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Abstract—T his paper proposes a new state observer based
on extended Kalman filter (EKF) for the sensorless control
of permanent magnet synchronous motors (PMSM). The
observer can obtain exact rotor speed and position with
which sensorless control can be achieved. Load torque is
also observed and used as the feed-forwar d compensation to
improve the system performance during load torque
changes. In this system, the initial rotor position is not
necessary for the start up. Based on the observed variables,
a state space postion control controller is built up.
Simulations and experiments have been done to verify the
perfor mances of the system.
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I. INTRODUCTION

Permanent magnet synchronous motors (PMSM) are
more and more used because of their good performances.
High performance control of the PMSM needs the rotor
position which is usually measured by a mechanical rotor
position sensor. This will increase the cost and the
ingability of the sysem. So sensorless control is
becoming aresearch focus recently.

Some sensorless control methods have been proposed
before. Generally there are the methods based on back
electromotive force (EMF), mode reference adaptive
system (MRAS) ™ and state observer. Methods based on
EMF and MRAS are smple but are greetly depended on
the accuracy of the parameters. Method based on state
observer is more robust because of the feedback
correction, but it is difficult to determine all the feedback
gains in order to get both better stability and quicker
converging speed. The difference between state observer
and Kaman filter is that the feedback gain of Kaman
filter is updated automatically by the iteration based on
optimal contral theory. Extended Kaman filter (EKF) is
an extension in the nonlinear system of the linear Kalman
filter (LKF). Since the equations of the PMSM are
generaly nonlinear, EKF is more suitable than linear state
observer. Some methods based on EKF have been
proposed, most of them are founded in the datic two-
phases coordinate, since the sator inductances in static
two-coordinate of saient PMSM are varying depend on
rotor position, they can hardly be used for the sdient pole
motors, ABI4

In motor control system, the parameters of traditional
speed or position regulators are adjusted by supposing
load torque as system disturbance and congtant. So the

variation of load torque will have some effects on system
performance. Feed-forward compensation by the load
torque can diminate the effects. Since the measurement of
load torque is difficult and ex553ensive, some load torque
observes have been proposed.®'®”) Generally a mechanic
sensor is aso needed in these methods. With the EKF, the
observation of load torque is possible without mechanical
sensor.®

In this paper, a new state observer based on extended
Kaman filter is proposed. The precious rotor position and
speed can be obtained by EKF. Then a sensorless speed
control system can be formed. The EKF observer can
observe the load torque at the same time which can be
used as the feed-forward compensation of the reference
torque at the output of the speed regulator. With the
compensation, the speed fluctuations during load torque
impacts can be gresatly decreased.

In sensorless system, the edtimation of the initia
position is very difficult, especialy for the non-sdient
motors. The EKF observer can track the real rotor position
quickly during start up in despite of the initial position
errors. So the initial position measurement or estimation
can be got rid of in this system. In spite of some small
reverse when the initial position error is large, this dart
method is smple and can be used in many fields. Based
on the observed rotor speed, position and load torque, a
state space position controller is built up which can get an
excellent position control  performance®  Some
simulations and experiments have been done to verify the
performances of the proposed system.

II. OBSERVER BASED ON EKF

In the rotor flux oriented synchronous coordinate (d,q
coordinate), stator voltage equations of PMSM are shown
in (1) and (2).

dl
Ug =R+ Lt -ol, ©

dl
Uq=R|q+qu_tq+deld+wV/r 2

Here U, and U, are stator voltagesin dg axes. |, and
|, ae dtator phase currents L, and L, are stator
inductances, R is stator resistance. w is rotor eectrical
angle speed. y, is rotor flux amplitude on d axes. In

rotor flux oriented synchronous coordinate, Ly and L are
constants, so the observers built on synchronous
coordinates are more suitable for the salient PMSM.

