








IV. ESTIMATION METHOD

The shape of an impedance curve of the investigated
machine depends on two values. First, on the angle of the
current vector in the stator ¢, and second on the slip
frequency fa, which in the case of DC magnetisation is
directly determined by the rotor’s mechanical speed (eq.
(4)). In the case of nominal flux every impedance curve,
for a fixed combination of DC current angle and slip
frequency, is unique. All the machine’s impedance curves
can therefore be measured and described as

Z: f(@l;f27a790mech) (5)

wherein ¢ is the angle of the stator’s current vector, fs
is the slip frequency, « is the angle of the test signal and
mech 18 the mechanical angle of the rotor. Consequently,
the slip frequency of the induction machine can be cal-
culated via a comparison between the measured reference
curves in the presence of DC magnetisation and the actual
measured impedance values during the machine’s opera-
tion. To explain the proposed method, the induction motor
should first be magnetised by a DC current to nominal
rotor flux level and operate at a constant mechanical speed.
Later, it will be shown that the consideration of a rotating
field is only a small step.

During the machine’s operation the test signal as de-
scribed by eq. (1) is added to the demanded voltages of
the field-oriented control (Fig. 7). The resulting test signal
current is extracted for the calculation of the complex
impedance Z (eq. (3)). After setting the test signal angle
« to a new value one must wait until the steady-state is
reached, and the actual impedance value can be measured.
The measurand is stored in a vector with k& elements,
wherein the currently measured value is on the first
position, and the latest on the last. After the measurement
the next test signal angle can be chosen. Although the
test signal has an alternating nature (eq. (1)), it rotates in
the stator fixed-coordinate system with a fixed frequency,
which is compared with wj; small.

The angle of the magnetising DC current can be mea-
sured easily. The angle of the test signal of every measured
value and the time space between the single measurements
At are also known. Only the mechanical angle @,ccp, Of
the last measured impedance value and the slip frequency
f2 are therefore the unknown parameters in the expression
of Z in eq. (5).
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Fig. 7. Topology of the sensorless field-oriented control (FOC)
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For a fixed pair of a proposed current mechanical angle
<p;nech and a proposed slip frequency fé, the mechanical
angles of all measured impedance values can be computed.
From eq. (4) follows:

Pmech = 277/ (7.]81 ; f2) dt (6)

The changing of the mechanical angle as a consequence
of the slip frequency can be described by

2 - f2,
p
with v as the counting value starting with O (current
measured value). According to eq. (6), the mechanical
angles of the measured values in the absence of a rotating

field (f1 = 0) can be calculated via

Ay (V) =v - At (7

(pimech (l/) = (pimech + A(JDIQ (V) (8)

Afterwards, the differences between the magnitude of the
measured values and their opposites in the belonging
reference curve are calculated. An error value is defined
as follows:

€ (Pmeens £2) = |1 Zmeas W) = |Zeis|| - ©)
with

Z'ref = Z'ref (gpl (V) ’ fé? @ (V) ’ gp;nech, (V>)

This error value is calculated for several combinations of
<p;nech and f2,. The combination of <p;nech and f2, for which
the error € has a minimum, corresponds to the current
mechanical values of the machine, and represents therefore
the estimated values.

min (€ (Coucens f2) ) = Cmeens fo (1)

In the next step the rotating magnetic field has to be
taken into account. It is clear that it has to be considered

(10)
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Fig. 9. Sensorless control: response to steps of the reference speed at
no-load operation
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Fig. 11. Sensorless control: response to steps of the reference speed
while operating at 50 Nm (50% of nominal torque)

in the selection of Zref (eq. (10)), but also in eq. (8).
Note that the equation only takes the slip frequency fs
into account, but not the rotating field. The changing of
the angle of the rotating field relative to the actual value
can be described by:

1(0) — @1 (v)

Apy (v) = ’

Thus, the proposed mechanical angle of the measured
impedance values can be calculated via

(p;nech (V) = (pimech + A(JDIQ (V) - A(pl (V) (13)

The described method delivers the mechanical angle
©mecn and the slip frequency fs, which are two indepen-
dent values of the algorithm. In order to get the demanded
mechanical velocity, eq. (4) can be evaluated, wherein f; is
the frequency of the rotor flux, which is a known value in
a field-oriented control. Another method is to differentiate
the estimated mechanical angle. In practice the differen-
tiation doesn’t lead to satisfactory results because of the
non-smooth nature of the estimated angle. The first option
(evaluation of eq. (4)) is therefore used.

