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ABSTRACT

This paper describes the two control techniques to perform the sensorless vector control of a PMSM by injecting the

high frequency voltage to the stator terminal. The first technique is the estimation algorithm of the initial rotor position. A

PMSM possesses the saliency which produces the ellipse of the stator current when the high frequency voltage is injected

into the motor terminal. The major axis angle of the current ellipse gives the rotor position information at a standstill.

The second control technique is a sensorless control algorithm that injects the high frequency voltage to the stator terminal

in order to estimate the rotor position and speed. The rotor position and speed for sensorless vector control is calculated by

appropriate signal processing to extract the position information from the stator current at low speeds or standstill. The

proposed sensorless algorithm using the double-band hysteresis controller exhibits excellent reference tracking and

increased robustness. Experimental results are presented to verify the feasibility of the proposed control schemes. Speed,

position estimation and vector control were carried out on the floating point processor TMS320VC33.
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1. Introduction

In recent years the surface mounted permanent magnet
synchronous motor (SPMSM or PMSM) has been widely
used because of its inherent advantages such as high
efficiency, good dynamics and small frame size compared
to other motors with the same output',

For the vector control of a PMSM, some types of shaft
sensors such as optical position encoders or resolvers
are fitted to provide a signal that is used to maintain an
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orthogonal angle between the stator and rotor field in
order to produce the maximum torque in the motor. These
sensors and the associated signal wirings are significant
sources of failure and cost, and add to the overall volume
and mass that must be aliocated to the motor shaft at the
work site. These are the reasons why many authors
proposed sensorless control algorithms using different
control methods for the estimation of the rotor speed and
position.

Researches concerning sensorless PMSM control can be
classified into two groups, depending on the speed
operating range required by the application: 1) control
strategies based on the voltage equation of the motor and
2) control strategies based on signal injection techniques.
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Control strategies based on the voltage equation can be

3114 B5U6) and

classified into state observer ], kalman filter
voltage model. These methods are preferred for medium
or high-speed operation. They require the information of
the motor currents and input voltages to estimate the back
electromotive force(EMF) which has the information of
the rotor position and speed. These methods are very
effective, but they depend on the accuracy of the motor
parameters. So it is necessary to compensate for the
variation in the stator resistance and the back EMF
constant caused by the temperature variation. But at low
speeds, the magnitude of the back EMF voltage is very
small which makes it difficult to detect the motor position
and speed.

Signal injection techniques are based on the magnetic
saliency of the motor due to the saturation effect or
geometric construction. There is no lower limit on the
rotor velocity for which these techniques can operate
because these methods have are not concerned with the
magnitude of the back EMF 18! 1012131

This paper describes sensorless control of a PMSM in at

low speeds using a high frequency voltage signal injection.

When a high frequency voltage signal is injected into the
motor, the stator core around the magnet pole is saturated.
This phenomenon results in the magnetic saliency of a
PMSM which has the information of rotor position and
speed. The proposed sensorless algorithm using the
double-band hysteresis control and initial rotor position
detection exhibits excellent reference tracking and
increased robustness. Also, it does not require the
knowledge of any motor parameter and allows low cost
implementation. It only requires current sensors already

included in standard drives.
2. High Frequency Model of PMSM

The machine model for the PMSM on the d-q
synchronous reference frame with an electrical angular
velocity ¢ can be represented as follows:

y

. . d .
v;v = Rsitlis + Lx Elc;: - o Lsi:p (1)

+ oL, + A, 2)

s ds

d .
vio= Rsl.qr‘ + LS d_l;‘

R , L  :Stator resistance and stator inductance
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Ve d-q axis stator voltages

i;_ . i(;s' : the stator d-q axis currents

/1m : the flux linkage of the permanent magnet

If the frequency of the injected voltage is sufficiently
high compared to the rotor speed when the machine is
operated at low speed, the motor speed can be considered
as zero from the point of view of the high frequency
component, and there is no output torque ripple. The high
frequency component voltage equation can be represented
as follows:

v;xi _ Rx +Ja)1L: 0 i(;si (3)
vl 0 R+jeoL]|i,

r r . v - r i
where, ViV sin il are  high

frequency
components of the stator voltages, currents in the d-q axis

and ¢ is the frequency of the injected voltage.
It is possible to observe that at sufficiently high @,
R + jo L canbe approximately reduced to joL -

