on Fig. 2, where
resulting impedance is plotted as a function of angle_offset and load
level. It can be seen from Fig. 2 that the saliency moves towards
the direction of g-axis and disappears with increasing load level as
assumed in section II. A. Saliency disappearing with increasing
load will cause eventual failure of sensorless algorithm based on
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saliency tracking. This can be avoided by proper compensation
action in d-axis current [4], which however will introduce additional
losses in the motor and decrease the efficiency of the control

L lasc /|l
1

1.
— dg

Om = Om - angle_offset

Fig. 2 High Frequency impedances as a function of difference between
measurement and actual rotor reference frames and applied load.

II1. Design of sensorless control for IPMSM

A. Initial Position Detection

As with any other synchronous motor, the first problem to
overcome in FOC is the motor start-up. In contrast with the AC
induction motor where the rotor flux is basically created from the
stator, in the IPM motor the rotor flux is created by permanent
magnets present in the rotor. In order to be able to use FOC, posi-
tion of this rotor flux has to be known prior to any control action.
In conventional IPM control with an encoder as a position trans-
ducer, an initial position is set by applying DC voltage in one motor
phase, which creates a magnetic pole attracting the opposite pole
of rotor magnets (alignment process). This process unavoidably
generates often unwanted rotor movements. The sensorless algo-
rithm based on injection of pulsating HF signal in the synchronous
frame can be used to estimate the position of rotor at start-up.
This sensorless approach is physically based on property of d and
q axes flux being decoupled [3]. Therefore, if an estimated d- q
reference frame is defined and not precisely aligned with a real
rotor d — ¢ reference frame, then by applying flux vector at known
carrier frequency, for example, in the d axis, current at carrier fre-
quency can be observed in the § axis. This current is directly pro-
portional to the misalignment angle of the estimated and rotor
reference frame. Therefore, changing the position of the estimated
frame such that this § axis current is zero or minimal, will allow
for tracking the real rotor, i.e. saliency position.

Considering high frequency signals, the motor model from
(1) can be rewritten into an estimated reference frame (9). In this
hf IPMSM model, voltage drop across the stator resistance and
back-EMF components can be neglected.

~>~>

iy | _ | Z +AZcos(26,,) — AZsin(26,,) | (9
— AZsin(26,,) Z; — AZ cos(26 4

err)

where

7,47, AZ=27,-12,
D 2

> Yerr = orot - Gest (10)
4, - stator voltages in estimated frame;

4g - stator currents in estimated frame;

0,, - rotor position;

0, - estimated position;

0,,. - position error;

Applying high frequency signal u,,, = U, sin(w,,?) in d-axis of
hf model of (9), will result in high frequency currents

1, U, Z, — AZ cos(26,,)
3= ——a CoSE0er) |11
[IJ oy Zyz, ’)[ — AzZsin24,,) | P

After filtering and demodulation, 7 , current is described as

1 niZ (26,,) (12)
= ————sin
a 20,2,Z, e

Fig. 3 depicts the 7 , current in dependency on the rotor posi-
tion 6,,,. In this measurement the estimated position 6, is kept

zero in order to see variations in /, current.
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Fig. 3 Estimated quadrature axis current as a function of rotor position

when estimated angle = (0

The relationship between 7 , and estimated position error from
suggest to use a controller capable of driving its output such that
1, current will remain zero.
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Fig. 4 Saliency tracking observer; as used for rotor position estimation
at zero and low speeds
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The controller output represents the estimated speed, thus its
integration yields position of the estimated reference frame. Such
structure acts as a phase locked loop and its schematic block
diagram is depicted in Fig. 4. Fig. 5 demonstrates experimental
results of the initial Saliency Tracking Observer (STO) alignment,
which is used for the start-up rotor position detection. The exper-
iment is carried out with the rotor manually rotated to an arbitrary
position and then running STO alignment process.
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Fig. 5 Saliency tracking observer; initial position alignment

B. Low Speed Sensorless Control

The saliency tracking observer, as shown in Fig. 4, is used for
start-up as well as for low speed sensorless control. A standard PI
type controller is used, assuring zero position error in steady state.
The saliency tracking loop is a non-linear structure but lineariza-

tion around operation point 6, , = 6rot allows approximation of
the loop by

0 K,s + K,

S A 13
eAt\arat sZ + KpS + K] ( )

A standard PI type controller is considered in equation (13).
Since the filtering and demodulation is done in the synchronous
reference frame, the band pass filter (BPF) from Fig. 4, does not
distort the phase of the estimated signal. Phase distortion is intro-
duced by the low pass filter (LPF). Therefore, LPF affects the
dynamics of the tracking loop and has to be accounted for in the
loop tuning. Tuning of the saliency tracking loop is performed
using /f IPMSM model from , as shown on Fig. 6.

