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Mechanical Sensorless Control of SPMSM Based on
HF Signal Injection and Kalman Filter

Zedong ZHENG', Yongdong LI', Xi XIAO', and Maurice FADEL*

I Department of Electrical Engineering, Tsinghua University, Beijing, 100084, China
Z Lab. LAPLACE, CNRS-INPT-UPS-ENSEEIHT, Toulouse, 31071, France

Abstract- To reduce control system’s cost and complexity of
permanent magnet synchronous motors (PMSM), mechanical
sensorless control is becoming a research focus. This paper
presents a novel high frequency (HF) signal injection method for
the mechanical sensorless control of surface mounted permanent
magnet synchronous motors (SPMSM) in low speed and even zero
speed regions based on the little saturation effects of stator circuit.
Adaptive Kalman filter is used to deal with the signal processing
instead of traditional filters to simplify the control system and
improve performance. Simulation and experimental results have
shown the performance of the proposed method.

Keywords: high frequency signal injection, PMSM, Kalman filter,
mechanical sensorless control, low speed

L. INTRODUCTION

Permanent magnet synchronous motors (PMSM) are more
and more used because of their high performance, such as high
efficiency, high power density, high torque to inertia ratio. In
high performance closed-loop control system of PMSM, the
rotor position and speed information are needed and normally
measured by mechanical sensor. The mechanical sensors
increase the system cost, motor volume and the complexity. In
fact, the rotor position and speed can be estimated by the
measured voltages and currents of the electrical motor. So the
mechanical sensorless control is becoming a research focus
now.

The rotor position and speed estimation methods can be
classified as two kinds. The first one is the methods based on
back electrical motive force (EMF), such as EMF calculation
method, model reference adaptive system (MRAS), state
observer and extended Kalman filter. Because the back EMF is
very small in low speed region, so these methods cannot obtain
satisfying performance in low speed and zero speed region. The
second kinds are the methods based on salient or saturation
characteristics of the motor, such as high frequency (HF) signal
injection method. The HF injection method has very good
performance in low speed even zero speed regions where the
motor’s parameters aren’t needed ',

For high frequency signal injection method, the motor should
have salient or saturation characters to produce the difference of
the stator inductance at different rotor position. The surface
mounted permanent synchronous motors (SPMSM) are

non-salient, but exists saturation effects made by rotor flux
passing stator circuit, so the stator inductances are different with
different rotor position. Then the high frequency signal injection
method can also be applied on SPMSM. In the high frequency
signal injection method, the most difficult point is how to obtain
the HF components from the measured currents. Normally a
band-pass filter is firstly used to pick up the HF frequency signal
from the measured currents. Then a low pass filter is added to
obtain the amplitude of the HF signals which is needed for the
speed and position estimation. Because the measured currents
contain HF components, fundamental frequency component,
disturbance and noises, these filters should be carefully designed
to get satisfying amplitude frequency response. Otherwise, the
disturbances, noises, amplitude and phase error made by the
filters will affect performance of the system .

In this paper, a novel signal processing method is proposed
and a Kalman filter is used to replace the traditional filters in the
HF signal injection method. Kalman filter is an adaptive filter
and considers the effects of the noise and parameter errors. So it
is possible to identify the desired signal with known frequency
from measured currents, and can remove the effects of noises
and disturbance by this method. Also the desired signals can be
separated from other ones with close frequency and the
amplitude and phase of the HF signals can be obtained. With the
information obtained by Kalman filter, the rotor position and
speed can be estimated to realize a mechanical sensorless
control system, especially at low speed and zero speed.
Simulation and experimental results have been done to verify
the performance of this method.

II.  HF INJECTION METHOD

First of all, the rotating coordinates oriented by actual rotor
flux position and oriented by estimated rotor flux position are
defined as shown in Fig. 1.
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Fig. 1 Coordinates oriented by actual and estimated position
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Then define the position estimation error:
y=6- 0 (1)
Where @ is the actual rotor flux position and 0 is the estimated
position.
In the synchronous rotating coordinate oriented by actual
rotor flux (DQ axes), the mathematical model of the PMSM is as

follows:
_a)LQHiD}r[ 0 }
R+Lys | | i oy,

up | | R+Lps
u, oL,
Here wu; , u, are stator voltages. i, and i, are stator

and LQ

inductances on D and Q axes. @ is electrical rotor angle speed.
s is the calculation of differential.

For the salient PMSM, normally L, < L, . For the SPMSM
are non-salient, the flux passing the stator windings is different
when the rotor position is different, so the saturation of the stator
is different. This will make some difference between the
inductance of Lj, and L, . Based on this point, the HF injection
method can also be applied to SPMSM.

