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Abstract-  A  load  torque  observer  based  on  Kalman  filter  is
proposed which can observe the load torque, rotor speed and
position of permanent magnet synchronous motors (PMSM) with
only very low accuracy mechanical position sensor. With the
observed rotor position and speed instead of the values measured
directly from mechanical sensor, control performance can be
greatly improved and the cost of the system can be decreased.
Observed load torque can be used as feedforward compensation
which can eliminate the effects of load torque changes. Then, a
state space position controller is formed which can get a better
position control performance than traditional method.
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I. INTRODUCTION

Permanent magnet synchronous motors (PMSM) are more
and more used in servo systems because of its high power
density, large torque to inertia ratio and high efficiency.
Generally mechanical position sensors are needed to measure
precise rotor position and speed for high performance controls.
But mechanical sensor with high accuracy is usually too
expensive. Some control systems with low-precision position
sensors have been proposed in [1] and [2] whose performances
are limited. Usually measured rotor speed is obtained from the
differential of measured position. If position sensor’s accuracy
is limited, the differential cannot be calculated every control
period. Measured rotor speed usually contains a lot of noise.
Some filters have been proposed to get off the noise with little
phase  lag,  but  these  filters  are  too  complex  to  be  used  in
practice. [3]

In motor control systems, design of speed regulator usually
ignore the changes of load torque and suppose load is constant.
So the variation of load torque may create some fluctuation on
rotor speed. Then the information of load torque is usually
needed to compensate the reference torque in order to decrease
the speed fluctuation. As the torque sensor is too expensive,
load torque observer is considered to be a good solution. Some
state observers have been proposed in reference [4] and [5].
Observers based on Kalman filter are proposed in [6] and [7].

 A new load torque observer based on Kalman filter is
proposed in this paper. Kalman filter considers the influence of
parameters errors and measurement noise, so Kalman filter is
robust to parameters’ errors, and can eliminate the noises and
errors caused by quantized position sensor. The feedback gain
matrix in Kalman filter is selected based on optimal control

theory, so it can make the observer both stable and convergent
quickly.

Based on the observed rotor position, speed and load torque,
a position control system based on a state space controller is
proposed. [8] It can achieve an excellent position control
performance compared with traditional PID controller. The
controlled rotor position can trace the reference very well and
there is no overshoot in position control. The new controller
contains no differential and is simple to use in practice. Some
simulation and experiment results have been listed to verify the
performance of the system.

II. OBSERVER BASED ON KALMAN FILTER

The movement equation of the PMSM is shown in (1).
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Here  is mechanical angle speed, f is the coefficient of
friction, J is inertia, Tem is electromagnetic torque, TL is load
torque,  is mechanical rotor position. Load torque is
considered to change very slowly compared with the rotor
speed and position. That is to say:

0LdT
dt

                                                                             (2)

Based on (1), with rotor speed, position and load torque as
state variables and rotor position as output, a state observer
based on Kalman filter can be formed.
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Here p is poles pairs’ number, d is the flux on d axis in rotor
flux oriented synchronous coordinate while Iq is q axis current.
w and v are random disturbances. In fact w is process noise
which stands for the error of the parameters; v is measurement



noise which stands for the errors in the measurement and
sample.

The noise covariance matrixes are defined as follows:
cov( ) { }Tw E wwQ                                       (5.a)
cov( ) { }Tv E vvR                                           (5.b)

In practice, matrix Q and R are adjusted by experience
because the statistical properties of noises are not known.

 Kalman filter can be calculated by iteration as follows:
1. Compute the state ahead and the error covariance ahead.
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2. Compute the Kalman gain.
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3. Update estimate with measurement.
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4. Update the error covariance matrix.
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Matrix P is error covariance of estimation.
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}{E  is the computation of expectation value.
 Generally the design of speed PI regulator is processed by

supposing load torque as constant. If load torque is changing,
the performance of speed PI regulator is limited. If the
observed load torque is used to compensate the reference
electromagnetic torque at the output of speed PI regulator, the
limitation of the speed regulator can be eliminated.

