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Abstract

This paper presents an application of the Kalman filter to permanent magnet
synchronous motor drive estimation. Such drive suffers from instability under certain
operating conditions when operates open loop without rotor position sensor. Pole
placement was implemented to improve the performance and stability of the system.
Rotor velocity measurement of the PM drive is used by the Kalman filter to estimate the
state of the controlled system. The Kalman filter is simple but requires a good dynamic
model to give reliable results. Numerical evaluation showed that the estimated states
converge well in time .The performance of estimator and control is robust in terms of
unknown initial operating conditions and load variations
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List of Symbols E; induced air gap voltage.

Jij Viscous friction, N. m. s i Supply frequency

I electric current, A. o ) Ristor velooity

A, Magnet stator flux linkage. ’ , >
e A dynamic matrix

J rotor inertia, Kg.m? B input matrix

L electric inductance, H. C output matrix

P pole pairs. D cross coupling matrix

R electric resistance, Ohm K feedback gain matrix

T, load torque, N.m. U input vector.

D State transition matrix X state vector

r State input matrix n number of states

Y voltage, V. m number of inputs

8 Load angle. q Number of outputs
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1. Introduction

Recently, permanent magnet
(PM) synchronous machine is proved to
be highly efficient machines due to its
virtually loss free rotor and high power
factor operation. It has a smaller frame
size and lower inertia for a given output.
[1]. It is widely used in AC motor drives,
because of the constant field excitation
supplied by permanent magnets. The
permanent magnet (PM) synchronous
machines also have different design,
behavior and performance compared
with the conventional wound-field
synchronous machines It is widely
recognized that the permanent magnet
(PM) synchronous machine can have
positive performance advantages over all
other machine equivalents [2].
Speed control of electric drives
involving synchronous machines
including PM is commonly achieved by
using the rotor position of the machine
as a feedback signal to synchronize the
inverter switching with the shaft rotation
and to ensure a stable operation. Speed
control of PM machine drives without
rotor position feedback can also be
achieved precisely from an independent
oscillator in a similar way to that of an
induction motor in spite of the problems
associated with instability.
The dominant complex poles of PM
machines are very close to the imaginary
axis  of the complex plane, therefore,
the motor losses its synchronism with
the supply frequency under some
operating conditions [2].
The stability of a buried magnet type of
permanent magnet machine, when
operated in a synchronous variable speed
drive under an open loop control, was
considered in [1,2].
A pole assignment method of multi-input
was used in [2] to accomplish a control
algorithm for a stable operation of the
drive system over the entire range of
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speed independent of in
operating conditions.

But since only the rotor velocity can be
measured practically, the other state
variables must be estimated using a
proper technique. A so widely applied
technique in industry [3, 4 and 5] that
performs estimation of the state variables
is Kalman filter. It consists of a practical
set of procedures that can be used to
process numerical data to obtain
estimates of parameters and variables
whose values are uncertain. It provides
an estimate of the system at the current
time based on all measurements of the
system of the obtained up to and
including the present time.

In this paper the Kalman filter is used to
calculate the unmeasured changes of
load angle and stator currents
respectively. This estimation can be used
for the performance of control system
based on the calculated values of the
unmeasured variables in the real system.
In the following sections a discrete time
drive system model is described, then the
design of pole placement controller is
described as well, and the Kalman filter
estimator formulation is developed and
evaluated numerically. Finally the results
obtained are discussed.

changes

2. Drive System Model

A full model of the drive system
that combines the major power
components, the inverter and PM
synchronous motor can be presented in
state space model equations: [1, 2]

x =f(x, u) (1)
Where (x) are derivatives of the state
variables corresponding to a state vector
(x) which consists of load angle, rotor
frequency currents in the direct and
quadrate axis, and f(x,u) is a non-linear
function of the state vector (x) and an
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input control vector (u) . The input
vector (u) comprises voltage, torque and
frequency. -

For a small enough perturbation Ax
about a nominal state space operating
point (x,), the behavior of drive system
roots can be investigated by forming a
lincarised state equation around the
nominal point (x,). A linearised fourth
order model can be obtained by applying
the linearization principles to the non-
linear model of the drive system as given
below:

x=Ax+Bu
Where
x'=[A8 Aw, Aid Aig],

2)

A=
0 < 0
0 B PEQLYY
| _VCOE@)‘{ZIK ,rfq’;lzi _R}[f/
“Vsid/L, A +LiNL,  ~La/L,
0 1
3p%[Ay +(L, ~L,)i, 1127 ’
............ Lol
~R/L, J
1 0 0 1
10 -pP/y 0
10 0 -1/L, cos(d)
0 0  -1L,sin(s)
And U'=[o, T, V]
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3. Problem Statement
A multi-input system described
by the state space equation is considered:

3)
(4)

X ()=Ax (1) +B u (1)
=Cx (t) +Du (1)

Where; x (t) is an nx1 state vector. u (t)
is an mxl input vector, A is an nxn
system matrix, B is an nxm input matrix
is a q*n output matrix and D is q*m
cross coupling matrix.