In (2), the crossing-coupling between two equations are
produced by rotor speed. Suppose that the frequency of injected

2

currents. R is stator resistance. L are stator

signal is much larger than the rotor speed, then the
crossing-coupling in HF circuits can be ignored /.
Upy, RDh +Lp,s 0 ) Iph 3)
Ugy 0 RQh +Lth Ion

Here the footnote h is used to mark the HF values. If only the
static state is considered, (3) can be simplified as follows:

|:uDh:| _ |:RDh +ja, Ly, 0 :|'|:iDh:|
Ug, 0 Ry + O Loy, | | iy
. 4)
:|:ZDh 0 }_|:th1|
0 ZQh fon
And we can also define:
Zy, =Ry, +jo, Ly, (5)

ZQh = RQh +J wnLQh
Since the actual rotor flux position cannot be known, only the
equations in the coordinate oriented by estimated position can
be used. Taking voltage as example, the state variables
transformation between these two coordinates is as follows:

up cosy siny || uy u,
[u(j {—sin}/ cosy} LJ @) LJ ©
Where
cosy siny
R(y)= { . } . (7
—siny cosy

In the coordinate oriented by estimated rotor flux position:

Ugp _1| %on 0 Ly,
{ }=R(7) { }Rm-{ }
Uy, 0 Zon In

dlff :
_ Ze T ) cos2y sin2y |:ldh:|
Zait i 2 PR N
] ) v we T, v (8)
_ Zan Zan | Iy
_Zch th iqh
Where
Zpy t Zgn R, + RQh oLy + LQh
z = = + 9a
ave 5 5 Ja = (9a)
Zgitt = Zpn ~Zqn — (RDh Ry, ) +Jja, (LDh — Ly, ) (9b)
Zgy = Zyy T leﬂ cos2y (9d)
Zgp = Zyyy — ;ff cos2y (9d)
z, = dZ‘“ sin2y (9¢)
Ry = Ry, _RQh )
Ly =Ly, —Lg, (%2
So the equations of HF currents become:
iqh ZgwZgn — Zczh “Zgh Zan Uin (10)

1 {th —Z, .udh
ZonZon L% Zan | | Han

In order to decrease the ripples of torque, the HF signal is
injected only on d-axe:

U | _ | thyycOS DL (11
Ugn 0 _
w, is the angle frequency of the injected signal.
The produced HF currents can be obtained by:
{’}m} _ 1 { Zan —zch]{umj cos a)ht} 12)
Lon ZonZoh L 7% Zan 0
And the g-axe HF current is:
Iy = “Zan U, Cos @t
Dh Qh
(13)

_l (Rdiff +J O, Ly )uan sin2y
2 (Ry, + jo, Ly, )(RQh + thLQh)
Considering that in HF circuit, there is @, L > R, , then we

cos @,

can get:
U, | R, t L. si t .
lqh ~ dlgf cos % _ % ;:hff sin a)h Sll’l27
@, Ly, Ly, @, Ly, Ly, (14)
Ui sin2y (R I )
=0 (R COSQ T — @, Ly SIN A
2%LD11LQh

By (14), we can see that when the position estimation error is
not zero, some crossing-coupling will appear between the d and
q axis equations, and the injected HF voltage on d axe will
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produce some HF currents on g-axe. When y is near zero, the
amplitude of the gq-axe HF component is proportional to the
position estimation error.

So the HF currents in the measured g-axe currents can be used
as a correction of the rotor position estimation. Because R is

very small, so the sine component is selected.

Firstly a band-pass filter is adopted to pick up the HF
component from the measured current. Then the HF signal is
treated as follows to get the amplitude:

u . sin2y @, Ly
—i sinwt =—> At |z |sin(Qar t — 15
Ly, SO, ZH)KLDhLthi 5 |Zdnf| (a, ¢):| (15)
Here:
2
|Zdnf|= Rdziff+(a)hl’diff) (16a)
L.
tan ¢ = Shain (16b)

diff
And then a low-pass filter (LPF) is used to get the amplitude
of the sine-component:
u L,
= LPF| —i, sinagt | = —2"
f(y) [ qh a)h :I 4a)hLDhLQh

The signal processing method is shown in Fig.2.

Because the high frequency resistance cannot be known
exactly, an adaptive operation like PI regulator or a band-band
controller will be adopted to estimate the rotor speed and
position according the obtained amplitude in (17). In [5], a
Kalman filter is also adopted to observe the rotor speed and
position based on the values obtained in (17).