The system proposed with  Kalman filter  is  shown in  Fig.  1
where the observed rotor speed, position are used instead of the
values measured directly from position sensor, and the
observed load torque is used as feed-forward compensation.
Rotor flux oriented vector control system is used for high
performance control of the PMSM. In rotor flux oriented
synchronous coordinate (d-q axis), the d-axis current is
controlled to be zero. Some simulations and experiments based
on this system have been done.
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Fig. 1.  Flow-chart of the system

III. SIMULATION RESULTS

To verify the performance of the observer, some simulations
have been done using Matlab. The control frequency is 20 KHz.

The parameters of the motor are shown in Table 1.
In Kalman filter, Q and R matrixes are set as follows:

1 0.1
2 0.1

3 50.0

Q
Q Q

Q
, 50.0R .

                 (8)
  The initial values of matrix P are set as:
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The positions measured by position sensor directly and by
Kalman  filter  are  shown  in  Fig.  2.  Compared  with  the  real
position, the position observed is more exact.

Since the accuracy of the sensor is very low, measured speed
is calculate every 50 periods (1ms) using the traditional
method (differential of the position), that is to calculate the
rotor speed as (10). And this can cause some lag in speed.

( ) ( 50) / 50 ek k T                                          (10)
Measured  speed is  shown in  first  curve  of  Fig.  3,  while  the

observed speed and the real speed are shown at the second and
third curves. Speed obtained by the differential of the position
contains a lot of noise and error, although a low-pass filter can
be used to eliminate the noise, another lag will be caused.

TABLE I
PARAMETERS OF THE MOTOR

Parameters Values

Stator inductance d qL L L 0.00125 H

Stator phase resistance R 0.155 Ohm

Rotor magnet flux r 0.153093  web

Inertia J 0.07 Kg m2

Coefficient of friction f 0.0826 N m/(rad/s)

Number of pole pairs  p 4

Points of position sensor par cycle 256 points

Fig.2. Measured, observed and real position



Fig.3. Measured observed and real speed
During load torque impact, load torque observed by Kalman

filter and the real load torque are shown in Fig. 4.
When there are some errors in the coefficient of friction, the

part of the friction torque caused by the parameter error will be
included in observed load torque. Fig. 5 shows the observed
load torque when the friction coefficient used in Kalman filter
observer is only 50% of the real one.

When the inertia parameter is 50% of the actual one, the
observed load torque is shown in Fig.6. It can be seen that the
error of the inertia parameter makes the observed load torque
contain some errors in dynamic process, but in steady time, the
observed load torque agrees with the real one very well. This
tests the robust characters of the observer.

Fig.4. Observed and real load torque

Fig.5. Observed load torque when friction coefficient is 50% of the actual
value

Fig.6. Observed load toque when inertia parameter is 50% of the actual value
Since the statistical properties of the noises are unknown, the

precise noise covariance cannot be known. So matrix Q and R
can  only  be  adjusted  by  experiences.  Generally  matrix  Q
describes the statistical model properties of the system.
Increment  of  the  matrix  Q  can  increase  the  feedback  gain  K
and increase the response of the observer. And the confidences
of the system parameters are decreased.  Matrix R describes
the  noises  in  measurement.  So  increment  of  matrix  R  can
decrease the confidence of measured value and decrease the
response of the system.[9]

Speed and load torque observe results with different Q and R
matrix are shown in Fig. 7, Fig. 8, Fig. 9 and Fig. 10. It can be
seen that the variation of matrix Q has little effect on speed
observation but affects the convergence speed of load torque.

          (a) Q1 is 0.0001                                    (b) Q1 is 10000
Fig. 7. Speed observe results with different sets of matrix Q

(a) Q3 is 0. 1                                    (b) Q3 is 1000
Fig. 8. Load observe results with different sets of matrix Q



Fig. 9. Observed speed and torque when  matrix R is 50000

Fig. 10. Observed speed and torque when matrix R is 0.05
It can be seen that when matrix R is larger, the confidences

of measured position is lower, which will cause some errors in
observed speed during quick dynamic process. When R is
smaller, the discrete errors in measured position will have
effects in observed load torque.

In simulation, due to the position measurement, the observed
position can trace the measured position well during the
variation  of  matrix  Q  and  R.  It  can  also  be  seen  that  the
Kalman filter proposed in this paper is very robust to the
parameters of matrixes Q and R. The system can keep stable in
spite of the large variations of matrix Q and R.

