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Abstract

In this paper, a novel position controller based on state feedback and feed-forward is proposed. Traditional position and speed
controllers are replaced by a single controller with the position and speed as state feedbacks, and the position command and load
torque as feed-forwards. The feedback and feed-forward gains are obtained by analytic modeling and design. The load torque,
rotor speed and position are estimated by an observer based on a Kalman filter (KF) with a low resolution mechanical position
sensor. Feed-forward compensation by an estimated load torque is used to improve the dynamic performance during load torque

changes.
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I. INTRODUCTION

Permanent magnet synchronous motors (PMSM) are widely
used in servo systems because of their good characteristics,
such as high power density, high torque to inertia ratio and
high efficiency. In these systems, high performance position
control is needed where the position controller is critical [1].

In motor control systems, speed and position controllers
are usually designed by assuming that the load is constant.
In reality, variations in load torque are big and they cause
some fluctuations in rotor speed. In order to decrease speed
fluctuations, feed-forward compensation of the load torque is
usually needed [2], [3].

Also, a mechanical position sensor is needed to measure
the rotor position and speed precisely for high performance
controls. However, mechanical sensors with a high resolution
are usually very expensive. Some control systems with low-
resolution position sensors have been proposed in [4]-[7],
but their performances are limited. Generally rotor speed is
obtained by the differential of the measured position, which
cannot be calculated in every control cycle if the resolution of
the position sensor is limited. Moreover, the measured rotor
speed usually contains a lot of noise. Filters with a small phase
lag have been used to eliminate the noise but usually these
filters are too complex to be used in practice [8].

Since torque sensors are still very expensive, load torque
observers are often used to get load information. Some state
observers [9], [10], as well as Kalman filter-based observers
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[11], [12] have been proposed to estimate load torque.

In [16], [17], an analysis of different position controller
structures has been done and a position controller based on PI+
velocity control was proposed by adding a feed-forward term
into a PID controller. In this controller, one of the feed-forward
terms is obtained by the differential of the position command.
As we know, differential calculations in controllers may cause
some noise and instability. There are five controller parameters
to be tuned. Some tuning methods for these parameters based
on laboratory tests and industry experience are introduced in
[17].

In this paper, a novel load torque observer based on a
Kalman filter is proposed in order to estimate the load torque.
A Kalman filter is a kind of adaptive and optimal observer. The
parameter errors and measurement noises are both considered,
so that the observer can reduce the effects of the parameters’
inaccuracy, noises and errors caused by the quantized position
sensor. The feedback gain matrix in a Kalman filter is updated
based on the optimal control theory to make the observer both
stable and convergent quickly [13].

Also, a novel position controller based on state feedback
and state feed-forward is proposed. It replaces the traditional
speed and position controllers by a single one and can achieve
much better position control performance. Compared with the
controllers proposed in [16] and [17], the difference of the
position command is removed and a mathematic model of the
proposed controller is built. Through theoretical analysis, all
of the parameters of the proposed controller are derived based
on control theory.

Simulation and experiment results are given to demonstrate
the good performances of the control system. The rotor
position can track the command value very well and there
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Fig. 1. Controller based on state feedback and feed-forward.

is nearly no overshoot in the position control.

II. POSITION CONTROLLER BASED ON STATE FEEDBACK

In traditional systems, two PID controllers are used to
control the rotor speed and position, respectively. In fact, the
rotor position and speed are mechanical variables with almost
the same time constant. However, a differential part of the
position controller corresponds to the rotor speed. As a result,
these two controllers can be combined into a single one.

The novel position controller based on state feedback and
feed-forward is adopted as shown in Fig.1, where the tradi-
tional position and speed controllers are replaced by a single
one. The actuator means the current controllers, the inverters
and the motors.

