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Abstract—Natural Field Orientation (NFO) control was first
developed in the mid 1980s and is a simplified version of the Stator
Flux Oriented (SFO) control. NFO has some unique properties,
including very high tolerance to the stator resistance errors. In
this paper NFO’s sensitivity to this and other parameter errors
is explored, and its parameter robustness is compared to the
polar form of SFO. A simple augmentation to both algorithms is
developed which improves their parameter error robustness. This
paper also shows that this augmentation, previously suggested to
improve the NFO control frame stability, also has a positive effect
on SFO frame stability by eliminating undesirable oscillations
near the synchronous frequency.

NOMENCLATURE

(z,y) axes of the frame aligned with the actual position
of the stator flux vector;

(d,q) control frame aligned with the estimated position
of the stator flux vector;

€ms> €ms true and estimated stator flux voltage vectors;

s, €sy  Stator flux voltage vector projections onto (x,y)
axes. Similarly for stator current vector: ¢s, and
tsys

€sd. €sq  stator flux voltage vector projections onto (d,q)
axes. Similarly for stator current vector: ¢s4 and
Z.sq;

1.81/} R the stator current space vector in a stator flux frame;

7] reference value of the stator flux magnitude. Sim-

ilarly, * denotes reference values for other quanti-

ties;

true and estimated stator flux angular velocities,

correspond to the angular velocities (z,y) and

(d,q) frames;

true and estimated stator flux angular positions;

0. the error between the estimated and true stator flux
frame angular positions — i.e. éms — Ops.

I. INTRODUCTION

Natural Field Orientation (NFO) is a “voltage model” [1]
based stator flux vector control technique that is closely related
to the better known Stator Flux Orientation (SFO). Voltage
model based flux estimation has the following advantages over
current model flux estimation techniques:

o The estimation of the flux is only dependent on knowl-
edge of one machine parameter (Rs) and a measurement
of the applied stator voltage.

o The technique is inherently sensorless in that it does not
require a measurement (or estimate) of the machine shaft
speed for the estimator to work.
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Fig. 1: Block diagram of the NFO and SFO algorithms.

The general form of SFO flux estimation is:

t
Y, = / (ug — Rsig) dt + 9 |4, (1)

to

where éJto is the estimated flux space vector value at time
to.

Remark 1: One can see from (1) that és would be very
sensitive to the initial condition, and the value of the stator
resistance. If there is an error in Ry then it will appear in an
integrated form in ﬁs. Since the flux estimation itself is open
loop, then other aspects of the control which are reliant on
the flux estimate, and feedback via e,,,, are the only means
of preventing continuous integration of the error under steady
state conditions. In addition to the sensitivity to R, pure
integration techniques have difficulties with startup conditions.
Depending on the initial values of voltage and current, and
the precise details of the start-up transients, a DC offset can
appear in the estimate. Again the lack of feedback in a pure
integrator means that this offset will remain. This problem is
usually addressed in practice by the use of a low pass filter
approximation to the integrator. 4

NFO manages to avoid the issues cited above by a subtle,
and to some degree non-obvious variation of the SFO algo-
rithm. Instead of integrating the stator back-emf (i.e. u,—Rsi,)
to get the flux, it simply assumes that the flux is at its reference
value. Clearly if one assumes this, then the integration and its
associated problems disappear.

Fig. 1 shows the essential difference between the NFO
and polar form SFO algorithms. The switch selector in this
figure determines whether the estimated angular velocity is
derived from an estimated flux (in the case of SFO) or the
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Fig. 2: Frame definitions for NFO under motoring.

flux reference with NFO. As can be seen from this figure,
NFO and SFO are almost identical, except for the integration
of eyq to get 1/35 in SFO, and the use of the flux reference, 1},
in NFO.

Remark 2: From a heuristic perspective it is not immedi-
ately obvious that the strategy of assuming that the flux is at its
reference value will lead to a useful flux estimation strategy. ¢

One of the interesting properties of NFO is that the dgq
control frame has a tendency to align with the true frame
when perturbed from the correct frame alignment position.
This frame alignment property has been investigated in several
previous papers by the authors [2]-[4], and will only be briefly
discussed here.