A A

HF IPMSM

u, =0 model

N R

iy
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It has to be noted however, that the carrier frequency limits
STO bandwidth. Therefore, the PI controller should be designed
so that STO will exhibit sufficient rejection capabilities at the carrier
frequency.
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Fig. 7 Saliency tracking observer behaviour in open loop control during
voltage transient (0 - ~ 45[rpm])

Fig. 7 shows the behaviour of STO in the open loop low speed
tracking mode, during input voltage transient. Here the g-axis voltage
command is changed in step 0-10 % of DC bus voltage, resulting
in a sharp change in the rotor speed. Transient change generates
the transient error in estimated position of ~18 deg electrical.
Steady state estimation error of 3 deg. electrical has been achieved.
The rotor speed settled at ~45 rpm.
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Fig. 8 Position error during reversal at 30rpm, IPMSM operated
in full sensorless speed FOC

Position error during speed reversal at 30 rpm is depicted on
Fig. 8. Here the motor is operated in speed FOC with position and
speed feedback provided by STO, i.e. full sensorless mode. The
rotor position from encoder is used only for comparison with the

Fig. 6 Block diagram for tuning saliency tracking observer

estimated position.

KOMUNIKACIE / COMMUNICATIONS 1/2007 o 27



COMMVINICTIONS

Experimental results of low speed full sensorless control with
speed reversal under different load conditions are shown on Figs.
9 and 10. Rotor position information from encoder is not used in
these experiments.
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Fig. 9 Low speed full sensorless FOC, with speed reversal =30 rpm
under no load
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Fig. 10 Low speed full sensorless FOC, with speed reversal =30 rpm
under load (20 % nominal).

C. High Speed Sensorless Control

There have been proposed many sensorless control methods
for surface permanent-magnet synchronous motors based on esti-
mation of electromotive force in which the electrical position
information of machine is encoded.

Fundamentally, these estimation methods for the position and
velocity are based on the motor mathematical model. However,
mentioned methods cannot be directly applied to an interior per-
manent-magnet synchronous motor, because the position infor-
mation is contained not only in the conventionally defined back
electro-motive force (EMF) but also in the definition of stator
inductance as shown in (14).

Now the stator voltage u, is interpreted as a sum of four voltage
vectors uy (voltage drop), u; (inductance drop) and conventional
up (back EMF), and ugg; (reluctance EMF). The last term of
equation known as generated reluctance voltage is caused by motor
saliency.
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Fig. 11 Vector diagram of salient-pole machine.

The vector representation of given equation is displayed in
Fig. 11. Unfortunately, the computation of position dependent infor-
mation which is contained in two unknown voltage vectors con-
ventional ug, and ugg, makes difficulties to assess it. However,
there has been proposed [] a simple way to resolve this problem
by eliminating the 26e term in (14) using a purely mathematical
method.

Here is described a mathematical model of the interior PMSM
motor which is based on an extended electro-motive force function
[13]. This extended electro-motive force (EEMF) model includes
both position information from the conventionally defined EMF
and the stator inductance as well. Then, it makes possible to obtain

Ug| _ » [ i ~ o [sin(6,) g [sin(26,) cos(20,) | [,

[uﬁ]_RS [iﬁ * ko [iﬂ ko, [ cos(ﬂe)]+2 e+ AL {cos(ZQ,) sin(ZGe)] [iﬁ] (14)
== ~ ~ ==

U ug uy Ug URpr

Ug| — p. |l pLy Ly— L) o, |  |ia _ R [ sin(6,)
B 1 ettt 1 L
== —~ :

u, Ug ubxT uEXT
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the rotor position and velocity information by estimating the
extended EMF only.

In this equation (15) there is no 26, dependent term compar-
ing to the conventionally defined IPMSM machine model (14).
The second term u/*" and third term uZ*" on the right side of
equation (15) are depicted in Fig. 11 as vectors in dashed yellow
lines. The quT vector term in equation (15) can be explained as
extension of conventional inductance voltage drop, and second
vector term uZX" is considered as an extension of conventional
back EMF term. It is obvious that extended inductance voltage drop
uLEXT has no position dependent information and only extended
back EMF term u2*" possesses position depen ent information.
This rewritten mathematical model of interior PMSM motor makes
possible to express the extended back EMF term uEX 'to be simply
estimated using standard estimation approach of the surface-

mounted PMSM motor.