In this paper, we use surface mounted PMSM, thereis:



L,=L,=L. (3

The equations of the rotor speed and position are;

JO(I]I—?=Tem—f~Q—TL . (4

Here Jistheinertia, Q isrotor mechanic angle speed,
T, is the electromagnetic torque, f is the coefficient of
friction torque. T, is load torque. If we use eectrical
angle speed ingtead, (4) can also be written as.

dw
‘]Ezpz'v/r'lq_f'w_p'TL' (5)
Here T,,=p-y, -1,. (6)

The load torque is supposed to change dowly
compared with other sate variables, and its derivation is
zero.
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If we use d,q currents, rotor speed, rotor position and
load torque as date variables, the state equations can be
shown as (8).

dy Yy Lo,
dt L = d
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do
— =
dt
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dt

0 is rotor flux position. 7 =L/R is stator eectrica
constant.
The output matrix is as follows:

y:[lg Iq:|T C-x. (9a)

with x=[1, 1, » 0 T.]; (9b)
{1 000 o}

C= . (90)
01000

Considering the noises and parameter errors, the state
equations for PMSM can be written as (10).
x=g(x,u)+w
(10)
y=C-X+V
Here w and v are the random disturbances and noise.
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 sample.
The noises covariance matrixes are defined as follows:

Q = cov(w) = E{ww'} ; (11a)
R=cov(v)=E{w'}. (11b)
E{} isthe computation of expectation value.
Extended Kalman filter can be built as follows:
X(k+1) f =x(k)+géx,u)-T, ; (12

1= T T, 0 0
T
Teo 1 TEnL-Yy o0 o
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3 3 3
0 0 T, 1 0
0 o0 0 0o 1 |
(13)

EKF can berealized by theiteration asfollows:
1. Compute state ahead and error covariance ahead.

§(k|k—1 = )’zk—:uk—l + g()?k—:uk—l) T, (14q)

B = Fk—lpk—ﬂk—le—lT +Q4 (14b)
2. Compute the Kaman gain.

-1

Ky = Pk|k—1'CT '(C' Rk CT+ Rk—l) (15)
3. Update estimate with measurement.

§(k|k = ),Zk|k—1 + Kk (Yk -C- §(k|k—1) (16)
4. Update the error covariance matrix.

Pk|k = [I - Ky 'C]' Pklk—l (17)

Matrix P isthe error covariance of estimation.
Pk|k = E{%T '%} ZE{[Xi _)Aﬁ][xi _)Aﬁ]T}

i=1
(18)

Compared with EKF, the traditiona state observer is
calculated asfollows:

§(k = ),Zk—l + g(s\(k—l) T+K (y_C),Zk|k—1) (19)

Generally the feedback gains of state observer are
constants or updated artificially, and the initial values of
the feedback matrix are also hard to be known well. But
the feedback gain of EKF is obtained by iteration and no
initial values are needed.

Because there are many matrix caculaions in the
iteration of EKF, the computation take quite a lot of time.
In practice, matrixes Q and R are diagonal, and we can
set the initial values of matrix P as diagonal matrix too.
Then we can know that matrix R, , and B, are always

symmetric during iteration. There are also some repeated
computations during iteration, so computation can be
reduced greatly by optimization of the calculation.

Since the measurement of the terminal voltages of the
motors driven by a PWM inverter is very difficult and
expensive. So thereference voltages are used instead.

During load torque changes, there are usudly
corresponding speed fluctuations, which are determined
by the inherent characters of the PI regulator. Since the
load torque is observed by EKF, we can use the observed
load torque as feed-forward compensation of reference
torque. Before the compensation, a low-pass filter is used
in order to make the system stable. Based on extended
Kaman filter, the sensorless control system is shown in
Fig.1. The rotor flux oriented vector control is adopted.
The d-axe current is controlled to be zero which can get
the largest torque with smallest phase currents.
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Fig. 1. Flow-chart of the sensorless system

IIl. SMULATION RESULTS

Some simulations have been done in MATLAB
Simulink to verify the performance of the syssem. The
parameters of the system are shown in TABLE 1.

When there are some initia position errors (z/3), the
rotor speed and position estimation errors are shown in
Fig. 2 and Fig. 3. It can be seen that the initia position
error causes some errors in the speed and position
esimation a the beginning, but the extended Kalman
filter can track thereal vauesvery quickly.

When the motor starts up at Os, and there is some load
torque impact a 1s, the observed and rea load torque is
shown in Fig. 4. It can be seen that the observed load
torque can track the real torque very well.