In this controller, integration can eliminate the position
control errors. The estimated rotor position and speed are used
as feedbacks through the coefficients K;; and K. The position
command is used for feed-forward compensation through the
coefficient Kg. The estimated load torque is used for feed-
forward compensation through K. The output of the controller
is the electromagnetic torque command:

T3, (k) = —K1 Q(k) — K 6 (k) + K. X; (k) + Ko 0] (k) + K T1 (k).

(1)

The values of the five feedback and feed-forward gains can

be obtained by the expectation of the root locus with the target
of eliminating the effect of the load torque changes.

The movement equations of the PMSM are shown in (2).

-1 4@l o

Here Q is the mechanical angular speed, f is the coefficient
of friction, J is the inertia, T,,, is the electromagnetic torque,
T, is the load torque, 6, is the mechanical rotor position.

The discrete form of (2) can be written as:

F;E’Zi };] = (283) +HTan(k)~ HTL(K) ()
where:

R P Y R i I

i

with: A = exp(—%Tm), T is the position control period.

Suppose that the current control loop’s response is quick
enough, then we will have:

Tem = To,- )

If the output of the integration X; is considered as a variable,
the state equation of the controller can be written as:

Qk+1) Q(k) [Hy Ko
0:(k+1)| = Fy | 6:(k) | + | HnKg | 6, (k)
X (k+1) X: (k) 1]
Hy [H K, | .
— |Ho | TL(k)+ |HoKy | T1.(k). (6)
0 | 0
The system’s dynamic matrix is:
Fnii —HuKsi  —HuKy»  Huk:
For = |Fn21 —HpKy» 1 —HpKs1 Hpk:| . @)
0 —1 1

If the expected poles are (z-— pbf)3 with  ppr =
exp(—Tm@pt), Wyt is selected by the cut-off frequency of the
controller.

Then we can obtain:

1— 2
K — (1= por) . (8a)
Fuo1Hy — Fni1Hp + Hp
K = (lel — pis+ (Fn21Hy — Fi1Hp)
2+ Fni —
{2+ Fnn 3be_Kr
Hp
H,
( 2 ) (8b)
Hy (Fro1Hy — Fn1Ho + Hy)
24+ Fn11 — 3pur — Hu K,
Ko — + I'm11 — 3ot ufst (8¢)

Hp
Suppose that the load torque can be measured or estimated
very well, then there are:

Qk+1) Q(k) H Ky
6, (k+ 1) = Fyr Br(k) + | HpKyg 61.* (k)
Xe(k+1) X; (k) 1
Hy Ky — Hy
+ |HpKy —Hp | Ti.(k). O]
0

If the effects of the load torque are expected to be compen-
sated completely, that is to say, the sum of the last term in (9)
is expected to be zero, we can select:

K, =1. (10)
Then (9) can be simplified as follows:
Qk+1) Q(k) Hy1 Ky
0:(k+1)| =Fy | 6:(k) | + |HnKg| 6/ (k). (11)
X (k+1) X: (k) 1

Because the rotor position is the final control target, the
transfer function from the position reference to the rotor
position is:

K:
0(z) Kg(z—lJrK—e)-(th-Z*an-thszl'Htl)

Gr* (Z) B det[z I — be] (12)
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A pole of the system can be compensated by Ky in order to
reduce the orders of the system and to improve the dynamic
response. So Kgcan be selected as:

1= pot’
In order to analyze the position trace error under the

proposed controller, the position reference is supposed to be
a ramp:

Ko

13)

0 (k+1)—6](k)=6(k+1)—6:(k)=k- T, (14)
where k is a coefficient.
And finally the motor will reach the steady state:
Tom(k+1) = T (k) = 0 (15a)
Qk+1)=Q(k) (15b)
that is to say:
(—K20:(k+ 1)+ K- X (k+ 1)+ Ko (k+ 1))
— (=K 6:(k) + K- X (k) + K6 (k)) = 0. (16)
Define the position control error:
€9 =0(k)—6:(k)=6(k+1)—6,(k+1) a7

then the position trace error can be obtained by the following:

Ko —Kg .
K

It is shown that the position trace error is generally not zero.