—sin(6,)

{”M] =Ly — L) (w,iy— i}) + k,* @} - [ cos(6)

LIB

] (16)

In this term (16), besides the conventionally defined EMF gen-
erated by the permanent magnet, there is a kind of voltage related
to the saliency of the interior PMSM motor. It includes the posi-
tion information from both the EMF and the stator inductance. It
is a general form of mathematical model for all the synchronous
motors [13].

D. State Observer of Extended Back EMF

In this section the described state observer is applied to the
interior PMSM motor with an estimator model excluding the
extended EMF term. Then the extended EMF term can be estimated
using the state observer as depicted in Fig. 12, which utilizes
a simple observer of IPM motor stator current. Here presented
state observer is realized within stationary reference frame («f3).
The estimator of a-axis consists of the stator current observer
based on RL motor circuit with estimated motor parameters. This
current observer is fed by the sum of the actual applied motor
voltage (u,), cross-coupled rotational term which corresponds to
the motor saliency AL and compensator F, (s) corrective output.
Since the extended term of back EMF is not included in the inte-
rior PMSM motor observer model, the compensator F, (s) cor-
rective output shown in Fig. 12 supplies the not modeled extended
back EMF [14], [15]. The estimate of extended EMF term in a-axis
can be derived as follows

Ey(s) = F9)  [1(s) = 1(5)] (7

It is obvious that the accuracy of the back EMF estimates is
determined by the correctness of used motor parameters (R, L) by
fidelity of the reference stator voltage and by quality of compen-
sator such as bandwidth, phase lag and so on. It is obvious from
the extended EMF transfer function that even if the motor parame-
ters are precisely matched, the estimates are limited by the com-
pensator quality. This implies that the state observer bandwidth
and its corresponding phase lag constraints the performance of
used method. The same consequences apply for estimate of the
extended EMF in B-axis.
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If assumed a perfect match between motor parameters and its
estimated counterparts, then the transfer function is given as

() ]
———— (18)
sL,+ R, + F[s)
and this yields the parameter insensitivity within the bandwidth.
This clearly implies that the state observer bandwidth determines
the performance of this method. The angle tracking observer [16]
shown in Fig. 12 is widely used for the estimation of the rotor
angle. By employing the tracking observer, noise on the position
estimate can be filtered out without adding lag to the estimate
within its bandwidth [14], [16]. Note that mathematical expres-
sion of the tracking observer error is well known as the formula of
the difference of two angles

Eyfs) = —Eo(s) - [

sin(6, — 6,) = sin(6) cos(f) — cos(0) sin(0) (19)
and this denotes an observer error. In the case of minimal devia-
tions out of the estimated rotor angle compared to the actual rotor
angle, the observer error may be expressed in the following form

9, — 6, = sin(6, — 6,) (20)

The primary benefit of the angle tracking observer utilization,
in comparison with the trigonometric method, is its smoothing
capability [17]. This filtering is achieved by the integrator and PI
controller, which are connected in series and closed by a unit feed-
back loop

IPMSM
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Fig. 12 Block diagram of state observer of extended back EMF

E. Experimetal Results of Extended Back EMF State Observer

The extended back EMF state observer was implemented using
a digital signal controller of Freescale’s 56F8300 series with inte-
rior PMSM. The motor with parameters summarized in Table IV
was used for these experiments.

First, the experiments in tracking mode are presented, where
field oriented control with operation of speed closed loop is used
and the encoder transducer is used as position and speed feed-
back.
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Fig. I3 Estimated a3 currents by state observer at 300 [rad.sec™ 1

Electrical rotor position and speed are fed back from the
encoder transducer, and are granted as reference to estimated
values of the rotor electrical position 6,, and angular speed
@, This motor drive operation allows to evaluate the quality of
sensorless algorithm. The observer tracking capability of phase
stator currents expressed in a stationary reference frame are eval-
uated as shown in Fig. 13. It is apparent that there is very good
signal fidelity between actual measured current of motor and esti-
mated current value calculated by back EMF observer.
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Fig. 14 Estimated extended EMF by state observer at 300 [rad.sec” ']
and estimated electrical position by angle tracking observer

The interior PMSM motor under test operated in a tracking
mode where speed control attained position and speed the from
encoder, and estimation algorithm tracks the actual rotor position.
As can be seen from Fig. 14, the estimation of speed and position
have very good accuracy and apparently the encoder position feed-
back can be replaced by these estimates from the extended back
EMF state filter.

