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Abstract - Numerous techniques have been reported in the
literature to accomplish the task of locating the rotor flux axis
for the purpose of direct field orientation. This paper first
summarizes the existing sensorless techniques wusing high
frequency test signal injection to determine the flux spatial
location in an induction machine. A novel approach employing
balanced and unbalanced excitation is then investigated to track
the flux. It is first demonstrated that the rotating flux vector in
the machine causes saturation-induced saliency in the phases
under normal operating conditinns. By employing high
frequency test signals, this saliency is monitored which is then
used to track the flux in the machine under test. The feasibility of
the proposed approach is verified with experimental results.

I. INTRODUCTION

Accurate control of torque production is possible in an
induction machine drive when the flux and torque producing
components in the stator current are controlled independently
{11, [2]. This type of control is referred to as ‘Vector Control’
because it includes the precise adjustment of both amplitude
and phase of the ac excitation. Vector control of currents and
voltages ultimately results in manipulation of the spatial
orientation of the electromagnetic fieids in the machine. This
has led to the term ‘Field Orientation’. Normally, torque
control by direct field orientation refers to the process of
locating the spatial position of rotor flux in the machine and
the consequent control of the quadrature component of stator
magnetomotive force (mmf), produced by stator current, with
respect to this flux.

Numerous technigues have been reported in the literature
to accomplish the task of locating the rotor flux axis [3]-{10].
This paper investigates a novel method of high frequency test
signal injection to locate the flux in an induction machine. It is
first demonstrated that the rotating flux vector in the machine
causes saturation-induced saliency in the phases under normal
operating conditions, By employing high frequency test
signals, this saliency is monitored which is then used to track
the flux in the machine. These flux tracking methods are
employed to accomplish direct field orientation for torque
control applications.

The following sections of this paper present a review of
vector control and high frequency test signal injection
techniques used to locate the rotor flux angle which have been
previously reported in the literature. A new flux tracking
method based on phase impedance variation is then introduced
in Section IV. Techniques employing balanced and unbalanced

Thomas A. Lipo
Department of Electrical and Computer Engineering,

Seo-Geon Chang Kyung-Seo Kim
LGIS R&D Center,
LG Industrial Systems Co., Ltd.,
Seoul, Korea.

excitation to detect the phase impedance variation and their
practical implementation are described in Section V.
Experimemtal results verifying the efficacy of the proposed
approach are given in Section V1. A summary of these resuits
and a discussion of the advantages and limitations of the
proposed approach is presented in the concluding section.

H. D-Q REPRESENTATION OF VECTOR CONTROL

In terms of the machine varigbles in the rotor flux
synchronous frame of reference [2], the electromagnetic
torque is given by

3PLm . .
Te=2271 A i (1)

The symbols for torque, inductance, current and flux follow
the convention used in [2]. If the d-axis is considered as the
rotor flux axis, the rotor flux is given by the following
differential equation
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where p is the differential operator. Thus the equation for
torque becormes
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The electromagnetic torque is a product of the d-axis
component of rotor flus (A°) and q—axis component of siator
current (i%). The flux A’y is govemed by the d-axis
component of the stator current (i%) and the governing
equation is of first order. Hence if i°y, is kept constant. the
torque can be independently controlled simply by adjusting the
current i, Thus the control action is very simple; one needs
only to control d- and g-axes components of the stator
current for an independent control of rotor flux and torque
respectively. This concept is illustrated in Figure 1. Equations
for transforming the current from stator to rotor flux frame of
reference are:

(4)
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i'q = loa sinG:

' = g cO8d,
Thus, it is obvious that for the desired decoupling, updated
knowledge of the value of the rotor flux angle ¢, is required.




III. REVIEW OF FLUX TRACKING METHODS

To date, realization of direct field orientation without a
position sensor has, for the most part, been largely restricted
to operation above 2-3 Hz because of practical problems
associated at near standstill frequencies [2]. However,
attempts have been made recently to overcome this barrier by
monitoring second order non-lincar flux related effects in the
machine [8]-[10]. In general, these methods resort to using a
high frequency test signal injection which is employed to
extract information ahout the air gap / stator / rotor flux in
the machine under test. The machine operation, however,
remains governed by flux and torque components of the
fundamental current that is superimposed on this test signal.
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Figure |. Vector diagram for rotor flux oriented induction
machine model.

Blaschke et al. have proposed high frequency current
injection o detect the variation of magnetizing reaclances in
the d- and g-axes [8]. This technique is based on the
premise that since the flux in the machine is predominantly
in d-axis, the magnetizing reactance in that axis is smaller
than that in the g-axis owing to saturation as shown in
Figure 2.
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Figure 2. Magnetizing reactances in d— and g—axes.