Fig. 2 shows a snapshot of the frame positions under NFO
and motoring. As can be seen in this figure, the dgq control
frame is not aligned with the true xy frame. It is assumed that
the machine is current fed, therefore the reference currents 47,
and i, are impressed on the dgq axes. One can immediately
see from this diagram that the misalignment means that the
true flux producing current i, is less than the desired current
i3q- Therefore |¢ | < [4], which in turn means that s, < ey
and e,y = |e,,,|. Since under NFO the estimated frame angular
velocity is determined through the equation [2], [S]-[7]:

~ €sq €sq
wms = T x — T = (2)
|ﬁ:| Lyl
whereas the xy frame angular velocity is:
s = Y = Sy 3)
ms — - .
10,1 Lmisy

Since egy < ey and @:| > |£9| then @, < Wins.

Remark 3: One can therefore conclude from this logic that
if the frames become misaligned, then the geometry of the
frames and their effect on the respective values of flux produc-
ing currents is such that the misalignment is statically stable
and will tend to result in realignment of the frames. 4

Remark 4: The term static stability means that the above
argument assumes that d|¢ |/dt = 0 - i.e. the machine is
in steady state. In addition it does not take into account the
cross-coupling dynamics of the machine. This is valid, since
one can argue that if the frame movement is very slow then
the dynamics of the machine become irrelevant. Under such a
condition the tendency to realign will still remain. ¢
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Fig. 3: Block diagram of experimental control system.

If one applies similar logic to the regeneration case that was
used for motoring one is able to show that NFO is statically
unstable over most of the regenerative region. This means that
any frame error will tend to increase. A feedback solution
to this problem based on using the fact that e;q # 0 under
misalignment conditions has been published. This makes the
frame alignment statically stable over the usable regenerative
region. The interested reader is referred to [2]-[4], [8].

The potential of stator resistance parameter insensitivity
and absence of integration in NFO provide the motivation to
investigate whether this potential can be realised in reality.
Given that the static regenerative instability mentioned above
has been solved, this paper will address aspects of the influence
of parameter inaccuracy on the frame alignment performance
of NFO. Specifically, the paper will address the effects of
stator resistance and magnetising inductance error. These are
the two parameters that determine the performance of stator
flux oriented NFO.!

To assist in this study, a digital model has been developed
in Saber® that represents, in great detail, our experimental
system. The block diagram for the control implemented in
the system appears in Figure 3. Note the similarity with the
block diagram of the stator flux oriented control of an induction
machine using a current-controlled PWM inverter as described
in [9]. The block “Stator Flux Estimator” includes both NFO
and SFO algorithm options, which are explained in detail in
[2].

The remainder of this paper is organised as follows. Sec-
tion II will develop analytical expressions to quantify the
effects of stator resistance and magnetising inductance errors
on the frame alignment of NFO. Section III will investigate the
effects of the same parameters on SFO so that a comparison
of the two algorithms can be made. Each of these sections
will present simulation and experimental results to verify the
predicted performance. Finally Section IV will present the
conclusions that can be drawn from this work.

II. THE NFO PARAMETER SENSITIVITY
The key to understanding the parameter sensitivity mecha-

nisms of the NFO algorithm is to realise that it uses frame

There is also a rotor oriented version of NFO that, in addition to a
dependency on L., and Rs knowledge, also requires knowledge of the
machine leakage inductances.
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€5q = €5y COS O,

(a) Assumed Rs < true R
Y esy = |§ms

Q’ms\‘——————————— €gy COS 0,
é A€sq

<
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(b) Assumed Rs > true R

Fig. 4: NFO reaction to stator resistance errors

misalignment to compensate for the parameter errors. If the
resulting static misalignment is small, the control algorithm
continues to provide approximately correct speed and torque
values, even though internally it uses variables that have
angular displacements. When the static misalignment reaches
a critical value, an additional small disturbance makes NFO
lose control over the frame position. This defines the limits of
the parameter tolerance for the NFO algorithm.