In practice, the initial states of the system are usually
unknown, so the initial values of matrix P cannot be unknown
in  advance.  The  initial  values  of  matrix  P  can  only  influence
the start-up characteristic and has no effects to steady states.

IV. EXPERIMENTAL RESULTS

Some experiments have been done on the platform with the
DSP TMS320C6711 as the controller. The parameters of the
motor are shown in Table 1. In fact, the real inertia and friction
coefficient parameters are not known precisely. Parameters in
TABLE 1 are just rough estimations.

The Q and R matrixes are set as follows:
1.0

1.0
10.0

Q                                                 (11a)

50.0R                                                                    (11b)

The initial values of matrix P is set as.

0|0

1.0
1.0

1.0
P                                                   (12)

The observed speed and load torque are shown in Fig. 11
and Fig. 12. The observed load torque has a very good
dynamic response speed and steady state precision.

Under the same load torque impacts, speed responses in
systems with and without compensations of the observed load
torque are shown in Fig.13 and Fig. 14. It can be seen that the
compensation can greatly eliminate speed fluctuation during
load impact and can greatly improve the speed response speed.

Fig. 11. Observed rotor speed

Fig. 12. Observed load torque

Fig.13.  Speed response without compensation



Fig. 14. Speed response with compensation

V. POSITION CONTROL SYSTEM

To get a better position control performance, a new state
space position controller is adopted which is shown in Fig.15.
The observed rotor speed, position, load torque and reference
position are used as state variables.  The torque current
reference can be obtained directly at the output of the
controller. In this controller, the integration can eliminate the
position control errors. The observed rotor position and speed
are used as feedbacks by coefficients Ks1 and Ks2. Position
reference is used as feed-forward by coefficient K . Observed
load torque is used as feed-forward compensation by Kv.

*
1 2

ˆ( ) ( ) ( ) ( ) ( ) ( )q s s r r ref v LI k K k K k K X k K k K T k (13)
The values of the five coefficients can be obtained by the

expectation of the root locus and the purpose to eliminate the
effect of the load torque.[8].

The discrete form of (1) can be written as:
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Fig. 15.  State space controller
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If considering the output of the integration Xr as a variable,
the state equation can be written as:
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The system’s dynamic matrix is:
m11 m1 s1 m1 s2 m1 r

bf m21 m2 s1 m2 s2 m2 r1
0 1 1
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Suppose that the observed load torque is the same as the real

one, if the effects of load torque are expected to be
compensated at all, that is to say the sum of the last two items
of (21) is expected to be zero. Then there is:
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The transform equation from the position reference to rotor
position is:
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A pole of the system can be compensated by K  in order to
reduce the orders of the system and improve the dynamic
response speed. That is desired:
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In the experiment, the parameters of the state space
controller are as follows:



Kv=1.633, Kr = 0.0144, Ks1=1.58, Ks2 = 8.62, K = 2.8754;
Using the state space position controller, there is a load

torque impact at about 40s, the position control performance is
shown in Fig. 16. It can be seen that the position can trace the
reference position very well and there is no overshoot.
Corresponding rotor speed is shown in Fig.17. The observed
load torque during load torque impact is shown in Fig. 18. The
direction of the load torque is determined by the directions of
speed and acceleration of the motor. The effects of load torque
changes are compensated at all. It is proved that the proposed
state controller is very suitable for servo systems.

Fig.16. Rotor position control performance

Fig. 17 Rotor speed during position control

Fig. 18. Observed load torque during position control

VI. CONCLUSION

A load torque observer based on Kalman filter is proposed in
this paper. The observer can observe the precise rotor position,
rotor speed and load torque with only very low accuracy
position sensor. It can greatly decrease the cost of the servo
systems. Based on the observed values, a state space position
controller is formed where the rotor position, speed, load
torque and position references are used as the state variables.
The state controller reduces the complex of the servo systems
and can obtain a very excellent position control performance
compared with the traditional PID controller.

This approach is effective, but the major difficulty concerns
the choices of the Q and R parameters that must be driven on
the experimental platform after some online tests.
Unfortunately we don't know any methods general to solve this
difficulty.
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