TABLEI.

PARAMETERS OF THE SYSTEM
Parameters Values
Stator inductance L, = L, =L 0.00125 H
Stator phaseresistance R 0.155 Q
Rotor magnet flux v, 0.153093 Web
Inertia J 0.07 Kg-m?
Coefficient of friction f 0.0826 N-m/(rad/s)
Number of pole pairs p 4
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IV. EXPERIMENT RESULTS

Experiments have been done on a platform with the
DSP C6711 as the controller. The parameters of the
motor are the same as shown in TABLE 1. In fact we
don’t know the coefficient of friction and inertia exactly.

In the extended Kalman filter, the Q and R matrixes are

set as follows:
0.1
0.1
1.0
Q= 0.1 o ,R= { 1.0} . (20)
0.1
The matrix P isset as
0.1
0.1
Poo = 0.1 (21
0.1
0.1

Theinitial values of the state variables are all zeros.

The estimated rotor speed during acceleration is shown
in Fig. 5. Because we use a rotor position sensor of 256
points every cycle to measure the rotor position and speed,
there is some noise in the measured rotor speed. The
estimated rotor speed can track the measured speed very
well and there are almost no noises in the estimated rotor
speed.



The load torque observation result is shown in Fig. 6.
There are some static errors in the load torque estimation
which is caused by the error in the coefficient of friction.

The observed load torque can be used as the feed-
forward compensation. If we use the load torque impacts
of the same value, rotor speeds with and without
compensations under the same speed controller
parameters are shown in Fig. 7 and Fig. 8. It is obvious
that the feed-forward compensation of the observed load
torque can greatly improve rotor speed control
performance, especially during load torque changes. The
speed fluctuates can be decreased greatly and the speed
response can be more rapid.
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Fig. 8. Rotor speed during load impact with compensation

In the traditional control method of PMSM, the initial
rotor position is needed for the gsart up. The initial
position sensor increases the cost of the system. A
method is proposed to measure the initial rotor position in
[1]. But it is difficult to be used in non-salient motors.
Another method is to make the rotor to be fixed at some
desired initial position usng some DC voltage or DC
current. But the system inertia and the load characters
[imit the use of this method.

In this sensorless system, the maotor can gart up at any
unknown initial rotor positions. During start-up, the
estimated rotor position can track the real position
quickly. Then the motor can start up successfully from
any unknown rotor initial position. The rotor position
estimation results during start-up are shown in Fig. 9 and
Fig. 10. Since the rotor postion sensor hasn't a very
good precision, there is some noise in the measured rotor
position.

Sometimes there are the reverses during sart up,
especially when the initial position errors are large (larger
than z/2), but the motor can run towards the correct
direction quickly after the estimated rotor position track
the real position. So in this system, the initiad rotor
position measurement or estimation is not needed. This
method is smple and efficient, and can be used some
fields where arigorous start performanceisn’t desired.

The phase current of the maotor during start up is shown
in Fig. 11. It can be seen that there is no attacks in phase
currents during start up.
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Fig. 9. Rotor position estimation results during start up
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Based on the observed rotor position, rotor speed and
load torque, a state space position controller is performed.
The principal of the contraller isintroduced in [9] and the
structure is shown in Fig. 12. The actuator consists of the
current controller, inverter and motor which are aready
shown in Fig. 1. The position control result is shown in

Fig. 13. The corresponded rotor speed is shown in Fig. 14.
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Fig. 13. Position control results
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Fig. 14. Corresponded rotor speed

It shows that the state space position controller can get
a better performance than thetraditional PID controller.

V. CONCLUSIONS

The observer based on extended Kaman filter can
observe the exact rotor speed, position and load torque.
The observed load torque can be used as the feed-forward
compensation of the reference torque. The compensation
can greatly improve the speed control performance with
load torque impacts. The extended Kaman filter can track
the real rotor position quickly during start-up in spite of
the exisgence of theinitial position error. So the motor can
start up at any unknown initial position. A gsator space
position controller is built up with the observed speed,
position and load torque. An excellent rotor control
performance can be got by the controller. Simulation and
experiments have proved that this system is a very good
sensorless control system for PMSM.
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