A. Sensitivity to the stator resistance error

Tolerance to inaccuracy in the R, value can be explained
using Figures 4a and 4b. First consider the situation of pre-
cisely known parameter values and perfect frame alignment in
steady state. This implies that:

Ug — Rsitg =esa =0 Ug — Rsizq =esqg = lems| 4

Now let the assumed stator resistance value be smaller than
the true value, i.e. RS = Rs; — AR;. This is equivalent to
adding a vector with relative coordinates (ARi%,, ARij,)
to the assumed flux voltage vector. To let e;4 become positive
the control frame should turn counter-clockwise with respect
to the true frame as shown in Figure 4a. In the new misaligned
position

€sd = €oysinb.+ARiy, €sq = €4y COS 9€+ARSi:q (5)

and the estimated angular velocity of the stator flux vector
(the velocity of the control frame), according to the basic NFO
algorithm [S]-[7], is:

~ } -
. by esycoste + AR,

6
Lpypit, ©
The true angular velocity of the stator flux vector would change

because of the changed flux:
w _ €sy _ €sy

ms — - . . .
W Lm (ix,cosfe — ity sin 6, )

)

If the two angular velocities are equal, the misalignment
remains statically stable. This corresponds to:
esysinf,  iggco80c — iy sinfe iy,

ARz,

it co8be + i sinbe gy ®
Figure 4a shows the position of the frames corresponding to
the above condition. Applying similar logic to the case when
]:25 = Rs;+ AR, leads to the static misalignment of Figure 4b.
Expression (8) can be used for this case, the only difference
being that 6. is negative and —A Ry is used instead of ARj.

It can be easily shown that for a wide range of AR values
of both signs and a wide range of practical ratios for x =
z':q /i%,, an angle value that satisfies (8) exists. Furthermore,
in most cases this angle has a low sensitivity with respect
to AR, which can be approximately found by solving the
equation:

memseg + (mems + ARS:L') 1’06 - ARsx =0 (9)

Equation (9) is derived from (8) by assuming cosf. ~ 1,
sinf, ~ 0. and ey /i%,; = Lywpms. It follows from (9) that the
frame misalignment resulting from the stator resistance error
is dependent not only on torque (through the x parameter)
but also on frame angular velocity. This is well known from
conventional SFO algorithms. Analysis of this equation and
its solutions under different conditions show that for the slow
speed range and moderate to high = values, the angular error
can become greater than 10°, which is undesirable.

The sensitivity of frame alignment with respect to AR, x,
and w,,s is substantially reduced when an augmented version
of NFO is used as presented in [2]. In brief, this augmentation
implies is that a feedback based on the és4 value is added to
the frame angular velocity estimation expression as follows:

W €sq — ksign(ésg) sy
wT’LS - ‘w*|
Ls

With £ = 0 the expression (10) reduces to the no egq
feedback expression of (6). It can be further shown that if
k in (10) is set equal to = then frame misalignment related
to the stator resistance error is completely eliminated. This is
obvious from the following development of the expression (10)
using (5):

(10)

%
s

esq + ARSi%, — 7 (esa + ARyi*,)  esq —
: _
[

q
7+ €sd
sd

;]
(11
Remark 5: The k = x gain selection, whilst eliminating
the effects of AR, at all operational speeds (including the

Wms =
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Para-

l
meter | 0% error [ —50% | +50% | 0% error | —50% | +50% |

k=0

k=1

l

€sd

22.0V

23.6V

21.5V

2.7V

3.3V

2.1V

e

12.2°

13.1°

11.9°

1.5°

1.9°

1.2°

TABLE I: Experimental results on the NFO R sensitivity at
w, = 50 rad/sec, 77, = 4.7 N.m

problematic low speed region), may not be the optimal gain
to use over the whole speed range to eliminate the frame
misalignment from other causes. Therefore, a speed dependent
gain scheduling technique should be used to get the best frame
alignment performance over the whole operation region of the
machine. ¢