Because the HF components are only used for the estimation
of rotor position, they are not necessary for the torque control.
So the HF components should be removed before the current
feedback. Two low-pass filters are adopted to remove off the HF
currents whose phase lag will affect the control performance of
currents. The system scheme is shown in Fig. 3.

In the traditional signal treatment method, about five filters
are used and should be carefully designed. Otherwise, the
disturbance, noises and other signals with similar frequency will
affect the precision of control.

sin2y (17)

i, +i 6
¢ ®—»| LPF PL— [
T VAVY;
@y —sin(a,t) L @
Fig.2 Signal treatment method
=
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Fig.3 System scheme of traditional HF injection method

III.  SIGNAL PROCESSING BASED ON KALMAN FILTER

Kalman filter is an adaptive filter and is widely used in signal
processing fields, such as communication, GPS navigation and
other systems. Suppose that there is no disturbance or noises, the
measured stator currents of the SPMSM are:

1, =i, +i, =i, +acos@,t+bsinaw,?
I, =i, +iy, =i +ccosat+dsinat (18)

Here i, and i are the d-q components of fundamental

frequency currents (DC components) which are needed for the
torque control.

In order to improve the identification precision of the Kalman
filter, we try to remove the d-q DC components from the
measured currents before the input of the Kalman filter. To be
simple, the reference values are used instead of the actual DC
d-q values and the errors can be compensated by the adaptive
Kalman filter.

I =i, +i, —i (19a)
I =i +i, —i (19b)

The d and q axes currents can be written as follows:
y=Acos@,t+Bsinw,t+D (20)

D is the d-q fundamental components of currents.
Take the amplitudes of sine and cosine components, and the
d-q DC components as state variables:

x=[4 B D @21

Suppose that the amplitudes of the high frequency AC
components and the DC components change very slowly, and
consider the effects of noise and disturbance:

X, =x,+w, =F-x +w, (22a)

(22b)

Here F is unity matrix. w and v are random disturbances. In
fact w is the process noise which stands for the errors of the
parameters; v is the measurement noise which stands for the
errors in the measurement and sampling.

The noise covariance matrixes are defined as follows:

Y, =C-x,+v, =[cosmt sinot 1] x, +v,

0 =cov(w)=E{ww"} (23a
)
R =cov(v) = E{w™} (23b)

Define matrix P as the error covariance of state estimation.
P =Ele, e} =Y E{[x,-x][x,-x]}
i=1

E{} is the computation of expectation value.

24)

Kalman filter can be realized by iteration as follows:
1. Compute the state ‘a prior’ and the error covariance ‘a
prior’.

32/{\/(71 = 'Qkfl\k—l +x-T, (25a)
I)k\k—l = Fk—lpk—uk—le-lT +0,, (25b)
2. Compute the Kalman gain.
-1
K, = I)k\k—l C’ '(C'Pk\k—l C’ +Rk—1) (25¢)

3. Update estimation with measurement.
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'%k\k = -’27/4/{71 +K, (yk -C- -’27/{\/(71) (25d)
4. Update the error covariance matrix.
I)k\k = [I_Kk ’C]’Pk\kq (25¢)

Here T, is the sampling time.

By the definition, matrix @ and R should be diagonal, matrix
P will be symmetric, and these characters will make some
calculation repeated in the iteration of Kalman filter. So the
calculation will be simplified.

The outputs of the both Kalman filters for the d and q axis
currents are as follows:

5=[4, 8 B (26a)

. A A L T
%,=[4, B, D,] (26b)

And the subtracted reference values are added to get the full
values of the d-q DC components of currents which will be used
as the feedback of the current regulator.

i, =D, +i, (27a)

(27b)

Based on the identified HF components, the rotor speed and
position can be estimated as follows:

A

A K
i, = Dq +i

W= [Kp +5] ‘B, (28a)
S
0= jcbdt +9, (28b)

Here 6, is the initial position of the rotor. System scheme is
shown in Fig. 4.

Two Kalman filters are used to replace the five filters in the
traditional method, because the Kalman filter is an adaptive
filter and can be easily designed, only the frequency of the HF
signal is needed, the system can be simplified. As the noise,
disturbance and parameter errors cannot be known exactly, the
0 and R matrix can only be obtained by practical adjustment.

In the proposed system, the rotor speed is a mechanical
variable and cannot change very quickly, so another low pass
filter is usually added in the speed feedback route.

The injected high frequency voltage is added in the voltage
reference. The SVPWM module and the inverter will produce
the desired high frequency voltage according the combined
voltage reference and the additional high frequency voltage
source is not necessary.