For high frequency (wy) stator currents, one can
approximately write the relations between stator and rotor
currents in a synchronous (rotating at m) frame of reference
as

a7 4L/l 9

b
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Since the magnetizing reactances in d- and g-axes are
not equal, scaling ratios between stator and rotor currents in
these axes as given by equations (6) and (7) are different.
This implies that a high frequency current injection (Ai,) in
an improper d-axis will result in a displacement (v} in the
corresponding rotor current (Ai,). This effect is iflustrated in
Figure 3.

Rotation at oy,

Actual d Estimated d—axis
Figure 3. High frequency current injection in a wrong d-axis
produces a displacement in the corresponding rotor current.

The displacement angle ¥ is proportional to the error
angle § between the estimated and actual flux axis and can
thus be used directly to rectify errors in the flux angle
estimation. However, this approach will, as stated, require
knowledge of the rotor currents. Instead. the authors have
presented an alternative strategy. One can write an
approximate voltage equation in the test signal synchronous
(rotating at wy,) frame of reference as follows,

. . d . d .
A!hs = Alhs Is— A!hr Ie+ a af' s Lis —'&I A!hr Lir (8)

Similarly, in a mirror image of the test signal synchronous
frame of reference about estimated d—axis, the voltage
equation is

Axhs- = Aihs Is— Ajhr Ir —‘% Ajhs Lis+ % Aihr Ly O
Adding equatons (3) and (9),

A", + AV = 2 A1 -2 Aif Ty (10)

As is evident, the quadrature component of the left-hand side
of equation (10) directly gives information concerning the
displacement angle vy.

Although theoretically very attractive, this method is
clearly computation intensive as well. Hence the method
poses significant problems in practical implementation.

An alternative method has been reported which is based
on the difference in the machine impedances in d— and g-
axes [9]. For low frequency (w,) stator excitation, one can
approximately write the circuit equations for d— and g-axes
in a synchronous (rotating at @) frame of reference as
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Figure 4. High frequency test signai in the correct d—axis
produces an equal perturbation in the monitoring axes.

If a high frequency test signal is superimposed in the d—
axis circuit, skin effect in the rotor resistance becomes more
prominent, thereby causing a difference in equivalent d— and
g-axis impedances. This difference can be detected by
monitoring the corresponding perturbations in the d,, and qq
axes which are placed at 45° on either side of the estimated
d-axis (Figures 4 and 5).

If the estimated d-axis is accurate then the resulting
perwrbations in the monitoring axes caused by high
frequency injection are of equal amplitude (Figure 4}
whereas if the estimated d-axis is incorrect, then the test
signal can be resolved into the actual d- and q-axis
components. This produces the corresponding unequal
perturbations in the monitoring axes as shown in Figure 5.

Rotation at o, -~ Actual g-axis
/4
T, /‘\\~
(qu—axis
™
] /
d,—axis y
L
. Estimated d-axis
Actual d—axis t

Figure 5. High frequency test signal in the wrong d-axis
produces an unequal perturbation in the monitoring axes,

The authors of this paper have presented several

methods to implement this scheme; viz. voltage injection and
current injection. In the woltage injection scheme,
corresponding currents are moenitored, while in the current
injection scheme corresponding voltages are monitored. It is
shown that the error in estimation of flux angle is
approximately proportional to the difference in the squares
of voltages / currents in monitored axes in current / voltage
injection systems.

Both the above methods. on¢ depending upon variation
in magnetizing reactance and the second depending on
variation in rotor rcsistance, use the high frequency test
signal injection in the d-axis only. This approach does not
generate any torque ripple and causes less audible noise.
However, the saliency image tracking can he enhanced hy
employing a rotating test signal in the machine under test
instead of fluctuating signal injection. Jansen et al [10] have
reported an approach to wrack the saliency in the stator
transient reactance with three-phase balanced test excitation.
The saturation induced saliency in the stator transient
reactance in synchronous (rotating at w,) frame of reference
is represented by
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In the stationary frame of reference, this inductance becomes

(13)
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Therefore, if a balanced three-phase high frequency voltage
1s applied as tollows

Vs Cos Oyt
Vi = ) (15)
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the stator currents will be induced of the form
Iy sin wpt + I3 sin (2wet-out)
Fe= (16)
1§ cos oyt + 12 COS (2(0pt-(0yE)

The second term in both the g— and d-axes has useful
information about the position of flux. This can be extracted
using demodulation and closed loop wacking filier.