To confirm the analytically based conjecture that NFO has
low sensitivity to the stator resistance error, a suite of simu-
lation and experimental plots were obtained for the following
conditions: after an initial fluxing period of 0.5 sec, followed
by a step change from zero to 50 rad/sec, the system is
allowed to reach steady state. In steady state a small constant
torque of 4.7 Nm (the windage and friction losses torque) was
applied, which corresponded to a current ratio of z = 0.16.
Experiments and simulations were performed for unaugmented
(k = 0) and augmented (k = 1) NFO with zero and +50%
stator resistance error. For space reasons only one set of plots
(that for —50% underestimated R;) are presented for each k, in
Figs. 5 and 6 respectively. These results are similar in character
to the +50% resistance error case. Frame misalignments for
all cases at steady state were calculated from the experimental
data and are summarised in Table I.

It can be seen from the left half of Table I that for £k =0
the angular error was substantial, being around 12° — 13°.
Note that the above analysis does not account for the non-
linearities and leakage effects of the machine model on NFO
frame alignment. As shown in [8], these effects manifest them-
selves in a non-zero static frame error even for the perfectly
known machine parameters. The observed high angular error is
partially attributed to these effects, and partially to dead-time
error which is discussed later in this paper.

Remark 6: Table I shows that +£50% stator resistance error
makes almost no difference in NFO performance under the
conditions of the experiment, this fact indicating that the other
effects mentioned are dominating. 4

A significant reduction in frame misalignment is observed
in Fig. 6 for k = 1. The entries in the right half of Table I (for
the k£ = 1 case) show much less absolute angle error to those
in the left half of the table for k£ = 0.

Remark 7: Theoretical analysis, simulations and experi-
mental results show that the NFO algorithm has low sensitivity
to stator resistance error. When the additional stabilisation
loop discussed in [2] is added to the control, this sensitivity
decreases even further as seen from the right half of the
Table 1. ¢

B. Sensitivity to the magnetising inductance error

Magnetising inductance error, according to (2), results in an
erroneous frame speed estimation. The consequences of the
L,, error can be explained with the help of the relevant part
of Fig. 4 (even though this diagram was originally drawn for

Torque (N*m)

Ang.vel. (rad/sec)

Voltage (V)

(a) Simulation data

Commanded torque

Angular velocities

— Rotor speed
— - Frame speed

Raw back-emfs in SFO frame
T T

g

— e,_back-emf
ds

M. —. e__back-emf
as

1

15

2 Time (sec)

(b) Experimental data
Fig. 5: NFO start up test: k = 0, ARy = —50%Rs, L,, correct

the R, error situation). If ﬁm = L,,+AL,,, then the estimated
angular velocity of the stator flux vector is
€sq €sy COS 0,

= _ (12)
(Lm + ALm)zSd

T Lty
which is less then or greater than its correct value, and
therefore control frame is behind or ahead of the true frame.
The angular velocity of the true frame is given by (7). Since the
numerator of (12) decreases in magnitude as 6, increases, then
there is the possibility that 6, will stabilise at some value. This
situation will occur when the angular velocity of the estimated
and true frames are the same, i.e. when:

+ALp,
L m

It can be shown that a 6. that satisfies the (13) may not
exist for higher AL,, values, particularly when combined with
higher torques. When (13) is solvable, 6. may be relatively
large. The 6. errors for ALm = +15%L,, were experimen-
tally found to be the limits for the L,, error tolerance of the
unaugmented NFO algorithm.

Plots in Fig. 7 illustrate the limiting case of AL,, =
—15%L,, and k = 0. Note that when steady state is reached
the esq projection of the stator flux voltage (that should be
zero under perfect alignment) almost reaches the value of
€sq. It should be noted that the influence of the non-linear,
leakage and dead-time effects result in angular misalignment
worse than predicted. The situation dramatically improves
when, under the same experimental conditions, the augmented

. 2 .
=sinfZ — xsinf, cos b,

(13)
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(a) Simulation data
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(b) Experimental data

Fig. 6: NFO start up test: k = 1, AR, = —50%Rs, L., correct

Para- k=0 k=1 |

meter | 0% error [ —15% | 0% error [ —15% | +15% |
€sd 22.0V | 89.5V 2.7V 5.1V | —10.5V
Oe 12.2° 43.4° 1.5° 8.7° —6.0°

TABLE II: Experimental results on the NFO L,,, sensitivity at
w, = 50 rad/sec, 7, = 4.7 N.m

version of NFO with & = 1 is applied, as illustrated by
the simulation and experimental plots of Fig. 8. The steady
state angular error results, for both ¥ = 0 and &k = 1, are
summarised in Table II.