When the flux of the magnet poles aligns with the flux
of the stator, the resultant flux is very large, and
magnetically saturates the stator iron. This magnetic
saturation makes the electric saliency so that the g-axis
inductance becomes slightly larger than that of the d-axis.

From the above reasoning, (3) can be reduced to (4).

,

V| _|J@L, 0| &)
O ja)iqu ir

si gsi

where L, ,L _arc d, q axis inductances.
ds gs

Fig. 1 shows the relationship between an actual d-q axis
and the estimated d-q axis. The estimation error of the

rotor position is @ as shown in Fig.l, and the

relationship of the stator voltages and currents between in
an actual d-q axis and in the estimated d-q axis is derived
like (5) and (6).
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Fig. 1 Actual d-q axis s and estimated d-q axis
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are the stator voltages and

currents in the estimated synchronous reference frame.
From (4), (5), and (6) the high frequency component of

the stator current in the estimated synchronous reference

frame is derived as follows:

s, _ ,a+bcos26, ..  bsin20, ., 7

asi = asi v J Visi )
c C

x, _ . bsin28 .a+bsin26, ., (8)

gsi = ¢ dsi +J ¢ vqsi

where, q=(L, +L,)» b=(L,-Ly)
and ¢=2w L, L

P ds s

3. Pre-Processor

The pre-processor is used to extract g from the

high frequency component of the stator g-axis current in

the estimated synchronous reference frame. Fig. 2 shows

the block diagram of a pre-processor! %,

Lo ds .
" —> sin w !
Tpop T(0) l K sin26
—| BPF |—» LPF ——»
id 1(/5 Iq'si

Fig. 2 Block diagram of a pre-processor

If the high frequency voltage is injected as in (9), the
high frequency component of the stator current in the
estimated synchronous reference frame can be represented
as (10), and (11).

Vi | [cos(at) 9
v, B 0

L, +L, +acos20

) (10)

o .
i 2V, sinw( -

bsin 299”4 ) (1 1)
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From (11) the input signal related with the estimation
error of the rotor position can be obtained via the signal
demodulating process in (12).

xsinw;t] = %_b)sin 26, (12)
c

LPF[i”

qsi
= Ksin26
where, g = va(=0)
2c
From the assumption that g =~ ¢, and

sin26, =26 the output of the pre-processor in (12) can
be reduced to (13).

LPFIi xsinwt]= K26 (13)

err

4. Sensorless Control Strategy

4.1 Rotor Position Detection at standstill
Because the characteristic of the sine function there can

be uncertainty between z and 7z as shown in Fig.3.
4 4

Within this region the sensorless vector control is not
guaranteed by using the sensorless control algorithm
already mentioned above in Section III. The estimation
algorithm of the mitial rotor position is necessary for
solving this problem.

When the balanced 3-phase and high frequency
voltages are injected to the stator terminals, the stationary
d-q axis currents make the ellipse due to the saturation
effect of the PMSM as shown in Fig. 4. The information
of the complete one cycle current is needed in order to
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Fig. 3 Initial starting region, depending upon the position of
the rotor
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Fig. 4 Current ellipse in the stationary reference frame

make a complete ellipse and to estimate the rotor position
by injecting the high frequency voltage to the stator
terminal. This is due to the major axis angle of the stator
current gives the direct information of the rotor position as
shown in Fig. 4.

Fig. 5 shows the phenomenon of the magnetic
saturation according to the rotor position.

