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Abstract- This paper proposed a state observer based on
extended kalman filter (EKF) for the rotor speed and load torque
observation of permanent magnet synchronous motor (PMSM).
This observer can be used to estimate the precise rotor position
and rotor speed in the servo systems with only optical encoder of
limited accuracy. By using the observed rotor speed and position
instead of the values got directly from the encoder, the speed and
position control performances can be greatly improved. The
observer can also give the load torque which can be used as the
feedforward compensation of the speed PI controller. The
compensation can greatly improve the speed control performance
during load torque change. The extended Kalman filter is used to
solve the nonlinear equation of the observer, considering the
influence of the parameter errors and the noise in measurement.
So it is very robust to the parameter errors.

Key words- Load torque, state observer, extended Kalman
filter, optical encoder, PMSM

I. INTRODUCTION

The permanent magnet synchronous motor (PMSM) is
becoming more and more popular in servo systems because of
its high power density, large torque to inertia ratio and high
efficiency. In order to obtain high speed and position control

performance, a high accuracy position sensor is usually needed.

But in many fields, this kind of rotor position sensor is too
expensive to use. Some control systems with low-precision
positon sensors have been proposed in reference [1] and [2],
but the performances cannot meet the necessary of the servo
system. Usually an optical encoder is used to measure the rotor
position by giving a fixed number of pulses in each rotation.
The rotor position can be obtained by counting the number of
the encoder pulses during the detection time, then the speed
can be got by the differential of the position. Since the output
of the encoder is quantization pulse, in the low speed region
the pulse numbers got from the encoder in one detection period
become few, the accuracy of the speed estimation is limited,
sometimes very large errors and differential noises are
generated. Some references have proposed some filters to get
off the noise with little phase lag, but it is too complex to use
in practice. I

In the servo systems, the variation of the load torque can
create some ripples in the rotor speed. In order to make the
speed stable during load torque changes, the information of the
load torque is needed to compensate the reference torque. As
the torque sensor is too expensive, a state observer with the

rotor position, speed and load torque as the state variables is
considered to be a good solution for these problems.

Some state observers have been proposed in reference [4]
and [5]. Since the output of the encoder is used directly, the
low speed performance is limited. The observer in [6] needs to
measure rotor speed accurately and quickly. Observers based
on Kalman filter are proposed in [7] and [8]. The observer in [7]
has too large amount of calculation to be used in practice,
Reference [8] doesn’t give the results of load torque
observation and feedforward compensation. A newly observer
based on extended Kalman filter (EKF) is proposed in this
paper. Compared with the Kalman filter and state observer, the
EKF can solve nonlinear equation directly. The Kalman filter
considers the influence of the errors of the system parameters
and the disturbance in the measurements of currents and rotor
position, so the EKF observer is robust to the system
parameters’ errors, and can eliminate the noises and errors
caused by the quantization of the rotor position in the optical
encoder. The feedback gain matrix in EKF is selected based on
the optimal control theory, so it can make the observer both
stable and convergent quickly.

Some simulation and experiment results of the EKF observer
are given in this paper, which show that the observer can get
more precise rotor position and speed than the conventional
method, also the compensation using the observed load toque
can improve the speed performance greatly. It is proved that
the control system with the EKF observer is very suitable and
effective for the servo system.

II. MODEL OF THE OBSERVER

The mecanical equation of the PMSM is as follows:

dQ
JESST —f.Q-T,
dt em f L
P9 _q
dt (1)

Where Q is the mechanical angle speed, fis the coefficient of
friction, J is the inertia, 7, is the electromagnetic torque, Ty is
load torque, 8 is the mechanical rotor position.

In the non-salient PMSM, in the rotor flux oriented
coordinates (d,q axis), the electromagnetic torque is given by
equation (2).