Remark 8: To summarise, the NFO algorithm is relatively
sensitive to the accurate knowledge of the magnetising induc-
tance. However, in our experience, the accuracy of a simple
no-load test was enough to get a satisfactory estimate for L,,.
Based on this value, the machine can be successfully started
under the NFO control. The L,, value can be further on-line
fine tuned by minimising the monitored e,q value at no load.
Application of the stabilisation feedback, as seen from the
right half of Table II, significantly improves the algorithm’s
tolerance to L., error and makes fine tuning unnecessary. 4

C. Sensitivity to the dead time error

Experimental investigation of the dead-time effect on the
frame misalignment was not possible because of the fixed
dead-time constraint in the experimental hardware. The PWM
modulator block in Fig. 3 internally has a predictive current
control loop [10], which implicitly compensates the output
voltage to account for dead-time over the majority of the

p e M i s
w0

w o 0 o5 05

(a) Simulation data

Commanded torque
40 T T T T

Torque (N°m)

Angular velocities
150 T T T T

— Rotor speed
— _Frame speed

Ang.vel. (rad/sec)
a
3

Raw back-emlfs in SFO frame

M,,MW“" )

— e, back-emf
— . e__back-emf
as

05 1 15 2

Voltage (V)
@
3

Time (sec)

(b) Experimental data

Fig. 7: NFO start up test: k = 0, Rs correct, AL, =
—15%L,,

Para- k=0 [ k=1

meter | 0.2usecs [ 4usecs | 0.2usecs | 4pusecs |
[ eea | 38V [ 123V | 06V [ 38V |
0 | 22° | 71° | 04° | 22° |

TABLE III: Simulation results summary on NFO sensitivity to
dead time error at w, = 50 rad/sec, 77, = 4.7 N.m

positive and negative current cycles [11]. However, this means
that the duty cycles, d, and dg, have the dead-time error built
into them. These duty cycles are used to calculate the uy and
uq input voltages used in NFO.

Since dead-time results in an erroneous calculated input
voltages, then an equation similar to (8) for AR can be
obtained for £Awu, - the error in g-axis voltage due to the
dead time in the inverter. Note that for the non-augmented
NFO only the g-axis voltage error is relevant. The following
expression results:

TAu, gy s sinf, + x cos b,

nf, = (14)

Esy lox cosf, — xsinb,

The summary of the steady state frame angular errors obtained
by simulations is presented in Table III for 0.2usec and
4pusec dead-time errors, the latter corresponding to that of the
experimental set up under the same speed.

Remark 9: To summarise, the NFO algorithm has low sen-
sitivity to the dead time errors similar to its tolerance of R,
errors. The angular misalignment may become larger at slow
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(a) Simulation data
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(b) Experimental data

Fig. 8: NFO start up test: k = 1, R, correct, AL, =
—15%L,,

speeds due to the relatively large effect of dead-time here.
Augmented NFO significantly reduces such misalignment. 4

III. COMPARISON TO THE SFO PARAMETER SENSITIVITY

NFO’s natural self alignment, which is explained in [2], is
inherited from the traditional SFO. However, there are small
but important differences in how frame alignment is achieved
in NFO and SFO.

Assuming SFO control, consider initially that there is align-
ment between the control frame and the stator flux vector
positions followed by a disturbance 6.. The true and the
estimated angular velocities are respectively:

€sy
Wms = N . 15
Lo, (z:d cosf, — i%,sin 95) 15

and
€5y COS O,

L,i%,+ [esysind. dt

where [ [(to) = Lmi}, — i.e the initial condition.