If we select Ky = Ky, this error can be zero, but in this case,
the controller will become an ordinary PID controller.

€o = k- Ty (18)

III. LOAD TORQUE OBSERVER BASED ON A KALMAN
FILTER

By the former introduction, the load torque is needed for
feed-forward compensation to get good performance. How-
ever, the measurement of load torque is very difficult and
expensive. Therefore, the on-line estimation of load torque is
a very good solution.

Load torque is supposed to change very slowly when

compared with the rotor speed and the position, that means:
1;. =0. (19)

Based on (2), with the rotor speed, position and load torque
as state variables, the state equations of the observer will be:

. f 1 1
Q -7 0 =71 (2] |7
er = 1 0 0 (-[6]|+|0|Tem. (20)
U3 0O 0 O 11, 0
Rewriting (20) in the form of a matrix:
x=Ax+G-u 21)
with the output equation:
y=6=C-x (22)
where:
x=[0 6 7] (23)

c=[0 1 0] (24)

The discrete form of the state equation by the Euler method
will be:

Xk = Xk 1+ (Axg 1+ Gug_1)Ts. (25)
Define:
l—-f-T,/J 0 -T./J
F=1+AT, = T 1 0 (26)
0 0 1
B=G-T,=[T,/J 0 0] 27)

where T is the sampling time. I is the unit matrix.
Considering the effects of noises and disturbance, the dis-
crete state equation can be written as:

Xk = Fi_1Xk-1 +Brk_1ug_1 +Ww (28a)

Yk=C-xx+vVv (28b)

where w and v are random disturbances. In fact w is the
process noise which stands for the error of the parameters
and v is the measurement noise which stands for the errors in
the measurement and sampling.

The noise covariance matrixes can be defined as follows:

Q=cov(w) = E{wa} (29a)

R = cov(v) = E{w'}. (29b)
In practice, the matrixes Q and R are adjusted by experience
as the statistical properties of noises are unknown.
The Kalman filter can be calculated by iteration as follows:
1. Compute the state ahead and the error covariance ahead.

R = Fro1Rk-1 + Bi-1uk—1 (302)
P, = FkPi 1 Fi+ Q1. (30b)
2. Compute the Kalman gain.
Ky = P, Cf (CkP; CL +Ry) . (30c)
3. Update the estimation with the measurement.
R =% +Ki (yk —C-%y ). (30d)
4. Update the error covariance matrix.
Py = (I-KyCx)P . (30e)
Matrix P is the error covariance of the estimation.
Py =E{ex ey} = iE{[xi -&lxi—%]"} GD

i=1

E{-} is the computation of the expectation value.
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TABLE 1

PARAMETERS OF THE MOTOR

Parameters Values
Rotor magnet flux yy 0.153093 wb
Inertia J 0.07 Kg . m?
Coefficient of friction f 0.0826 N - m/(rad/s)
Number of pole pairs p, 4
Points of position sensor per cycle 256 points
DCBus| |
Lo [=7@ o) 4] Current | dq

invert

>

|—»| Control —{ “abc > verter
v

LA A

i, = f,(I.,,0)

Ugq Uppe
+ 0
i i
q d
Speed R abc |
Control 1, dq |

o 4
KF

];L* + 6. Sensor O’

Fig. 2. Block diagram of the system.

PM

IV. SIMULATION RESULTS

To verify the performance of the load torque observer and
the novel position controller, simulations have been carried out
with MATLAB. The sampling frequency is set to 10 K Hz.
A surface mounted PMSM is adopted and the parameters are
shown in Table 1.

First a normal speed control system is simulated. Generally
the design of a speed PID regulator is done by assuming a
load torque constant or zero. If the load torque changes, the
performance of the speed PID regulator will be affected. If
the estimated load torque is added as compensation of the
reference torque at the output of the speed PI regulator, the
control performance will be greatly improved.