The controller output, which corrects motor phase currents,
is supplying not modelled part of motor state the extended back
EMEF. Fig. 14 shows the estimated extended back EMF at 300
[rad.sec”'].

If the interior PMSM motor drive operates in a sensorless
mode where the electrical position required for vector transforma-

tion is attained from sensorless algorithm and the feedback speed
control loop is formed by state observer estimate. A satisfactory
sensorless operation was achieved under different operation con-
dition. As it can be seen from Fig. 14 there is a very high corre-
spondence between the estimated rotor position (red) and encoder
measurement of electrical position (blue). The exact knowledge of
rotor position is very critical to the IPM motor stable operation
and it is seen that in a sensorless mode the interior PMSM motor
functions with minimum sensitivity to a motor load having very
high agreement of the measured position from encoder and state
filter estimate.
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Fig. 15 Speed control with ramp acceleration under load condition

Since the state observer sensorless algorithm operates reliable
from 50 [rad.sec” '], the speed command is demanded from this
limit. A speed acceleration Fig. 15 from 50 [rad.sec” '] up to 400
[rad.sec” '] is tested with achieving almost identical behaviour of
estimated and encoder speed.

The operation of sensorless IPM motor drive was tested under
a variable load condition as shown in Fig. 16. The developed speed
and position estimation algorithm demonstrates very good and
stable speed estimation performance.

Omega El Omega El Reference OmegaEstimATORIt

Fig. 16 Sensorless speed control at step change in load

A step change in the motor load was generated to verify
dynamic performance of speed estimation and sensorless speed
control, it can be seen in Fig. 15. Very stable drive operation
during unexpected loading was observed. This makes this
approach adequately robust to motor loading.
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E Whole Speed Sensorless Control

In order to fully control IPMSM throughout the entire speed
range, estimates from low and high speed sensorless algorithms
have to be evaluated and merged. The proposed merging algorithm
is based on cross-over functions, assuring smooth transition between
algorithms. Moreover using cross-over functions allows completely
switching off the algorithm currently not used [8], thus minimiz-
ing losses due to /f injection at high speeds. Fig. 17 shows block
diagram of algorithms for the whole speed sensorless control of
IPMSM.
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1 I
: |
- Initicl !
! Posifion :
! v :
i PM Polarity ;
! Defection !
! :
1
| 6,
: est
1
i i Crossover i
e Merging |
Algorithm | !

Win : Tk Sita 0 e ; .,
L Filter L
1| —| Observer 0 ‘

\ Be_is_L8 ;
I | i
! I
! '
! 1

Fig. 17 Block diagram of IPMSM sensorless algorithms
for entire speed range

Fig 18 shows experimental results of full IPMSM sensorless
control obtained from experimental setup according to Fig. 19. In
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Fig. 18 Whole speed range full sensorless control with speed reversal
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this experiment IPMSM is operated in speed FOC with estimated
position/speed provided by merging algorithm. Parameters of the
IPMSM synchronous motor are given in Tab. I.

MOTOR PARAMETERS TABLE 1.
Motor Parameter Value

Number of poles 20

Rated speed 600 [rpm]

Phase voltage max. AC 200 [V]

Phase current max 8A pp

Ke 0.255 [V.sec/rad]

Rs 75 [Q]

Ld 0.081 [H]

Lq 0.095 [H]

The overall structure of IPMSM sensorless drive for an electric
washer is depicted on Fig. 19. IPMSM operated in speed sensor-
less FOC Position error is calculated with respect to the position
obtained from the encoder. The encoder is used only for compar-
isons.

IV. Conclusion

Sensorless field oriented control of IPMSM covering the entire
speed range is presented. The merging algorithm based on a cross-
over function was designed in order to perform a smooth transi-
tion between two different sensorless algorithms. The approach
presented in this paper is based on hf signal injection method for
low speed operation and on the estimation of an extended EMF
in the stationary reference frame using a state filter for high speed
operation. The spatial information obtained from the estimates of
extended EMF is used in an angle tracking observer to estimate
the rotor electrical position. The extended EMF model includes
both position information from the conventionally defined EMF
and the stator inductance. This makes it possible to obtain the rotor
position and velocity information by estimating the extended EMF
only. Whole implementation of the transient injection method and
extended back EMF state filter was achieved on a single chip solu-
tion of DSC56F8300 series without any additional supportive cir-
cuitry.
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