A fundamental problem associated with all these
metheds is that they rely on the parameter tracking in d—q
domain. This paper focuses on utilizing the actual phase
information, rather than utilize d-q domain, 1o locaic the
flux in the machine under test, Not only is this approach
intuitively more convincing, but also it has been observed
that the variation in phase impedance directly determines the
flux. The following section introduces the proposed flux
tracking method based on phase impedance variation.




V. FLITX TRACKING METHOD BASED ON PHASE IMPEDANCE
VARIATION

Figure 6. Rotating flux vector produced by a three-phase
balanced excitation in an induction machine.

It is well known that a rotating magnetic field of
constant amplitude is produced in a three-phase induction
machine when it is excited with a three-phase balanced
sinusoidal supply. This is depicted in Figure 6. A set of
balanced three-phase currents of amplitude I; and with
angular frequency (w,) is given as

iz =1 cos et

ip = I cos (wet - 1200)

ic = I cos (et + 1200) {an
the resultant mmf is given by

F = Fiy ¢os (@l — P) (18)

[t may be easily verified from the above equations that mmf
in the magnetic axis of any particular phase is maximum
when the current in that phase is maximurm.
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Figure 7. Time relation between phase currents and mmf at
magnetic axis of phase A.
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Figure 8. Spatial relation between phase A impedance and
mmf at magnetic axis of that phase.

An example case for phase A is shown in Figure 7. As
may be seen from this figure, the mmf at the magnetic axis
of phase A (heavy line) follows the current in that phase (ig).
Consider further a special case when the mmf is a maximum
at § = 0 as shown in Figure 8. We assume here a normal
machine with a squirrel cage with embedded rotor slots.
Under the condition of Figure 8, the rotor bars at spatial
positions B = —w2and f = w2 have a very small flux
associated with them and hence, they come out of saturation.
Consequently these hars offer a higher reactance than the
bars at f = 0 and p = & which encounter maximum flux and
are saturated. This effect causes a saliency in the individual
phase impedance. Hence,. if the impedance of each phase is
monitored. one can detect this saturation-induced saliency
and consequently track the rotating flux vector. This is the
central theme of the proposed method of this paper.

It may be noted that the impedance of a phase is
minimum when the flux (air gap flux density) associated
with it is maximum. Figure 9 illustrates the relationship
between the location of the flux in the machine, individual
phase impedance and the phase A current under a no-load
condition. It should be noted that the spatial angle B is
calculated from the magnetic axis of phase A. For a loaded
condition, the flux vector lags the current vector, This lag
angle is load dependent, As the variation in individual phase
impedance is strictly a function of flux location and the
machine structure, it will also lag the current like the flux.

However the relation between the flux location and phase
impedance is invariant. Thus. irrespective of the load and

speed conditions, the impedance variation will always be
locked to the flux vector.

Itis inte_zresting to note the relative behavior of phase A
current and impedance in the same phase. When this current




is at its pcak. the stator produced flux in the magnetic axis of
phase A is maximum. This causes saturation of the
corresponding rotor bars which consequently decreases the
impedance. On the other hand. when the current is zero. the
rotor bars come out of saturation thereby increasing the
effective impedance,

Angle charted by the flux
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Figure 9. Relation between the location of the flux vector,
individual phase impedance and phase A current in the no-
load condition.

V. TECHNIQUES TO DETECT PHASE IMPEDANCE VARIATION
AND THEIR PRACTICAL IMPLEMENTATION

As explained in the earlier section. a saliency is caused
in the phase impedance owing to the rotor bar saturation
cffects. If the impedance associated with each phase is
monitored, one can detect this saturation-induced saliency
and consequently track the rotating flux vector. A simple
method to do this would be to inject a test signal in each
phase and monitor the impedance associated with it by
measuring the corresponding phase voltages. With this
approach, one would obtain the phase impedance variation
with twice the frequency of fundamental excitation as
depicted in Figure 9. It is important to note that the nominal
value of phase impedance and the actual magnitude of
variation depends on various machine parameters but is
insignificant in determining the location of flux, As the
rotating flux in the machine causes variation in the phase
impedance. tracking these alternate maxima and minima
will directly lead to determining of flux. Hence, first the
offsets in individual phase impedances are nuilified and their
values are normalized. This produces a set of three balanced
sinusoidal waveforms with their peaks signifying the

maxunuwn and minonwmn fux occurrences, Next when one
applies a d—q transformation on these waveforms a cosine
and a sine waveform is generated. It may be noted that mere
application of the d—q transformation on the normalized
phase impedances does not transform them into equivalent
d—q impedances. The resuitant quantities do not have great
physical significance and the d—q transformation is simply
utilized as a means to obtain the sine and cosine waveforms.
Finally, the flux angle is extracted by a demodulation
procedure as shown in Figure 10,
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Figure 10. Block schematic of the procedure for flux angle
extraction from individual phase reactances,