(b) Saturated magnetic field

{a) Linear magnetic field

Fig. 5 Magnetic saturation effect according to the rotor position

Fig. 6 shows the flow chart to estimate the initial rotor
position estimation.

Initial Rotor Position
estimation start

=

¥
Measure the stator current

Transform the stator
current in stationary
reference frame

Estimation Time
<=
eriod of injected signal

Linit = /72 +13ss

NO

I_init >=I_init_MAX

Linit_MAX = I_init
—1 Igss_max
0r= tan—1 2455 max
dss_max
l
END

Fig. 6 Flow chart of the initial rotor position estimation

4.2 Double Band Hysteresis Control

Fig. 7 shows the concept of the conventional
Bang-Bang control. When the rotor position estimation
error falls below zero, the output of the Bang-Bang

controller is _ g , and when the rotor position estimation
error rises above zero, the output is g

Fig. 8 shows the concept of the double-band five-level
hysteresis control. The estimation error of the rotor
position is usually limited within the inner band because in
the steady state the estimation error of the rotor position is
very small. The output of the double-band five-level
hysteresis controller can be determined within several
levels, and has less of a ripple component compared to the
Bang-Bang controller.

Therefore the proposed controller has several attractive
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features when compared to the bang-bang controiler.
The double-band five-level hysterisis controller is more
stable, yields a more dynamic performance and has a
smaller estimation error in the steady state.

~
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Fig. 7 Conventional Bang-Bang Control
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Fig. 8 Proposed double-Band 5-Level Hysteresis Control

Fig. 9 shows the block diagram of the proposed two
sensorless control algorithms including the initial rotor
position estimation at standstill and the sensorless vector
control. At first the algorithm of the initial rotor position
estimation functions, and then at low speeds the sensorless
vector conrol begins functioning.

Before
Initial Rotor
Position
Estimated

i}—%i

Algorithm of Initial Rotor
Position Estimation

Rotor Position
Estimation Error
K n29 v After
S Initial Rotor

err Position

Estimated

Double-band
S-level
hysteresis controller
Fig. 9 Block diagram of the proposed sensorless control

algorithms

5. Experimental Results

The experimental setup was utilized to verify the
usefulness of the proposed two control algorithms. Table 1
shows the nominal parameters of the PMSM for the

experiments.

Table 1 Nominal Parameters of PMSM

Rated voltage 220[V] Poles 48
Rated current 9[A] Stator registor 4.1[Q]
Rated speed 600[rpm] [ Stator reactance 20[mH]
Maximum speed | 2000[rpm] backEMF 0.083[V/rad/s]
constant

Fig. 10 shows the control block diagram of the
sensorless drive system of the PMSM including the
proposed two algorithms. The sampling time of the current
regulator is 62.5usec. The switching frequency of the
PWM inverter is 8 kHz. The space vector PWM algorithm
is used for maximum utilization of DC link voltage. All
programs are implemented with a 32bit floating point
microprocessor, DSP TMS320VC33 made by TI. The
frequency of the injected voltage is 355Hz and the
amplitude is 60V. While the amplitude of the injected
voltage is not small, the frequency is so high that it has no
effect on the output torque. After the motor speed reaches
the point where there is enough back EMF, other
sensorless control algorithms (which have been developed
by many previous authors) can be applied to the sensorless
drive system for operation at high speeds ",
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Fig. 10 Sensorless control block diagram of PMSM

IIn Fig. 1! the rotor is located at 0.05[rad] electrical
degrees. The stationary d-q currents and its ellipse are
shown in Fig. 11, 12, and 13 when the high frequency
voltage is injected to the stator terminal to estimate the
initial rotor position at a standstill. The initial rotor
position is easily determined from the major axis angle of
the ellipse as shown in Fig. 11, 12, and 13.