It is assumed that the pair (A, B) is
controllable. The discrete representation
of egs. (3) and (4) is given as:

x(k+1) =0x (k) +T"u(k) (5)
y(k) =Hx(k) +Ju(k) (6)
Where
O=c"” (7)
,
I'=|e"dtB (8)

0
As for the continuous case, the control
law is simply the feedback of a linear
combination of all the state elements,
that is

u=-Kx=-[K, K,..]

L
Substituting Eq. (9) in Eq. (5) results in:
x(k+1)= @x(k)- 'Kx(k) (10)
Therefore the z-transform of Eq.(10) is

(zI-D+T'K)x(z)=0
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And the characteristic equation of the
system with the hypothetical control law
is

| zI- ®+T'K|=0 (11)
4.Pole Placement

The approach which is followed
here is pole placement [3] , that is taking
a control law with enough parameters to
influence all the closed-loop poles.
The control-law design perform the task
of finding the elements of K so that the
roots of eq.(11), that is , the poles of the
closed-loop system, are in the desired
locations.
Given desired pole locations,

Z.-':pl"p.? e | pn

the desired control-characteristic
equation is

@ (2)=(z-p, )z-p, ). (z-p,)=0  (12)
Equations (11) and (12) are both the
characteristic equation of the controlled
system; therefore they must be identical,
term by term. The calculation of the
gains becomes rather tedious when the
order of the system is greater than 2.
Therefore it could be performed using a
MATLAB function named (place.m),
which is best for high order systems and
can handle MIMO systems.

The specific difficulty that might be
encountered in using the pole placement
approach is brought about the necessity
to pick n desired pole locations. It is
helpful to move poles as little as possible
in order to minimize the required amount
of control effort and to avoid exciting the
system any more than necessary [3 ].

5.Kalman Filter
The Kalman filter is the best
linear estimator, which can produce an
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optimal estimate of the states of a linear

dynamic system, subjected to the
disturbances having Gaussian
distribution, The optimality is in
minimum estimation-error-variance

sense. The function of a filter is to
separate the signal from the noise
corrupted data. The separation is
possible only if the signal and the noise
lie in different frequency ranges. When
the signal and the noise occupy
overlapping frequency bands, the kalman
filter can be used to compute the
optimal estimation of the signal [4].

In the Kalman formulation we desire the
best linear estimate of the state vector
x(k) as a function of the observation
vectors y(1),y(2),....v(k), where the best
is assumed to be in the minimum mean
squared error sense.[5 ]

Let % (klk) represent the estimate of the
state at time index k given observations
y(1),y(2),...,y(k). the Kalman filter thus
gives us a running estimate of the state at
time index k as a function of the
observations.

The system is precisely represented by a
linear model exited by a white noise
process w(k), which is given by:

x(k+1)=® (k+1,J0x(K)+ T (k+1,K)uk)+C

(k+1,k)w(k) (13)
The vector observation
(measurements) is given by:
y(k+1)=H(k+1)x(k+1)+v(k+1) (14)

Where the process noise w(k) and
measured noise v(k) are independent zero
mean , white noise sequences with
known statistics. The parameters of @,
I and H are assumed to be known .

The optimal linear filtered estimate

;(k+llk+1) to be governed by the
recursive matrix formula for
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% (CH K D) =0(k+1.1) ¥ (K (k1)

[yt D-Hk+1)* @ (k+1,k) x (kik)]
_ (15)

with initial conditions 3 (0/0)=0, k>0

where K, (k+1) is the Kalman gain
which is given by :

K, (k+1)=P(k+1]k)H" (k+1)*[H(k+1)P(

k+H1LOHT (kDRG] k=0,1,. .
(16)
The  single-step  prediction error

covariance matrix P(k+1[k) is given by

P(k+1[k)=D(k+1,k)P(kIk)

O ' (k+L)+T (k+1,k)QKk) T'7 (k+1,k)

(17)
With  initial known condition
P(0/0)=P(0), k=0,1,...

And the error covariance matrix for
filtered error is:

P(k+1[k+1)=[I-K ,, (k-+1)H(k+1)P(k+1k),
k=0,1,.... (18)

To  have  optimal  estimator
knowledge of the initial estimation
error (nois¢) covariance P(0), an
initial estimate X (0j0) and a model
are required. Use is made of the PM
drive system model to generate such
data (reference data).

6. PM Performance with Regular
Kalman Filter

A regular Kalman filter
scheme to estimate P.M. states is
shown in fig. (1). the machine data
for an  open circuit at
voltage 37.5v and S0Hz is
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given in Table 1. The state space
model and state output model are
calculated by equations (13) and
(14), respectively.

The choice of the covariance
matrices for system disturbances and
measurement noise  is  selected
arbitrarily. This is appropriate since
the model is simplified, the errors do
not satisfy the statistical assumptions
of normality and zero mean; it is
hard to accurately quantify the
covariance matrices [6]. In this work
the covariance matrices needed are
assumed to be diagonal.