(12)
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Fig. 10. Sensorless control: response to steps of the reference speed
while operating at no-load

83
T
?

speed (min~")
]
8 o
q

N n

Aad v
——reference speed ' i
= measured speed

|
3
o

25 5 75 10 12.5 15 17.5 20
. time (s)
rY
2 i
©
= i
ksl
S ,
8 /
€ 17.5 20

load torque (Nm)
|
o

|
w
o

o
n
o
o
~
o
2t
o
2
o
NI 8
o
N
S

Fig. 12.  Sensorless control: response to positive and negative steps of
the load torque (20% of nominal torque) while operating at zero speed

V. EXPERIMENTAL RESULTS

The proposed method was implemented on a dSPACE-
System and tested on the investigated induction machine
(Fig. 7). The amplitude of the test signal is 10V and
the frequency is set to 500 Hz. The test signal angle
was changed every 10ms (100 Hz). In order to separate
the hf-current fhf and the non hf-current fl from the
measured current, a Goertzel algorithm is implemented. If
the number of computed values M is less than loga N, (N
is the number of samples), which is satisfied in the present
case, the Goertzel algorithm has less computational effort
than a Fast Fourier Transformation [23].

First, the field-oriented control is driven by the mea-
sured mechanical velocity of the rotor, in order to explore
the accuracy of the presented method. Fig. 8 shows the
average error between the measured and the estimated
slip frequency, fomeas and foeg, While the field-oriented
control operated with the actual measured speed. The error
value depends on the sign of the actual speed, but also
on the magnitude of the load torque, expressed by the
measured slip frequency. Two reasons for this behaviour
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can be observed. First, the decreasing differences between
the impedance curves for increasing load because of
saturation. Second, the frequency of the rotating field. For
positive mechanical speed and positive slip frequency, the
frequency of the stator currents is greater than the actual
velocity multiplied by the number of pole pairs (eq. (4)).
Between the changings of the test signal angle (10 ms),
the angle of the stator current vector changes. The higher
the frequency of the stator currents, the faster this change
while the steady-state is awaited. The algorithm just takes
the average angle for the calculation. The rotating field
therefore acts as a disturbance for rising frequency. Never-
theless, the error between the measured and the estimated
slip frequency is small, and the algorithm works to very
high accuracy. For positive slip frequency and negative
speed, the frequency of the rotating field is near to zero
and therefore this error is small.

Figs. 9-12 show the behaviour of the sensorless control.
Instead of the measured speed the estimated speed is used.
It becomes obvious that the proposed method allows save
operation even at standstill and zero frequency (Figs. 9 and
10). In addition, the sensorless control can handle loads
up to 50% of the nominal torque (Fig. 11), and also load
steps at standstill can be controlled precisely (Fig. 12).

VI. CONCLUSION

With FE calculations it has been shown that the hf-
impedance curve measured via an alternating test signal
is affected by several phenomena. In order to get simple
statements, a magnetic equivalent circuit for the high
frequency behaviour was composed with the help of FE
calculations. Owing to the very good results achieved
with the model, it can be concluded that the impedance
curve is heavily influenced by the angle-dependent and
independent saturation levels of the rotor slot bridges. It
is also affected by the mechanical angle owing to the
opened rotor slots. All these impacts show that separating
saturation from the slotting phenomena is not possible with
the known approaches.

For this reason, a new method has been developed
that allows sensorless field-oriented control of machines
with multiple non-separable saliencies without the in-
troduction of an additional sensor. Since the measured
impedance curves are unique, the method is based on
the comparison of the impedance curve measured during
the machine’s operation with precommissioned reference
impedance curves. The combination of the slip frequency
f2 and the mechanical angle ., for which the error
between these two curves is the lowest represents the
actual values. The proposed method allows save machine
operation at standstill (loaded and unloaded) and even at
zero frequency.

It has been shown that the rotating field acts as a
disturbance for rising frequency. In order to reduce the
resulting error, the author is now working on the extension
of the method for rotating test signals. The performance
of the presented sensorless control will also be tested
on different machines, and the maximum torque will be
increased.
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