T;m = de[q (2)



Where p is the number of the poles pairs, ¥, is the flux of d-
axis, Iq is the current in g-axis. Since we know nothing about
the variation of the load torque, we can not get the equation of
the load. But we can consider that the load torque changes very
slowly compared with the rotor speed and position, that is to
assume:

dT, /dt=0 3)

Based on the former analyses, we can get the state observer
for the rotor speed and load torque."!
x=F-x+B-u+w
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Here w and v are the covariance matrixes of the random
disturbances. In fact w is the process noise which stands for the
error of the parameters; v is the measurement noise which
stands for the errors in the measurement and sample.

The noise covariance matrixes are defined as follows:

O = cov(w) = E{fww"} (6.2)

R=cov(v)=E{w"} (6.b)
The system proposed with EKF observer is shown in Fig. 1
where the observed rotor speed, position are used instead of the
values got directly from optical encoder, and the observed load
torque is used to compensate the reference electromagnetic
torque at the output of the speed PI regulator. Some
simulations and experiments based on this system have been
done.
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Fig. 1. The flow-chart of the system with state observer

III. SIMULATION RESULTS

In order to test the effects of the proposed observer, some
simulations have been done. In the simulation, the control
period is 50us, the parameters of the motor are as follows:

Rotor resistance R=0.0176Q, L=0.000684H, the back
electromotive force coefficient is 0.0539766 v/(rad/s), inertia is
0.0025kg*m?, poles pairs p=4, the friction coeffiecient f is
0.0609N*m/(rad/s). The encoder gives 2500 pulses per
rotation.

The rotor position got from the encoder and the real position
when the rotor speed is 0.57 rad/s are shown in Fig. 2. From
the results we can see that the number of pulses in one
detection period is few in low speed range, so we can not get
the precious speed from the optical encoder in every period. If
we calculate the rotor speed every 10 periods by the
differential of the rotor position got from the encoder, the
estimated speed and real speed are shown in Fig.3. The EKF
observer can observe the rotor speed in every sampling period.
The observed speed is shown in Fig. 4.

Comparing Fig.3 with Fig.4, we can see that the speed
obtained by the differential of the rotor position contains a lot
of noise, if we use a low-pass filter to eliminate the noise, a
phase lag will be produced. But the speed obtained by the EKF
observer can match the real speed very well.
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Fig.3. Speed got by differential and real speed
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Fig.4. Speed got by observer and real speed

Besides the rotor speed, the EKF observer can also observe
the load torque which will have a very great influence to the
speed control performance. When the load torque is zero, the
observed results of the load torque during the start-up of the
motor are shown in Fig.5. At 0.5s, there is a load torque
change, the observed load torque is shown in Fig. 6. We can

see that the observer can observe the load torque very precisely.

Even in the quick dynamic process, the observed torque can
track the real torque well.

Once the load torque is observed by the EKF, a feed-
forward compensation can be built. The observed load toque is
used to compensate the reference torque at the output of the
speed PI regulator. This compensation can greatly improve the
speed control performance, especially when the load torque
varies very quickly.

If there is a load torque sudden change, the motor speeds
with and without the load torque feedforward compensation are
shown in Fig. 7 and Fig. 8.

When the load torque compensation is added, the speed drop
is less than the system without load torque compensation.
Because of the lag between the observed toque and real one,
the compensation cannot remove all the speed drop during the
load change.
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Fig.7. Speed during load sudden change without feedforward compensation
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Fig.8. Speed during load sudden change with feedforward compensation

In order to test the robust characters of the EKF observer to
the parameters errors, some simulations have been done when
the friction coefficient and inertia are not precise. When there
is some errors in the coefficient of friction, the part of the
friction torque caused by the parameter error will be included
in the observed load torque.

Fig. 9 shows the observed load torque when the friction
coefficient used in the EKF observer is only 10% of the real
one. At 0.5s there is a load torque impact of 3Nm.



If we consider the friction torque as a kind of load torque,
the load torque is as follows:

T=fQ+T, (7.a)
The estimated load torque is:
T=f-Q+T, (7.b)

Then the observed load toque is the same with the real one
even if the friction coefficient is not precise. The simulation
results are shown in Fig. 10. The speed control performance is
shown in Fig. 11 with the feedforward compensation.It can be
seen that when the friction coefficient is not correct, the
observed load torque contains parts of the friction torque,
which cause some overshoot in the speed control in dynamic
process.