=

=0
——

Current
controller

Speed

controller| ;*
_ q

@
Position and
0 speed PM
“ estimation

Fig.4 System scheme of the HF injection method based on Kalman filter

Iv.

In order to verify the theoretical analysis and the performance
of the proposed system, some simulations have been carried out
on a MATLAB platform. In the simulation, the parameters of
the motor are as follows:

Lp=1.0mH, Ly=1.5mH, R=0.1555 Q, the amplitude of the
injected voltage is 20V and its frequency is 500Hz. The
switching frequency of the inverter is 10K Hz.

The covariance matrixes of the noises and state estimation
errors are selected as follows:

1.0 10
P, = 1.0 0,=| 10
1.0 10

Both Kalman filters have the same parameters.

The simulation results of the signal treatment by Kalman filter
during start-up are shown in Fig. 5 and Fig.6.

When the load torque is changed from zero to SNm, the signal
treatments during load torque impact are shown in Fig. 7 and
Fig. 8.

From the simulation results, it is shown that Kalman filter can
pick up the desired high frequency currents from measured
currents in both static and dynamic states with very good
precision. During the startup, a short time is needed for the
convergence of the Kalman filter.

SIMULATION RESULTS

R, =[1.0]

15

— measured current
-15 ! :
150 0.025 0.050
L low frequency current
0 ANNNAN
< L
=
15 N 1 N |
15 ~ 0.025 0.050
— high frequency current
_1 5 1 ]
0 0.025 0.050
t/s
Fig. 5 d-axe currents during startup
0.8
measured current
0.4
0.0 L !
08 0.4 0.8
low frequency current
0.4
g
= 00 L j
04 0.4 0.8
hig frequency current
0.0 f
-0.4 L !
0.0 0.4 0.8

tls

Fig.6 q-axe currents during startup
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Fig. 7 d-axe currents during load torque impact
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Fig. 8 g-axe currents during load torque impact

V. EXPERIMENTAL RESULTS

Some experiments have been carried out on a motor control
system. A surface mounted permanent magnet synchronous
motor is used with the parameters as follows:

Stator inductance L=1.25mH, stator resistance R=0.1555 Q,
the amplitude of the injected voltage is 30V with the frequency
of 500Hz. The DSP TMS320C6711 is used as the core
controller. Another FPGA Altera EP1K100 is used to produce
PWM and to control the AD circuit. The initial values of the
covariance matrixes are as follows:

1.0 10
P =

0

10
1.0 10

During startup, the d and g-axes currents are shown in Fig. 9
and Fig. 10. It can be seen that the Kalman filter can get the
exactly high frequency currents from the measured currents, and
can converge at a very short time.

After startup, when a load torque is added and removed, the
measured and estimated speeds are shown in Fig. 11, where the
estimated speed is almost the same with the measured one
during dynamic course.

During acceleration and deceleration, the speed estimation
results and the position estimation error is shown in Fig. 12 and
Fig.13.

If the speed reference is zero, and some load torque is added,

1.0 0, = R, =[10.0]

the speed estimation result is shown in Fig. 14. It can be seen
that the motor has a very good low speed even zero speed
control performance. The g-axe current response is shown in Fig.
15.

measured current

~~~~~ low frequency current got by Kalman Filter

I/A

0.00 0.01 0.02
tls
Fig. 9 d-axe currents during startup
1.0 -
F measured current
05 -
0.0 WWW,
-0.5 -
-1.0 L 1 L J
§ 0.0 0.5 1.0
1.0 -
05 '_ low frequency current got by Kalman Filter
0.0 e
-0.5 -
-1.0 L L 1 L J
0.0 0.5 1.0

Fig.10 g-axe currents during startup
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tls
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Fig. 11 Measured and estimated speed during startup and load changes.

estimated speed

Fig.12 measured and estimated speed during acceleration and deceleration
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VI. CONCLUSION

The Kalman filter is a very good signal processing method for
the HF signal injection method in mechanical sensorless control
of PMSM. It can obtain the required high frequency signals
from measured currents with noises and disturbance. All the
filters used in the traditional HF signal processing method can
be replaced by the proposed Kalman filters and the system will

. . . be simplified. Using the flux saturation of SPMSM, this method
0 > s 10 13 can also be applied on surface mounted motors. Simulation and
experimental results show that the proposed HF signal injection
method with Kalman filter is robust and the mechanical
sensorless control of PMSM can be realized with good low

Fig. 13 Position estimation error during acceleration
10 -

estimated speed

sL measured speod speed and even zero speed control performance.
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