The normal speed control system is shown in Fig. 1 where
the estimated rotor speed and the position by the Kalman filter
are used instead of the values measured directly by a position
sensor, and the estimated load torque is used as a feed-forward
compensation. A rotor flux oriented vector control system is
used for the high performance control of a PMSM. The d-axis
current is controlled to be zero in order to get the maximum
torque. Simulations are carried out to verify the performance
of the proposed observer and the feed-forward of the estimated
load torque.

In a Kalman filter, the initial values of the matrix P, Q and
R matrixes are set as follows:

1.0
Py = 1.0
1.0

Q=

0.1
0.1 ,
50.0

R = [50.0].

Since the actual noises are unknown, a covariance matrix
can only be obtained by empiric adjustment. By simulation,
it can be seen that a covariance matrix can be chosen in
a wide range that does not influence the stability of the
system. As a result, these covariance matrixes can be selected
approximately.

The positions measured by a position sensor directly and
estimated by a Kalman filter are shown in Fig. 3. Compared

- = - measured position
---------- observed position - e}
real position 7

/s

Fig. 3. Measured, estimated and real position.

80

40 real speed
0 1 N 1 N 1 N |
0.5 1.0 1.5 2.0
80 -
;@ 40 |- measured speed
S
0 . I . I . I " |
0.5 1.0 1.5 2.0
80 —
40 - observed speed
0 L L 1 |
0.5 1.0 1.5 2.0

tls
Fig. 4. Real, measured and estimated speed.

with the real position, the estimated position is more precise
than the measured one with a low resolution mechanical
sensor. It can be considered that the measured speed and
position are filtered.

Since the resolution of the sensor is very low (256P/R), the
measured speed is calculated every 50 periods (5ms) by using
the traditional method (differential of the position), which is
to calculate the rotor speed by (32). This can cause some lag
in the speed.

Q = (6:(k) — 6:(k—50)) /(50 T) . (32)

The real speed is shown in Fig. 4, while the measured and
estimated speeds are also shown. It is obvious that the 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, this will result in another phase lag.

To prevent the windup effect made by the over-saturation
of the integration in the position controller, an anti-windup
operation is adopted at the output of the controller [14,15].
The load torque, rotor position and speed are estimated by
a Kalman filter through the measured position. The whole
position control system is shown in Fig. 5.

Simulations have been carried out to validate the perfor-
mance of the proposed controller. The parameters of the motor
are the same to those shown in Table I. The control cycle of
the position is Ty, = lms.

When the cut-off frequency F, is set to 10xw rad/s, a
satisfactory position control result can be obtained as shown
in Fig. 6

When the cut-off frequency is set to 1.67 rad/s, the position
control result will be a bit slower as shown in Fig. 7. The
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g. 5. Controller with anti-windup operation.
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rotor position

50
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Fig. 6. Position control results with Fc = 107 rad/s.

position trace error is shown in Fig. 8. The value is the same
as the one calculated by (18).

If we select Kg = Ky, the position control result is shown
in Fig. 9. Because the position command feed-forward gain
and the position feedback gain are the same, the feedback and
the feed-forward compose a proportional part of a normal PID
controller. It is obvious that the overshoot is larger than before
because the controller becomes an ordinary PID controller.

If the position reference is a step, the position control result
is shown in Fig. 10 when there is no anti-windup operation
with the same controller gains. The result with the anti-windup
operation is shown in Fig. 11. Obviously the anti-windup
operation can greatly improve the control performance. These
two figures are listed to compare the effect of the anti-windup
action, despite the fact that the result of Fig. 10 can be
improved by the adjustment of the controller gains.

V. EXPERIMENTAL RESULTS

Experiments have been done on a platform with a
TMS320C6711 DSP as a CPU controller. The parameters
of the motor are the same to these shown in Table I. In
fact, the real inertia and friction coefficient parameters in
Table I are not known precisely, they are calculated by the
electromagnetic torque and the measured rotor speed during
several accelerations when the motor is controlled by a vector
control method. Although these imprecise parameters are used
for the observer and the controller, the system is still stable.
So the observer and the controller are not very sensitive to
parameter errors.