In Fig. 12 and Fig. 13 the conditions are the same as in
Fig. 11 except for the rotor position. From successive tests,
the position error of the rotor is acquired within *15

electrical degree.
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Fig. 11 In case of the rotor initial position 0.05[rad] at standstill
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Fig. 12 1In case of the rotor initial position -1.97[rad] at
standstill
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Fig. 13 In case of the rotor initial position -0.85[rad] at
standstill

Fig. 14 shows the estimated initial rotor position during
start-up without the estimation algorithm of the initial
rotor position. Due to the uncertainty of 90 degrees of
pre-processor output, the estimated rotor position does not
track the actual rotor position.

2n m i
) T .
0 P
2r £
0} JN\MM\F, [rad]
'
g,
! 96,7 [rad]
2” Estimated
0 y Initial Rotor Position [rad ]

1 5s200V 2.65s289v 3 5s200V [ 5s268Yv 0O STOPPED
[sec]
Fig. 14 Estimated position during start-up without initial rotor
position estimation (Speed reference: 10[rpm])
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0} rks [rad]
0 2 — M [rad]
z 9,

3
0 pri— [rad]
2” geﬂ‘
: |
0 Initial Rator Pasition \ [Ta d]

1 55288V 2.5s2680V 3 655263V 1§ .5s2080v 0O STOPPED

[sec]
Fig. 15 Estimation rotor position of the proposed sensorless
including the initial rotor

algorithms position

estimation algorithm (Speed reference: 10[rpm])
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Fig. 15 shows the estimated rotor position of the
proposed sensorless algorithms during start-up. After
estimating the initial rotor position, the estimated rotor
position, adapting the proposed sensorless algorithm, begins
tracking the actual rotor position as shown in Fig. 15.

2
AW AVVAVAV‘VA MWMWWWW
(a) [rad] \¥
0 —
[sec) 0.2
27—
WA \ AWV AR
b rad] — | -
(b) Irad] 6
0
Fig. 16 Estimated position in case of the rotor position

4.24[rad](Speed reference: O[rpm] )
(a) Bang-Bang Control
(b) Double-Band hysteresis control
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Fig. 17 Step speed response(Speed reference: -10 — 0 — 10 [rpm])
(a) Bang-Bang Control
(b) Double-Band hysteresis Control

For the purpose of performance comparison, the control
using the conventional Bang-Bang and the proposed
Double-Band hysteresis control method have been
monitored, and the experimental waveforms are as shown
in Fig. 16 when the speed reference is O[rpm]. As shown
in Fig. 16 the conventional Bang-Bang controller produces
the larger amplitude of the harmonic position.

The conditions in Fig. 17 and Fig. 18 are the same as
for Fig. 16 except for the speed reference. The
double-band hysteresis control shows small ripple
components compared to the Bang-Bang control, and
good reference tracking. The proposed scheme gives a
good speed and position estimation even at low speeds.
The speed estimation etror is very small due to the
injection the high frequency voltage.

Based on the experimental results, it is apparent that the
proposed sensorless control algorithm performs much
better than the conventional sensorless control algorithm.

6. Conclusions

In this paper, two estimation algorithms which calculate
the initial rotor position at standstill and a sensorless
vector control algorithm are proposed to control a PMSM
without a mechanical speed sensor. The estimation
concept used to calculate the initial rotor position at
standstill is based upon the saturation effect of the rotor.
To estimate the initial rotor position and identify the rotor
magnet N-S polarity, high frequency voltage (355Hz) is
injected to the stator terminal. The rotor position is
calculated from the major axis angle of the stator current
ellipse.

For the sensorless vector control of a PMSM the rotor
position is estimated by injecting high frequency voltage
to the stator terminal. No machine parameters are used in
these sensorless algorithms so resistance to motor
parameters variation is guaranteed. Moreover, the
double-band hysteresis control has several attractive
features including good reference tracking, dynamic
performance and small ripple components when compared
to the conventional Bang-Bang control. Also vector
control performs very well even at low speeds and
standstill. The experimental results show the usefulness of
the two proposed algorithms for the sensorless vector
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control of a PMSM.
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