It can be seen from the above formulae that there cannot
be static misalignment between the two frames, otherwise
the term in the denominator of (16) will integrate up or
down without limit. The two velocities can only be equal
when 6. = 0 but at this point the frames always have a
relative acceleration. This can be shown by taking a derivative
of the relative velocity at §. = 0. As a result, the self-
alignment property occurs in an oscillatory manner. This is
consistent with observations made in [9], that state that stator

flux estimation based on pure egq integration results in a
marginally stable system. The simulation and experimental
results of Fig. 10 further support this conclusion.

In a simulation of start-up under SFO control (Fig.10a)
undamped oscillations at the frequency w,,s are observed
in the calculated speed and flux. Note that there are no
oscillations in the actual machine speed and flux. However, as
the estimated (oscillatory) angular position is used to provide
the commanded torque current, a component of frequency wi, s
is present in the machine torque (this is low pass filtered by the
load dynamics and therefore minimises any effect on machine
speed). In the corresponding experiment, to be able to start
the machine under the SFO control, we had to explicitly limit
the output of the flux integrator. Much higher oscillations than
those in the simulation are seen in the experimental plots of
Fig. 10b.

A. Linearised stability analysis

The following linearised analysis assists in understanding
of the stability issues of the SFO technique. First consider the
original (unaugmented) SFO algorithm with a pure integrator
for flux estimation, under the steady state operation.

Assume that the angular position of the stator flux vector
in steady state is: 0y,5(t) = wmst. An error of 6, may occur
in the estimated frame position, so that 6,,s(t) = wyst + 0.
The stator flux voltage vector in steady state is 90° ahead
of the flux vector, i.e. e,,, = emse!@m=tT9°) Considering
Fig. 1, it is clear that the SFO algorithm implies the following
transformations of this vector. First the stator flux voltage
vector is converted to the stator flux frame:

A . o
e e*]‘gm«s‘(t) — emsej(go —0e)

77715'4[;5 =€

an

ms
The projections of this vector onto the control frame axes are:
€sq = €ms COS(0e) & €ms

(18)
The esq projection is then integrated to get estimated flux:

€sd = €ms Sin(ee) ~ eanee

"Z)s = ’l/): + ems/ee dt (19)
The angular velocity of the control frame is estimated as:
LZ) — ekﬂ — 6ms — ems
o it ems [Oedt g (14 e [, dt)
(20)

Using the approximation (14 2)~! ~ 1 — 2z for z << 1 one
can write:

2
~ €ms Cms e
WOms & 1-— /9€dt>:wms—ﬂ/96dt
v < v3 @)
2D
Finally, the frame angular velocity is integrated to get the
angular position of the control frame:

3 2 3
éms t) = / Vms dt = mst_/ Ems /96 dt) dt (22)
A ((w:f

Based on the above expressions, a linearised frame angle
disturbance model can be developed as shown in Fig. 9a.
The input to the model is an angular position disturbance
A6, that integrates into a zero mean value over a period of
time. If a non-zero mean Af, occurs, then (16) predicts that
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€sd

Ao

|(3m.~

€sd

€ms f

J

(b) Augmented SFO, k =1

Fig. 9: Linearised frame angular position disturbance model
for the SFO algorithm.

the estimated frame angular velocity and hence control frame
position changes to eliminate the disturbance. From Fig. 9a
the transfer function of the angular velocity estimation error
(Awyy,s) due to the disturbance A6, is:

AQns () e2 s 9 s
= __ms =, ——— (23
AOc(s)  (41)" 52+ i e, @

This transfer function has one zero at the origin and two
poles p1.2 = £jwms on the imaginary axis, corresponding to
observed undamped oscillations at the natural frequency wi,s.