The initial values of the matrix P, Q and R matrixes are set
as follows:

1.0 0.1
Py = 1.0 Q= 0.1 ,
1.0 10.0

R = [50.0].

100

----- reference position
rotor position

50

Ofrad
(=3

-50

100 i ! N I N I — ! : )
0

t/s

O/rad

Fig. 8. Position trace error.

100

----- position reference
rotor position

50

O/rad
(=]

-50

-100

Fig. 9. Position control with PID controller.

150

»»»»» position reference
—— rotor position

100

O/rad

50

-50
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Fig. 10. Step position response without anti-windup operation.
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Fig. 12. Estimated rotor speed.

The covariance matrixes are adjusted slightly and a satis-
fying performance can be obtained. Therefore, the artificial
adjustment of the parameters for the Kalman filter proposed
in this paper is very easy.

The estimated speed and the load torque are shown in Fig.
12 and Fig. 13. It can be seen that the estimated speed contains
less noise than the measured one. The estimated load torque
can track the measured value very well in both the static and
dynamic states.

Under the same load torque impacts, the speed responses of
the systems with and without the feed-forward compensations
of the estimated load torque are shown in Fig. 14 and Fig. 15.
It can be seen that the feed-forward compensation can greatly
eliminate the speed fluctuations during load variations and thus
greatly improve the speed dynamic response.

The decrease of rotor speed fluctuations under the feed-
forward compensation by estimated load torque can also reflect
the accuracy and the dynamic track speed of the load torque
estimation.

With an observer based on a Kalman filter, the proposed
position controller based on state feedback and feed-forward is
realized on the experimental platform. In the experiments, the
control period of the position is Ty, = 1 ms and the parameters
of the controller are selected as follows:

wps = 1.67rad/s.
Por = exp(— T 0pr) = 0.9950.
K,=1.0, K. = 0.0088, K;;=0.9683, Ky, = 5.278, Kg= 1.7608.

With the novel position controller, the position control
performance is shown in Fig. 16 where a load torque impact
is added at about 40s. It can be seen that the real position

measured torque

T/(N-m)

50

30

Qf(rad )

20+

10

!
5 10
t/s

Fig. 14. Speed control without load torque feed-forward compensation.

can track the position command very well and that there is
nearly no influence on position control as a result of load
variation. The corresponding rotor speed is shown in Fig.17.
The estimated load torque during load torque impact is shown
in Fig. 18. The direction of the load torque is determined
by the directions of the speed and the acceleration of the
motor. The effects of load torque changes are compensated
for completely. It is proven that the proposed state controller
is very suitable for servo systems. When the position command
is a step, the rotor position control result is shown in Fig. 19. It
can be seen that the anti-windup operation can greatly reduce
the overshoot of the position control and improve the control
performance.

VI. CONCLUSION

A novel load torque observer based on a Kalman filter is
proposed in this paper. The measured rotor position by a low
resolution position sensor is used as the input of the Kalman
filter to estimate the load torque, rotor position and rotor speed.
The estimated position and speed are more precise than the
directly measured ones, and the cost of the servo systems can
be decreased. The estimated load torque by the Kalman filer
can be used as a feed-forward compensation to improve the
control performance during load torque changes. Based on the
estimated values, a novel position controller based on state
feedback and load torque feed-forward is formed in which
the rotor position and speed are used as state feedback while
the load torque and command position are used as state feed-
forward. With the novel state controller, the complexity of
the servo systems is greatly reduced and very good position
control performance is obtained.
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Fig. 15. Speed control with load torque feed-forward compensation.
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Fig. 17. Rotor speed during position control.
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Fig. 18. Estimated load torque during position control.
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