When the inertia parameter is 50% of the actual one, the
observed load torque is shown in Fig.12. It can be seen that the
error of the inertia parameter makes the observed load torque
contain some errors in the dynamic process, but in the steady
time, the observed load torque agrees with the real one very
well. The speed during load torque impact using the observed
torque as the feedforward compensation is shown in Fig.13.
The error of the inertia make the dynamic performance worse,
but it has no influence in the steady state.
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From the simulations with some parameter errors, it is
proved that the observer has a very good robustness to the
motor parameters’ variation.

IV. EXPERIMENTS RESULTS

To verify the simulation results, some experiments have
been done on a motor control platform based on DSP
TMS320F2812. The motor parameters are as follows:

P=750w, R=3.69Q, L=13.22mH, J = 0.00943kg*m’,
[=3.65A, poles pairs p=4; The optical encoder generates 2500
pulses per rotation. The friction coefficient is unknown, but it
is supposed to be 0.0009 N*m/(rad/s).

In the experiment system, there are three kinds of speeds.
First is the one got from the differential of the rotor position
which is the output of the encoder. But in this speed there is a
lot of noise especially in the low speed region. To remove the
noise, a first order low pass filter is used. The output of the
filter is the second kind of speed. The third speed is the
observed one by the EKF observer. The experiment results of
these speeds are shown in Fig.14. It can be seen that the speed
got by the LPF filter has a large lag compared with the
observed one. But the observed rotor speed can match the
speed got by differential very well even when the latter has a
lot of noise.

In experiment, we use the observed rotor speed and position
instead of the values got from the encoder directly in the vector
control system. The control system used in the experiment is
the same as the flowchart of Fig.1.

If there is no feedforward compensation, the motor speed
during load torque impact is shown in Fig.15 when the

reference speed is 10Hz. The load torque after impact is 2.1Nm.

In the system with the observed load torque as the
feedforward compensation, the speed during a same load
torque impact is shown in Fig.16. Because the friction
coefficient used in the observer is not the same with the actual
one, there is an overshoot similar to the simulation results
shown in Fig. 11. In spite of the overshoot, the speed control
performance is still better than the situation without the
compensation.
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When a load torque of 2.1Nm is applied on the rotor, the
load torque observed by the EKF observer is shown in Fig. 17.
We cannot get the curve of the real load toque because there is
no torque sensor in the platform, but we can compare the
estimated load torque with the electromagnetic toque which is
shown in Fig. 18. It can be seen that the observed load torque
is almost the same with the electromagnet torque. This can
verify the precision of the observer.

Some experiments can also been donw when there are errors
in the system parameters to detect the robustness of the
observer. The observed load torque when the friction
coefficient parameter is 0.0001Nm/(rad/s) is shown in Fig. 19.
And the observed load torque when the inertia parameter is
0.006 kg*m?2 is shown in Fig. 20.

From the experimental results, we can see that the
observer can estimate the rotor speed and load torque exactly.
The observed speed has a better precision than the speed got
from the direct differential of encoder pulses numbers. By
using the observed load torque as the feedforward
compensation, the speed control performance can be greatly
improved during load torque impact. The observer can improve
the speed control precision both in steady and transient state.
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CONCLUSION

This paper proposed a state observer based on extended
Kalman filter. The observer can eliminate the position error
caused by the quantization of the optical encoder and obtain
the accurate rotor speed in the system. It can overcome the
defects of low precision and differential noise in the general
speed calculation method. The sate observer can also observe
the load torque and precise rotor position. By using the
observed load toque, a feedforward compensation is built
which can greatly improve the speed control performance
when the load toque varies suddenly. Generally, the state
observer based on extended Kalman filter proposed in this
paper is very suitable for the high performance servo systems
with low precise rotor position sensor.
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