B. Effect of the stabilisation loop

Now consider the augmented version of the SFO algorithm
with egq feedback and a gain k similar to augmented NFO.
Applying the same logic as for unaugmented SFO, the lin-
earised disturbance model block diagram of Fig. 9b can be
developed. The following transfer function can be determined
from the diagram:

Ay (5) - wmsd}:k‘sg + wvznss
A(‘)E(S) - 52 + wmsw:ks + w’rQns

with zeros z1 = 0, 22 = —wms/(k¥}) and poles given by:

P2 = —wms (k5/2) £/ (kv3/2)° — 1

It is clear that with the augmentation applied to SFO, the k
parameter controls the damping ratio. For ky} < 2 the system
will react to a short pulse disturbance with damped oscillations
with a damping ratio of k% /2. For higher k the reaction to
the disturbance will be aperiodic. Using very high k values
is undesirable as one of the poles would move close to the
origin.

The effect of the augmentation on the SFO performance
can be in seen by comparing the simulation and experimental
results for the £ = 0 and k = 1 cases shown in Figs. 10 and 11
respectively. As the result of the augmentation, the oscillations
of the angular velocity, flux and torque are no longer present
in Fig. 11.

Remark 10: The augmentation of the SFO algorithm with
esq feedback damps the w,, s frequency oscillations present in
SFO implemented with pure integration to estimate flux.

(24)

(25)
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(b) Experimental data

Fig. 10: SFO test: k = 0, R, correct, L,, correct

C. Sensitivity to the parameter errors

Compared to NFO, frame alignment in SFO is very insensi-
tive to the L,, error, as it only uses the magnetising inductance
to calculate the set point for the torque current (see Fig. 1). The
way stator resistance error influences SFO performance is also
quite different from NFO. While NFO can compensate for R,
error by adding a small static angle error to its control frame
position, SFO does not have this compensation mechanism
available. Hence, R; is critical for SFO performance and error
can instigate or exacerbate the above mentioned control frame
oscillations. Dead-time errors also have a similar influence on
SFO.

Application of the e;q feedback however, results in reason-
able performance for £50%R; errors under the experimental
conditions presented in this paper. For space reasons, only
one set of results for —50%R; are presented in Fig. 12. SFO
sensitivity, with and without augmentation, to the parameter
errors at low speed are still to be investigated.

Remark 11: To summarise, the SFO algorithm is insensitive
to errors in L,,, but sensitive to R, and dead-time errors. The
application of the esq feedback decreases SFO stator resistance
sensitivity. ¢

IV. CONCLUSIONS

This paper has presented a thorough investigation of the
effects of parameter error on the frame alignment accuracy
of the NFO and SFO based control algorithms. The main
conclusions from the paper are:

2056



(a) Simulation data

Commanded torque

T T T T
E® q
£ 20 B
°
g 10 b
S
SIS |
Angular velocities
1507 T T T T
gwool ot g e ol
5 o
g
= 50 b
]
2
2 0 — Rotor speed
< — _Frame speed
Raw back-emfs in SFO frame
T T T
— e, back-emf
< 100 : _ e, back-emf
2 A as
Y e
g % q
K
S fd: oy
_ | | | |
0 05 1 15 2

Time (sec)

(b) Experimental data
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Frame alignment with NFO is intrinsically tolerant to
errors in R and dead-time errors.

NFO R, and dead-time insensitivity can be further en-
hanced by the augmenting the original algorithm with egq4
feedback. This is especially important for acceptable low
speed operation.

NFO frame alignment is more sensitive to errors in L,,,
as compared to R,;. However, errors of up to 15% can be
tolerated.

Augmented NFO can tolerate larger errors in L,, before
frame alignment becomes unstable.

SFO control systems using pure integration for flux
estimation are marginally stable with respect to control
frame alignment. The frame oscillation natural frequency
iS wy,s rad/sec.

If an eyq feedback augmentation strategy is used with
SFO, similar to that applied to NFO, then the frame
alignment oscillations can be damped (when appropriate
feedback gains are used).

SFO is more sensitive to R and dead-time errors rel-
ative to NFO. However, feedback augmentation of SFO
decreases this sensitivity.

Frame alignment in SFO is not sensitive to L,, errors.

All of the above conclusions have been confirmed by analy-

sis, simulation and experimental results. An overall conclusion
is the NFO has some interesting parameter robustness proper-
ties, and should offer superior performance to SFO, especially
at low speed.
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