An example is taken to demonstrate
the  proposed  algorithm  that
represents sever case of instability of
the drive system. The case of
constant operating frequency at 50
Hz is taken as shown in fig. (2), the
torque of 3N.m gives a positive real
part of the closed loop poles. A
leading power factor of 0.9 at 50Hz
and 3N.m operation are taken. The
calculated matrices of the system at
this operation condition are:

A=10%*

T0 —0.0001 0 0
0 0 -0.0006 0.0055]

| -1.8092 0.0014 —0.028 0.0554

[-0.2347 -0.0029 -0.0178 ~0.016J
(1 0 0

o -80 0

1o 0 2182821
0 0 283201 |

It is required to place the desired
poles for the discrete system model
at:

[0.134, 0.356, 0.28, 0.439].
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The step responses for the selected poles
of the controller are shown in fig. (3).
the position of the desired locations of
the poles depends upon the amplitude of
the required response.

The simulated example shown in fig. (4)
demonstrate the filter's capability in
estimating the PM motor states to be
used by the pole placement controller.
The only information required for
Kalman filter is the input variables (V,
TL? w.s':)
Gaussian noise is added to the rotor
velocity to simulate measurement noise.
It is clear that the estimated states follow
that of the simulated reference system in
less than 0.3 seconds. Better response
can be obtained by tuning the parameters
(covariance, measurement noise). The
position of the selected desired poles is
also very effective in smoothing the
oscillation of the response.

The Kalman filter gains are dynamic and
fast; they reach a steady state value in
less than 0.3 seconds as shown in fig.(5).
They are also very sensitive to any
variations of load during simulation. The
control signals that are generated using
the estimated states are shown in fig.
(6).Figure (7) shows the error percentage
between the PM system states for
comparison. This demonstrates the
capability of the Kalman filter in
estimating the PM drive system motor.
Figure (8) shows the robustness of the
estimator using Kalman filter where the
initial conditions used are further distant
from the true states. The accuracy and
speed of the estimator depends on the
accuracy and value of the initial
conditions in comparison with the actual
motor conditions. The effect of changing
the initial conditions is illustrated in
Table 2, where the performance of the
estimator has been evaluated by the
performance index r defined by [6]:

and output variable ®,.
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ni

R=-—1~_Z| xest(i) —x(7) |

Lo

(19)

Where x,,,

at i'th time point. x (i) is the reference
value of the state and ni is the number of
time points. The performance of the
estimator is the average absolute
deviation of the estimated states from the
actual states. The estimator performance
at the beginning of the simulation
deviates substantially from the actual if
initial condition of the estimator is
different from real one but the quality of
the estimator increased as the estimation
proceeds, as shown in fig (8). Many
numerical test runs were made and the
value of the performance index r was
computed to demonstrate the robustness
of the estimator. In the test of table (2)
four performance indexes are evaluated
for each run. The table clearly shows the
effect of changing the initial condition
and in the same time the effectiveness of
the kalman estimator.

Similarly test runs were made to study

(1) is the estimated state value

the effect of sudden changes (e.g.
variation in load torque) during
simulation run, the Kalman (filter

overcome this situation effectively as
shown in fig.(9).

7. Conclusions
Based on the results obtained, a
reliable estimation can be generated
using Kalman filter. The implementation
of advanced control techniques as the
pole Assignment can be applied easily to
improve the performance of the system.
It is also shown that the estimator part of
the system gives robust estimates of the
states (load angle and stator currents).
Thus, the estimator seems to be general
and powerful enough to handle all the
situations in this application.
The estimator allows one to take

into
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account the changes occurring during the
simulation run of the PM motor drive

system  like sudden load torque
variations and violations of initial
conditions.
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Table 2 Results of the evaluation of the Kalman estimator for different estimator initial

conditions
Initial [ T
c?ndltmn Performance | Performance Performance | Performance
o index R, index R index Rid | index Rigq
kalman @
estimator
Xin=0.0 |  0.0157 0.514 | 0.6155 03164 |
Xin=5.0 |  0.0441 0.7579 | 13399 0.7261 |
L Xin=10.0|  0.0817 1.1318 |  2.5073 1.3146 |
Measurement
Excitation Ulk+1) error v(k+1)
w(k+1)
PM driver system Meuasurement
’—’ Yector
+ vik+1)
Kalman Filter
State
Vector
Estimate

L
Pole placement . X (xrlkey
Controller

Fig. (1) Functional block diagram of the Estimator- controller algorithm.
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Fig. (2) The step response of the original
PM drive system model.
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Fig. (3) The step response of the discrete
system under pole placement control.
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Fig. (4) The Step Response of the PM

Drive System under Pole- Assignment
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Fig. (5) The gains of the Kalman
Filter.
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Fig. (6) The control signals of the controlled

system.

Fig. (7) Error Percentage between
the reference and estimated rotor

velocity for PM Drive Syster using

Kalman Filter.
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Fig. (8) PM drive system state estimation
using Kalman Filter with initial conditions
for estimator differs from the actual one.

Fig. (9) PM Drive System state estimation
using Kalman Filter with sudden changes in
load torque.