The three-phase balanced test current, by itself, will
produce rotating flux, thereby interfering with the nominal
machine operation and this interference must be minimized.
There are two alternatives to realize an unbalanced high
frequency signal injection as shown in Figures 11 and 12.
The first method to inject a test current in only two phases
(Figure 11). For such test signals, one phase of the machine
is effectively “Open”. These test currents with amplitude Iy,

and frequency wy, are given as follows :

Lin=0

Ipn = —Tpsinwyt

Ieq = [hsinowgt (19)
It may be noted that above expressions for phase currents are
valid only for the test signals. These test signals are
superimposed on the fundamental components required for
flux and torque.

An alternative methoed to inject an unbalanced current is
as shown in Figure 12. The test currents in B and C phases
are controlled to be identical so that they emulate a phasc to
phase short circuit condition. The expressions for test
currents are given as follows :

Ipn = —0.5 Ipsinapt

Ien = 0.5 Iysinopt (20)
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Figure 11. Stngle phase high frequency test current with
phase A open.
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Figure 12, Single phase high frequency test current with
phases B and C shorted.

V1. EXPERIMENTAL RESULTS

A 10 hp general purpose induction machine was
employed to test the feasibility of the proposed tracking
methodology. The machine characteristics are presented in
the appendix. A three-phase balanced excitation is employed
to track phase impedance variation in order to locate the flux
in the machine under test. The machine is controlled by an
indirect field oriented controller and is operated at 0.3 Hz at
no load. Figures 13 and 14 show actual and normalized
phase impedances respectively obtained with the high
frequency test injection technique.

As may be seen from Figure 14, the normalized phase
impedances are a set of three balanced waveforms with twice
the excitation frequency. Next a d—q transformation is
applied on these impedances which rcsults in a sine and a
cosine waveform. These are presented in Figures 15 and 16
for forward and reverse direction of rotation. Finafly, the
flux angle is determined by demodulation. The resuit of
estimation, especially when the machine is reversing the

direction, is presented in Figwre 17. Tt shows the estimated
flux angle., phase A current. actual stator frequency and
estimated stator frequency.
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Figure 13. Three-phase impedances of the machine under
test.
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Figure 14. Normalized phase impedances of the machinc
under test.
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Figure 15, d—q transformed impedances (forward mode).




AN
Y
JANIVA
/*\l/ \\J \/_nds

Figure 16. d—q transformed impedances (reverse mode).
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Figure 18. Relation between the actual rotor flux angle and
the estimated flux angle over the range of torque control.

Figure 18 shows the rotor flux angle obtained from the
indirect field oriented controller (Trace D) over the entire
range of torque control. Trace A in the same figure shows

the estimated flux obtained by the proposed technique over
this range. By using a small correction factor (Trace B), it is
possible to predict the rotor flux with good accuracy (Trace
Q) in order to be capable of independent torque control.
However this correction factor is machine and operating
point dependent and hence not recommended. Further work
involves adding an on-line controller to eliminate the
correction factor and will be reported in the future.

VII. CONCLUSIONS

A summary of the state-of-the-art in machine flux
determination by injecting high frequency signals is
presented. A novel technique based on similar high
frequency injection is described. It is demonstrated that the
rotating flux vector in the machine causes sanuration-induced
saliency in the phases under normal operating conditions. By
employing high frequency test signals, this saliency is
monitored which is then used to track the flux in the
machine. The experimental results confirm the feasibility
and efficacy of the proposed tracking approach.

These flux tracking methods can be employed to
accomplish direct field orientation for torque control
purposcs. However, it is important to note that, in testing
this flux tracking performance, the machine under test was
governed by a different (indirect field oriented) controller.
The experimental resuits presented in this paper only
confirm the claim of phase impedance variation and its
association with the flux in the machine under test. It is
observed that, irrespective of the load and speed conditions,
the impedance variation is always locked to some flux angle
so that the signal can be used as a feedback signal to
achieved field oriented control.
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APPENDIX

Name plate data of machine under test

Manufacturer Baldor Inc.
Rated Power 1) Horse Power
Rated Voltage 230V
Number of Phases 3
Number of Poles 4
Rated Frequency 60 Hz
Type of Rotor and Rotor Slot | Squirrel cage / Closed Slot




